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Abstract

Aquatic organisms, such as fishes, are in constant contact with various anthropogenic
stressors present within their environments, including contaminants from wastewater treatment
plant effluents (WWTPE). WWTPE represents a pervasive source of pharmaceutically active
compounds (PhACs) in surface waters, with the serotonin and norepinephrine reuptake inhibitor
venlafaxine (VEN), frequently detected at elevated concentrations in receiving waters
worldwide. VEN is a chiral pharmaceutical administered as a racemic (50:50) mixture of R- and
S-enantiomers, which exhibit distinct pharmacological activities and can be selectively degraded
or enriched in effluent depending on treatment processes. However, little is known about the
stereoselective toxicological effects of VEN in fish, particularly in the context of multi-

contaminant WWTPE exposure.

This thesis investigates the systemic effects of WWTPE and enantiomer-specific VEN
exposure on Etheostoma spp. (darters) using transcriptomic profiling, oxidative stress assays, and
biochemical markers of cellular damage. Wild darters (rainbow, greenside, fantail, and johnny
darter) were collected upstream and downstream of the Waterloo municipal WWTP outfall
(Grand River, ON). Additionally, a laboratory-controlled VEN exposure was conducted using
rainbow darters, where liver tissue was analysed for transcriptomic responses and brain tissue
was assessed for oxidative stress markers. Findings reveal that WWTPE alters hepatic function
and stress responses, with species-specific transcriptional responses. However, key biological
pathways related to lipid metabolism, immune regulation, and mitochondrial function were
consistently disrupted across species. Laboratory exposure to VEN demonstrated stereoselective
effects, where R-VEN primarily influenced amino acid metabolism, vesicle trafficking, and
immune pathways, while S-VEN affected chromatin remodelling, epigenetic regulation, and
extracellular matrix organization. Despite some overlap in lipid metabolism and inflammatory
pathways, few transcripts were shared between VEN-exposed fish and WWTPE-exposed wild
populations, highlighting the complex interactions of multi-contaminant mixtures in effluent-
exposed fish. In the brain, VEN exposure induced oxidative stress and cellular damage, as
evidenced by increased superoxide dismutase (SOD) and glutathione peroxidase (GPX) activity,

as well as elevated lipid peroxidation byproducts. S-VEN had a more rapid oxidative impact,



suggesting a higher potential for neurotoxicity, which may contribute to behavioural alterations

in exposed fish.

Overall, this research contributes to the development of biomonitoring practices by
identifying molecular markers and key biological pathways disrupted by WWTPE and VEN
exposure. Findings support the refinement of Adverse Outcome Pathway (AOP) frameworks for
pharmaceutical contaminants and provide high-quality transcriptomic reference data for use in
high-throughput ecotoxicological monitoring. These results raise considerations for improving
monitoring, regulation, and treatment strategies to better address the potential ecological impacts

of effluent-derived pollutants in freshwater ecosystems.
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Chapter 1

Introduction



Researching aquatic contaminants and their impacts on aquatic species in Canada is
vital to understanding and mitigating the complex challenges posed by municipal wastewater
treatment plant effluent (MWWTPE). Wastewater effluents introduce a diverse array of
contaminants, including nutrients, microplastics, and contaminants of emerging concern (CECs)
such as pharmaceuticals and personal care products, many of which persist post-treatment
(Grbic et al., 2020; Hodgson et al., 2020; Howell & Benoit, 2021; Lalonde & Garron 2021;
Kaboré et al., 2022). These contaminants significantly affect aquatic ecosystems, causing
physiological, reproductive, and behavioral changes in fish, which can cascade into population
and community-level effects, including altered biodiversity and ecosystem structure (Saaristo et
al.. 2018; McCallum et al., 2019; Gauthier & Vijayan, 2020; Hodgson et al., 2020; Lau et al.,
2021; Mehdi et al., 2021; Mehdi et al., 2022). Incorporating genetic endpoints through next-
generation sequencing (NGS) offers a powerful approach to identifying early signs of adverse
outcome pathways (AOPs) (Brockmeier et al., 2017; Bajard et al., 2023). By detecting molecular
changes at the transcriptomic level, NGS can provide sensitive indicators of sub-lethal stress and
physiological disruptions before they manifest as population-level effects (Connon et al., 2018;
Hook et al., 2018; Wang et al., 2020; Song et al., 2021). In Canada, ongoing efforts to monitor
and regulate wastewater effluents, such as the Environmental Effects Monitoring (EEM) program
and national standards under the Fisheries Act, highlight the importance of mitigating these
impacts (Fisheries Act, 2019). However, the persistence of certain contaminants, coupled with
challenges in biomonitoring and treatment efficacy, underscores the need for innovative
approaches like NGS, enhanced wastewater management strategies, and stricter regulatory

frameworks to protect aquatic ecosystems from long-term harm.

1.1 Municipal Waste Water Treatment Plant Effluent

In the context of MWWTPE, wastewater encompasses any water that exits a
commercial or residential building via a drain, including outputs from toilets, bathtubs, sinks,
dishwashers, or washing machines. These inflows introduce a variety of contaminants, each often
requiring specific treatment mechanisms, making indiscriminate substitution of decontamination
methods ineffective (Henze et al., 2002; Arvai et al., 2014; Mohamed et al., 2023; Solcova et al.,
2024). To address these pollutants, municipalities typically implement a series of treatment steps

targeting dissolved and suspended solids, organic matter, nutrients such as phosphorus and
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nitrogen, pathogenic bacteria, viruses, metals, and microplastics (Arvai et al., 2014; Qiu et al.,
2018; Gies et al., 2018). Despite these efforts, some contaminants persist in the treated effluent
and are discharged into receiving waters through outfall pipes (Prajapati et al., 2021; Vaudreuil et
al., 2022). This effluent can cause physical habitat disruption and significantly elevate winter
thermal regimes in receiving waters, altering local ecosystems (Mehdi et al., 2021; Adams et al.,
2023). Effluents with high biochemical oxygen demand (BOD), resulting from the oxidation of
organic contaminants by aerobic bacteria, can reduce dissolved oxygen levels in the receiving
environment, posing a threat to aquatic life (Henze et al., 2002; Arvai et al., 2014). Additionally,
nutrients like phosphorus and nitrogen in the effluent can drive eutrophication, promoting
excessive growth of micro- and macrophytes, which can lead to hypoxic or even anoxic

conditions in the water (Preisner et al., 2020; Kelly et al., 2021).

Compounding these issues are contaminants of emerging concern (CECs), including
pharmaceuticals, personal care products (PPCPs), endogenous and exogenous hormones, and
illicit drugs, which are increasingly detected in WWTP effluent (Oulton et al., 2010; Yadav et al.,
2017; Yazdan et al., 2022; Kuch et al., 2000). While their biochemical and physiological
properties vary, CECs share common traits such as environmental persistence (Sinthuchai et al.,
2016; Baker et al., 2022), toxicity to aquatic organisms like fish (Gros et al., 2010; Topi¢ et al.,
2023), and the potential to bioaccumulate and biomagnify within trophic systems (Muir et al.,
2017; Gwenzi et al., 2022). These contaminants can disrupt growth, reproduction, and
development in aquatic organisms, leading to changes at multiple levels of biological
organization (Tyler et al., 1998; Mills and Chichester, 2005; Schoenfuss et al., 2020; Medkova et
al., 2022). Understanding the impacts of these effluents is essential, as MWWTPE has been
shown to induce direct and indirect changes in aquatic environments, threatening ecosystem

health and biodiversity.

1.2 Impacts of MWWTPE on Aquatic Ecosystems

Within Canada the impact of WWTP effluent on aquatic systems and biota including
fish is relatively well documented (Holeton et al. 2011; Tetreault et al., 2012; McCallum et al.,
2019; Parekh & Marlatt, 2023; Nikel et al., 2023). Responses in fish include alterations in sex
steroid hormones (Tetreault et al., 2011; Parekh & Marlatt, 2023) with histological evidence of
intersex in male fish (Woodling et al., 2006; Tetreault et al., 2011; Bahamonde et al., 2015;



Niemuth, et al., 2015). Transformation in the weight of organs including gonads and liver, as
well as changes in condition factor have been observed in fish exposed to effluent (Kilgour et al.,
2005; Nikel et al., 2021; Gauvreau et al., 2022). Additionally, exposure to effluent may shift
energy allocation and storage (Saravanan et al., 2011; Cazenave et al., 2014) and disrupt
energetics and metabolism in fish by increasing metabolic demands and altering enzyme
activities, reflecting the energetic costs of detoxification and coping with chronic contaminant
exposure (Mehdi et al., 2018; Hodgson et al., 2020; Beghin et al., 2022; Ball et al., 2024).
Exposure to effluent containing measurable levels of CECs has been linked to altered behaviours,
including changes in courtship and reduced aggression in the context of territory acquisition and
defense (McCallum et al., 2017; Swank et al., 2021). Physiological, endocrine, and behavioural
changes, along with disruptions in energy storage, may contribute to population-level effects,
such as shifts in sex ratios, reduced growth, decreased survival, and impaired reproductive
success (Schoenfuss et al., 2020; Barreto et al., 2020; Ashrafi et al., 2021; Di Prinzio et al.,
2024). At higher levels of biological organisation, these population-level effects can lead to
community-wide responses, including shifts in species diversity and richness, changes in
assemblage structure and trophic guilds, and an increased prevalence of pollution-tolerant
species (Porter & Janz, 2003; Wirgin & Waldman, 2004; McCallum et al., 2019; Hoyer &
Geheber, 2024

1.3 Biological monitoring and management guidelines

Due to the environmental implications of effluent on receiving waters, particular effort is

placed into both improving the quality of effluents released into the environment, and the active
monitoring of its impacts. However, given the complexity of WWTP effluent and its effects on
many levels of biological organisation, standardization of biomonitoring programs has not yet
been achieved. The Canadian government published the Wastewater Systems Effluent
Regulations (WSER; SOR/2012-139) under the Fisheries Act (Government of Canada, 2024a),
which sets national standards for MWWTPs, that receive at least 100 m3 of influent a day. These
regulations establish mandatory minimum effluent quality standards for BOD, suspended solids,
chlorine, and ammonia (Holeton et al., 2011;Government of Canada, 2024a). While these
standards have likely improved effluent quality, the adequacy of these targets for protecting
aquatic receiving environments from contaminants including CEC is unclear due to the lack of a

formal biological monitoring program.



Under the Canadian federal Fisheries Act (2019), the Canadian EEM program, sets
guidelines for monitoring the effects of industrial effluent from pulp and paper mills, and mines
on receiving waters (Walker, et al., 2002; Walker, et al., 2003; Government of Canada 2018;
Government of Canada, 2024b). This is an effects-based program that monitors the impacts of
industrial effluent on sentinel fish species between exposed and reference sites. This program
focuses on surveying adult fish through measurements of abundance, age, length, sex, liver,
gonad, and egg size, fecundity, and external appearance as indicators of the health of fish
populations with regards to survival, energy use and storage (Walker, et al., 2002; Walker, et al.,
2003; Environment Canada, 2010, 2012). In this program benthic macroinvertebrates are also
monitored for abundance, and richness (Kilgour et al., 2005; Environment Canada, 2010, 2012).
Within the EEM program, molecular endpoints and physiological variables such as liver enzyme
activity, and sex steroid hormone levels are not incorporated, as it was not possible to meet
requirements that define a magnitude of change that could be considered impactful for all species
in all environments (Bahamonde et al., 2016). Although well documented, the complexity and
variance of WWTP effluent composition and its effects on retaining waters makes the selection

of appropriate biomonitoring endpoints difficult.

A framework similar to the EEM could be proposed for monitoring WWTP effluent.
However, this concept is criticized due to limitations including a lack of viable reference sites,
influences of natural variability, and genetic variability influencing species characteristics
(Munkittrick et al., 2010). Surveying whole fish communities may be challenging, as only drastic
declines in common species may be detectable. This raises concerns that detectable changes may
only emerge once fish populations and entire ecosystems have already begun to shift. Limiting
biomonitoring to proxy endpoints involving lower trophic levels such as individual sentinel
species, rather than whole ecological guilds could help act as a warning for community level
impacts (Kilgour et al. 2005; Colin et al., 2016; Ehrman, 2022). Ideally, more sensitive
monitoring methods could be implemented; however, demonstrating higher-order ecological
effects may remain challenging (Matono et al., 2012). Ongoing developments in the
implementation of ‘-omics’ approaches (transcriptomics, proteomics, metabolomics) within
ecology propose a potential for sensitive large-scale environmental monitoring through the

collection of data on molecular changes that occur at the cellular, tissue, and organismal level



(Bahamonde et al., 2016; Machuca-Sepulveda, et al., 2023). Several hurdles remain in
implementing -omics endpoints within a regulatory monitoring program. Specifically,
standardization, consistency, natural variability, and the establishment of actionable thresholds
must be rigorously defined to predict broader ecological transformations (Machuca-Sepulveda, et

al., 2023).

1.4 Wastewater Treatment

WWTPs operate at varying levels of treatment, influenced by the population they serve,

with smaller facilities sometimes releasing raw sewage. However, they are generally designed to
reduce a diverse array of contaminants from wastewater before its release into the environment
(Holeton et al., 2011; Ehalt Macedo et al., 2022). MWWTPs are classified based on their level of
treatment, which determines their contaminant removal efficiency (Lishman et al., 2006; Holeton
et al.,2011). Preliminary treatment involves physical and mechanical processes (sedimentation,
coagulation) to remove large debris, followed by primary treatment to eliminate suspended solids
and organic matter through physical clarification or chemical processes (precipitation,
flocculation) (George et al., 2003; Crini and Lichtfouse, 2018). This is followed by varying
levels of secondary treatment. Secondary treatment may focus solely on BOD removal,
however this phase can also include disinfection (chlorination, UV, ozone) (Collivignarelli et al.,
2017) and the removal of nutrients such as phosphorus and nitrogen through biodegradation,
filtration, and adsorption (Crini and Lichtfouse, 2018). In certain facilities, tertiary treatment is
also employed, involving the removal of residual solids, secondary treatment byproducts, and

nutrients, as well as disinfection through methods such as adsorption, ion exchange,

ultrafiltration, and oxidation (George et al., 2003; Crini and Lichtfouse, 2018).

The various methods MWWTP operations employ influence the effectiveness of
wastewater remediation and removal of contaminants including CECs. Compounds including
carbamazepine, diclofenac, and venlafaxine are generally recalcitrant to removal by conventional
wastewater treatment processes, resulting in their continued presence in treated effluent (Rua-
Gomez & Piittmann, 2012; Tran & Gin, 2017). In some instances enantiomeric enrichment of
pseudo-persistent substances including chiral pharmaceuticals and their metabolites can occur

(MacLeod & Wong, 2010; Ma et al., 2020). For example, the serotonin and norepinephrine



reuptake inhibitor (SNRI) venlafaxine (VEN), appears to undergo some stereoselective processes
resulting in the preferential enrichment of one enantiomer (Kasprzyk-Hordern & Baker, 2012;
Evans et al., 2015; Ma et al., 2020). Evidence suggests that treatment methods contribute to this
enrichment, as activated sludge exhibits greater enrichment than trickling filters (Kasprzyk-
Hordern & Baker, 2012). Furthermore, regardless of the treatment method, venlafaxine levels
can be found to be higher in treated water than in raw water (Kasprzyk-Hordern & Baker, 2012).
Demethylated metabolites may undergo transformation, and glucuronide conjugate metabolites
may be enzymatically hydrolyzed during secondary treatment, both resulting in the regeneration
of the parent compound (Calisto & Esteves, 2009; Lajeunesse et al., 2012; Bahlmann et al.,
2014; Lindholm-Lehto et al., 2016). These findings highlight the need to optimize treatment
strategies based on raw water composition and to integrate additional remediation methods for

CECs and their derivatives.

1.5 Waterloo MWWTPE and The Grand River

The Grand River watershed, the largest in Southern Ontario, covers

approximately 6965 km? and drains into the northern part of Lake Erie (Veale and Cooke, 2018).
This watershed experiences significant anthropogenic pressures, with 71% of its area dedicated
to agriculture, and a rapidly growing urban population exceeding 1 million people (Loomer &
Cooke, 2011). The Grand River receives effluent from 30 MWWTPs, which differ in their level
of treatment efficiency (Veale & Cooke, 2018). Among these, the Waterloo Wastewater
Treatment Plant is one of the largest contributors of effluent to the Grand River, serving a
population of over 151,945, including temporary university and college students. As of 2021, this
plant had an average daily outflow of 41,430 m3 (Region of Waterloo, 2022). The plant employs
conventional secondary activated sludge treatment. However, historically, water quality
downstream of its outfall has been impacted by elevated levels of un-ionized ammonia (Loomer
& Cooke, 2011). Further concerns include the measurable presence of pharmaceuticals, personal
care products, and endocrine-disrupting compounds in both the effluent and downstream waters,

raising questions about the ecological impacts of these contaminants (Arlos et al., 2015).

Studies in the Grand River, primarily focusing on the rainbow darter (Etheostoma
caeruleum), have linked poor water quality from the Waterloo and Kitchener MWWTP outfalls

to adverse physiological and reproductive effects on wild fish, particularly males. These effects



include increased vitellogenin expression (Bahamonde et al,. 2015, Fuzzen et al., 2016), reduced
steroid hormone production (Tetreault et al., 2011, Fuzzen et al., 2016) delayed sperm
development (Fuzzen et al., 2016), and a high prevalence of severe intersex conditions (Tetreault
et al., 2011, Bahamonde et al,. 2015, Fuzzen et al., 2016). Furthermore, fish abundance and
diversity have declined downstream of these outfalls, accompanied by a shift in community
composition, with darter species being replaced by tolerant-omnivorous fish including sunfish
and suckers (Tetreault et al., 2013), suggesting significant ecological impacts. However, further
research is needed to confirm these observations and rule out other contributing factors.
Upgrades to the Waterloo MWWTP became fully operational in 2017-2018 with the addition of
more efficient fine bubbler aeration tanks, and increased solid retention time (Region of
Waterloo. 2007; Srikanthan, 2019; Nikel et al., 2023). These upgrades achieve near-complete
year-round nitrification, significantly reducing effluent ammonia, BOD, total suspended solids
(TSS), selected pharmaceuticals, and estrogenicity (Srikanthan, 2019; Nikel et al., 2023). Despite
these upgrades, persistent, unregulated CECs such as VEN, carbamazepine (CBZ), and
diclofenac (DCF) remained in effluent and were detected at ng/L concentrations in downstream
waters (Srikanthan, 2019; Hodgson et al., 2020).

1.6 Pharmaceuticals in MWWTP Effluent and Their Impact on Non-Target
Organisms

While pharmaceuticals improve human health and quality of life, unintended
environmental consequences arise when they are released into waterways through WWTPE
(Vaudreuil et al., 2022, 2024; Aladekoyi et al., 2024). Among these contaminants,
pharmaceuticals classified as CECs pose significant risks to non-target aquatic organisms. Fish
are particularly vulnerable to pharmaceutical exposure, which can disrupt endocrine processes
(Fuzzen et al., 2016) and may negatively affect the hypothalamus-pituitary-interrenal (HPI) axis,

as well as associated processes such as metabolism, immune function, and reproduction (Filby et
al., 2007; Vijayan et al., 2010; Pottinger et al., 2013; Mehdi et al., 2018; Beghin et al., 2022).

Many psychotropic pharmaceuticals interact with neurotransmitter systems in fish, leading to
behavioral changes, disrupted reproductive traits, and altered metabolism (Melnyk-Lamont et al.,
2014; Tan et al., 2020; Wiles et al., 2020; Aich et al., 2024). VEN is frequently detected
downstream of WWTPE outfalls, and is known to affect fish by increasing cortisol production,

and inducing maladaptive behavioural dysfunctions. These include reduced activity and predator



avoidance, impaired food-seeking behaviour, inhibited courtship, and increased post-copulatory

aggression (Horst & Preskorn, 1998; Painter et al., 2009; Bisesi et al., 2014; Melnyk-Lamont et
al., 2014; Parrott & Metcalfe, 2018; Thompson et al., 2020; Tang et al., 2022). While VEN-

induced behavioral impairment is well-documented, its mechanisms cannot be fully explained by
brain serotonergic modulation (Bisesi et al., 2014), suggesting potential peripheral effects or
possibly reactive oxygen species (ROS) related neurotoxicity (Islas-Flores et al., 2013; Afifi et

al., 2016; Ezeoyili et al., 2019). These individual-level effects raise concerns on how they could

cascade into population-level consequences.

The removal efficiency of pharmaceuticals like VEN varies among WWTPs, with
some compounds persisting post-treatment despite technological upgrades. In the Waterloo
WWTP, VEN and its metabolite O-desmethylvenlafaxine (O-VEN) remain detectable
downstream, posing chronic exposure risks due to their bioaccumulative nature (Srikanthan,
2019; Metcalfe et al., 2010; Arlos et al., 2015; Mehdi et al., 2018). Exposure to pharmaceuticals,
including VEN, can induce cellular stress responses, particularly through the generation of
reactive oxygen species (ROS) (Gomes et al., 2019; Maulvault et al., 2019; Ziegler et al., 2020).
Under stress, ROS can induce lipid peroxidation by attacking polyunsaturated fatty acids
(PUFA5s) in cell membranes, creating lipid radicals that propagate chain reactions and produce
toxic aldehydes like malondialdehyde (MDA). These toxic byproducts can damage proteins,
DNA, and cell membranes (Sies & Cadenas, 1985; Marnett, 1999; Fritz & Petersen, 2013).
Additionally, ROS can induce oxidative DNA damage, forming lesions such as 8-
hydroxydeoxyguanosine (8-OHdG), which, if un-repaired, can contribute to genomic instability
and mutagenesis (Kasai et al., 1986; Ock et al., 2012). Thus MDA and 8-OHdG, are valuable
indicators of oxidative stress and ROS induced damage (Ito et al., 2019; Tugasworo et al., 2023).
The persistence of pharmaceuticals like VEN in aquatic environments, coupled with their
potential to induce oxidative damage, highlights the need for comprehensive assessments of their

long-term ecological consequences.

1.9 Transcriptomics in Ecotoxicology

Transcriptomics is a highly informative tool for identifying adverse outcome pathways
(AOPs) in ecotoxicology, as it provides a detailed snapshot of how organisms respond to

environmental stressors at the molecular level (Brockmeier et al., 2017; Machuca-Sepulveda et
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al., 2023). By examining global gene expression patterns, transcriptomics enables the detection
of early, sub-lethal changes that precede physiological, behavioral, or population-level effects
(Albers et al., 2024; Escobar & Lampert et al., 2024; Evans et al., 2012; Jeffries et al., 2018; Shi
et al., 2024). These molecular responses can reveal specific biological pathways and processes
disrupted by contaminants, such as endocrine disruptors and pharmaceuticals, which might
otherwise go undetected using traditional biomonitoring methods. Transcriptomic data also
facilitate the identification of key molecular events within an AOP, bridging the gap between
exposure to a stressor and adverse ecological outcomes (Ankley et al., 2010; Sgrhus et al., 2017,
Mahoney et al., 2024). Integrating transcriptomics with higher levels of biological organisation,
such as cellular and tissue-level responses, aids in developing a more comprehensive effect-
based assessment (Connon et al., 2019; Figure 1.1). This mechanistic understanding is crucial for
improving the predictive accuracy of risk assessments, developing targeted biomarkers, and
informing regulatory policies aimed at protecting aquatic ecosystems. Furthermore,
transcriptomics enhances the ability to detect species-specific and conserved responses across
taxa, allowing for more comprehensive and comparative studies of contaminant effects on
diverse organisms (Barrett et al., 2021; Ellison et al., 2020; Marra et al., 2017; Sepp et al., 2024;
Whitehead et al 2010).

Orthology analysis plays a critical role in de novo transcriptomic studies, particularly for
non-model organisms, as it enables researchers to infer gene function in the absence of reference
genomes and improves cross-species comparisons (Spurgeon et al., 2020: Mittal et al., 2023).
Traditional annotation approaches relying on sequence similarity using reference databases such
as UniProt may misclassify orthologs when transcripts from different species align to
functionally divergent proteins, complicating unigene annotation (Bick et al., 2019; Deutekom et
al., 2021). OrthoFinder addresses this limitation by clustering genes into orthogroups based on
shared ancestry, utilizing phylogenetic inference rather than simple pairwise similarity (Emms &
Kelly, 2019). This approach helps differentiate orthologs from paralogs and provides a more
evolutionarily meaningful classification of genes. By applying orthology analysis to
transcriptomics, researchers can gain deeper insights into evolutionary conservation and
divergence of gene function, particularly in ecotoxicology, where molecular responses to
pollutants need to be interpreted across non-model species. This integration deepens our
understanding of how pollutants affect aquatic life at a molecular level and strengthens the

predictive power of AOPs in ecotoxicological research.
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Figure 1.1: Conceptual framework illustrating the relationship between biological scale,
sensitivity, and ecological relevance in response to toxicant exposure. (A) Subcellular and
cellular responses are highly sensitive to stressors (solid blue line) but have lower ecological
relevance, whereas population- and ecosystem-level effects have high ecological relevance but
are less sensitive to individual stressors (dashed red line) (Connon et al., 2019). (B) Hierarchical
progression of biological responses to toxicant exposure, demonstrating causally linked events at

multiple levels of biological organisation within the Adverse Outcome Pathway (AOP)
framework (adapted from Ankley et al., 2010)
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1.10 Darters

Darters, belonging to the subfamily Etheostomatinae, represent one of the most
diverse clades of freshwater fish in North America, comprising an estimated 250 species (Near et
al., 2011). Darters exhibit sexual dimorphism, with substantial colour variation among species,
and experience isolation driven by divergent sexual selection, which likely contributes to the
diversification of this group (Mendelson, 2003; Moran et al., 2017; Moran & Fuller, 2018a,
2018b). Darters are often restricted to small streams with limited dispersal resulting in physical
isolation. This separation influences allopatric speciation, acting as another driver of
diversification within this clade (Near & Benard 2004, Hollingsworth & Near 2009). Moreover,
hybridization is common in darters, as postzygotic barriers are relaxed between sympatric
species (Bossu & Near, 2013; Moran et al., 2017, 2018, 2020). Given the multiple drivers of
diversification in darters, this clade represents an example of species radiation with significant

potential to elucidate the biotic and abiotic mechanisms influencing biological diversity.

Darters are frequently used in ecological studies to infer the effects of anthropogenic
pollutants and habitat disruption across North America. Their high site fidelity allows for the
study of chronic effects of point-source contaminants or localized environmental stressors while
reducing confounding effects from fish migration or exposure to distant habitats (Mundahl &
Ingersoll, 1983; Hicks & Servos, 2017). The effects of stressors such as WWTPE discharge on
darter population size are well documented, identifying a pattern of population decline
downstream from the discharge site (Hicks et al., 2017; Marjan et al., 2017; Mehdi et al., 2018).
Despite these effects, some populations of the same species persist in polluted environments,

suggesting intraspecific variation in stress tolerance.
1.11 Objectives and hypotheses

This thesis aims to investigate the molecular and oxidative stress responses to MWWTPE
exposure in four darter species, a taxonomically diverse and environmentally sensitive group of
freshwater fish. Using next generation transcriptome sequencing, this study characterizes
species-specific and conserved molecular responses to effluent contamination. To further assess
the role of pharmaceuticals in MWWTPE toxicity, this research evaluates the effects of VEN on

various biological pathways in rainbow darter through transcriptomic analysis, providing a
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comparative framework to MWWTPE exposure. Given VEN’s neuroactive properties and the
potential for oxidative stress, ROS production and markers of cellular damage were measured in
brain tissue to assess physiological stress following exposure. Additionally, because VEN
enantiomers can become enriched in receiving waters, this study examined the distinct effects of
each VEN enantiomer on transcriptional regulation, ROS production, and oxidative damage, an
aspect rarely explored in ecotoxicology. By evaluating the impact of effluent-associated
contaminants on aquatic organisms at the genetic and cellular level, this study aimed to support
the development of AOPs, inform biomonitoring practices, and contribute to the development of
more effective environmental regulations. This thesis addressed these three main objectives with
each presented as an individual chapter (Chapter 2-4). The broad hypotheses guiding these

objectives are presented below:

1. Exposure to MWWTPE will induce distinct transcriptional responses across four darter
species (Etheostoma caeruleum, Etheostoma nigrum, Etheostoma flabellare, Etheostoma
blennioides), reflecting species-specific adaptations or susceptibilities to effluent,

particularly in pathways related to endocrine disruption and metabolism.

2. Laboratory exposure of rainbow darter to each enantiomer of VEN will uncover
differential gene expression profiles between enantiomers, which involve pathways similar

to those affected by effluent exposure.

3. Exposure to VEN will increase ROS production and oxidative damage in the brains of
rainbow darters, as indicated by ROS enzyme activity and biomarkers such as lipid
peroxidation products and DNA damage markers, with each enantiomer exhibiting a

different magnitude of effect

By addressing these hypotheses, the study will provide critical insights into the molecular
mechanisms underlying contaminant impacts on aquatic species, offering novel biomarkers for

ecotoxicological assessment and informing conservation efforts for freshwater ecosystems.
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Chapter 2

Transcriptomic exploration on the effects of WWTPE on

Etheostoma spp.
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2.0 Introduction

The Grand River watershed in Southern Ontario, Canada, spans approximately 6,900
km? and supports over one million residents across multiple municipalities and two First Nations.
The watershed is drained by the Grand River and four major tributaries (Nith, Speed, Eramosa,
and Conestogo Rivers) and contains 30 wastewater treatment plants (WWTPs) with varying
sewage treatment capacities, primarily serving urbanized areas (Tetreault et al., 2013; Srikanthan,
2019). Effluent from these plants frequently contains contaminants of emerging concern (CECs),
including pharmaceuticals, personal care products (PPCPs), and endocrine-disrupting
compounds (EDCs). These substances have been linked to sub-lethal effects in fish populations,
such as growth reduction, reproductive impairments, feminization, and metabolic disruptions,
particularly downstream of effluent discharge points (Bahamonde et al., 2015; Fuzzen et al.,
2016; Mehdi et al., 2018; Hodgson et al., 2020).

In the past decade, major upgrades to the Kitchener-Waterloo WWTPs have led to
significant improvements in effluent quality, reducing the presence of estrogenic compounds,
nitrogenous substances, and some pharmaceuticals like ibuprofen and naproxen (Srikanthan,
2019; Nikel et al., 2023). However, other pharmaceuticals, such as the antidepressant venlafaxine
(VEN) and anticonvulsant carbamazepine (CBZ), persist in the effluent, leading to detectable
concentrations in surface waters (Srikanthan, 2019; Hodgson et al., 2020). These residual
contaminants disrupt endocrine, neurological, and metabolic pathways in aquatic organisms,
resulting in behavioral and physiological changes (Lange et al., 2009; Mennigen et al., 2011;
Mehdi et al., 2018; Hodgson et al., 2020).

2.0.1 CEC:s of concern

VEN exposure has been particularly studied for its behavioral impacts. For instance,
hybrid striped bass exposed to VEN (1-500 pg/L) exhibited increased predation times and
reduced brain serotonin levels (Bisesi et al., 2014). Brown trout (Salmo trutta) exposed to 10 ug/
L VEN showed decreased growth rates, slower reaction times, and altered anti-anxiety behaviors
(Ziegler et al., 2021). Fathead minnow embryos and larvae exposed to environmentally relevant
VEN concentrations (0.5-2 ug/L) displayed delayed predator avoidance responses, and

developmental exposure to VEN caused reduced activity and hyperactivity under light and dark
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conditions, respectively, due to serotonergic disruptions (Painter et al., 2009; Thompson and
Vijayan, 2020; Thompson et al., 2017, 2021, 2022). Similarly, CBZ exposure in zebrafish at 10

pg/L resulted in reduced feeding times and reproductive issues (da Silva Santos et al., 2018).

CECs can bioaccumulate in aquatic organisms, with studies documenting the presence
of antidepressants like fluoxetine, sertraline, and CBZ in the brain tissues of fish from U.S.
streams and the Niagara River (Brooks et al., 2005; Schultz et al., 2010; Valdés et al., 2016;
Arnnok et al., 2017). These findings underscore significant neurological impairments and
behavioural disruptions in fish exposed to waterborne pharmaceuticals, potentially leading to
population-level impacts. The persistent presence of antidepressants and other CECs in aquatic
environments highlights the need for further research and improved treatment strategies to

mitigate their ecological consequences (Brown et al., 2015; Perez et al., 2022).

2.0.2 Using transcriptomic approaches on darters

Transcriptomics is a valuable tool in ecotoxicology, offering detailed insights into how
organisms respond to environmental stressors at the molecular level (Brinke et al., 2017; Head et
al., 2024). By analyzing global gene expression patterns, transcriptomics detects early, sub-lethal
changes that precede observable physiological, behavioral, or population-level effects (Clinton et
al.,2021; Li et al., 2021; Liu et al., 2023; Semeniuk et al., 2022). This approach identifies
disrupted biological pathways caused by contaminants like endocrine disruptors and
pharmaceuticals, which traditional biomonitoring might overlook. By linking contaminant
exposure to adverse ecological outcomes, transcriptomics improves risk assessment accuracy,
aids biomarker development, and informs conservation policies. This process also reveals
species-specific and conserved responses, enabling comparative studies across taxa and
advancing understanding of biodiversity impacts (Bernal et al., 2020; Jones et al., 2020;
Kavembe et al., 2015).

Darters (subfamily Etheostomatinae), comprising approximately 250 freshwater fish
species in North America (Near et al. 2011), serve as ideal models for transcriptomic studies.
Their sexual dimorphism and striking coloration are outcomes of divergent sexual selection, with
traits such as male coloration playing roles in both male-male competition and behavioral

isolation further driving their diversity (Mendelson 20035 Moran et al. 20175 Moran and Fuller
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2018a,2018b). Limited dispersal within isolated streams drives allopatric speciation, while
hybrid zones illustrate that strong but incomplete reproductive barriers allow some gene flow
between sympatric species (Near and Benard 2004; Hollingsworth and Near 2009; Bossu & Near
2013; Moran et al. 2017, 2018, 2020). Darters are frequently used in ecological studies to
evaluate anthropogenic stressors like wastewater treatment plant effluent, which may reduce
populations dynamics downstream (Hicks et al. 2017; Marjan et al. 2017; Mehdi et al. 2018).
However, some populations persist in polluted environments, suggesting intraspecific stress
tolerance. Integrating transcriptomics could reveal molecular mechanisms behind resilience,

improving our understanding of contaminant impacts and guiding conservation efforts.

2.0.3 Functional integration networking

Transcript networking within a set of DEGs aids in identifying functionally related genes
and understanding how molecular interactions contribute to broader biological processes. Hub
transcripts represent highly connected central nodes in protein-protein interaction (PPI)
networks, interacting with numerous other proteins (Vallabhajosyula et al., 2009; Vandereyken et
al., 2018). Like a busy intersection in a traffic network, these proteins serve as key connectivity
that integrate and regulate multiple pathways (Jin et al., 2007; Ota et al., 2016). Their high
connectivity makes them critical for maintaining network integrity, and their interactions allow
them to simultaneously influence various biological processes (He & Zhang, 2006). This makes
them key nodes in terms of controlling or affecting overall cellular functions. Beyond
connectivity, betweenness centrality is another key metric used to identify proteins that facilitate
communication within the network by quantifying how often a protein lies on the shortest path
between others (Zhang, 2009). Proteins with high betweenness but low connectivity, termed
bottlenecks, act as crucial conduits for signal transduction, and their disruption can significantly
impact cellular processes (Yu et al., 2007; Joy et al., 2005). The Markov Cluster Algorithm
(MCL) is used to identify functional modules within the PPI network by clustering transcripts
that are more densely connected to each other than to the rest of the network. These modules
often represent protein groups involved in specific biological processes or pathways
(Vallabhajosyula et al., 2009; Vandereyken et al., 2018.) By clustering DEGs into these
functional modules, key pathways influenced by experimental conditions can be identified,
providing a systems-level perspective on molecular interactions and their role in broader cellular

functions.

17



2.0.4 Objectives and hypothesis

This study aims to investigate the molecular mechanisms underlying resilience and
susceptibility to wastewater effluent exposure in four darter species —rainbow darters
(Etheostoma caeruleum), fantail darters (E. flabellare), johnny darters (E. nigrum), and greenside
darters (E. blennioides). By incorporating transcriptomic analyses, we seek to identify species-
specific and shared gene expression responses to environmental stressors in the Grand River.
These findings will enhance our understanding of contaminant impacts on aquatic ecosystems
and inform conservation strategies for these and other vulnerable freshwater species. We
hypothesized that transcriptomic approaches would reveal distinct differences in gene expression
profiles among the four darter species, reflecting their varying levels of tolerance or susceptibility
to wastewater effluent exposure. These differences are expected to highlight species-specific
molecular pathways and mechanisms associated with resilience, providing insights into how
closely related species respond to anthropogenic stressors in their environment. Transciptomic
analysis is targeted at the liver, as it has a dynamic range of gene expression, and acts as a hub
for systemic homeostasis, playing a pivotal roll in metabolic processes (Ni et al., 2022),
detoxification and drug metabolism (Baron et al., 2017), protein synthesis (Arukwe and Goksgyr,
2003), and innate immune response (Wu et al., 2016). Thus the liver is expected to respond to
environmental changes and would provide insight into molecular mechanisms underlying various
physiological and pathological processes to help identify genes and pathways affected by

environmental contaminants

2.1 Materials and methods

2.1.1 Sample collection

In November 2020, six adult male and female rainbow darters (Etheostoma
caeruleum), fantail darters (E. flabellare), johnny darters (E. nigrum), and greenside darters (E.
blennioides) were collected from two sites along the Grand River in southwestern Ontario,
Canada: 4.5 km upstream of the Waterloo municipal wastewater treatment plant MWWTP) at
Kiwanis Park (KIW; 43°50'26"N, 80°47'57"W) and 600 m downstream at the Economic
Insurance Trailway (EIT; 43°47'26"N, 80°47'41"W) (Figure 2.1). Fish were collected through
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backpack electrofishing (Smith Root, LR-20, LR-24), held in aerated buckets filled with river
water, and sampled within 3h post collection on site. Fish were measured for total length (+0.1
cm) and wet weight (+0.01 g), and the results of these collections were published by Gauvreau et
al. (2022). Fish were then sacrificed through cervical dislocation, and dissected immediately to
remove hepatic tissue which was flash-frozen in liquid nitrogen and stored at -80°C for later
RNA extraction. Those smaller than 4 cm were released as they were deemed immature. Animal
handling and collection was approved by the Animal Care Committee at the University of
Waterloo under AUPP#40318 and following the guidelines set by the Canadian Council of

Animal Care.
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Figure 2.1: (A) Map of the Grand River Watershed, Ontario. (B) Sampling sites along the Grand
River, Ontario, where darter species were collected in relation to the Waterloo WWTP outfall
(WWTPO). Kiwanis (KIW, blue) represents the upstream collection site, while Economic
Insurance Trailway (EIT, red) is the downstream site (Google Maps; Map data ©2024, CNES/
Airbus, Landsat, Copernicus, Maxar Technologies). (C) The four darter species (Etheostoma
spp.) collected in this study. From top to bottom: rainbow darter (RBD), fantail darter (FTD),
johnny darter (JD), and greenside darter (GSD). Illustrations sourced from online open-access
repositories, originally published in A Biological Survey of the Oswego River System (State of
New York, 1927).
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2.1.2 Water quality parameters

On the day of fish collection, several river water quality parameters were measured at
both EIT and KIW using a YSI Professional Plus multimeter (Y SI Incorporated, OH, USA).
These included conductivity (uS/cm), temperature(°C), dissolved oxygen (mg/L), and pH. In
addition, water samples were collected in triplicate at each site using 500 mL sterile amber glass
jars, with samples taken from the near, center, and far bank of the river. Water samples were
preserved in 1 g/L sodium azide and 50 mg/L ascorbic acid, then stored at 4°C until analysis.
Liquid chromatography—tandem mass spectrometry (LC-MS/MS) was conducted using an
Agilent 1200 High-Performance Liquid Chromatography system (Agilent Technologies, Santa
Clara, CA) coupled to an Applied Biosystems 3200 QTRAP mass spectrometer (Thermo Fisher
Scientific, Waltham, MA). The multi-residue analysis targeted a broad spectrum of contaminants,
including NSAIDs, fibrates, antiepileptics, antibacterials, acetaminophen, the beta-blocker
atenolol, the stimulant caffeine, SNRIs, selective serotonin reuptake inhibitors (SSRIs),
antibiotics, statins, and the herbicide atrazine. These compounds were selected based on their
documented presence in effluent-receiving waters (Kasprzyk-Hordern & Baker, 2012; Arlos et

al., 2015; Koné et al., 2013; Khasawneh & Palaniandy, 2021).

2.1.3 RNA extraction, library preparation and sequencing

Total RNA was isolated though phenol-chloroform extraction using QIAzol (Qiagen;

Hilden, Germany) following the standard manufacturer protocol. Briefly, liver tissue (20-30mg)
was homogenized in 500l of QIAzol, and nucleic acids were separated with 500ul of
chloroform and fractioned through centrifugation. RNA was precipitated with isopropanol and
eluted with 50pl of nuclease free water. RNA quality and concentration was measured using an
RNA Pico chip on an Agilent 2200 Tapestation Bioanalyzer (Agilent Technologies; Santa Clara,
CA). Samples with RNA integrity number (RIN) = 8 were deemed to be of high quality suitable
for sequencing. Normalized RNA samples were sent to The Center for Applied Genomics
(TCAG, Toronto, Canada) for multiplex library production using an NEBNext Ultra II
Directional RNA Library Prep Kit for Illumina (New England Bioscience; Ipswich, MA).
Normalized libraries were pooled for sequencing performed as 150 bp, paired-end reads in a

single lane of an S4 chip on a NovaSeq 6000 System (Illumina; San Diego, CA) producing no
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less than 50 million reads per sample (2.4 billion reads total). All data generated has been

uploaded to the NCBI GEO database repository (GSE292546)

2.1.4 Sequence analysis

This study utilized a comprehensive transcriptomic pipeline to evaluate gene
expression and identify differentially expressed genes (DEGs) in darter species exposed to
environmental stressors. The process involved sequence quality control, de novo transcriptome
assembly, redundancy elimination, and differential expression analysis, employing a variety of

bioinformatics tools.

2.1.4.1 Sequence quality control and de novo assembly

Raw paired-end reads were processed using Trimmomatic (v0.36) (Sliding Window:
5:20; leading/trailing threshold: 20) to remove sequences with low-quality bases (Q<20), trim
adapters and low quality leading/trailing ends, and filter sequences shorter than 45 bp (Bolger et
al., 2014). Quality assessments pre- and post-trimming were conducted using FastQC (v0.11.9),
and aggregated then visualized via MultiQC (Ewels et al., 2016). Trimmed reads were assembled
de novo with Trinity (v2.13.2) under default parameters (Haas et al., 2013), leveraging Google
Cloud resources. Reads were mapped to their respective assemblies using Bowtie2 (v2.2.7)
(Langmead & Salzberg, 2012) and quantified with RSEM (v1.3.1) (Li & Dewey, 2011). Metrics
such as N50, E9ONS0, and full-length transcript representation were used to assess assembly
completeness and contiguity. To explore relationships among sample replicates, principal
component analysis (PCA) of the top 500 most variable transcripts was performed on logz-
transformed transcript counts using the “PCA” function in the scikit-learn package in Python.
Preliminary BUSCO analyses evaluated transcriptome completeness against Eukaryota,
Metazoa, Vertebrata, and Actinopterygii single-copy ortholog databases (Simao et al., 2015).
Functional annotations were generated by aligning transcripts to the UniProtKB/Swiss-Prot
database using DIAMOND (BlastX) (v2.0.13) with a relaxed e-value (1e-6) to account for
phylogenetic diversity. If two or more transcripts exhibited =80% similarity, only the longest

transcript was retained to maintain a non-redundant set of unigenes.
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2.1.4.2 Functional annotation and differential expression analysis

Open reading frames (ORFs) were predicted using TransDecoder (v5.5.0) to define
coding regions with a minimum length of 100 peptides (Haas et al., 2013). Functional annotation
of transcripts and ORFs were further refined with DIAMOND, using a more stringent e-value
cutoff (1e-20). Any transcript showing greater than 50% similarity to viral, bacterial, or fungal
genes were removed. Reads were mapped to predicted ORFs, and transcript abundances were
normalized as fragments per kilobase per million reads (FPKM). DEGs were identified using
edgeR (Robinson et al., 2010) after performing trimmed mean of M-values (TMM) scaling
normalization (Robinson et al., 2010). DEGs were defined as genes with a fold change > 2 or <
-2 and a false discovery rate (FDR) < 5% (Brauer et al., 2017; McCulloch et al., 2019; Sandoval-
Castillo et al., 2020). DEGs were partitioned into hierarchical clusters based on similar
expression patterns using a tree cutoff of 60% to assess sample clustering and identify potential

biases in the dataset.

Transcriptomes were further annotated using Trinotate (v3.2.2) within the Trinity suite
(Bryant et al., 2017). Predicted protein sequences (ORFs) were analysed with HMMER (v3.3.2)
against the Pfam database to identify conserved domains. Signal peptides and transmembrane
domains were predicted using SignalP v5.0 and tmHMM v2.0, respectively (Almagro et al.,
2019; Krogh et al., 2001; Sonnhammer et al., 1998). RNAmmer v1.2 identified and removed any
remaining rRNA transcripts (Lagesen et al., 2007). An SQLite database was created to map
annotated features to unigenes, enabling gene ontology (GO) term assignment via Trinotate
(v3.2.2) through homology and domain presence. Annotations and DEG heat maps were
visualized using the TrinotateWeb interface facilitated by a lighttpd webserver. A final BUSCO
analysis was completed to further confirm transcriptome completeness, and the reduction of
duplicate single-copy orthologs. To address species-specific annotations in the UniProtKB/
Swiss-Prot database, initial gene ID conversion was performed with DAVID (Huang et al., 2009;
Sherman et al., 2021), using human ID equivalents. This step ensured cross-species
comparability by normalizing annotations, when orthologous genes aligned to different model
organisms. When Human equivalents were not available, the unique gene IDs were preserved.

Shared DEGs across species were visualized with Venni (v2.1) (Oliveros, 2015).
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2.1.4.3 Phylogenetic Inference of Orthology

Protein sequences of ORFs identified with TransDecoder were analysed using
OrthoFinder (v2.5.5) to infer orthogroups and orthologs, providing insight into conserved and
divergent gene expression across species. Orthogroup comparisons were visualized as Venn
diagrams using Venni (v2.1) (Oliveros, 2015). To enhance phylogenetic resolution and
orthogroup inference, proteomes from five additional Percidae species were incorporated:
Etheostoma cragini (Arkansas darter; Taxonomy ID: 41792), E. spectabile (orangethroat darter;
Taxonomy ID: 54343), Perca flavescens (yellow perch; Taxonomy ID: 8167), P. fluviatilis
(European perch; Taxonomy ID: 8168), and Sander lucioperca (pikeperch; Taxonomy ID:
283035), obtained from the National Center for Biotechnology Information (NCBI). These taxa,
representing the subfamilies Etheostomatinae, Percinae, and Luciopercinae, were included to
improve tree resolution. The phylogenetic tree was generated using OrthoFinder results and

visualized in Dendroscope (v3.0) (Huson & Scornavacca, 2012).

2.1.4.4 Gene ontology enrichment and pathway analysis

Gene Ontology (GO) terms were assigned using Trinotate (v3.2.2) by linking
transcripts to Swiss-Prot annotations. GO enrichment analysis of DEGs was performed using
GOseq (Young, 2010), which accounts for transcript length bias. Enriched and depleted GO
categories (FDR = 0.05) were identified by comparing DEGs to the transcriptome background,
with significant enrichment indicating overrepresentation of a given category. GO term
assignments for each unigene were compared across species transcriptomes to assess the
congruence of term assignment as a metric of annotation completeness. Fold enrichment was
calculated as the ratio of the percentage of DEGs assigned to a GO category to the percentage of
background genes assigned to the same term. The most enriched GO terms were visualized in R
as lollipop bar graphs, displaying gene counts, fold enrichment, and FDR values. GO terms were
further analysed in Cytoscape (v3.9.1) (Lotia et al., 2013) to generate network maps of enriched
categories, illustrating overlaps in GO assignment and functional relationships among DEGs.
Additionally, GO analysis was conducted on assembly-specific transcripts identified by
OrthoFinder, which were unique to individual species. Enrichment analysis for these transcripts
was performed using topGO (v2.55) (Alexa & Rahnenfuhrer, 2023), which accounts for the

hierarchical structure of GO terms. This analysis aimed to identify functional category
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differences among species-specific transcript subsets, providing insight into unique functional

traits.

Protein-protein interaction (PPI) networks were constructed using STRING (v11.5)
(Szklarczyk et al., 2021), incorporating DEGs from each species to separately identify
functionally interacting proteins with medium confidence (score =0.4). Interactions were inferred
based on presumed orthologous functions in zebrafish (Danio rerio). The Markov Cluster
Algorithm (MCL) (Van Dongen, 2008) with an inflation parameter of 2 was applied to group
transcripts into broader functional clusters, excluding orphan nodes for clarity. The resulting
networks, representing functionally interacting transcripts, were visualized in Cytoscape (v3.9.1)
(Lotia et al., 2013). For this research, hub transcripts (high connectivity nodes) were defined
with a floating cutoff, as nodes with a degree greater than or equal to the sum of the mean degree
plus twice the standard deviation of the degree distribution (Dosztany et at., 2006; Rakshit et al.,

2014), where degree implies the number of edges (links) connecting a hub.

Hub threshold = mean degree + (2 x SD)

The betweenness centrality scores of the nodes were organized in descending order, and
those in the upper half were selected. From this group, nodes that had fewer connections than the
threshold for hub nodes, but were linked to at least one hub were identified as bottlenecks
(Rakshit et al., 2014)

2.2 Results

2.2.1 Water quality parameters

Water quality measurements in the Grand River are recorded in Table 2.1.
Means were calculated from three measurements at each site (Table 2.1). In Fall 2020,
downstream measurements at EIT showed increases in temperature (+1.2°C),
conductivity (+162.27 uS/cm), and flow rate (+6.68 m3/s) compared to the upstream
reference site, KIW. Conversely, there was a decrease in dissolved oxygen (DO) by 0.9
mg/L and pH by 0.35 downstream compared to upstream. Moreover, water samples were
analysed for 24 different contaminants at both sites relative to the Waterloo WWTP.

Upstream of the WWTP, only 11 out of 24 contaminants screened for were detected
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compared to 19 out of 24 detected downstream of the WWTP (Table 2.2). An increase
can be observed for naproxen, diclofenac (DCF), desmethyl-VEN, VEN, CBZ, ibuprofen,
triclosan, sulfamethoxazole, trimethoprim, and p-hydroxy atorvastatin at EIT compared
to KIW. The most prevalent contaminants detected downstream were diclofenac (133.72
ng/L) and venlafaxine (153.58 ng/L). In contrast, there was a decrease observed for

atrazine downstream (92.67ng/L) compared to upstream (120.03ng/L).

Table 2.1:Water quality measurements at Grand River collection sites upstream (KIW) and
downstream (EIT) of the Waterloo WWTP outfall in October 2020. Samples were collected from
the near, centre, and far banks of the river, with EIT samples taken on the side of the effluent
plume, and values are presented as means (n = 3 per site). Flow rate data were retrieved from
Historical Hydrometric Data at monitoring stations located 15 km upstream of KIW and
downstream of EIT (Government of Canada, 2022).

Site Water Temp (°C) DO (mg/L) Flow (m3/s) Conductivity (uS/cm) pH
KIwW 7.1 11.7 792 335.7 8.50
EIT 8.3 10.8 14.6 49797 8.15
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Table 2.2: Comparison of CEC concentrations detected at upstream (KIW) and downstream
(EIT) collection sites in October 2020. At each site, three samples were collected from the near,
center, and far banks of the river, or within the effluent plume at downstream sites. Values are
presented as means (n = 3 per site). n.d. = not detected. Cell colour indicates relative
concentration, with a gradient from green (low or undetected levels) to red (high concentrations).

Classification Pharmaceutical KIW (ng/L) EIT (ng/L)
NSAIDs Naproxen n.d. 1548
Diclofenac 27.53 _
Ibuprofen 7.66 16.08
Fibrates Gemfibrozil n.d. 0.32
Antiepileptics 11,12-epoxide carbamazepine 0.32 1.51
Carbamazepine 7.99 45.23
Antibacterials Triclosan n.d. 9.51
Triclocarban n.d. n.d.
Sulfamethoxazole n.d. 1.15
Sulfamethazine 5.28 31.99
Trimethoprim 0.52 5.98
Pain relievers Acetaminophen n.d. n.d.
Beta-blockers Atenolol n.d. n.d.
Stimulant Caffeine 16.17 25.11
SNRI Desmethyl-venlafaxine 4.99 44 01
Venlafaxine 11.33 _
SSRI Fluoxetine n.d. 4.55
Norfluoxetine n.d. n.d.
Antibiotic Lincomycin 3.72 244
Monensin n.d. n.d.
Statins p-hydroxy atorvastatin n.d. 15.04
o-hydroxy atorvastatin nd. 11.41
Atorvastatin n.d. 5.79

Herbicide Atrazine _ 92.67
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2.2.2 RNA quality control and sequencing results

RNA Integrity Numbers (RIN) of all samples averaged 9.94 + 0.17, ensuring high-
quality RNA for library preparation and sequencing (Table A1.1). Three samples (JK4, FE7,
GK05) initially had inadequate coverage (35.9—47.7 million reads) and underwent a second
sequencing run on a shared Illumina NovaSeq 6000 lane, which was concatenated with the
respective initial run for downstream processing. The combined dataset yielded approximately
3.1 billion paired-end reads, with rainbow darters (Etheostoma caeruleum), fantail darters (E.
flabellare), johnny darters (E. nigrum), and greenside darters (E. blennioides) contributing 836
million, 721 million, 793 million, and 755 million reads, respectively. Reads per sample ranged
from 50-73 million for single-lane runs and 63—86 million for concatenated dual runs. Mean
sequence quality (Phred scores) remained high (34-38), with negligible base N content
(<0.001%), except for JK4, which exhibited 0.06% N content near base 72. Post-trimming, 96.8—
97.0% of reads survived, with 98% of sequences retaining lengths between 147-150 bp (Table
A1.1). Quality control using FastQC and MultiQC confirmed adapter removal and sequence
integrity. Duplicate reads were high (70.7-80.6%) but less than 1% of overrepresented sequences

were detected.

2.2.3 Transcriptome assembly and quality metrics

Trinity assembles genes and their corresponding transcripts by first generating contigs
from RNA-Seq reads, clustering these contigs into putative gene groups, and then reconstructing
isoforms to represent distinct transcripts associated with each gene. Transcriptome assembly
statistics for all four darter species are summarized in Table 2.3. Trinity assembled 560,377—
654,641 contigs, corresponding to 362,394-445,800 Trinity genes. N50 values ranged from
1,733-1,985 bp, median contig lengths were 391437 bp, and average lengths were 850.61—
955.37 bp. E9ONS50 values ranged from 2,446-2,556 bp, representing the N50 of the most highly
expressed genes comprising 90% of expression data (Figure A1.1) . The percentage of reads that
aligned back to their respective assemblies ranged between 85.46% and 89.2%. Between
134,331 and 150,523 Trinity genes remained after more stringent filtering with DIAMOND,
removing unwanted viral, bacterial, and fungal sequences. After isolating only the top non-

redundant hits, 56,528, 64,925, 58,152, and 65,595 unigenes were identified for rainbow, fantail,
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johnny, and greenside darters, respectively. Of these, 19,427, 20,376, 19,912, and 21,454
unigenes containing ORFs were annotated for rainbow, fantail, johnny, and greenside darters,
respectively (Table 2.3). BUSCO analysis revealed high transcriptome completeness, recovering
78-82.4% of eukaryotic orthologues, 77.3-81.8% of metazoan orthologues, 70-73.9% of
vertebrate orthologues, and 68.5-70.7% of actinopterygii orthologues as complete. Additionally,
16.9-21.2% of orthologues were classified as putative paralogs, while fragmented or missing
orthologues accounted for 0.5-12%, depending on the dataset (Figure 2.2). These metrics

confirm the high quality of transcriptome assemblies for all darter species (Simao et al., 2015).

Table 2.3: Summary of de novo transcriptome assembly and quality metrics for four darter
species. Quality metrics, including raw and filtered read counts, total assembled bases, transcript
and unigene counts, contig N50 values, and alignment statistics, are reported for rainbow darter
(Etheostoma caeruleum), fantail darter (E. flabellare), johnny darter (E. nigrum), and greenside
darter (E. blennioides) (n=12). Average self alignment is expressed as mean + SD

Rainbow Darter

Fantail Darter

Johnny Darter

Greenside Darter

(12) 12) 12) 12)
Raw read pairs 836,244,028 721,085,970 793,276,446 755,286,159
Retained filtered read pairs 811,011,633 698,049,073 769,540,579 731,772,152
Assembled bases (bp) 539,201,692 556,842,250 535,366,433 563,395,246
Transcripts 575,924 654,641 560,377 598,053
Trinity genes 384,271 445,800 362,394 401,838
Trinity genes with ORFs 144,021 150,297 144,486 154,639
Unigenes 56,528 64,925 58,152 65,595
Contig N50 (bp) 1,913 1,733 1,985 1,915
E90NS50 (bp) 2,519 2,552 2,556 2,446
Median contig length (bp) 432 391 435 437
Average contig length (bp) 936.24 850.61 955.37 942.05
Avg. read mapping (+SD) (%) 89.2 (£0.34) 87.33 (£1.49) 88.71 (+0.38) 88.17 (£0.65)
ORF genes annotated 19427 20,376 19912 21454

29



Rainbow Darter
Fantail Darter
Johnny Darter
Greenside Darter

Rainbow Darter
Fantail Darter
Johnny Darter
Greenside Darter

Rainbow Darter
Fantail Darter
Johnny Darter
Greenside Darter

Rainbow Darter
Fantail Darter
Johnny Darter
Greenside Darter

0% 25% 50%

0% 25% 50%

0% 25% 50%

0% 25% 50%

s B Complete Single
[N W Complete Duplicate
I Fragmented

B Missing

75% 100%

75% 100%

Figure 2.2: Cumulative percentage of single copy orthologs identified for rainbow, fantail,
johnny, and greenside darters through BUSCO analysis from four databases A) Eukaryota (255),
B) Metazoa (954), C) Vertebrata (3354 ) and D) Actinopterygii (3640) was assessed against
unigenes sequences from the assembled transcriptomes of four darter species. Orthologs are
classified as complete single-copy (blue), duplicated (green), fragmented (yellow), or missing

(red).
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2.2.4 Differential gene expression analysis

Functional annotation and differential gene expression analyses provided significant
insights into the transcriptional response of darters to WWTP effluent exposure. Differential
expression analysis identified 36 DEGs in rainbow darters, 239 in fantail darters, 50 in johnny
darters, and 68 in greenside darters, with unique patterns of upregulation and downregulation
(Figure 2.3). The average log fold expression of DEGs varied among species, with values
ranging from -0.47 + 2.06 in Fantail Darter to 6.62 + 2.1 in Rainbow Darter (Table 2.4).
Heatmaps and volcano plots illustrating DEG expression patterns are provided in Appendix A

(Figures A1.2-A1.4), along with a complete list of differentially expressed genes (Table A1.2).

Rainbow darters demonstrated significant downregulation of nlrpI2 and rnf180, along
with other downregulated genes such as cenpa, nlrpl, and smcr8a. The highest positive change
in expression was observed for dipklb, with additional upregulated genes including hk!, Ipl, and
cdh2, and ldlr. In fantail darters, ¢3 was the most significantly upregulated gene, with per2 and
rxraa also showing substantial positive fold changes. However, most DEGs in fantail darters
were downregulated, including the mitochondrial gene m#-nd2 and heat shock proteins hsp90aal
and hsp90ab 1. In johnny darters, cfhr2 exhibited the most significant upregulation, followed by
nherfl and mt-co3. Additional highly expressed DEGs included hexa and the mitochondrial
genes mt-col and mt-cyb. Conversely, significant downregulation was observed in the
complement genes c7 and c3. Greenside darters demonstrated significant upregulation of nlrp3
and [ce, while kptn, cls, and top2b were significantly downregulated. While no DEGs were
shared among all four species, greenside darters exhibited the greatest number of shared DEGs
with the other species (Figure 2.3). Specifically, greenside darters shared the downregulation of
nlrp12 and smcr8a with rainbow darters, the upregulation of kIf13 with johnny darters, and the
downregulation of Aspa8 and stab2 with fantail darters. Divergence was also observed, with
opposing expression patterns of bhmt, gpi, and tp53inp2 in greenside and fantail darters.

Additionally, johnny and fantail darters demonstrated opposing expression of ¢3 (Figure 2.3).
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Table 2.4: The number of differentially expressed genes (log2FC < -1,> 1; FDR < 0.05) in the
liver of rainbow (Etheostoma caeruleum), fantail (E. flabellare), johnny (E. nigrum), and
greenside darters (E. blennioides) following exposure to MWWTP effluent. The number of
upregulated (Up; log2FC > 1) and downregulated (Down; log2FC < -1) genes, as well as the
average log fold change (Avg. log2FC + SD), are provided for each species.

Species DEGs Up Down  Avg.log2FC
Rainbow 36 26 10 6.62+2.1
Fantail 239 49 190 -0.47 +2.06
Johnny 50 34 16 097 +5.23
Greenside 68 40 28 022+3.1
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Table 2.5: Log fold change (log2FC) of the top 5 most significant differentially expressed genes
in liver of rainbow (Etheostoma caeruleum), fantail (E. flabellare), johnny (E. nigrum), and
greenside darter (E. blennioides) following exposure to MWWTP effluent ranked by false
discovery rate (FDR).

Speci Significant ) ke FDR  GeneN
pecies DEGs 108 ene Name
Rainbow . . . .
nlrpl2  -10.12 2.88e-13  NLR Family Pyrin Domain Containing 12
Darter
hl 947 2.75e-06  Hexokinase 1
b3gnt9 1044 2.03e-06  UDP-GlcNAc:Beta-3-Glycosyltransferase 9
cdh2 8.68 3.10e-06  Cadherin 2 (N-Cadherin)
ZG7_XENLA 1044 4.63e-05  Gastrula zinc finger protein
Fantail c3
8.59 8.40e-07  Complement Component 3
Darter
srebf2  -1.42 4.69e-05  Sterol Regulatory Element-Binding Transcription Factor 2
cyp5l -1.17 2.89e-04  Cytochrome P450 Family 24 Subfamily A Member 1
cyp3a40  -1.79 3.65e-04  Cytochrome P450 Family 3 Subfamily A Member 40
cryl -1.18 5.33e-04  Cryptochrome Circadian Regulator 1
Joh
N cfhrz— g79 7.44e-08  Complement Factor H-Related 2
Darter
nherfl 227 8.48e-07  Na'/H" Exchanger Regulatory Factor 1
mt-co3 5.10 1.31e-06  Mitochondrial Cytochrome C Oxidase IIT
mt-cyb 5.89 2.15e-05  Mitochondrial Cytochrome B
tpt] 9.86 2.26e-05  Translationally Controlled Tumour Protein 1
Greenside . .
Darter ZG57_XENLA  9.39 1.73e-04  Gastrula zinc finger protein XICGF57.1
orail 1.62 1.77e-04  ORAI Calcium Release-Activated Calcium Modulator 1
card9 1.46 5.12e-04  Caspase Recruitment Domain Family Member 9
ctsl 1.22 5.12e-04  Cathepsin L
pnatl0 1.46 5.12e-04  N-acetyltransferase, pineal gland isozyme NAT-10
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Fantail Darter Johnny Darter

Rainbow Darter Greenside Darter

Figure 2.3: (A) Venn diagram illustrating the overlap of differentially expressed genes (1og2FC
< -1 or>1; FDR < 0.05), among four darter species: rainbow darter (blue), fantail darter
(yellow), johnny darter (green), and greenside darter (red), following exposure to MWWTP
effluent. (B) Matrix plot showing the expression patterns of upregulated (blue; log2FC > 1), and
downregulated (red; log2FC < -1) differentially expressed genes shared across species,
highlighting conserved and divergent transcriptomic responses to effluent exposure.
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2.2.5 Comparative Functional Annotation and Gene Ontology Analysis

Functional annotation and Gene Ontology (GO) analysis of transcriptomes across the
four darter species provided insights into both shared and species-specific responses to effluent
exposure. A total of 245,200 unigenes were assigned to 33,657 orthogroups, with 30,658
orthogroups represented in at least one darter species. Shared orthogroups among all four species
accounted for approximately 40% (12,469), indicating substantial overlap across assemblies.
Additionally, 63% of orthogroups were present in at least three species, and 89% were shared
with at least one other species (Figure 2.4). Unique orthogroups were limited, comprising only
2.1-3.3% of the total orthogroups per species, representing 978—1,579 transcripts. The species
tree, constructed using single-copy orthogroups generated by OrthoFinder, with Sander
lucioperca as an outgroup, demonstrated a clear separation between subfamilies (Figure 2.4).
Species within the subfamily Etheostomatinae, including the four darter species analysed in this

study, formed a single clade with two distinct groupings.

A Fantail Johnny B

E. blenniodes
E. flabellare

E. spectabile

Etheostoma

E. caeruleum

E. cragini
_|: P. flavescens
L P. fluviatilis

S. lucioperca

@
4.5%) 9.6%)

Figure 2.4: (A) Venn diagram illustrating the number and percentage of orthogroups shared
among rainbow (blue), fantail (yellow), johnny (green), and greenside darters (red). (B) Species
tree constructed using single-copy orthogroups identified by OrthoFinder. The four darter species
form a single clade within the subfamily Etheostomatinae (purple line), with two distinct
groupings. The scale bar (0.01) indicates the number of substitutions per site.

Rainbow Greenside

0.01
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Following the GOseq pipeline, a wide range of Gene Ontology (GO) terms were
identified for each assembly, with minimal variation in both the number and distribution of terms
across species (Figure A1.5). Level 2 GO term classifications demonstrated a high degree of
congruence in proportions and distribution across species (Figure 2.5), indicating consistency in
annotated functional categories. The most frequently assigned GO terms under Biological
Process included "cellular processes" (GO:0009987; 18.6—18.7%), “biological
regulation” (GO:0065007; 14.8—-15.7%), and "metabolic processes” (GO:0008152; 11.8-12.1%).
Within Molecular Function, “binding” (GO:0005488; 52.0-52.6%), “catalytic
activity” (GO:0003824; 22.6-23.9%), and “transcription regulator activity” (GO:0140110; 5.7—
6.8%) were the most prevalent. Finally, for Cellular Component, the most frequently assigned
terms were cell (GO:0005623; 32.4-33.1%), “organelle” (GO:0043226; 27.5-28.0%), and
"macromolecular complex" (GO:0032991; 11.8-12.3%).

Gene ontology enrichment analysis using topGO revealed distinct functional profiles in
species-specific orthogroups among the four darter species (Table A1.3). Rainbow darters
exhibited significant enrichment in terms related to neural signalling, cell adhesion, and ion
channel activity, while greenside darters showed significant enrichment in terms related to
structural integrity, extracellular matrix organization, apoptotic processes, and the cellular
component lamellipodium (GO:0030027). Greenside darters demonstrated the highest number of
enriched terms and shared the most enriched terms with other species, sharing seven of the
sixteen total enriched terms with other species. Fantail darters demonstrated enrichment in terms
involving transport and cellular organization, as well as muscle system processes (GO:0003012).
Johnny darters had fewer enriched terms, primarily focused on vesicular transport and organelle
organization. Shared terms, such as protein binding (GO:0005515), were enriched across all four
species, and multicellular organism development (GO:0007275) was shared among all but

Johnny Darter.

36



A Biological regulation B Rainbow

B Fantail
Cell death Johnny
Cellular component organization B Greenside

Cellular process

Developmental process

Growth

Homeostatic process

Immune system process
Localization

Locomotion

Metabolic process

Multicellular organismal process
Reproductive process
Response to stimulus

0% 5% 10% 15% 20%
% Mapping GO Terms

B Antioxidant activity '
Binding
Catalytic activity =

Electron transfer activity

Enzyme regulator activity
Molecular transducer activity
Structural molecule activity
Transcription regulator activity
Translation regulator activity
Transporter activity

0% 15% 30% 45% 60%
% Mapping GO Terms

(o] Cell =

Extracellular Matrix

Extracellular Region
Organelle

Membrane
Macromolecular Complex

Membrane-enclosed Lumen

0% 10% 20% 30% 40%
% Mapping GO Terms

Figure 2.5: Proportion of Level 2 Gene Ontology (GO) term classifications mapped to unigenes
from the transcriptomes of four darter species: rainbow darter (blue), fantail darter (green),
johnny darter (yellow), and greenside darter (red). GO terms are categorized into the three
primary GO ontologies: (A) Biological Process, (B) Molecular Function, and (C) Cellular
Component. Percentages represent the proportion of mapped unigenes assigned to each GO term.
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Enriched GO terms revealed key functional categories overrepresented among DEGs in
each species (Table A1.3). In rainbow darters, significantly enriched biological processes were
primarily associated with lipoprotein particle regulation, remodelling, and lipid transport. The
most significantly enriched terms included plasma lipoprotein particle organization
(GO:0071827; FDR = 4.79e-6) and protein-lipid complex subunit organization (GO:0071825;
FDR = 4.06e-6), which were also linked to the highest number of DEGs. Clustering of enriched
ontologies formed a single network of lipid-associated terms, represented by the parent
categories protein—lipid complex subunit organization and regulation of plasma lipoprotein
particle levels (GO:0097006; FDR = 1.85e-5). Additionally, lipid transport processes such as
phospholipid efflux (GO:0033700; FDR = 8.60e-4) and cholesterol efflux (GO:0033344; FDR =
3.82e-4) were integrated into this network. Outside this primary network, two isolated nodes
emerged: positive regulation of interleukin-1 beta production (GO:0032731; FDR = 9.81e-5) and
glucose 6-phosphate metabolic process (GO:0051156; FDR = 8.47e-4), suggesting distinct

functional pathways unrelated to lipid metabolism.

DEGs in fantail darters were primarily enriched in metabolic and catabolic processes,
immune system functions, and cellular localization, with several terms exhibiting both high gene
counts and significant enrichment. Metabolic and catabolic processes represented the most
significantly enriched categories, including small molecule metabolic process (GO:0044281;
FDR = 1.50e-8) and protein catabolic process (GO:0030163; FDR = 3.45e-8). The terms with the
most assigned DEGs were associated with catabolic process (GO:0009056; FDR = 1.75e-8),
immune system process (GO:0002376; FDR = 1.63e-7), and gene expression (GO:0010467;
FDR = 2.66e-7). Network mapping of enriched GO terms revealed a less cohesive structure
compared to other species, characterized by three distinct clusters and three isolated nodes. The
first cluster encompassed a hierarchy of catabolic processes, including cellular catabolic process
and protein catabolic process. The second was represented by immune related terms like immune
system process and interspecies interaction between organisms (G0O:0044419; FDR=1.13e-7).
The third cluster involved nitrogen metabolism and biosynthesis, including amide metabolic
process (GO:0043603) as well as gene expression (GO:0010467). The three isolated nodes
represented distinct biological functions: mitochondrion organization (GO:0007005; FDR=
1.37e-6), establishment of localization in cell (GO:0051649; FDR= 1.69¢e-6), and small molecule

metabolic process.
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Several biological processes were significantly enriched among the DEGs identified in
johnny darter, primarily involving metabolism, catabolism, transport, and redox processes.
Notably, some of the most significantly enriched ontologies, also had the highest number of
DEGs assigned, which included small molecule metabolic process (GO:0044281;
FDR=3.74e-03), ion transport (GO:0006811; FDR=3.62¢-03), and transmembrane transport
(GO:0055085; FDR=4.70e-3). Network analysis revealed a single comprehensive network
encompassing all enriched ontologies, grouped by functional similarity. These groups included
terms related to ion and transmembrane transport and catabolic processes involving organic and
amino acids. These clusters were interconnected through terms involving redox reactions and
energy generation mechanisms including oxidative phosphorylation (GO:0006119; FDR=
9.1e-3) and electron transport chain (GO:0022900; FDR= 4.34¢-03).

Significantly enriched GO terms among the greenside darter DEGs were primarily
involved in immune system regulation, inflammatory responses, signal transduction, and
phosphorylation. The most enriched terms included negative regulation of interleukin-1
production (GO:0032692; FDR=6.34e-3), regulation of immune system process (GO:0002682;
FDR=6.73e-3), while processes with the most assigned DEGs included interspecies interaction
between organisms (GO:0044419; FDR=2.06e-2), and regulation of response to stress
(GO:0080134; FDR=1.76e-2). These GO terms clustered into a single integrated network centred
on immune and inflammatory pathways, particularly negative regulation of interleukin
production and NF-»B signalling. Additionally, broader processes related to phosphorylation and
metabolic regulation were interconnected within this network. Two outlier terms were identified
as isolated nodes: regulation of keratinocyte differentiation (GO:0045616; FDR=3.72¢e-2) and
lipid homeostasis (GO:0055088; FDR=2.92¢-2).

The overlap in GO enrichment between species was notably limited, however some
shared patterns was observed. Specifically, the GO term small molecule metabolic process was
identified as a common feature between fantail darter and johnny darter, and the term
interspecies interaction between organisms was enriched in both fantail darter and greenside

darter.

39



Plasma lipoprotein particle organization
Protein—| complex subunit organization
Reg. of plasma lipoprotein particle levels
Protein-lipid complex remodeling

Plasma lipoprotein particle remodeling
Protein—containing complex remodeling
Pos. reg. of interleukin—1 beta production
Chylomicron remodeling

Very-low-density lipoprotein particle remodeling
Phospholipid efflux

High—density lipoprotein particle assembly
High—density lipoprotein particle remodeling
Cholesterol efflux

Glucose 6-phosphate metabolic process
Reg. of phospholipid efflux

Pos. reg. of phospholipid efflux

Catabolic process |

Immune system process-{

Gene expression

Small molecule metabolic process

Cellular catabolic process |

Organic substance catabolic process-|
Establishment of localization in cell

Interspecies interaction between organisms -
Organonitrogen compound biosynthetic process |
Cellular nitrogen compound biosynthetic process A
Immune response A

Organonitrogen compound catabolic process
Macromolecule catabolic process A

Pos. reg. of immune system process

Protein catabolic process

Cellular amide metabolic process-

Cellular protein catabolic process -

Proteolysis involved in cellular protein catabolic process-|
Immune effector process

Mitochondrion organization 4

e
e
N. of Gen
. of Genes
Y ¢« 2
Py e 3
— ® 4
—e ® 5
—_—
—_—
— EnrichmentFDR
— 4.8e-06
b 1.9¢-05
—l) 1.7e-04
o 36e-04
7.5e-04
0 100 200 300
Fold Enrichment
—_—
—_—
e N. of Genes
_—_—
—_e * 30
-_ ® 40
—_—
® ® 50
_— ® 60
—_—
—_—mm—
.D EnrichmentFDR
|.I 1.5e-08
0 4.16-08
® 2.06-07
8.16-07

Fold Enrichment

1.1e-06

Small molecule metabolic process

lon transport

Transmembrane transport

Cation transport

lon transmembrane transport
Oxidation—-reduction process

Small molecule catabolic process
Monovalent inorganic cation transport
Organic acid catabolic process

Electron transport chain

Carboxylic acid transmembrane transport
Alpha—amino acid catabolic process
Oxidative phosphorylation

Cellular amino acid catabolic process
Aromatic amino acid family catabolic process
G0:0015988

Electron transport coupled proton transport

Reg. of immune system process
Interspecies interaction between organisms A
Reg. of response to stress

Reg. of immune response

Neg. reg. of intracellular signal transduction 1
Neg. reg. of phosphorylation A

Neg. reg. of phosphate metabolic process 1
Neg. reg. of protein phosphorylation

Neg. reg. of immune system process 1

Neg. reg. of inflammatory response -

Lipid homeostasis 1

Neg. reg. of interleukin—1 production -

Neg. reg. of nf-kappab transcription factor activity

Reg. of interleukin—1 beta production 1
Neg. reg. of nik/nf-kappab signaling 1
Neg. reg. of interleukin—1 beta production -
Reg. of keratinocyte differentiation A

llll‘l“‘.....'

Neg. reg. of interleukin—6 production

50 100 150 200
Fold Enrichment

o

H H “lllll“’“

10 20 30 40
Fold Enrichment

o4

N. of Genes

= = N o N

0 0 0 o
N o

EnrichmentFDR

4.7e-03
5.5e-03
5.8e-03
8.4e-03
9.1e-03

N. of Genes

3
6
9
1
1

2
5

EnrichmentFDR

6.3e-03
1.8e-02
2.1e-02
32002
3.7e-02

40



Figure 2.6: Significantly enriched (FDR < 0.05) biological process gene ontologies identified
from differentially expressed genes in (A) rainbow darter (Etheostoma caeruleum), (B) fantail
darter (E. flabellare), (C) johnny darter (E. nigrum), and (D) greenside darter (E. blennioides).
Enrichment analysis was performed using background sets of (A) 47,944, (B) 58,452, (C)
57,292, and (D) 62,204 unigenes, with 36, 239, 50, and 68 differentially expressed genes,
respectively
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Figure 2.7: Network maps illustrating relationships between enriched biological process gene
ontologies (GO) for (A) rainbow darter (Etheostoma caeruleum), (B) fantail darter (E.
flabellare), (C) johnny darter (E. nigrum), and (D) greenside darter (E. blennioides). Each node
represents a significantly enriched GO term, with node size corresponding to the number of
genes in each pathway. Edges indicate shared gene overlap, with thickness proportional to the
percentage of overlapping genes. Node colour represents the significance level (FDR) of

enrichment.
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2.2.6 Protein network analysis

The transcripts interaction network for rainbow darters consisted of four clusters, with an
average node degree of 1.64, a clustering coefficient of 0.461, and significant PPI enrichment (p
=9.97e-8; Table A1.5). The largest cluster, indicated by green edges, included hub transcript
apoe, with Ipl as a bottleneck. This cluster encompassed all genes associated with enriched GO
terms related to plasma lipoprotein assembly, remodelling, clearance, regulation, and cholesterol
metabolism. Apart from apoe and apoa4, all genes in this cluster were upregulated. The yellow
cluster, featuring gck as a bottleneck, contained three upregulated genes contributing to the
enriched GO term glucose 6-phosphate metabolic process (GO:0051156). Additionally, a dyad
cluster, indicated by red edges, contained two upregulated genes associated with the enriched GO

term positive regulation of interleukin-1 beta production (GO:0032731) (Figure 2.8; Table A1.6).
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Figure 2.8: STRING-derived protein-protein interaction (PPI) network (p = 9.97¢-8) for
differentially expressed genes in liver of rainbow darter (Etheostoma caeruleum) exposed to
WWTP effluent, illustrating four clusters of interacting transcripts. Dashed lines indicate edges
between nodes that do not belong to the same MCL cluster. Node colour represents log fold
change (log2FC), with larger nodes indicating higher degree centrality. Squares denote hub
transcripts, while triangles indicate bottleneck transcripts. Edges are coloured according to MCL
cluster membership, with thickness reflecting confidence in protein interactions.
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A transcript network of 30 clusters was constructed from fantail darter DEGs, with an
average node degree of 6.99, a clustering coefficient of 0.43, and highly significant PPI
enrichment (p = 1.0e-16; Table A1.5). Overall, most DEGs were downregulated, indicating a
general suppression of gene expression across the identified clusters. The largest cluster with
green edges consisting of 60 nodes, featured highly connected hub proteins, including hsp90aal,
hsp90ab, and hspa8. DEGs within this cluster were significantly enriched in catabolic processes,
particularly protein catabolic processes (GO:0030163). However, these genes also contributed to
less connected enriched GO terms, including: response to stress (GO:0006950), mitochondrion
organization (GO:0007005), organonitrogen compound biosynthetic process (GO:1901566) and
small molecule metabolic process (GO:0044281). The second most connected cluster with
yellow edges contained 15 nodes primarily involved in RNA processing, including the hub
eftud?2. The third sub-network with red edges was associated with small molecule and cellular
amide metabolic processes, while the fourth cluster with blue edges comprised DEGs exclusively

linked to small molecule metabolism (Figure 2.9; Table A1.6)
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Figure 2.9: STRING-derived protein-protein interaction (PPI) network (p = 1.0e-16) for
differentially expressed genes in liver of fantail darter (Etheostoma flabellare) exposed to WWTP
effluent, illustrating four clusters of interacting transcripts. Dashed lines indicate edges between
nodes that do not belong to the same MCL cluster. Node colour represents log fold change
(log2FC), with larger nodes indicating higher degree centrality. Squares denote hub transcripts,
while triangles indicate bottleneck transcripts. Edges are coloured according to MCL cluster
membership, with thickness reflecting confidence in protein interactions. Nodes outside the top
four most connected clusters are omitted for visual clarity.

The STRING network for johnny darters had an average node degree of 1.06, an average

local clustering coefficient of 0.45, and significant PPI enrichment (p = 5.61e-4; Table A1.5).

MCL clustering identified eight sub-clusters, including three distinct networks and four isolated

dyads. The largest network with green edges, consisting of five upregulated DEGs, included the

hub proteins mt-co3 and mt-atp6, associated with mitochondrial function and respiratory chain
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complexes. This cluster contributed to the enriched GO terms: Ion transport (GO:0006811),
Electron transport chain (G0O:0022900), and Oxidative phosphorylation (GO:0006119). The
second most connected network with yellow edges contained the downregulated hub protein C3,
while the third network with red edges comprised additional downregulated DEGs that did not
significantly contribute to GO term enrichment. The fourth cluster, centred on the bottleneck
protein il4il, integrated into the primary network, with all DEGs upregulated and linked to
amino acid catabolism GO terms (Figure 2.10; Figure A1.6).

The PPI network for greenside darters comprised 30 transcripts, with an average node
degree of 1.12, an average local clustering coefficient of 0.255, and PPI enrichment (p = 2.19e-2;
Table A1.5). Nine distinct clusters and one isolated dyad were identified. A majority of DEGs
across clusters contributed to the enrichment of the biological process regulation of response to
stress (GO:0080134). The most highly connected cluster with green edges was centred around
the hub proteins myc, crebbp, and hspa8, containing DEGs associated with response to stress and
immune regulation, contributing to the enriched GO term regulation of immune response
(GO:0050776). The second cluster with yellow edges, centred on the bottleneck protein nlrp3,
comprised DEGs involved in the negative regulation of inflammatory and immune responses.
The third cluster, marked by blue edges, contained DEGs linked to the enriched ontology term
lipid homeostasis (GO:0055088)(Figure 2.10; Figure A1.6). The fourth cluster (red) contained
DEGs responsible for oxygen transport and glycolysis.
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Figure 2.10: STRING-derived protein-protein interaction (PPI) networks for differentially
expressed genes in the liver of (A) Johnny darter (Etheostoma nigrum; p = 5.61e-4) and (B)
Greenside darter (E. blennioides; p = 2.19e-2) exposed to WWTP effluent. Edges are coloured by
MCL cluster membership, and grey edges represent interactions outside these top four clusters.
Edge thickness corresponding to interaction confidence scores, and dashed lines indicate
interactions between nodes belonging to different MCL clusters. Node colour represents log fold
change (log2FC), with larger nodes indicating higher degree centrality. Hub transcripts are
denoted by squares, while triangles indicate bottleneck transcripts.
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2.4 Discussion

The present study examined the transcriptional responses of rainbow darters (E.
caeruleum), fantail darters (E. flabellare), johnny darters (E. nigrum), and greenside darters (E.
blennioides) to wastewater treatment plant effluent exposure. Utilizing high-quality RNA
sequencing, transcriptome assembly, annotation, differential gene expression analysis, gene
ontology (GO) enrichment and protein-protein interaction (PPI) network visualization, the study
revealed shared and species-specific transcriptome alterations. These highlighted significant
modulation in immune regulation, metabolism, mitochondrial function, lipid transport, and stress
response pathways. Functional annotation and GO enrichment emphasized distinct and
overlapping biological processes affected by effluent exposure, while PPI network analysis
identified key proteins potentially driving these responses. These findings elucidate the
mechanisms underpinning darters' adaptive and stress responses to environmental contaminants,
thereby advancing our understanding of the ecological impacts of wastewater effluents on

aquatic organisms.

2.4.1 Water quality

In Fall 2020, water samples downstream of the Waterloo WWTP revealed high
concentrations of pharmaceuticals, with venlafaxine (VEN) and diclofenac (DCF) being the most
abundant contaminants, followed by atrazine and carbamazepine (CBZ) (Table 2.2). Atrazine
was the highest upstream contaminant, while most other measured contaminants were
undetectable, or much lower than their downstream counterparts. These findings align with a Fall
2015 study in the Niagara River, where similar contaminants were detected (Arnnok et al.,
2017). Similar elevations of pharmaceuticals, such as VEN, were also reported by Metcalfe et al.
(2010) in the Grand River, highlighting that the introduction of pharmaceuticals by WWTPs
remains a persistent issue in this watershed. Pharmaceuticals such as ibuprofen, fluoxetine, VEN,
CBZ, naproxen, and DCF have been detected in fish tissues (brain, liver, gonads) at
concentrations ranging from 0.11 to 12.95 ng/g (Brooks et al., 2005; Arnnok et al., 2017;
McCallum et al., 2017). Arnnok et al. (2017) observed SSRIs in fish tissues at up to 17 ng/g of
sertraline, 0.2—40 ng/g of norfluoxetine, and up to 57 ng/g of VEN, highlighting significant
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bioaccumulation and potential ecological impacts of wastewater contaminants on the darter
species collected downstream of WWTPs. These findings illustrate the ongoing challenge of
pharmaceutical contamination in aquatic environments downstream of WWTPs and raise

concerns about their ecological implications for sensitive species.

2.4.2 Transcriptome Assembly

The quality and depth of sequencing data critically influence transcriptome assembly, as
transcript coverage varies with RNA abundance, particularly for lowly expressed transcripts
(Wang et al., 2011; Tarazona et al., 2011; Sims et al., 2014). While sequencing depth
requirements depend on the biological question, a depth of 20—-150 million paired-end reads (75—
150 bp) is typically sufficient for identifying differentially expressed genes (DEGs) (Liu et al.,
2014), with higher depths enabling capture of nearly full-length transcripts (Grabherr et al.,
2011; Francis et al., 2013). In this study, sequencing depths of 50-96 million paired-end reads
per sample, and 698-811 million paired-end reads per transcriptome (Table 2.3; Table A1.1),
exceed commonly accepted standards, providing high coverage and supporting comprehensive

transcriptome characterization.

Alignment rates to the assembled transcriptomes ranged from 85.46% to 89.2%, falling
within the expected 70-90% range (Conesa et al., 2016), validating assembly quality and
providing confidence in downstream analyses (Table 2.3). A single sample from the fantail darter
(FE7) exhibited a lower alignment rate (68%) potentially due to initially insufficient sequencing
depth and subsequent resequencing (Table A1.1). Although this may introduce batch effects or
technical variations, FE7 did not deviate significantly in hierarchical clustering and sample
correlation (Figure A1.2; Figure A1.3). Assembly statistics, including N50 values of 1,733—-1,985
bp and E9ONS50 values of 2,446-2,556 bp (Table 2.3; Figure A1.1), confirmed the robustness of
the assemblies, with transcripts sufficient to capture protein-coding regions (Tiessen et al., 2012).
The identification of 56,528-65,595 unigenes compares favourably with other de novo teleost
transcriptomes (Table 2.3). For instance, Gates et al. (2017) reported 67,938 unigenes in
Australian rainbow fish (Melanotaenia splendida tatei), while Sandoval-Castillo et al. (2020)
found 34,815 unigenes in Melanotaenia species. Comparatively, Chen et al. (2017) identified
83,834 non-redundant transcripts across multiple tissues in Eurasian perch (Perca fluviatilis),

highlighting the breadth of transcriptome diversity across different species and tissue types.
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BUSCO scores revealed high recovery rates of single-copy orthologs (68.5-82.4%),
indicating transcriptome completeness (Figure 2.2). However, 16.9-21.2% of BUSCOs were
identified as duplicates, which is unexpected given that BUSCOs typically evolve under single-
copy control (Waterhouse et al., 2011). These duplications may reflect heterozygosity and allelic
variations, consistent with observed genetic diversity in rainbow darters (Oliveira et al., 2021).
Although 0.5-12% of genes were fragmented or missing, this is common in transcriptomic data
due to isoform variability and is comparable to other assemblies (Carruthers et al., 2018; Bertel-
Sevilla 2020; Sandoval-Castillo et al., 2020; Luo et al., 2022; Pomianowski et al., 2021;
Marisaldi et al., 2021). The robust assembly metrics, high BUSCO completeness, and extensive
unigene counts collectively emphasize the quality and comprehensiveness of these liver tissue
transcriptomes, making them well-suited for downstream differential expression and functional

analyses.

2.4.3 Annotation

Functional annotation of darter transcriptomes revealed that 13—14% of trinity genes
matched unique proteins in the UniProtKB/Swiss-Prot database with at least 80% identity,
yielding 19,427-21,454 annotated unigenes with ORFs (Table 2.3). This is consistent with de

novo teleost assemblies reporting 18,313 to 34,192 annotated unigenes (Sun et al., 2019;

Richards et al., 2018; Sandoval-Castillo, 2020; Martinez-Burguete et al., 2021).

Orthogroup inference via OrthoFinder revealed that that approximately 40% of
orthogroups are shared across the four darters, while over 60% were shared by at least three
species (Figure 2.4). This concordance is expected given their evolutionary relatedness (Thomas
et al.,2011), and the phylogenetic tree constructed using single copy orthologs compares well
with established taxonomy (Thomas et al., 2011; Daniel et al, 2018). Although species-specific
orthogroups were limited (657-1005), these transcripts may reflect functional diversity linked to
specific environmental adaptations or physiological demands, or may represent lowly expressed
transcripts not captured in the other darter transcriptomes. These findings align with other de
novo studies that have investigated orthogroups among both closely and more distantly related

teleosts (Carruthers et al., 2018; Marisaldi et al., 2021).

Gene ontology assignments for all annotated transcripts revealed a diverse array of GO

terms in each assembly, demonstrating comprehensive representation with minimal variation in
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root ontologies and level 2 terms. High uniformity in GO profiles aligns with prior studies
reporting stable GO term distributions across multiple species and phyla (Carruthers et al., 2018;
Elmer et al., 2010; Riesgo et al., 2012), further validating the accuracy of the assemblies and
their annotations. Additionally, assembly-specific transcripts exhibited greater differences in the
proportion and variety of GO terms compared to the complete dataset, which were effectively

characterized through GO enrichment analysis.
2.4.4 Species comparisons of shared and unique pathways

To compare and contrast the transcriptomic responses of rainbow (RBD), fantail (FTD),
johnny (JD), and greenside (GSD) darters to wastewater treatment plant effluent (WWTPE), their
differentially expressed genes (DEGs), enriched pathways, and modulated biological processes
were examined. This analysis revealed both common and species-specific adaptations to effluent.
These findings provide insights into conserved mechanisms for coping with environmental
stressors and highlight potential unique molecular mechanisms or physiological adaptations in

response to wastewater effluent exposure.

2.44.1 Stress, Inmune Response and Inflammatory Regulation

All four darter species showed evidence of immune system dysregulation, including
alterations in pattern recognition receptors, complement components, cytokine signalling, and
inflammation-regulating protease inhibitors. Fantail darter downstream of the WWTPE outfall
exhibited the highest number of DEGs with significant enrichment of immune system processes
(Figure 2.6). Notably, networked transcripts within the complement cascade (c/gbp, clqc, clgb,
c3, c¢8b) were predominantly downregulated, except for ¢3, which emerged as one of the most
upregulated transcripts. The complement system acts as a key component of innate immunity,
responsible for marking pathogens for clearance and the activation of downstream immune
components (Ricklin et al., 2010). This observed pattern suggests atypical regulation of the
classical complement pathway, potentially leading to incomplete activation. Modulation of
cytokine signalling pathways (ifi44, ifitl, trim25, statl, stat3, tnfsf14) was also evident,
implicating processes of both pathogen detection, antiviral defenses and inflammatory regulation
(Xu et al., 2015). Transcript networking in Johnny Darter (Figure 2.10) highlighted modulation

of the complement system (c3, c¢7, cfhr2), as well as inflammation-associated tissue repair
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processes (fga, itih2). These findings suggest a potential restraint in complement activity
(Holland & Lambris, 2002; Eberhardt et al., 2013) along with evidence of inflammatory

dysregulation and altered repair processes (Davalos & Akassoglou, 2012).

In rainbow darters, the significant downregulation of pattern recognition receptors
(nlrp12, nlrpl) indicated a modulation in inflammatory singling, while the compensatory
upreulation of the protease inhibitors serpinal and ambp suggest a protective mechanism
towards excessive inflammation and oxidative damage (Kono et al., 2003; Li et al., 2022; Su et
al.,2017). This is further supported by enrichment of transcripts (Figure 2.6) involved in
positive regulation of interleukin-1 beta (IL-1f), a key pro-inflammatory cytokine crucial in fish

innate immunity (Kono et al., 2003).

Greenside darters most prominently showed significant modulation of stress and immune
response pathways (Figutre 2.6), with myc and crebbp acting as hub transcripts in interaction
networks (Figure 2.10). These hubs are transcriptional regulators that can be activated during
cellular stress and infection (Matt, 2002; Nie et al., 2012; Wei et al., 2019). Transcripts within
this network (tifa, card9, nlrp3, slamf6, itgal) influence innate immune activation including
inflammasome assembly, and immune cell recruitment (Lin et al., 2016; Peng et al., 2024; Li et
al., 2020; Chang, 2023; Sameshima et al., 2012). Other networked transcripts (tnfaip3, tsc22d3,
nlrp12, nlrc3), function in the negative regulation of NF-»B and IL-1 signalling pathways,
responsible for dampening of immune and inflammatory responses, helping to moderate
excessive inflammation and maintain immune homeostasis (Vogel et al., 1996; Mérour et al.,
2019; Morimoto et al., 2021; Chang et al., 2021). Varied expressional changes within these
transcripts suggest a complex interplay between immune activation and attenuation. Such varied
expression profiles could represent adaptive immunomodulation under effluent exposure or could

indicate pathological dysregulation.

Stress can activate the hypothalamus-pituitary-interrenal (HPI) axis, leading to the release
of neuroendocrine factors, such as cortisol (Nardocci et al., 2014). These factors can stimulate
the innate immune response including the mobilization of leukocytes, and the complement
cascade. However, chronic stress generally suppresses immune functions, in part as a protective
mechanism to prevent tissue damage from excessive inflammation (Nardocci et al., 2014), and in

part due to the reallocation of energy to cope with the stressor (Wendelaar Bonga, 1997; Tort,
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2011). Consequently, fish may exhibit both acute immune activation and, over time, a suppressed
immune capacity. This depression of immune processes increases susceptibility to infections and
reduces overall fitness (Ndong et al., 2007; Small & Bilodeau, 2007; Mauri et al., 2011).
Consistent with previous studies on fish exposed to MWWTPE, our findings highlight the
immunomodulatory effects of such contaminants (Salo et al., 2007; Hébert et al., 2008;
Arstikaitis et al., 2014). Overall, the transcriptomic signatures observed in darters suggest a
complex interplay of stress responses, immune pathway modulation, and inflammation
regulation. While some transcriptional changes may be adaptive, chronic dysregulation of these
pathways could compromise immune function, increasing vulnerability to disease and ultimately
reducing fitness under environmental stressors (Wendelaar Bonga, 1997). Future research should
investigate how these transcriptomic alterations could translate into functional immune deficits

and potential long-term ecological impacts on darter populations.

2.4.4.2 Lipid Metabolism and Cholesterol Homeostasis

Effluent exposure led to significant disruptions in metabolic and energy production
pathways across the four darter species. Although species-specific differences in gene expression
patterns were observed, commonalities emerged in the modulation of lipid metabolism and

cholesterol homeostasis suggesting a shared adaptive response to WWTPE.

In response to effluent exposure, rainbow darters exhibited significant modulation of lipid
metabolism, as highlighted by transcript networking analyses (Figure 2.8) and GO enrichment
(Figure 2.6). Specifically, genes responsible for lipid and cholesterol transport (apoe, apoa4,
abca7, arf4) and utilization (Idlr, Ipl) via lipoproteins and chylomicrons were affected.
Lipoproteins are complexes composed of apolipoproteins (apoe, apoa4) and lipids, including
cholesterol and triglycerides, that facilitate lipid trafficking throughout the body via the
circulatory system (Stan, et al., 2003; Wang et al., 2014; Giannisis et al., 2022). These
lipoprotein-associated lipids are made available for utilization and storage through the
coordinated actions of enzymes such as lipoprotein lipase (Lpl) and low-density lipoprotein
receptor (Ldlr) (Weil et al., 2013; Yan et al., 2015; Van De Sluis et al., 2017). The modulation of
these transcripts suggests an adjustment in lipid efflux and utilization pathways, potentially

reflecting a rebalancing of cholesterol and lipid metabolism in response to effluent.
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Greenside darters demonstrated significant disruptions in lipid homeostatic processes
(Figure 2.6), particularly affecting cholesterol metabolism and energy production pathways.
Elevated expression of soatl, ldlr, and insigl suggests increased cholesterol uptake (Idlr),
enhanced storage via esterification (soat!), and feedback inhibition of cholesterol biosynthesis
(insigl) (Lin et al., 1999; Go & Mani, 2012; Yang et al., 2002). In parallel, the upregulation of
pnpla2, involved in triglyceride mobilization, could reflect increased lipolysis and potentially
energy production through B-oxidation (Zimmermann et al., 2004; Schweiger et al., 2006).
Furthermore, the upregulation of soat/ may serve as an adaptive mechanism, potentially
esterifying lipid-soluble xenobiotic compounds to mitigate cellular stress (Dodds, 1995;
Lindqvist et al., 2014).

Transcript networking in fantail darter (Figure 2.9) highlighted distinct modulation of
lipid metabolism and cholesterol biosynthesis contributing to the GO enrichment of small
molecule metabolic processes (Figure 2.6). The third sub-network with red edges was composed
of downregulated DEGs involved in fatty acid biosynthesis (acly, acsl4, gpat4) and f3-oxidation
(hsd17b4, echsl, acsl4), which generate fatty acyl-CoA esters for energy production via the
Krebs cycle (De Launoit & Adamski, 1999; Chypre et al., 2012; Kuwata et al, 2019). The fourth
sub-network, marked by blue edges, involved downregulated DEGs which encode enzymes that
catalyze sequential steps in sterol biosynthesis through the mevalonate pathway. For instance,
Hmgcs1 synthesizes HMG-CoA, a key precursor further processed by enzymes in this network,
including Lss, Sc5d, and Msmol, to produce cholesterol and other sterols (Hernandez et al.,
2019; Song et al., 2023; Jiang et al., 2010; Xin et al., 2019). The transcription factor Srebf2
regulates the expression of these genes, controlling cholesterol and lipid biosynthesis (Madison,
2016). This profile suggests a coordinated downregulation of fatty acid metabolism, 3-oxidation,

and sterol biosynthesis, reflecting a reduced capacity for lipid and energy metabolism.

Johnny darters exhibited a less pronounced response in lipid metabolism pathways
compared to other species. However, transcript networking identified the opposing expression of
acaca and cptla, along with the upregulation of fads6, suggesting a metabolic shift favouring

lipid biosynthesis and energy storage (Liu et al., 2023; Zhang et al., 2023; Dong et al., 2024).
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Lipids are the primary energy source for most fish (Watanabe, 1982), and lipid
metabolism is essential for maintaining energy balance, cholesterol homeostasis, and
physiological processes, particularly in the liver (Tocher, 2003; Kondo et al., 2005). Disruptions
in these pathways suggest potential metabolic consequences of effluent exposure, leading to
shifts in energy allocation and lipid regulation. Environmental contaminants, including PFAS,
PPCPs, insecticides, and WWTPE, have been shown to alter lipid metabolism in fish (Sarma et
al., 2015; Hamid et al., 2021; Sun, 2023). These disruptions are often linked to energy
reallocation, oxidative stress, and lipid peroxidation (Dépatie et al., 2020; Gongalves et al.,
2021). Lipid-regulating pharmaceuticals, such as fibrates and statins present in WWTPE, may
further lower plasma cholesterol and triglyceride levels while modulating genes involved in lipid
metabolism and cholesterol regulation (Teles et al., 2016; Blong et al., 2023). Statins detected
downstream (Table 2.2) inhibit HMG-CoA reductase activity, a key enzyme in cholesterol
biosynthesis, which may explain the downregulation of cholesterol synthesis observed in fantail
darters (Sharpe & Brown, 2013). Since cholesterol is a precursor for steroid hormones, reduced
cholesterol metabolism could impair hormone production, potentially affecting stress responses,
reproduction, and growth (Jiang et al., 2010; Maxfield & Tabas, 2005), thereby potentially
affecting population dynamics. Lipid metabolism responses varied across species. Rainbow and
greenside darters exhibited increased expression in lipid transport and utilization pathways,
whereas johnny darters showed enhanced lipid biosynthesis and energy storage. In contrast,
fantail darters demonstrate suppression of fatty acid biosynthesis, -oxidation, and sterol
synthesis. Collectively, these findings indicate that liver lipid metabolism, central to energy
homeostasis and detoxification, is highly sensitive to contaminants in effluent. The observed
transcriptomic shifts suggest a broad reallocation of metabolic resources that may negatively

impact growth and reproduction.

2.4.4.3 Mitochondrial Function and Broader Metabolic Activity

In response to effluent exposure, transcripts involved in the construction and function of
the electron transport chain (ETC), crucial for cellular respiration and ATP production through
oxidative phosphorylation (Vercellino & Sazanov, 2022), were differentially expressed in both

fantail and johnny darters. Fantail darters showed extensive modulation of transcripts related to
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mitochondrial organisation (Figure 2.6), particularly those responsible for ETC construction and
function. This included several components of Complexes I, III, and V (Gusdon et al., 2007;
Mimaki et al., 2012; Bottani et al., 2017), along with essential transport and assembly factors.
For instance, the chaperone Grpell facilitates the folding and assembly of Complex I subunits
(Konovalova et al., 2018), and the carrier protein Slc25a3 transports inorganic phosphate into
mitochondria for ATP synthesis (Baseler et al., 2012). All transcripts associated with these
processes were downregulated except atp5fla, a hub transcript (Figure 2.9) encoding a subunit
of ATP synthase (Complex V) involved in ATP production (Chouhan et al., 2023). In contrast,
transcripts involved in the construction and function of ETC Complexes III, IV, and V were
upregulated in johnny darter. This upregulation was evident through GO enrichment of electron
transport chain and oxidative phosphorylation processes (Figure 2.6), as well as transcript

network analyses identifying m¢-co3 and mt-atp6 as hub transcripts (Figure 2.10).

Pharmaceuticals and personal care products can modulate mitochondrial function and
content (Yeh et al., 2017). For example, antibiotics that inhibit bacterial protein synthesis may
also target mitochondrial ribosomes (Moullan, 2015), while NSAIDs like diclofenac can generate
reactive metabolites that interfere with mitochondrial oxidative phosphorylation and ATP
synthesis (Syed et al., 2016). Additionally, a variety of other environmental contaminants
including PAHs, heavy metals, pesticides, and CEC’s may similarly disrupt mitochondrial
function, linked to the induction of oxidative stress (Garceau et al., 2010; Lushchak, 2016; Yeh et
al., 2017; Kozal et al., 2023). Oxidative stress can damage mitochondrial DNA and proteins,
reducing ETC efficiency and increasing ROS production (Shokolenko et al., 2009; Roubicek et
al.,2017). This can create a detrimental feedback loop, further exacerbating oxidative damage
and impairing cellular energy metabolism (Kozal et al., 2023; Otsuka & Matsui, 2023). The
observed downregulation of mitochondrial transcripts in fantail darters suggests reduced ATP
synthesis capacity, and is consistent with CEC-induced mitochondrial impairment, conceivably
as a means to reduce the rate of ROS production. This dysfunction may contribute to proton
leakage, mitochondrial dysregulation, reduced mitochondrial content, and oxidative damage
(Chandel, 2010). Conversely, johnny darters exhibit a potential compensatory response to sustain
mitochondrial function under effluent exposure. If the upregulation of mitochondrial electron
transport chain (ETC) transcripts reflects increased mitochondrial activity, it may also result in

higher electron leakage and ROS production, thereby exacerbating oxidative stress. Similar
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effects have been observed in Chinook salmon exposed to a mixture of CECs representative of

WWTPE (Yeh et al., 2017).

Aside from energy production through oxidative phosphorylation, glucose metabolic
processes were also affected. Effluent exposure influenced glycolytic pathways in rainbow
darters evidenced by GO enrichment of Glucose-6-phosphate metabolic process (Figure 2.6) and
a small cluster (Figure 2.8) of upregulated transcripts (gck, hkl, hkdcl). These DEGs encode
enzymes that catalyze the phosphorylation of glucose into glucose-6-phosphate to initiate
glycolysis, a critical step in energy production, storage, and biosynthetic reactions (Irwin et al.,
2008; Polakof et al., 2009; Ludvik et al., 2016). While stress and cortisol release typically
promote glucose availability to peripheral organs and tissue over use in the liver, contaminants
present in effluents may disrupt these tightly regulated processes (Zhao et al., 2018).
Additionally, both fantail and greenside darters exhibited divergent modulation of gpi (Figure
2.4), which encodes glucose-6-phosphate isomerase, a key enzyme involved in glycolysis and
gluconeogenesis (Achari et al., 1981). Overall, in response to effluent exposure, contrasting
transcriptional responses across darter species highlight a diverse disruption of mitochondrial

and glucose metabolic processes.

2.4.4.4 Protein Homeostasis and Stress Responses

Effluent exposure elicited species-specific disruptions in cellular stress responses, proteostasis,
and mitochondrial integrity, with notable impacts on protein homeostasis and degradation
pathways. WWTPE exposure significantly disrupted proteolysis and protein catabolic processes
in fantail darters, as evidenced by GO enrichment (Figure 2.6) and the widespread
downregulation of Asp90 and hsc70 family genes, proteasome components, and mitochondrial
protein translocases. This suppression suggests a diminished capacity for protein folding,
degradation, and mitochondrial import, potentially exacerbating proteotoxic stress. Heat shock
proteins (HSPs) such as hs90aal, hsp90abl, and hspa8 emerged as prominent hubs with high
degree and betweenness centrality in transcript network analyses (Figure 2.9), underscoring their
roles in various biological processes. HSPs are essential for regulating protein synthesis by
assisting in the folding, stabilization, and degradation of diverse client proteins, including
signalling molecules (Haase & Fitze, 2016). This regulatory function is critical for maintaining
protein quality control, ensuring proper signalling pathway function, and enabling cellular stress

responses by preserving protein conformations (Pearl & Prodromou, 2000; Liu et al., 2012b;
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Haase & Fitze, 2016). Additionally, several transcripts such as psmd14, which contribute to the
structural formation and function of the 26S proteasome complex, were significantly affected, as
evidenced by a highly interconnected subcluster within the transcript network (Figure 2.9). The
proteasome plays a crucial role in degrading ubiquitinated proteins, thereby maintaining protein

homeostasis by removing damaged or misfolded proteins (Byrne et al., 2010).

While the stress response in fish is typically characterized by the upregulation of heat
shock proteins (HSPs) (Jeyachandran et al., 2023), exposure to pharmaceuticals may impede this
adaptive mechanism. For instance, ibuprofen significantly suppressed heat shock-induced hsp70
protein expression in the liver and gill of trout (Gravel et al., 2007). Similarly, chronic
venlafaxine exposure attenuated the heat shock response in the gill tissue of zebrafish (Weber et
al., 2023). Thus, pharmaceuticals present down steam of the WWTP effluent outfall may be
inducing this response. The downregulation of HSPs indicates a diminished capacity for
managing misfiled proteins and responding to cellular stress, potentially impairing cellular
functions and increasing susceptibility to additional stressors. Oxidative damage can disrupt
protein conformation and integrity (Haynes 2004; Pamplona, 2008), increasing the burden on the
already compromised protein quality control systems. When considered alongside the
downregulation of proteasome components, these findings suggest that the proteasomal
degradation pathway may be compromised. This impairment could lead to the accumulation of
damaged or mis-folded proteins, disruption of protein homeostasis (Hipp et al., 2019), and and

potentially increased susceptibility to environmental stressors and oxidative damage.

Disruption of mitochondrial integrity in fantail darters was evident, highlighted by the
downregulation of the hub transcript phbl and bottleneck transcript phb2 (Figure 2.9). These
transcripts encode prohibitin, a multifunctional protein that protects against stress-induced
damage by stabilizing mitochondrial proteins as a chaperone (Signorile et al., 2019). In
mammals, the downregulation of PHBs has been shown to impair mitochondrial complex I
activity, resulting in increased ROS production (Liu et al., 2012). Furthermore, mitochondrial
protein handling appears compromised, as genes encoding key components of mitochondrial
translocase complexes including tomm?22, tomm40 (TOM complex) and timm44, timml7a (TIM
complex, were dysregulated. These complexes facilitate the trafficking of cytosolic proteins into
mitochondria, and their silencing can disrupt mitochondrial protein import, resulting in impaired

ATP production, increased ROS levels, mitochondrial depolarization, and hepatocyte
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degeneration (Ma et al., 2023; Wu et al., 2017). Beyond mitochondrial dysfunction, transcripts
such as ccdc47 and pdia6 exhibited dysregulation, affecting endoplasmic reticulum (ER) protein
translocation and quality control mechanisms (Chitwood et al., 2020; Bai et al., 2019). The ER
plays a crucial role in regulating apoptosis via redox state modulation and apoptotic protein
interactions (Trostchansky & Alarcon, 2023). Collectively, the downregulation of these proteins
suggests a broader impact on proteostasis and dysfunction of stress response mechanisms in
fantail darters. These effects, along with the downregulation of ETC components, indicate a

broad impact of WWTPE exposure on mitochondrial function in fantail darters.

Gene Ontology enrichment analysis revealed significant alterations in stress response
regulation in greenside darters (figure 2.6). While hspa8 was downregulated, consistent with
observations in fantail darters, a cohort of stress-responsive genes including ddit4 and ulk2 were
upreguated. In response to stressors such as hypoxia, DNA damage, and oxidative stress, Ddit4
actively inhibits the mMTORC1 pathway, thereby restricting protein synthesis to support DNA
repair and autophagy before cell division (Pastor et al., 2017; Britto et al., 2018). Similarly, Ulk2,
a key regulator of autophagy induction, facilitates the clearance of damaged organelles and
proteins during stress conditions such as starvation and cellular damage (Demeter et al., 2020).
Conversely, Smcr8a which helps maintain autophagy and lysosomal activity, was down regulated
(Liu et al., 2022). This gene was similarly down regulated in rainbow darters exposed to
effluent. Rainbow darters displayed efforts to manage oxidative stress through upregulation of
antioxidant and cytoprotective genes like ambp, while downregulation of autophagy-related
genes such as smcr8a suggested a compromised capacity for cellular repair. Collectively, these
findings suggest that while greenside and rainbow darters activate stress response pathways to
address immediate environmental challenges, the modulation of autophagy-related genes like

smcr8a may dysregulate long-term cellular homeostasis and repair.

In johnny darters, immediate early response pathways were modulated, highlighted by a
tightly interconnected cluster (Figure 2.9) of four downregulated transcripts: duspl, egrl, ier2,
and junb, which are involved in swift cellular response to stress (Shan et al., 2019; Chung et al.,
1998; Cargnello & Roux, 2011). These genes are regulated by or directly participate in MAPK
signalling pathways, which orchestrate various cellular processes including growth,

differentiation, apoptosis, and inflammation by transmitting extracellular signals through a
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cascade of kinase activations (Wei et al., 2020). This response is typically rapidly induced by
various stressors, including oxidative stress, DNA damage, and infection, enabling cells to
regulate downstream targets and adapt to environmental challenges (Ueda et al., 2019; Kyjacova
etal., 2021). As these genes represent early response factors, their expression may be reduced
under chronic stress via negative feedback self-regulation, potentially serving to prevent
overactivation and subsequent cellular damage (Stamp et al., 1999). These expression patterns
suggest that effluent exposure may dysregulate certain cellular stress response pathways in
johnny darters, which could make the fish more vulnerable to environmental protuberances and

diseases.

2.4.4.5 Cellular Communication and Neural Activity

Neural activity and cellular communication pathways displayed species-specific
responses to effluent exposure. In rainbow darters, the significant downregulation of rnfI80 and
cacng4 suggests disruptions in serotonergic and noradrenergic signalling (Kabayama et al., 2013;
Moriya et al., 2015) as well as in calcium signalling (Black, 2003; You et al., 2023). In contrast,
the three other darter species (greenside, johnny, and fantail) showed modulation in distinct
genes more closely associated with neural growth, differentiation, and development. For
instance, dscam was modulated in greenside darters, while trakl was altered in johnny darters;
both genes are implicated in neuronal development and contribute directly to neuronal function
by maintaining the integrity of axons and synapses (Stephenson, 2014; Yeh et al., 2012).
Similarly, fantail darters exhibited changes in genes such as btbd3 and dpys/2, which play critical

roles in ensuring proper neuronal connectivity and adaptability through dendritic growth and

axon navigation (Matsui et al., 2013; Martins—de—Souza et al., 2015).

Pharmaceuticals present in WWTPE can alter neurotransmitter concentrations, behaviour,
and nervous system development in fish (McCallum et al., 2017; David et al., 2018; Li et al.,
2018). Therefore, the observed modulation of neuronal signalling and development in these
darter species may be influenced by pharmaceutical compounds found downstream. For
example, RING finger proteins such as rnfl80 are modulated by the serotonergic system, which
governs emotional and social behaviours (Kabayama et al., 2013). Chronic citalopram treatment
in medaka has been shown to modulate RING finger protein expression, highlighting the

potential susceptibility of these genes to antidepressants. Additionally, cacng4 and dscam are
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modulated by the antidepressants vortioxetine and fluoxetine, respectively, in mouse models
(Guidi et al., 2013; Waller et al., 2017). Hormonal and neuronal signals tightly regulate glucose,
lipid, and amino acid metabolism in the liver (Rui, 2014). Consequently, effluent-driven
alterations in neuronal signalling pathways could contribute to the dysregulation of metabolic
processes documented in this study. Moreover, some of these neuronal genes may have
additional roles in peripheral tissues beyond the nervous system. For example, shootinl
(SHTN1), which was downregulated in greenside darters, is typically involved in neuronal
development and axon outgrowth; however, an isoform (shootinlb) has been identified in
peripheral non-neuronal cells and is implicated in cytoskeleton organisation (Higashiguchi et al.,
2016). The species-specific changes observed in genes related to neurotransmission, neuronal
development, and synaptic integrity suggest that effluent exposure may differentially impact fish
populations, highlighting the need for further mechanistic studies. Understanding how
pharmaceutical contaminants alter peripheral neural pathways in wild populations is essential for
evaluating ecological risk and implementing effective wastewater treatment and environmental

management strategies.

2.4.4.6 Environmental and Pharmaceutical Impact

The transcriptomic analysis across all four darter species revealed evidence of exposure
to xenobiotic pharmaceuticals and contaminants present in WWTPE, with species-specific
responses. Alongside this, effluent exposure appears to modulate xenobiotic metabolism in
rainbow and fantail darters, as indicated by the differential expression of cytochrome P450 genes
cyp2kl and cyp3a40, respectively. Both Cyp3a40 and Cyp2k1 play significant roles in hepatic
detoxification by metabolizing a variety of endogenous and exogenous compounds, including
steroids and xenobiotics (Korzekwa et al., 1993; Kashiwada et al., 2005). Upregulation of cyp2k!
in rainbow darters suggests an increased need to detoxify xenobiotics, whereas downregulation
of cyp3a40 in fantail darters potentially indicates a diminished capacity for xenobiotic
biotransformation. Pharmaceuticals including fluoxetine, diazepam, and diclofenac can inhibit
the cytochrome P450 system in fish (Thibaut et al., 2006; Christen et al., 2010; Pihlaja et al.,
2024), which may be influencing this downregulation. Consequently, impaired detoxification
processes can exacerbate pollutant toxicity and promote bioaccumulation. Variations in

biotransformation capacity influence resilience in polluted habitats, with species possessing
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lower detoxification capabilities potentially accumulating higher chemical burdens, diminishing

fitness, and ultimately affecting biodiversity (Franco et al., 2025).

In johnny darters, the organic anion transporter Slcola2, which mediates the influx of
hormones, statins, antibiotics, antidepressants, and other endogenous and exogenous molecules,
was downregulated (Cvetkovic et al., 1999; Hagenbuch & Gui, 2008). Conversely, other solute
carriers including slc38a4, slc13a5, slc25a38b, and slc9a3r1 were upregulated, contributing to
the enriched GO term transmembrane transport (figure 2.6). These expression changes indicate
an adjustment to reduce contaminant uptake while maintaining or enhancing the transport of
amino acids, nucleotides, ions, and metabolites under effluent-induced stress (Palmieri, 2013;
Schioth et al., 2013; Fernandez-Fuente et al., 2023). Overall, these findings highlight the
complexity of effluent-driven alterations in xenobiotic metabolism and transporter function

within darter species.
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2.44.7 Divergence and Shared Adaptations

All four darter species exhibited shared transcriptomic responses to WWTPE exposure,
including metabolic dysregulation, immune modulation, and oxidative stress, as reflected in
enriched gene ontology terms related to inflammation, lipid metabolism, and mitochondrial
function. Despite these commonalities, species-specific differences emerged. Rainbow darters
showed pronounced effects on lipid transport, inflammatory pathways, and glycolysis, while
johnny darters exhibited altered mitochondrial electron transport chain activity, lipid
peroxidation, and suppression of early response gene expression. Greenside darters experienced
significant disruptions in cholesterol and immune homeostasis, potentially reflecting sensitivity
to lipid-regulating pharmaceuticals. In contrast, fantail darters uniquely demonstrated extensive
downregulation of ETC components, protein handling, and endomembrane protein transport,
suggesting distinct compensatory mechanisms. These findings highlight both conserved and

species-specific strategies for coping with environmental contaminants.

2.4.5 Unique identified pathways not captured by ontology enrichment

2.4.5.1 DNA Replication, Repair, and Transcriptional Regulation

WWTPE and PPCPs have been implicated in genotoxicity and the disruption of DNA
damage repair mechanisms in fish, potentially inducing compensatory transcriptional responses
to mitigate genomic stress (Liney et al., 2006, Notch & Mayer, 2009, Wilhelm et al., 2018). In
response to effluent greenside darters exhibited significant modulation of genes involved in DNA
replication, repair, and transcriptional regulation (Figure 2.9). Notably, the upregulation of
donson and ddit4, which facilitates accurate DNA replication and repair highlight an adaptive
mechanism aimed at mitigating DNA damage (Ding et al., 2021; Cvetkovic et al., 2023).
Conversely, the downregulation of top2b, responsible for managing DNA topology during
replication and transcription, suggests potential limitations in DNA maintenance (Cowell et al.,
2023). Additionally, the modulation of transcription factors and regulators such as tp53inp2,
csrnpl, klf13, and tfcp2, which are implicated in cell proliferation, apoptosis, and autophagy
(Outram et al., 2008; Feijoo et al., 2009; Nowak & Iovanna, 2009; Kotarba et al., 2018), suggests

a possible suppression of proliferative pathways alongside enhanced autophagic processes.
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Collectively, these transcriptional changes suggest a shift toward prioritizing DNA integrity and
cellular survival by balancing damage mitigation with the controlled regulation of cell growth
and death. Furthermore, some of these transcripts were differentially expressed in other darter
species, with kIf13 also upregulated in Johnny darters and 7p53inp2 down regulated in fantail
darters. However apart from early response genes previously discussed, johnny darters
demonstrated limited modulation of genes relevant to DNA replication, repair, or transcriptional

regulation

In fantail darters, numerous DEGs enriched the gene expression GO term (Figure 2.6),
encompassing transcription factors and regulators central to the biological processes investigated
in this present study. For instance, rxraa (RXRa) regulates the expression of Cytochrome P450
(CYP) enzymes, particularly CYP3A4 (Lehmann et al., 1998; Kliewer et al., 2002), while statl
and szat3, control the transcription of genes vital to immune responses (Au-Yeung et al., 2013).
Additionally, many transcripts within this enriched ontology are involved in RNA metabolism, as
represented by the second cluster with yellow edges in the transcriptional network (Figure 2.9).
Genes within this enriched ontology also play roles in epigenetic modifications, including DNA
methylation, histone acetylation, and chromatin condensation rather than repair. In rainbow
darters, alterations in histone modification and chromosomal structure were suggested by the
transcriptional networking of significantly modulated genes cenpa and ncapd3 (Figure 2.9). The
expression patterns of these genes imply regulatory adjustments that may support chromosomal
stability and modulate cell division and differentiation processes (Cech et al., 2015; Khan et al.,
2019). Together, these transcriptional changes across darter species suggest a regulatory response

to effluent exposure, highlighting the interplay between DNA repair, and chromatin dynamics.

2.4.5.2 Cytoskeletal and cellular remodelling

Cytoskeletal remodelling is essential for liver function, facilitating cellular movement,
shape maintenance, and intracellular transport as an adaptive response to environmental changes
(Fletcher & Mullins, 2010). However, chronic effluent exposure appears to disrupt these
processes in greenside darters. Oxidative stress can initiate cytoskeletal remodelling both as a
regulatory response and as a consequence of cellular damage (Weng et al., 2007; Balta et al.,
2021). The significant downregulation of kptn, shtnl, and cyth2 suggests impaired actin

polymerization and reduced cytoskeletal stability, which could compromise cell adhesion and
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intracellular trafficking (Frank et al., 1998; Bearer & Abraham, 1999; Higashiguchi et al., 2016).
Concurrently, the upregulation of ssh2 enhances cofilin-mediated actin depolymerization and
turnover, indicating a shift from a stable cytoskeletal structure to a more dynamic or
disassembled state (Moon & Drubin 1995; Niwa et al., 2002). Additionally, the upregulation of
plasminogen (plg) implies increased plasmin activity, which is involved in liver regeneration and
the prevention of fibrosis through ECM degradation and tissue remodelling (Chana et al., 2019;
Huang et al., 2021). These transcriptional alterations may reflect a compensatory response to
cellular stress, wherein the liver activates regenerative pathways to mitigate damage.
Collectively, these findings highlight a potential vulnerability of cytoskeletal integrity in

greenside darters under prolonged effluent exposure.

2.4.5.3 Up-Regulation of hemoglobin complex genes

Upregulated expression of hba and hbb (Figure 2.9), genes encoding hemoglobin (Hb)
subunits, suggests a potential adaptive response to oxidative stress in the liver of greenside
darters downstream of the effluent outfall. In teleosts, hemoglobin expression can be influenced
by hypoxia, ammonia, and high pCO,, as well as physiological stressors like infection and
oxidative stress, though these responses are species- and tissue-specific (Xu et al., 2021; Kang et
al., 2022; Wang et al., 2023). Although Hb is typically expressed at low levels in liver tissue
(Wang et al. 2023), Hb expression in the liver may contribute to redox balance by scavenging
ROS through peroxidases-like activity (Widmer et al., 2010; Liu et al, 2011). Unlike true
peroxidases however, Hb undergoes self-inflicted damage during this process (Alayash &
Wilson, 2022), which may influence gene expression modulation though replenishment of lost
Hb. Whether this response is primarily driven by oxidative stress, hypoxia, or other factors
remains unclear, but it aligns with indications of environmental stress downstream of the effluent

and may represent an adaptive strategy in greenside darters.

2.4.6 Species specific orthogroups

Comparative analysis of species-specific orthogroups in rainbow, fantail, johnny, and
greenside darters revealed both shared and unique enriched ontologies, potentially representing
novel isoforms, lowly expressed transcripts, or condition-specific responses (Figure 2.4; Table

A1.3). In rainbow darter, enrichment for neuronal processes, cell junction and adhesion suggests
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involvement in intrahepatic nerve innervation and neural maintenance (Tsuneki & Ichihara,
1981; Esteban et al., 1998; Miller et al., 2021). In teleost fish, the liver is innervated by nerve
fibres analogous to the mammalian autonomic nervous system, which help regulate energy
balance and metabolism (Blanco et al., 2020; Miller & Goessling, 2024). Elevated concentrations
of the neuroactive SNRI venlafaxine downstream may disproportionately affect this species if it
is especially sensitive to neuronal perturbations. Fantail darter specific orthogroups were
enriched for terms related to membrane dynamics, cellular transport, and the endomembrane
system, which facilitates in the metabolism, synthesis, and transport of lipids and proteins, as
well as the detoxification of exogenous contaminants (Levine 2004, De Caroli et al., 2020).
Enrichment of muscle system processes may reflect increased locomotive demands unique to this
species, which prefer slow to moderately moving waters (Eakins, 2024). If these fish were
subjected to suboptimal, faster-moving waters during collection, it might triggered higher
expression of muscle-related genes to cope with enhanced physical demands. Meanwhile, johnny
darter orthogroups were enriched for terms associated with intracellular trafficking, extracellular
vesicle-mediated transport, and membrane organisation, suggesting a functional emphasis on
cell-to-cell communication and structural maintenance (van Niel et al., 2022). Finally, greenside
darter orthogroups were enriched for terms for neurone projection, cell periphery, and
multicellular development parallels ontologies in rainbow and fantail darters, although driven by
distinct transcripts. Enrichment for terms associated with cell adhesion, ECM remodelling, and
apoptotic regulation suggests additional roles in tissue integrity and liver regeneration (Merino-
Casallo et al., 2022). Notably, processes involving ECM organisation and cellular remodelling

are uniquely represented among the DEGs identified in this species.

2.5 Conclusion

In this study, a transcriptomic analysis of four darter species provided critical insights into the
molecular and cellular mechanisms by which these fishes respond to WWTPE exposure. Water
quality assessments revealed elevated pharmaceutical concentrations downstream, including
VEN and DCF, which align with previous findings of pharmaceutical presence in WWTPE-
impacted aquatic environments (Arlos et al., 2015). However, atrazine was higher in the
upstream sampling sites (Table 2.2). Atrazine is a pervasive herbicide that has been linked to

endocrine disruption and reproductive effects in fish, including altered hormone levels, impaired
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gametogenesis, and feminization of males (Solomon et al., 1996). Thus, the presence of this
herbicide may be a confounding factor in this work, potentially influencing the observed gene
expression patterns. Nevertheless, the nearly universal modulation of immune response, lipid
metabolism, mitochondrial function, oxidative stress management, and detoxification pathways

indicates common environmental pressures imposed by WWTPE across species.

Variations in mitochondrial resilience, detoxification capacity, and specific metabolic
adjustments highlight species-specific vulnerabilities and adaptive strategies. Rainbow darters
exhibited significant alterations in lipid metabolism, characterized by lipid utilization and storage
mechanisms, along with modulation of inflammatory pathways. ETC components were not
differentially expressed; however, glycolytic pathways were upregulated, suggesting a
compensatory enhancement of glycolysis. This species demonstrated increased expression of
antioxidant defences and a potential elevated capacity for xenobiotic detoxification, mediated by
the upregulation of cyp2kl. Fantail darters exhibited possible impairments in mitochondrial
function, evidenced by reduced expression of ETC and mitochondrial support genes, which may
adversely affected energy production and ROS defence. Diminished capacity for protein
management appears to be extensive, and may lead to increased proteotoxic stress. Additionally,
lipid synthesis and cholesterol production process appear to be suppressed. Unlike rainbow
darters, fantail darters may have a decreased detoxification capacity due to the downregulation of
cyp3a40, which could facilitate the bioaccumulation of contaminants. Johnny darters
demonstrated an upregulation of ETC components, suggesting compensatory mechanisms to
meet elevated energy demands induced by effluent exposure. Despite this, effluent may
compromise fatty acid oxidation. Additionally, johnny darters exhibited a diminished expression
of early stress response genes, presumably resulting from chronic stress exposure, which may
increase their vulnerability to environmental stressors. Transporter expression may be adjusted to
manage contaminant uptake, indicating an adaptive response to reduce xenobiotic influx.
Greenside darters exhibited significant modulation in cholesterol uptake and energy production,
alongside a complex interplay between immune activation and attenuation. Mitochondrial
activity was minimally affected, however protein quality control and autophagy processes appear
to be affected, albeit to a lesser extent compared to fantail darters. Upregulated hemoglobin
complex genes may be associated with elevated ROS, while unique pathways in DNA repair and
ECM remodelling correlate with adaptive repair mechanisms. These results enhance our

understanding of how ecologically sensitive, non-model fish species manage emerging pollutants
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in WWTPE. Moreover, they propose targeted molecular pathways for ecological monitoring and
highlight the importance of including multiple fish species in ecotoxicological studies, as

species-specific responses reveal that fish do not respond uniformly to effluent exposure
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Chapter 3

Transcriptional effects of acute and sub-chronic venlafaxine
enantiomer exposure on rainbow darter (Etheostoma caeruleum), in
comparison to environmental effluent exposure
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3.0 Introduction

Analyzing the effects of wastewater treatment plant effluent (WWTPE) presents
significant challenges as it contains a complex mixture of pollutants, which can vary greatly over
time and between sources (Metcalfe et al., 2010, Kot-Wasik et al., 2016, McCann, 2016). This
complexity impedes the identification of individual contaminants and hinders the understanding
of their specific effects. Additionally, environmental assessments of wastewater effluent are often
complicated by confounding factors such as temperature fluctuations, variable flow rates,
seasonal changes in water chemistry, solar radiation, and daylight variation (Metcalfe et al.,
2010; Kot-Wasik et al., 2016; Rodriguez-Mozaz et al., 2020). These factors, combined with the
presence of multiple interacting substances, obscure the relationships between specific pollutants
and their impacts, complicating the development of accurate and effective mitigation strategies
(Metcalfe et al., 2010). While quantitative techniques like liquid chromatography-mass
spectrometry (LC-MS) can identify contaminants and elucidate potential impact drivers, targeted

studies on individual pollutants are essential for accurately determining their distinct effects.

As discussed in Chapter Two, venlafaxine (VEN) is identified as one of the most
prevalent pharmaceutically active compounds (PhACs) downstream of the Waterloo Municipal
MWWTPE outfall (Table 2.2). This observation is consistent with broader findings across North
America, where elevated levels of VEN are commonly detected in receiving water (Schultz et al.,
2010, Writer et al., 2013, Koné et al., 2013). VEN is serotonin and norepinephrine reuptake
inhibitor, administered as a racemic 50:50 mixture of the R- and S-enantiomer. Each enantiomer
demonstrates varying capacities to inhibit serotonin and norepinephrine reuptake (Hancu et al.,
2021), bioaccumulate in fish (Jin et al., 2023), and undergo wastewater remediation (Barbara,
2012; Li et al., 2013; Ma et al., 2020). VEN exposure has been implicated in various adverse
effects, including maladaptive behaviour (Tang et al., 2022), endocrine disruption affecting
growth (Thompson & Vijayan, 2021), altered brain serotonin levels (Bisesi et al., 2014),
impaired reproductive capabilities (Galus et al., 2013), and oxidative damage (Alves et al.,
2023). However, few studies have investigates the individual effects of the the R- and S-
enantiomers in fish, particularly in the context of systemic impacts rather than targeted markers
of stress (Qu et al., 2019, Ribeiro et al., 2022). Addressing this gap is critical to understanding
the stereoselective effects of VEN in aquatic organisms and their potential contributions to

functional dysregulation in wild populations.
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3.0.1 Objectives and hypothesis

This study aims to elucidate the distinct effects of R- and S-enantiomers of VEN on
hepatic gene expression in rainbow darters (Etheostoma caeruleum). By analyzing each
enantiomer independently, this research seeks to clarify their roles in mediating biological
responses in an environmentally relevant context. We hypothesize that exposure to
environmentally relevant concentrations of VEN will induce hepatic transcriptomic perturbations
similar to those observed in effluent-exposed populations, with each enantiomer eliciting distinct
transcriptional responses. These differences are anticipated to elucidate enantiomer-specific
mechanisms of VEN toxicity and their contributions to hepatic functional dysregulation. The
rainbow darter was selected as a model species due to its role as a sentinel fish in Southern
Ontario, with well-established populations in the Grand River (Hicks & Servos, 2017). Rainbow
darters have demonstrated sensitivity to effluent exposure and are well-suited for controlled
laboratory research, as evidenced by their extensive use in captive studies (Fuzzen et al., 2016;
Oliveira et al., 2021; Borowiec et al., 2024). Whole transcriptome sequencing and differential
gene expression analysis were performed on hepatic tissue to maintain consistency with Chapter
2. These findings will help clarify how VEN exposure contributes to functional dysregulation

patterns observed in WWTPE-exposed wild populations.

3.2 Materials and methods

3.2.1 Fish collection and handling

In October 2022, adult male rainbow darters (RBD) were collected from the Grand River
near Grand Valley, Southwestern Ontario(43°56'32.6"N 80°19'32.8"W), through backpack
electrofishing (Smith Root, LR-20, LR-24) (Figure 3.1). The collection site was selected due to
its greater distance from the Waterloo WWTPE outfall, minimizing potential contaminant
exposure. Additionally, its accessibility facilitated effective sampling. Fish were transported alive
in aerated water tanks to the Waterloo Aquatic Threats in Environmental Research (WATER)
facility at the University of Waterloo, Ontario, where they were acclimated in individual 10 L
acrylic tanks in an Aquatic Habitats (AHAB) unit. The system was maintained at 18 °C
comparable to the Grand River temperature at the time of collection. Water was replaced at a rate

of 10% per day, and fish were maintained under a 12-hour light/dark cycle. Fish were fed to
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satiation twice daily with San Francisco Bay Brand frozen bloodworms (Newark, USA), with
feeding sustained both before and throughout the exposure period. PVC housing structures were
incorporated into each tank to enhance habitat complexity, offering fish both shelter and resting
surfaces. Prior to experimentation, fish underwent a two-week acclimation period in the

laboratory to facilitate contaminant depuration.

3.2.2 Venlafaxine exposure

Fish were transferred to 12 L glass aquaria within a large water trough containing nine
aerated aquaria, with six fish per tank (Figure 3.1). The same handling and feeding practices
were followed as described in section 3.2.1. Each experimental tank was maintained at 18 °C
through a continuous cold-water current generated by a chiller and two air pumps placed within a
surrounding circulating water trough. Non-transparent dividers were placed between
experimental tanks to prevent visual and physical interactions between fish in adjacent tanks.
Fish were acclimated to the experimental tanks for three days prior to exposure and were fed
once daily throughout the study. Tanks were assigned to one of three treatment groups: control,
R-Venlafaxine (R-VEN), or S-Venlafaxine (S-VEN). The R-VEN and S-VEN treatment groups
were exposed to 1 pg/L of the respective enantiomer of venlafaxine (Millipore- Sigma-Aldrich)
which was maintained to replacement levels following 10% water replacement 1 hour after
feeding. The control tanks did not receive VEN treatment. Water samples were collected to
ensure a consistent concentration of venlafaxine exposure 1 hour after VEN replacement.
Samples were preserved (1 g/L sodium azide; 50 mg/L ascorbic acid) in 125 mL amber glass
bottles and stored at -20 °C until further extraction and analysis through LC-MS/MS using an
Agilent 1200 HPLC (Mississauga, Canada) coupled to an Applied Biosystems 3200
QTRAPmass spectrometer (ABSciex, Concord, Canada). To establish a pre-exposure baseline,
fish (n=6) from a randomly selected tank per trough were sacrificed, and liver tissues were flash-
frozen in liquid nitrogen and stored at -80°C for later RNA extraction. Liver tissue (n=6) was
sampled post-exposure on days one, four, and fourteen, and similarly preserved for analysis. Due
to experimental constraints, only samples from the control, and day fourteen exposure were
processed for library preparation and used in the differential expression analysis. Animal

handling and collection was approved by the Animal Care Committee at the University of
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Waterloo under AUPP#40318 and following the guidelines set by the Canadian Council of

Animal Care. control
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Figure 3.1: (A) Map of the Grand River Watershed illustrating fish collection site near Grand
Valley, Southwestern Ontario (red), relative to Waterloo and previous sampling sites from
Chapter 2 (orange) (Google Maps; Map data ©2024, CNES/Airbus, Landsat, Copernicus, Maxar
Technologies). (B) Schematic of R- and S-venlafaxine (VEN) exposure demonstrating
experimental design for one of three troughs.
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3.2.3 RNA Processing and Sequencing

The processing of fish tissue was conducted following the protocols established in
Chapter 2 (Section 2.2.4). To isolate RNA, liver tissue was processed using a phenol-chloroform
extraction with QIAzol (Qiagen; Hilden, Germany), as per the manufacturer's protocol by
Qiagen. This involved homogenizing the tissue, separating nucleic acids with chloroform, and
precipitating RNA with isopropanol. RNA quality was assessed using an Agilent 2200
Tapestation (Agilent Technologies; Santa Clara, CA), with samples achieving a RIN of at least §,
deemed to be of high quality. These samples were sent to The Center for Applied Genomics
(TCAG, Toronto, Canada) for library preparation and sequencing. The NEBNext Ultra I1
Directional RNA Library Prep Kit was used for multiplex library preparation, and sequencing
was performed on an Illumina NovaSeq 6000 System with an S4 chip (Illumina; San Diego,

CA), generating over 50 million 150bp paired-end reads per sample.

3.2.4 Transcriptome Assembly

Quality control and de novo assembly of RNA-Seq data from Control (n=6), R-Ven
(n=6), and S-Ven (n=6) Day 14 exposure groups was conducted to construct a single rainbow
darter transcriptome. For this, raw paired-end reads were first processed using Trimmomatic
(v0.36) (Bolger et al. 2014) to remove low-quality sequences and adapters, with subsequent
quality assessments performed using FastQC (v0.11.9) and MultiQC (v1.13) (Andrews, 2010;
Ewels et al, 2016). High-quality reads were assembled de novo using Trinity (v2.13.2) (Haas et
al., 2013) on servers provided by Google Cloud (Google LLC, 2023), with the assembly
performed using default parameters. Reads were aligned to the assembly using Bowtie2 (v2.2.7)
(Langmead and Salzberg, 2012), and gene-level abundance was estimated using RSEM (v1.3.1)
normalized as fragments per kilobase of transcript per million mapped reads (FPKM) (Li and
Dewey, 2011). To assess transcriptional variation among sample replicates, principal component
analysis (PCA) was performed on log>-transformed transcript counts for the top 500 most
variable transcripts with the scikit-learn library in Python. Assembly quality was assessed using
metrics such as N50, E9ONS50, and contig length, while completeness was evaluated using
BUSCO comparing single-copy orthologs against multiple databases (Eukaryota, Metazoa,
Vertebrata, Actinopterygii). Initial annotation was performed with DIAMOND (v2.0.13)
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(Buchfink et al., 2021) using BLASTx against UniProtKB/Swiss-Prot (e-value < 1 x 10_6),

retaining only the longest sequence for alignments with >80% identity to reduce redundancy.

3.2.5 Differential expression and functional annotation

Following Chapter 2 protocols (2.2.5.2), candidate coding domain sequences were
extracted from the VEN-exposed rainbow darter transcriptome using TransDecoder v5.5.0 by
identifying open reading frames (ORFs) of at least 100 peptides. Transcripts were then re-
annotated using DIAMOND v2.0.13 against the UniProtKB/Swiss-Prot database with a more
strict e-value cutoff of 1e-20 and a single target hit, ensuring high-quality non redundant
sequence identification (unigenes). Transcripts with >50% similarity to viral, bacterial, parasitic,
or fungal genes were removed to maintain dataset integrity. As described in the previous section
(3.2.3), transcriptome coverage and completeness were initially assessed through sample
sequence to transcriptome mapping and abundance estimation through Bowtie2 (v 2.2.7) and
RSEM (v1.3.1) respectively (Li, Dewey, 2011; Langmead, Salzberg, 2012). This process also
serves as the preliminary step for differential expression analysis. Gene-level abundance was
quantified using the trinity read contig clusters as a gene proxy. Differential expression analysis
was performed using edgeR in Bioconductor (v3.14) with TMM normalization, identifying
DEGs with a minimum fold change of two and an FDR < 0.05 (Robinson et al., 2010).
Hierarchical clustering with a cutoff at 60% further validated sample integrity, serving as a check
for sample preparation errors or other potential experimental biases. Additional annotation was
conducted using Trinotate v3.2.2 (Bryant et al., 2017), which integrated domain predictions from
HMMER (v2.0), SignalP (v5.0), tmHMM (v2.0), and rRNA detection via RNAmmer (v1.2) into
an SQLite database, with visualization supported by TrinotateWeb (Almagro et al., 2019; Krogh
et al., 2001; Sonnhammer et al., 1998; Lagesen et al., 2007). Finally, gene IDs for DEGs were
standardized using DAVID (Sherman et al., 2021; Huang et al., 2009), and overlapping DEGs

between exposure groups were visualized as a matrix plot.

3.2.6 Orthology Comparison

Unigenes containing ORFs were analysed using OrthoFinder v2.5.5 (Emms & Kelly,
2019) to assign them to established orthogroups form Chapter 2. These orthogroups incorporated
proteomes from five related Percidae species: Etheostoma cragini (Arkansas darter; Taxonomy

ID: 41792), E. spectabile (orangethroat darter; Taxonomy ID: 54343), Perca flavescens (yellow
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perch; Taxonomy ID: 8167), P. fluviatilis (European perch; Taxonomy ID: 8168), and Sander
lucioperca (pikeperch; Taxonomy ID: 283035), sourced from NCBI, alongside transcriptomes
from rainbow, fantail, johnny, and greenside darters described in the previous chapter. The
analysis identified conserved and divergent ortholog expression patterns across species, reduced
redundant gene identifier assignments, flagged orthologs absent in the UniProt database, and
highlighted unique expression profiles in venlafaxine-exposed rainbow darter. Orthogroups were
visualized using InteractiVenn (Heberle et al., 2015) to generate Venn diagrams comparing
orthogroups from transcriptomes assembled from venlafaxine-exposed rainbow darters (VEN-
RBD), environmental effluent-exposed rainbow darters (ENV-RBD), and from fantail, johnny,
and greenside darters. A phylogenetic tree was constructed using Orthofinder results and

visualized in Dendroscope (v3.0) (Huson & Scornavacca, 2012).

3.2.6.1 Retrospective Contaminant Identification Trough OrthoFinder

OrthoFinder analysis revealed an unexpected abundance of assembly-specific
orthogroups in the VEN-RBD transcriptome. To investigate this, transcripts within these
orthogroups were aligned to the NCBI non-redundant database using DIAMOND v 2.0.13
BLASTX (e-value <le-20) (Schoch et al., 2020; Sayers et al, 2022). Sequences exhibiting higher
sequence identity to parasitic Platyhelminthes taxa (e.g., Nematoda, Heterobilharzia spp.) or
Cnidaria (e.g. Paramuricea sp.) than Teleostei, were identified and presumed to originate from
undetected infections in wild-caught specimens. Instead of immediately excising these
potentially spurious sequences, based on sequence similarity alone, other factors such as
biological relevance and phylogenetic inference needed to be considered. Therefore
Heterobilharzia americana (txid39320), was added to the initial run of OrthoFinder, as this
pipeline already employs tools like the multiple sequence alignment program MAFFT, and
FastTree to more confidently defined orthology compared to sequence similarity alone. A subset
of sequences was curated from orthogroups assigned exclusively to the VEN-RBD assembly and
H. americana proteome. The corresponding sequences from these groups were then aligned with
DIAMOND v 2.0.13 BLASTx against Teleostei (txid32443), Heterobilharzia americana
(txid39320), and Cnidaria (txid6073). Queries showing >85% identity with an e-value <le-60 to
Heterobilharzia americana (txid39320) or the taxa Cnidaria (txid6073) and less than 50%
identity (e-value >1e-20) to any teleost (taxid:32443) conformed this contamination. The

pipeline outlined in section 3.2.4 was then subsequently re-executed after removal of transcripts
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showing 50% or higher similarity to Platyhelminthes and Cnidaria. The filtered dataset was re-
analysed with OrthoFinder to confirm resolution of anomalous orthogroups, conferring the

integrity of our refined assembly.

3.2.7 Gene Ontology Enrichment and Pathway Network Analysis

Gene Ontology (GO) terms were assigned using Trinotate (v 3.2.2) through transcript
homology to the Swiss-Prot database and assigned corresponding GO terms from TrEMBL/
SwissProt. GO enrichment analysis was conducted on DEGs using GOseq (Young, 2010), with a
threshold FDR of 0.05. The most significant GO categories, based on FDR and sorted by the
number of genes assigned, were visualized in a lollipop bar graph for each treatment in R
(v4.2.1; R Core Team, 2022). Additionally, DEGs and GO assignments were imported into
Cytoscape (v3.9.1) (Lotia et al., 2013) to visualize shared DEGs across enriched GO categories.
To assess transcriptome completeness, GO term assignments were compared between the VEN-
RBD transcriptome and the transcriptome assembled from the liver of rainbow darter collected
from the Grand River in Chapter 2 (ENV-RBD). To assess whether significant functional
differences existed between VEN-RBD and ENV-RBD assembly-specific transcripts, a separate
GO enrichment analysis was conducted using topGO v2.55 (Alexa & Rahnenfuhrer, 2023)
within the Bioconductor framework (v3.14; Gentleman et al., 2004). The analysis employed
Fisher’s exact test and the weightO1 algorithm, which incorporates the topology of GO term
hierarchies to adjust for dependencies between terms. Additionally, protein-protein interaction
networks were generated via STRING (Szklarczyk et al., 2021) linking transcripts based on
functional interactions reported for humans with presumed orthologous functions in Danio rerio
(medium confidence score: 0.4). Networks were clustered using the Markov Cluster Algorithm
(MCL; inflation=2) to identify functionally related transcript groups, and orphan nodes were

removed for clarity.

3.3 Results

3.3.1 RNA Integrity: Quality Control and Sequencing Analysis

The RNA samples exhibited high integrity, with a mean RIN of 9.23+1.08; all samples
exceeded a RIN of 8 except for S14C3 (S-VEN exposure group), which had a RIN of 6.1 (Table
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A2.1). Sequencing generated approximately 1.11 billion paired-end reads, each displaying
consistent mean Phred scores (34—38) across their full lengths and a per-base N content below
0.001%. All data generated has been uploaded to the NCBI GEO database repository
(GSE292719). After quality control, including trimming and adapter removal, an average of
89.78+0.39% of reads were retained, maintaining lengths between 147 and 150bp (Table A2.1)..
FastQC analysis, aggregated via MultiQC, confirmed the complete removal of adapter sequences
and the preservation of read integrity Duplicate read estimates remained similar before (79.2—
83.4%) and after trimming (78.7-82.8%), with less than 1% of reads classified as
overrepresented. De novo assembly using Trinity produced 459,492 contigs (transcripts)
corresponding to 302,933 Trinity “genes”. The assembly achieved a contig N50 of 2,092bp, with
median and average contig lengths of 448bp and 991.81bp, respectively (Table 3.1). The E9QON50
statistic was 2,519bp, indicating that the transcripts representing 90% of the total normalized
expression had an N50 of 2,519bp (Figure A2.1). An initial evaluation of the assembly revealed
an average sequence self-alignment of 89.7+0.35%. BUSCO searches of eukaryota, metazoa,
vertebrata, and actinopterygii with these unigenes revealed that between 65.2-73.7% were
recovered completely, with 24.7-26.3% duplicates, 0%-2.4% fragmented, and 0%-7.5% missing
(Figure 3.2). These metrics were graphically compared with the BUSCO results from the ENV-
RBD transcriptome (Chapter 2).
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Table 3.1: Summary of de novo transcriptome assembly and quality metrics for rainbow darter
(Etheostoma caeruleum) exposed to venlafaxine, including controls (n=12). Quality metrics,
including raw and filtered read counts, total assembled bases, transcript and unigene counts,
contig N50 values, and alignment statistics. Average self alignment is expressed as mean + SD

VEN Exposed Rainbow Darter

(18)

Raw read pairs

Retained filtered read pairs
Assembled bases (bp)
Transcripts

Trinity “Genes"

Trinity "Genes" with ORFs
Uni-genes

Contig N50 (bp)

E90NS50 (bp)

Median contig length (bp)
Average contig length (bp)
Avg. self alignment (%) (StDev)

ORF genes annotated

1,114,764 ,007
1,074,603.,403
455,730,968
459,492
302,933
129,744
47,083
2,092
2,519
448
991.81

89.7% (+0.35%)
15,948
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Figure 3.2: Cumulative percentage of single-copy orthologs identified in rainbow darter
transcriptomes using BUSCO analysis. Orthologs were assessed against unigene sequences from
four databases: (A) Eukaryota (255), (B) Metazoa (954), (C) Vertebrata (3,354), and (D)
Actinopterygii (3,640). Transcriptomes were derived from rainbow darters exposed to
venlafaxine and their controls (Venlafaxine) and from a wild population collected upstream and
downstream of the Waterloo MWWTP effluent outfall (Environment, Chapter 2). Orthologs are

classified as complete single-copy (blue), duplicated (green), fragmented (yellow), or missing
(red).

3.3.2 Functional Annotation and Differential expression

TransDecoder, identified candidate coding regions in 129,744 of the 302,933 Trinity
‘genes’. Following alignment of the trinity ‘genes’ and ORF-containing subset against the
UniprotKB/Swiss-Prot database, 112,756 (37%) trinity ‘genes’ were annotated, and 93,362
(72%) of the 129,744 trinity ‘genes' with ORFs were annotated. Following the exclusion of viral,
bacterial, parasitic, and fungal transcripts and retention of only the top non-redundant
alignments, 47,083 unigenes were retained. Of these, 22,079 were robustly annotated under
stringent alignment criteria, with 15,948 representing unique protein-coding genes containing
ORFs (Table 3.1)
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Differential expression analysis identified 26 DEGs in the R-VEN group, with ten genes
upregulated and 16 downregulated, and 25 DEGs in the S-VEN group, including 17 upregulated
and eight downregulated (Table 3.2; Figure A2.3). A direct comparison of the R-VEN and S-
VEN groups revealed 33DEGs, among which 17 exhibited positive log-fold changes, indicating
higher expression in the R-VEN group, while 16 displayed negative log-fold changes, reflecting
elevated expression in the S-VEN group (Table 3.2). A comprehensive list of annotated DEGs is
provided in Appendix B (Table A2.2).

Table 3.2: Total number of significantly differentially expressed genes (DEGs; log2FC < -1 or
>1,FDR < 0.05) identified in R-venlafaxine (R-VEN), S-venlafaxine (S-VEN), and between
treatments (R/S-VEN) after 14 days of exposure. DEGs are categorized as upregulated (Up) or
downregulated (Down). Average log fold change (Avg. log2FC) is reported as mean + SD.

Exposure Total Up Down Avg. log2FC
R-VEN 26 10 16 -1.22 + 8.84
S-VEN 25 17 8 2461 +8.77

R/S-VEN 33 17 16 0.261 £9.06

81



Centred log2

|

C14A6_S19.RSEM

C14B2_S20.RSEM
C14A5_S18.RSEM

C14C2_S23.RSEM

R14C6_S29.RSEM

R14B6_S27.RSEM

R14C5_S28.RSEM

R14B3_S26.RSEM
R14A5_S25.RSEM
S14C3_S34.RSEM

S14B4_S33.RSEM

S14A4_S30.RSEM

S14C4_S35.RSEM

S14A6_S31.RSEM

C14C1_S22.RSEM
R14A2_S24.RSEM
S14B2_S32.RSEM

=
w
7}
o
Y
»
n
]
<
O

Figure 3.3: Heat map showing expression levels of 78 differentially expressed transcripts
(log2FC < -1 or >1,FDR < 0.05, n = 6) in rainbow darter exposed to either R-venlafaxine (REN;
green) or S-venlafaxine (SEN; blue), or control conditions (CON; red) for fourteen days.
Expression values represent log2-transformed, median-centered FPKM. Yellow and purple
intensities indicate transcript upregulation and downregulation, respectively. Dendrogram
clustering on the X-axis reflects sample similarity, while clustering on the Y-axis groups
transcripts with similar expression patterns
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Differential gene expression analysis revealed distinct transcriptional profiles among
treatment groups (Figure 3.3). In the R-VEN treatment group, presumed orthologs of gabbr2,
Ladderlectin (//), and aplp2 were the most upregulated relative to controls, whereas st3gal2 and
stat] were substantially downregulated. Additional DEGs, including kalrna, mrc2, and foxn3,
exhibited some of the most significant differential expression. Compared to S-VEN, R-VEN
showed significant upregulation of srxnl while slc35b1 had the highest overall expression in this
comparison. Moreover, foxn3, pacsin3, and ifngrl were similarly modulated in both R-VEN
relative to control and S-VEN (Figure 3.4). In the S-VEN group, a presumed ortholog of znf608
displayed the highest and most significant differential expression, while kmt2d and kmt2c were
notably down regulated. Compared to ENV-RBD, cenpa was downregulated in S-VEN, while
cdh2 was upregulated. nlrpl2 exhibited lower expression in S-VEN and was also downregulated

in ENV-RBD. Additionally, gabbr2 and Il were upregulated in both R-VEN and S-VEN.
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Figure 3.4: Matrix plot illustrating conserved and divergent transcript expression of significantly
differentially expressed genes (DEGs; log2FC < -1 or >1, FDR < 0.05) identified in R-
venlafaxine (R-VEN), S-venlafaxine (S-VEN), between treatments (R/S-VEN) after 14 days of
exposure, and effluent exposure (ENV-RBD, Chapter 2). DEGs are colour-coded based on log
fold change (10g2FC), with blue indicating upregulation and red indicating downregulation.
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3.3.3 Orthogroups

During the initial orthogroup assignment, VEN-RBD exhibited a high degree of
divergence (7.2%) compared to the other assemblies, with the resulting phylogenetic tree
positioning VEN-RBD as the earliest-diverging branch within the Etheostomatinae clade (Figure
A2.4). Subsequent alignment of the assembly-specific orthogroups (ASOs) to the NCBI non-
redundant protein database revealed high homology to sequences from Platyhelminthes (e.g.,
Heterobilharzia americana) and Cnidaria (e.g., Paramuricea clavata), suggesting that some
ASOs may have arisen from a parasitic infection in the fish samples (Schoch et al., 2020).
Integration of H. americana into the preliminary OrthoFinder dataset and the single-copy
orthogroup tree positioned H. americana within the ingroup, sharing a common node with VEN-
RBD. Notably, nearly 30% of the initially defined VEN-RBD ASOs were exclusively shared
with H. americana. These sequences exhibited greater than 86% identity (e-value < le-150) to
H. americana, with the next closest matches found in P. clavata, whereas their best matches to

any teleost species showed less than 50% homology (e-value > 1e-20).

Following the exclusion of transcripts exhibiting 250% similarity to Platyhelminthes and
Cnidaria, 2,392 transcripts were removed, resulting in 264,114 unigenes categorized into 32,362
orthogroups. Approximately 91.4% of unigenes were assigned to an orthogroup, with 34%
(11,173 orthogroups) shared across all four species, indicating substantial overlap among
assemblies. Additionally, 66% of orthogroups were shared between VEN-RBD and ENV-RBD
(Figure 3.4). Unique orthogroups were limited, accounting for 1-2.3% of total orthogroups per
species (314-736 transcripts) and exhibited greater homology to teleosts than to other taxa. The
species tree, based on single-copy orthogroups generated by OrthoFinder, clearly delineated
subfamily separations (Figure 3.5). Within Etheostomatinae, species formed a single clade with
two distinct groupings, with VEN-RBD and Etheostoma caeruleum (ENV-RBD) sharing a

common node and forming a well-supported subclade.
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Figure 3.5: (A) Venn diagrams illustrating shared and unique orthogroups identified in rainbow
darter exposed to venlafaxine (Rainbow-VEN/venlafaxine), rainbow darter (Rainbow-ENV/
Environment), fantail darter, greenside darter, and johnny darter based on OrthoFinder analysis
after presumed parasite transcript removal from VEN-RBD. Numbers represent the count of
orthogroups unique to or shared among species, with percentages indicating their relative
proportion. The upper left Venn diagram compares orthogroups between venlafaxine-exposed
and effluent exposed rainbow darters. (B) Phylogenetic tree of Percidae species based on
OrthoFinder results. VEN-RBD represents the transcriptome of rainbow darters exposed to
venlafaxine. Darter species are color-coded (Etheostoma caeruleum in blue, E. flabellare in
yellow, E. blennioides in red, and E. nigrum in green) to distinguish among taxa.
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3.3.4 Gene ontology annotation

Following the GOseq pipeline, a wide range of GO terms for each assembly were
identified, with little variation in the number and assortment of GO terms under each domain
compared between VEN-RBD and ENV-RBD (Figure A2.5 ). Transcripts from each assembly
grouped based on level two gene ontology terms also demonstrated a high degree of congruence
in proportions and distribution across assemblies and assembly specific orthogroups (Figure
A2.6). While the overall distribution of terms remained consistent between transcriptomes, some
divergence was observed in VEN-RBD-specific sequences, including a higher relative
representation of terms such as Developmental Process (BP; GO:0032501), Multicellular
Organismal Process (BP; GO:0032501), Binding (MF; GO:0005488), Plasma Membrane (CC;
GO0:0005886), and Transporter Activity (MF; GO:0005215). In contrast, terms such as Cellular
Process (BP; GO:0009987), Metabolic Process (BP; GO:0008152), and Catalytic Activity (MF;
GO0:0003824) were less frequently assigned. However, this divergence was limited, ranging from
1% to 3.7% compared to ENV-RBD. Additionally, ENV-RBD-specific unigenes exhibited a
higher relative assignment of the term Structural Molecule Activity (MF; GO:0005198) by 2.7%.

3.3.5 Gene ontology enrichment and networking

Differentially expressed genes in the R-VEN exposure group exhibited enriched GO
terms (FDR<0.05) across several functional categories (Table A2.4). Amino acid metabolism and
catabolism were notably overrepresented, as evidenced by significant enrichment in amino acid
metabolic and catabolic process, including glutamate metabolic process (GO:0006536) (Figure
3.6). Phospholipid biosynthetic processes were also also enriched. Furthermore, enriched GO
terms related to cellular process regulation were identified, notably including the positive
regulation of cation transmembrane transport (GO:1904064) and modulation of the interferon-
gamma response. Finally, enrichment was observed in terms associated with stress response and
cell differentiation regulation, such as response to immobilization stress (GO:0035902) and
positive regulation of erythrocyte differentiation (GO:0045648). These enrichments were
primarily driven by a small subset of transcripts annotated as nrlh4, gotl, tat, hykk, chpl, ifngrl,
and statl. Network mapping of enriched GO terms illustrates the functional relationships and
gene overlap among ontologies, revealing a prominent cluster of interconnected terms related to

metabolic, catabolic, biosynthetic, and transport processes (Figure 3.6). A distinct peripheral
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offshoot consists of two interferon-gamma-related terms, indicating a specialized functional

module separate from the core metabolic network.

A small subset of DEGs in the S-VEN treatment group primarily accounted for GO
enrichment. Enriched biological categories (FDR < 0.05) included developmental and cellular
structural processes integral to neural tissue patterning (Figure 3.7). Additionally, terms related to
calcium ion transport regulation and nerve growth factor signalling were enriched. Biosynthetic
processes were represented by the enrichment of lipid and prostaglandin biosynthetic pathways,
while monocarboxylic acid metabolism (GO:0032787) indicated broader organic compound
metabolic activity. These enrichments were primarily driven by transcripts annotated as epb4115,
magi2, xylb, cbrl, pitpnm?2, aars2 and sestdl. Ontology networking revealed two distinct
functional sub-networks (Figure 3.7). One sub-network comprised ontologies associated with
developmental, morphogenetic, and neuronal processes. The other involved two clusters,
comprised of lipid biosynthetic processes and organic acid metabolic processes linked together
by monocarboxylic acid metabolic process. Notably, the R/S-VEN DEGs as a whole did not
exhibit significant functional enrichment, nor was enrichment observed when the upregulated R-

or S-VEN DEGs from this group were analysed as an individual subgroup using topGO.

88



A

Alpha-amino acid metabolic process 4

Cellular amino acid metabolic process A

Glutamate metabolic process -

Glutamine family amino acid metabolic process A
Dicarboxylic acid metabolic process o

Alpha-amino acid catabolic process +

Cellular amino acid catabolic process -

Positive regulation of cation transmembrane transport 4
2-oxoglutarate metabolic process A

Regulation of phospholipid biosynthetic process A
Positive regulation of phospholipid biosynthetic process 4 EnrichmentFDR
Positive regulation of phospholipid metabolic process -

N. of Genes

HWN

*llllrl

Aspartate family amino acid catabolic process 4 =———————————e 6.3e-03

Response to immobilization stress o =———————— ;::22

Regulation of response to interferon-gamma 4 —— 27602

Regulation of interferon-gamma-mediated signaling pathway o =——————— 3.56-02
Positive regulation of erythrocyte differentiation o4 =————
—_—

Regulation of phospholipid metabolic process 4

T T
50 100 150
Fold Enrichment

o«

Regulation of
interferon-gamma-mediated
signaling pathway

Alpha-amino acid catabolic process

Q Positive regulation of

Dicarboxylic acid metabolic process A " . erythrocyte differentiation
spartate family amino

acid catabolic process

O
Regulation of response to

Regulation of interferon-gamma FDR
phospholipid metabolic process O Cellular armino-acid O Response to 6.30-03
metabolic’ process immobilization stress
Positive regulation of O () Cellular amino acid catabolic process
phospholipid metabolic process
O Glutamine family amino acid 3.06-02
Positive regulation of cation foetabiollg process
transmembrane transport O () Glutamate metabolic process N. of Genes
O 2-oxoglutarate metabolic process
o} O o0 O
Regulation of phospholipid Alpha-amino acid metabolic process
biosynthetic process O 2 4
Positive regulation of
phospholipid biosynthetic process

Figure 3.6: (A) Significantly enriched (FDR < 0.05) biological process gene ontologies
identified from differentially expressed genes in rainbow darter (Etheostoma caeruleum) to R-
venlafaxine for fourteen days. Enrichment analysis was performed using background sets of
46,149 unigenes, with 26, differentially expressed genes. (B) Network map illustrating
relationships between enriched biological process gene ontologies. Each node represents a
significantly enriched GO term, with node size corresponding to the number of genes in each
pathway. Edges indicate shared gene overlap, with thickness proportional to the percentage of
overlapping genes. Node colour represents the significance level (FDR) of enrichment.
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Figure 3.7: (A) Significantly enriched biological process gene ontologies (FDR < 0.05) from
differentially expressed genes in rainbow darter (Etheostoma caeruleum) exposed to S-
venlafaxine for 14 days. Enrichment analysis used a background set of 46,149 unigenes, with 25
differentially expressed genes. (B) Network map depicting relationships among enriched
biological process GO terms. Node size reflects the number of associated genes, edge thickness
represents gene overlap percentage, and node colour indicates enrichment significance (FDR).
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Gene ontology enrichment on unigenes assigned to assembly-specific orthogroups in
topGO identified several enriched ontologies (p-value < 0.05) between groups (Figure 3.8). In
VEN-RBD unigenes, enriched ontologies associated with neural function and ion transport such
as nervous system processes, cation channels, and voltage gated channel activity (GO:0022832)
were enriched. Additionally, categories encompassed cellular signalling and regulatory
mechanisms, including pathways involved in intracellular communication, membrane-associated
processes, enzymatic lipid modification, and GPTase activity, were also enriched. In ENV-RBD
assembly-specific transcripts, enriched ontologies related to cytoskeletal organisation and
extracellular dynamics were identified, including vesicle transport (GO:0030050), myosin
complex (GO:0016459), and cell cortex (GO:0005938). Additionally, enriched categories related
to contractile and motor functions were identified, including those involved in microfilament

motor activity (GO:0000146) and muscle structural integrity.
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Figure 3.8: Significantly enriched gene ontologies (Fisher’s exact P and weight W test, P < 0.05)
identified in assembly-specific orthogroups from transcriptomes of rainbow darters (Etheostoma
caeruleum) exposed to venlafaxine (VEN) and those collected upstream and downstream of the
Waterloo municipal wastewater treatment plant outfall (ENV) (Chapter 2). The colour scale
represents the -logio P-value of enrichment.
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3.3.6 Transcript networking

Protein-protein interaction (PPI) analysis of differentially expressed transcripts from the R-VEN
treatment revealed a sparse network consisting of three dyads, indicating limited connectivity
among transcripts and a non-significant PPI enrichment (p = 0.104). The identified dyads—
aplp2—nup98, gotl—tat, and ifngrl—stat] —exhibited distinct expression patterns. Similarly, the
PPI network constructed from S-VEN treatment DEGs incorporated additional transcripts not
fully captured by GO enrichment, including thop1, chd6, kmt2c, and kmt2d, but did not reach the
significance threshold (p = 0.175). A distinct open dyad linked cdh2 and nenf, both of which
were upregulated. Given the overall sparsity of these networks, MCL clustering was deemed

unnecessary, and no central hubs or bottlenecks were identified.
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Figure 3.9: STRING-derived interaction networks (p > 0.05) for differentially expressed genes
in liver of rainbow darter (Etheostoma flabellare) exposed to (A) R-venlafaxine and (B) S-
venlafaxine for fourteen days. Node colour represents log fold change (1og2FC), with larger
nodes indicating higher degree centrality. Edges are coloured according to subnetwork.
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3.4 Discussion

This study aimed to elucidate the stereoselective effects of the R- and S-enantiomers of
venlafaxine (VEN) on the hepatic transcriptome of the rainbow darter (Etheostoma caeruleum).
Fish were exposed to environmentally relevant concentrations of each enantiomer to assess
whether VEN contributes to the transcriptomic alterations observed in wild populations exposed
to wastewater treatment plant effluent (WWTPE), as detailed in Chapter 2. Using de novo
sequencing, differential gene expression analysis, and gene ontology enrichment, VEN
enantiomers were found to induce complex, stereoselective changes in hepatic gene expression.
Both enantiomers modulated genes related to neural signalling, metabolism, immune function,
and cytoskeletal dynamics, yet each elicited a distinct transcriptional signature. Notably, the
consistent upregulation of gabbr2 across treatments suggests a shared influence on GABAergic
signalling, hinting at broader systemic implications. Although some similar genes were affected
by both VEN and WWTPE exposures, the limited overlap in transcriptomic responses indicates
that while VEN may contribute to gene expression perturbations in wild populations, other
effluent constituents likely also play significant roles. These findings underscore the importance
of considering stereoselectivity in ecotoxicological assessments when evaluating the impacts of

chiral contaminants.

3.4.1 Quality control, sequencing, and de novo assembly

The high RIN scores observed across most samples confirmed that the RNA samples
were of sufficient quality for robust downstream analyses. The lower RIN score observed in the
S14C3 sample did not appear to significantly affect sequencing or assembly quality, as indicated
by alignment metrics (90.06%), sample correlation matrix heatmaps (Figure A2.2), and PCA
(Figure A2.7). Consistent Phred scores above 34 and low N content further corroborate the
reliability of the sequencing data. The average alignment of reads to the assembled transcriptome
(89.7%) was well within the expected range (Conesa et al., 2016). BUSCO analysis
demonstrated that the assembled transcriptome captured a substantial portion of the expected
single copy orthologs for Eukaryota, Metazoa, Vertebrata, and Actinopterygii. Despite some
duplication (24.7-26.3%), fragmentation (0-2.4%), and missing genes (0-7.5%), these metrics
are comparable to those reported in de novo assemblies of non-model organisms and represent an

improvement over the ENV-RBD assembly (Pomianowski et al., 2021; Marisaldi et al., 2021).
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The assembled VEN-RBD transcriptome was generated using a greater number of paired-end
reads than the ENV-RBD transcriptome, potently resulting in greater capture of full-length and
lowly expressed transcripts (Grabherr et al., 2011; Sims et al., 2014). This may have contributed
to improved completeness in core gene sets (BUSCOs) by reducing fragmentation and missing
orthologs (Figure 3.2). Additionally, the VEN-RBD assembly exhibited a higher contig N50, as
well as greater average and median contig lengths, with transcripts sufficient to capture protein-
coding regions (Tiessen et al., 2012). Notably, despite the higher number of reads used, the VEN-
RBD assembly produced fewer unigenes than the ENV-RBD assembly. This may reflect a more
diverse gene expression profile in ENV-RBD driven by dynamic environmental factors absent in
controlled laboratory conditions. Furthermore, the reduced number of unigenes could be
attributed to parasitic infections that were initially captured during sequencing and assembly but
were subsequently removed through transcript filtering. Nevertheless, the construction of 47,083
unigenes remains comparable to other de novo teleost transcriptomes (Sandoval-Castillo et al.,
2020). This high-quality sequencing and transcriptome completeness support the reliability of the

differential expression results and subsequent functional interpretations.

3.4.2 Annotation

Of the total unigene set, 34% (15,948 unigenes) were successfully annotated with
predicted open reading frames. This annotation rate is consistent with other de novo teleost
transcriptome assemblies; for example, Ning et al. (2024) identified 14,383 annotated transcripts
out of 30,560 unigenes in Perccottus glenii. Orthogroup analysis identified an unexpectedly high
number of sequences unique to the VEN-RBD assembly. BLASTx alignment against the NCBI
nr database (Schoch et al., 2020) demonstrated that many of these sequences shared high
homology with genes from Heterobilharzia americana, a trematode parasite, and various
Chnidaria species. For detailed background on these parasites, and the rationale behind identifying
them as contaminants, see Appendix B. To investigate this further, H. americana was
incorporated into the orthogroup analysis. This revealed that 30% of the sequences originally
unique to the VEN-RBD assembly were exclusively shared with H. americana, and erroneously
suggested that VEN-RBD orthologs were more evolutionarily similar to H. americana than
ENV-RBD. Moreover, presumed spurious transcripts exhibited greater homology to Cnidaria
and Platyhelminthes then to other teleosts, strongly suggesting a parasitic origin. Notably, H.

americana showed limited homology to transcripts from effluent exposed rainbow, fantail,

94



johnny, and greenside darters, highlighting this contamination as a specific issue in the VEN-
RBD assembly. These findings bring to light a key methodological challenge that, while
seemingly uncommon in fish transcriptomics, is pervasive across transcriptome and genome
sequencing methodologies. Contaminants have been identified even in complete model organism
genomes within public databases (Steinegger & Salzberg, 2020; Lupo et al., 2021), emphasizing
the necessity of rigorous contaminant exclusion strategies. This work highlights the importance
of identifying and removing foreign contaminants, particularly parasitic transcripts, rather than
solely focusing on bacterial, fungal, and viral genes. The significance of this approach is further
supported by recent advancements in developing more stringent methods for spurious transcript

exclusion (Alvarez & Landsman, 2024).

In response, the post-assembly annotation filtering was revised to remove transcripts with
greater than 50% similarity to Cnidaria and Platyhelminthes, along with those aligning to
bacterial, viral, and fungal sequences. This additional filtering eliminated 2,392 transcripts from
the unigene set, resulting in the refined dataset presented herein. Orthogroup inference using
OrthoFinder indicated that approximately 34% of orthogroups were shared among the four darter
species and VEN-RBD, while over 68% were shared between VEN-RBD and ENV-RBD.
Although assembly-specific orthogroups were limited, the divergence between these assemblies
may reflect differences in environmental influences, laboratory exposure, temporal fluctuations in
gene regulation, and the presence of lowly expressed transcripts. These findings are consistent
with other de novo studies investigating orthogroups among closely related teleosts (Carruthers
et al., 2018), and the resulting phylogenetic tree aligns with established taxonomies (Near et al.,
2011).

Comparison of GO annotations between the VEN-RBD and ENV-RBD transcriptomes
revealed a consistent distribution of level 2 GO terms across the three primary domains:
Biological Process, Molecular Function, and Cellular Component. This uniformity aligns with
previous findings in teleost transcriptomes and supports the completeness and broad functional
coverage of the VEN-RBD transcriptome, as no apparent functional bias was detected (Salem et
al., 2015). Minor differences in the proportion and diversity of level 2 ontologies were observed
in assembly-specific transcripts, which were effectively characterized through GO enrichment

analysis.
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3.4.3 Stereoselective Effect of Venlafaxine on Rainbow Darter

Pharmaceuticals such as venlafaxine (VEN) are increasingly detected in aquatic
environments due to incomplete removal during wastewater treatment (Metcalfe et al., 2010;
Schultz et al., 2010). Venlafaxine is clinically administered as a racemic mixture of R- and S-
enantiomers, each with distinct pharmacokinetic and pharmacodynamic profiles in mammals
(Otton et al., 1996; Gaynor & Teal, 2012). Consequently, questions arise as to whether these
stereoselective actions lead to divergent effects on aquatic vertebrates exposed to the compound
in surface waters. To compare the effect of exposure to the R- and S-enantiomers of venlafaxine
(VEN) of rainbow darters, we analysed differentially expressed genes (DEGs), enriched
pathways, and affected biological processes. The results demonstrate that exposure to both
enantiomers induces stereoselective alterations in hepatic gene expression. Differential
expression and pathway analysis revealed both enantiomers modulating genes associated with
neural signalling, metabolism, immune function, and cytoskeletal dynamics. However, each
enantiomer elicited a distinct transcriptional signature. These findings provide insights into the
stereoselective mechanisms underlying VEN exposure and highlight potential disruptions in

biological pathways resulting from pharmaceutical contaminants in wastewater effluent.

3.4.3.1 Neurological Signalling

Exposure to either R- or S-VEN led to the altered expression of genes associated with
neuronal function. Most notably, both VEN exposures led to significant upregulation of gabbr2,
encoding the gamma-aminobutyric acid (GABA)-B receptor subunit 2. Gabbr2 pairs with
Gabbrl to form functional heterodimeric receptors that, upon GABA binding, typically exert
inhibitory effects through G-protein-coupled signalling (Kaupmann et al., 1997). Although the
liver is not traditionally viewed as a major site of neurotransmitter action, GABAergic signalling
components do exist in peripheral tissues, including teleost liver (Minuk et al., 1992; Macqueen
& Johnston, 2009). In mammals, peripheral GABAergic signalling can modulate the autonomic
nervous system, particularly through the vagus nerve, influencing diverse hepatic functions,
including glucose clearance, hepatocyte membrane potential, lipid accumulation and metabolism
(Geisler et al., 2023; Kim & Yoon, 2023). Beyond these metabolic roles, GABA also possesses
tissue growth regulatory properties, playing a protective role in response to toxic hepatic injury

by preventing apoptosis and supporting liver regeneration and repair (Minuk et al., 1992; Wang
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et al.,2017; Hata et al., 2019). In fish, the conservation of receptor subunits and transporters
similarly suggests that GABA may influence metabolic homeostasis, tissue repair, and immune
responses in extra-neural tissues (Macqueen & Johnston, 2009; Cocco et al., 2009; Biggs et al.,
2013). The consistent upregulation of gabbr2 across both R- and S-VEN treatments suggests that
venlafaxine, irrespective of enantiomer, may influence GABAergic signalling in the liver. In
rodent models, venlafaxine alters excitatory/inhibitory balance by modulating perineuronal nets
around parvalbumin-positive GABAergic interneurons in the brain (Coutens et al., 2022), which
can impact inhibitory tone. Given that Gabab receptors regulate serotonin and dopamine release,
it is plausible that venlafaxine exposure influences GABA receptor expression as a secondary
effect (Fatemi et al., 2017). The upregulation of gabbr2 in both R- and S-VEN treatments may
reflect a compensatory response to this disruption seeking to restore or enhance inhibitory tone,
though further research is needed to determine whether local GABA availability in the liver is

directly affected by venlafaxine exposure.

While both enantiomers influenced gabbr2 expression, each modulated a distinct set of
genes associated with synaptic function and neural development. GO enrichment analysis of S-
VEN differentially expressed transcripts (Figure 3.7) identified genes such as magi2, arhgef25,
and nenf, which contribute to neuronal differentiation and the maintenance of synaptic structural
integrity (Hirao et al., 1998; Wood et al., 1998; Byerly et al., 2013). Similarly, R-VEN modulated
the expression of kcnmb?2, aplp2, st3gal2 and kalrn, each of which has well-established roles in
synaptic function and plasticity (Hartmann et al., 2007; Mandela et al., 2012; Wallner et al.,
1999; Bentrop et al., 2001). In certain teleost species, blood vessels and biliary structures receive
some degree of autonomic innervation (Tsuneki & Ichihara, 1981; Esteban et al., 1998; Miller et
al., 2021), and thus VEN may be influencing this gene expression through autonomic
neuromodulation. However, given the broader functional roles of these genes in processes such
as cell adhesion, ion channel regulation, and tissue repair, their differential expression in hepatic

tissue may reflect more generalized cellular responses.

3.4.3.2 Metabolic Disruptions

Venlafaxine exposure impacted multiple metabolic pathways, with notable effects on
lipid, carbohydrate, and amino acid metabolism. R-VEN exposure disrupted metabolic

regulation, particularly affecting phospholipid and amino acid metabolism (Figure 3.6). This was
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exemplified by the downregulation of nr/h4 (FXR) which is responsible for regulating bile acid
synthesis and transport, lipid metabolism, and exerting anti-inflammatory effects in the liver
(Claudel et al., 2005; Ma et al., 2006; Jiao et al., 2015). Lower expression could compromise bile
acid secretion and predispose the liver to cholestasis or inflammatory stress (Fiorucci et al., 2010;
Han et al., 2018). R-VEN also downregulated foxn3 relative to both control and S-VEN
treatment (Figure 3.4), which acts as a transcriptional repressor of gluconeogenic genes. Reduced
expression of foxn3 might shift the liver toward increased glucose utilization or altered
gluconeogenic capacity (Scott et al., 2005; Karanth et al., 2016; Karanth et al., 2019),

potentially compounding bile acid dysregulation.

Moreover, genes integral to amino acid catabolism were suppressed in R-VEN
treatments. These include got/ (glutamic-oxaloacetic transaminase 1), tat (tyrosine
aminotransferase), and hykk (hydroxylysine kinase). The enzymes Gotl and Tat participate in
transamination and nitrogen balance, and their downregulation can hamper the malate-aspartate
shuttle, disrupt redox equilibrium, and promote accumulation of amino acids (Safer, 1975;
Subramanya et al., 2023). In particular, inhibited got/ and tat activity can heighten oxidative
stress through altered NADH/NAD" ratios and excess tyrosine, each linked to ROS production,
inhibited ROS scavenger activity, and lipid peroxidation in model organisms (Sgaravatti et al.,
2009; Macédo et al., 2013; De Pré et al., 2014; Abrego et al., 2017; Ipson et al., 2019). The net
effect is a potential synergy of metabolic and oxidative stress, exposing rainbow darters to
hepatic injury if they cannot mitigate these disruptions. Additionally, nr/h4 (Fxr) also plays a
regulatory role in amino acid metabolism, and may influence the expression of got/ and hykk
(Massafra et al., 2017) suggesting down regulation of nr/h4 may underlie the observed

expressional changes in these transcripts.

S-VEN exposure disrupted metabolic processes involved in the synthesis and metabolism
of organic acids, lipids, and related compounds (Figure 3.7). Notably, cbrl was significantly
upregulated by S-VEN. This gene encodes and enzyme that detoxifies various reactive carbonyl
compounds, including certain xenobiotics, and lipid peroxidation byproducts such as 4-HNE and
MDA, which accumulate under oxidative stress (Forrest & Gonzalez, 2000; Ellis 2007,
Hoffmann et al., 2007). The reduction of these lipid peroxidation products can mitigate oxidative
damage and generate bioactive intermediates that activate the NF-»xB inflammatory pathway

(Rotondo et al., 2016). Venlafaxine and its primary metabolites do not appear to possess
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reducible carbonyl groups (Santos et al., 2020), suggesting that the observed upregulation of
cbrl is not the result of direct detoxification of S-VEN. Instead, this induction may reflect an
adaptive response to oxidative stress, as a means to mitigate cellular damage. Concurrent
downregulation of pitpnm2, a mediator of phosphatidylinositol and phosphatidylcholine
membrane trafficking (Allen-Baume et al., 2002; Cockcroft, 2012), suggests compromised lipid
transport. This perturbation may disrupt lipoprotein assembly, secretion, and membrane turnover.
Further supporting altered lipid homeostasis, diminished xy/b (xylulokinase) expression points to
dysfunctions in pentose and fructose metabolism, as well as pathways critical for modulating
lipid biosynthesis (Bunker et al., 2015). In contrast, upregualtion of aars2 (mitochondrial alanyl-
tRNA synthetase), which ensures fidelity in mitochondrial translation, suggests an elevated
requirement for mitochondrial protein synthesis and quality control (Kaiser et al., 2020; Mao et
al., 2024). Overall, these transcriptional shifts indicate a regulatory response to S-VEN exposure,
characterized by oxidative stress adaptation, disruptions in lipid handling, and potential

compensatory mechanisms to maintain mitochondrial function and metabolic equilibrium.

R-VEN appears to exert a broader impact on metabolic regulation, influencing lipid,
glucose, and amino acid metabolism, which could contribute to metabolic dysregulation and
oxidative stress. This is further exemplified by the differential transcriptional modulation
observed between enantiomers. The higher expression of mocsI and nr5a2 in R-VEN relative to
S-VEN treatment suggests a stereoselective shift in amino acid metabolism and dysregulation of
bile acid synthesis and secretion (Goodwin et al., 2000; Kozich et al., 2022). A metabolomic
study by Santos et al. (2023) similarly found downregulation of amino acid metabolism,
including tyrosine, in the liver of Argyrosomus regius (merger) following VEN exposure,
potentially due to a combination of disrupted serotonin and noradrenergic signalling, monoamine
biosynthesis, oxidative stress, and metabolic compensation. In humans, VEN treatment has been
linked to cholestatic liver injury in individuals with impaired xenobiotic metabolism due to a
CYP2D6 polymorphism (Stadlmann et al., 2012). Cholestasis is characterized by disruptions in
bile acid homeostasis and impaired bile flow through the biliary system (Stadlmann et al., 2012;
Gijbels et al., 2019). Pharmaceutical agents can induce cholestasis via mechanisms that disrupt
hepatic transporter function, alter bile canaliculi dynamics, and/or compromise cellular structure
and the subcellular localization of hepatic proteins (Gijbels et al., 2019). This disruption can lead

to altered amino acid transaminase activity and inflammation as the liver responds to bile acid
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accumulation (Desmet, 1995; Lee, 2003; Stadlmann et al., 2012; Gijbels et al., 2019). The
transcriptional response observed in rainbow darter exposed to R-VEN resembles these effects of
impaired VEN metabolism in humans. Teleosts lack a clear CYP2D6 homolog and are not
thought to efficiently metabolize VEN (Uno et al., 2012, Connors et al., 2013), raising the
possibility that R-VEN exposure may similarly promote cholestatic liver injury in rainbow
darters. Together, these findings suggest that VEN exposure perturbs key hepatic metabolic
pathways in a stereoselective manner, with R-VEN exerting broader effects on lipid and amino
acid metabolism, potentially predisposing fish to metabolic dysregulation, oxidative stress, and
bile acid disturbances. However, S-VEN appears to elicit a more targeted response, primarily
engaging adaptive mechanisms to oxidative stress and mitochondrial function, while potentially

disrupting lipid transport and carbohydrate metabolism.

3.4.3.3 Immune and Inflammatory Modulation

R-VEN treatment displayed more pronounced modulation of immune-related genes,
spanning both innate and adaptive systems. For instance, R-VEN altered components of the IFN-
v signalling axis, as evidenced by the enrichment of IFN-y regulatory pathways (Figure 3.6) and
the modulation of the interferon-gamma receptor ifngrl, as well as statl, a transcription factor
activated downstream of Ifngrl (Darnell et al., 1994; Pestka et al., 1997; Zou & Secombes,
2011). The opposing regulation of these genes could contribute to partial or dysregulated IFN-vy
signalling, potentially impairing the transcription of IFN-y-responsive genes and altering
macrophage activation or inflammatory resolution (Grayfer & Belosevic, 2009; Zou &
Secombes, 2011). R-VEN additionally affected the expression of map3k2 and spata2l, which
have opposing influences on the MAPK signalling cascade, a key regulator of stress responses,
proliferation, and inflammation (Shinohara et al., 2009; Zhang et al., 2022). Upregulation of
map3k2 may enhance NF-xB-mediated pro-inflammatory signalling, while downregulation of
spata2l could attenuate negative feedback regulation. Additionally, dusp 16, which encodes a
negative regulator of MAPK signalling activation, as well as ifngrl were upregulated in R-VEN
relative to S-VEN. Together, these changes suggest that R-VEN may modulate pro-inflammatory

activity to a greater extent that S-VEN treatment.

100



R-VEN treatment further affected innate immune modulation through the upregulation of
transcripts encoding lectins (I, ntc) and the mannose receptor mrc2. These genes encode lectins
that act as pattern recognition receptors, facilitating pathogen detection, agglutination, immune
activation, and inflammatory responses (Russell et al., 2008; Lopes-Ferreira et al., 2011; Lv et
al., 2016). In teleosts, Mrc2 contributes to immune defence, beyond its role in mediating
collagen uptake and tissue remodelling by recognizing pathogen-associated molecular patterns,
facilitating pathogen clearance, and potentially modulating inflammatory responses during
infections (Zheng et al., 2015; Dong et al., 2016). Upregulation of these transcripts suggests that
R-VEN may heighten innate immune detection. However, downregulation of rnf/66, an E3
ubiquitin ligase important in antiviral signalling and autophagy, suggests some facets of innate
immunity might be impaired (Chen et al., 2015). Together, the modulation of immune
components demonstrates that R-VEN exerts a complex, potentially unbalanced, immune

influence, amplifying certain pro-inflammatory or detection pathways while dampening others.

Compared to R-VEN, S-VEN induced a more limited set of differentially expressed
immune-related genes. However, S-VEN treatment led to the upregulation of thopl, ll, and the
immune-associated scaffolding protein Swap70 (Pearce et al., 2011). Upregulation of thopl may
influence peptide-based immune signalling by modulating antigen processing for MHC class I
presentation to cytotoxic T cells (Neves et al., 2023). However, thop! also degrades a variety of
peptides, including neuropeptides, and has been implicated in the regulation of energy
metabolism (Ferro et al., 2020). While genes encoding pathogen recognition lectins were
upregulated in R-VEN, clec]0a, a pattern recognition receptor lectin-encoding gene, was more
highly expressed in S-VEN. These findings suggest that venlafaxine exposure modulates lectin

transcription regardless of enantiomer.

Elevated serotonin and norepinephrine can modulate immune response through receptor-
mediated signalling. Serotonin can modulate cytokine release and cell communication via 5-HT
receptors on immune cells, though effects vary contextually (Khan & Deschaux, 1997; Duffy &
Zelikoff, 2008). Norepinephrine influences macrophages and Kupffer cells via [3-adrenergic
receptors, modulating cytokine production as part of a sympathetic neuroimmune crosstalk
(Elenkov et al., 2000; Miksa et al., 2009). VEN, when administered as a racemic mixture both in
vitro and in vivo models, has been shown to regulate the expression of both pro- and anti-

inflammatory cytokines via this neuroimmune interplay, potentially promoting an anti-
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inflammatory state (Vollmar et al., 2008; Chen et al., 2018). In the present study, the more
pronounced effects of R-VEN on immune-related transcript expression may be attributable to its
higher affinity for serotonin and norepinephrine reuptake inhibition, thereby potentially
amplifying neuroimmune signalling (Burnett & Dinan, 1998). Chronic perturbation of this
balance due to R-VEN exposure may contribute to a state of immune dysregulation, potentially
increasing susceptibility to infections, autoimmune reactivity, and hepatic inflammation (Voican

et al., 2014; Dai et al., 2023; Larivuo et al., 2023).

3.4.3.4 Cytoskeletal Dynamics and Vesicular Trafficking

Modifications in the expression of genes related to cytoskeletal architecture and cellular
organisation within hepatic cells was evident following both R-VEN and S-VEN exposures. In
the R-VEN treatment, this dysregulation is reflected by the downregulation of vesicle formation
and transport genes, including arll, sec23a, and pacsin3. Arl1 maintains Golgi integrity and
regulates vesicle trafficking between the Golgi and endosomal compartments, while Sec23a is a
core component of the COPII complex, facilitating ER-to-Golgi vesicle formation (Lu et al.,
2001; Khoriaty et al., 2018). Pacsin3 orchestrates membrane remodelling and endocytosis,
linking cytoskeletal elements to curvature-sensing domains (Sumoy et al., 2001; Dumont &
Lehtonen, 2022). Additionally, R-VEN exposure also induced the expression of genes involved
in cytoskeletal organisation and cellular signalling, such as daaml, which regulates actin
filament assembly through non-canonical Wnt signalling, playing a role in polarized cell growth
and cytokinesis (Lu et al., 2007; Ang et al., 2010). The reduced expression of vesicular transport
genes, including rab1b and pacsin3, in R-VEN relative to S-VEN further suggests that the R-
enantiomer may have a greater disruptive impact on cellular trafficking mechanisms (Plutner et
al., 1991). Such dysregulation may impair intracellular trafficking and disrupt efficient protein
processing. In addition, R-VEN may more strongly limit the sialylation of glycolipids and
glycoproteins, as indicated by the lower expression of sz3gal2 relative to the control and st3gal4
relative to S-VEN (Kitagawa & Paulson, 1994; Kim et al., 1996). Reduced activity of these
sialyltransferases could disrupt Golgi-mediated post-translational glycosylation, potentially
impairing proteins essential for cellular communication and receptor function (Harduin-Lepers et
al., 2001; Varki, 2017). Overall, these transcriptional changes could result in the accumulation of

misfolded proteins in the ER, activation of ER stress pathways, and compromised secretion of
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essential proteins, including enzymes and lipoproteins that are critical for hepatic detoxification

and metabolism (Jackson & McNiven, 2020)

In response to S-VEN treatment, key pathways involved in cell growth, adhesion,
cytoskeletal dynamics, and ECM remodelling were significantly altered, suggesting an adaptive
remodelling response. The opposing expression of genes such as magi2, which encodes a
scaffolding protein critical for establishing and stabilizing cell—cell junctions, and epb4115,
encoding an actin-binding factor known to destabilize adherens junctions, may serve to preserve
cadherin-based adhesion and thereby reduce cell migration and ECM remodelling. However, the
modulation of sh3pxd2a (Tks5) and col6a2 suggests an adaptive remodelling of tissue.
Increased matrix stiffness characteristic of liver fibrosis can stimulate sh3pxd2a driven podosome
formation, contributing to ECM remodelling and potentially influencing fibrosis development
(Juin et al., 2013). Additionally, the upregulation of arhgef25 may promote cytoskeletal
remodelling, altered cell adhesion, and tissue restructuring (Guo et al., 2003; Van Unen et al.,
2016). In this context, the downregulation of col6a2, which encodes a structural component of
type VI collagen in the ECM (Chu et al., 1989), further highlights disruptions in ECM integrity,
which may help to facilitate remodelling processes. This remodelling potential is further
supported by the upregulation of cdh2 (N-cadherin), which, unlike E-cadherin, affords greater
plasticity to cell-cell adhesion, thereby maintaining structural cohesion during dynamic
remodelling processes (Zeisberg & Neilson, 2009; Alimperti & Andreadis, 2015). The
stereoselective influence of S-VEN on actin cytoskeletal dynamics is further evidenced by the
higher relative expression of denndIc, which regulates actin remodelling and cell morphology
(Marat et al., 2012), compared to R-VEN. This aligns with the upregulation of other guanine
nucleotide exchange factors (GEFs), including swap70 and arhgef25, in S-VEN relative to

control.

The transcriptional response observed following S-VEN treatment could result from
elevated ROS production. ROS can act as regulators of cell adhesion, influencing integrin
signalling pathways and the phosphorylation of a-catenin within cadherin complexes (van
Wetering et al., 2002; Chiarugi et al., 2003; Hurd et al., 2012). Both Cdh2 and Magi2 engage [3-
catenin, which subsequently binds to a-catenin within cadherin structures (Alimperti &
Andreadis, 2015; Nagashima et al., 2015). Sh3pxd2a directly interact with integrins, while,

Epb4115 plays a regulatory role in both cadherin-mediated and integrin-mediated adhesion

103



processes (Hirano et al., 2008; Murphy & Courtneidge, 2011). Thus, the modulation of genes
involved in cell adhesion, cytoskeletal dynamics, and cellular movement, by S-VEN treatment is

potentially stimulated through ROS-dependent mechanisms.

The modulation of genes involved in vesicle formation, transport, and cytoskeletal
dynamics indicate molecular responses that could compromise liver function. Similar systemic
effects have been observed in other studies, such as the disruption of epididymal structure and
function in male rats due to VEN-induced cytoskeletal disorganization, and modulation of
intracellular endosomal vesicles (da Silva et al., 2023). VEN has also been shown to influence
cell proliferation via [3-catenin activation in the hippocampus (Mostany et al., 2008) and to
promote the expression of proteins associated with cellular growth and differentiation while
downregulating those linked to cytoskeletal stability in human pluripotent cells (Doh et al., 2015)
Our findings extend this understanding by demonstrating enantioselective effects of R-VEN and
S-VEN on cytoskeletal architecture and vesicular trafficking in hepatic cells of rainbow darters.
This suggests that even at relatively low doses, chronic VEN exposure may alter hepatic cellular

processes, with potential implications for liver function.

3.4.3.5 Transcriptional and Epigenetic Regulation

One of the most distinguishing differences in the effect of S-VEN on rainbow daters is
the significant modulation of transcription factors and chromatin modifiers. Notably, two zinc
finger family genes, znf608 and znf271, were upregulated, with znf608 demonstrating the most
significant increase in expression in this treatment group. Znf608 has been implicated in various
biological contexts, including transcriptional repression via histone modification, cell migration,
immune cell maturation, and developmental regulation (Williams et al., 2012; Reed et al., 2013;
van den Berg et al., 2017). Similarly, Znf271, although less characterized, contains a KRAB
domain and zinc finger motifs, suggesting a role in transcriptional regulation (Abrink et al.,
1995; Tune et al., 2002). Simultaneously, kmt2c and kmt2d, two lysine methyltransferases
responsible for histone H3K4 methylation, were among the most downregulated genes. These
enzymes activate enhancers crucial for cell-specific gene expression and their suppression might
stifle the expression of genes involved in cell growth or tissue repair (Heintzman et al., 2009;

Duo et al., 2013; Lee et al., 2013; Dawkins et al., 2016; Lavery et al., 2020; Seehawer et al.,
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2024). Supporting this, S-VEN downregulated cenpa and wdr73, possibly limits cell
proliferation or division. Cenpa is a centromere-specific histone H3 variant essential for
kinetochore assembly and accurate chromosome segregation during cell division (Cech &
Peichel, 2015), while wdr73 encodes a microtubule-associated protein that interacts with cell
cycle proteins including tubulins to maintain cell architecture and survival (Colin et al., 2014;
Cech & Peichel, 2015). In contrast, chd6, a chromatin-remodelling factor stabilized during
oxidative stress, was upregulated. Chd6 typically relieves chromatin compaction at sites of
ocxadative DNA damage, enhancing repair (Lutz et al., 2006; Moore et al., 2019; Kargapolova et
al., 2021). Collectively, S-VEN affects the expression of the genes responsible for regulating the
epigenetic and transcriptional landscape in rainbow daters, which may have implications on

cellular proliferation to prioritize DNA integrity and enhance stress resilience.

R-VEN induced the downregulation of chromatin remodelling factors such as Brd1,
which promotes chromatin remodelling and transcriptional activation (Mishima et al., 2011).
However, rather than broadly reprogramming epigenetic regulation, R-VEN primarily modulated
transcriptional regulators associated with immune and metabolic pathways. These findings reveal
distinct enantiomer-specific transcriptional regulation, with S-VEN exerting a broader effect on
chromatin regulation and epigenetic modifiers. Antidepressants have been shown to modulate
epigenetic mechanisms, including chromatin remodelling, alterations in DNA methylation,
histone post-translational modifications, and the regulation of miRNA expression (Inserra et al.,
2024). These mechanism can be influenced by neuronal activity-driven chromatin remodelling,
serotonin receptor signalling, and direct interactions with DNA or chromatin-modifying
complexes (Inserra et al., 2024). Evidence has been provided to suggest that VEN affects
epigenetic regulation in the brain by inhibiting histone deacetylase activity, specifically HDAC5
and HDACS6, thereby enhancing histone acetylation and upregulating genes critical for
neurotransmitter synthesis (Qiao et al., 2019; El-Saiy et al., 2022). The evidence presented in
this study supports a role for VEN in epigenetic regulation, suggesting that S-VEN may exert

systemic effects on epigenetic processes in the liver.
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3.4.3.6 Comparison with wild rainbow darter exposed to wastewater
treatment plant effluent (WWTPE)

It is essential to place these laboratory findings on VEN exposure in a broader ecological
context. In chapter two, we outlined how WWTPE effluent exposure affected multiple pathways
in rainbow darter related to lipid metabolism, glycolysis, oxidative stress responses,
detoxification, immune modulation, and inflammatory signalling. With VEN occurring at the
highest concentration near the effluent plume we presumed that some of these observed effects
may be influenced by high VEN exposure. VEN treatment broadly influenced similar metabolic,
immune, and inflammatory pathways in a stereospecific manner. However, the specific processes
within these pathways differed between lab and environmental exposures, and few transcripts
were consistently modulated between effluent exposure and VEN treatment. Interestingly,
cytochrome P450 activation was not observed following VEN exposure, despite cyp2kl
upregulation in effluent-exposed RBD. This suggests that VEN alone may not be the primary
driver of CYP induction in effluent-exposed fish and that xenobiotic metabolism remains largely
unresponsive to either VEN enantiomer at the transcriptional level. A lack of significant
metabolic activation could impair VEN clearance, potentially promoting bioaccumulation
(Burkina et al., 2015).

Among the few genes similarly regulated between exposures were cenpa and cdh2, both
of which were comparably modulated in the S-VEN treatment group. Cenpa is responsible for
ensuring centromere integrity, and its downregulation may reflect inhibited cell proliferation or
genomic instability(Mahlke & Nechemia-Arbely et al., 2020). CDH2 helps maintain robust but
somewhat plastic cell-cell adhesions, and upregulation might reflect an effort to sustain tissue
architecture during ECM remodelling or under adverse conditions (Mahlke & Nechemia-Arbely,
2020; Wu et al., 2024). Additionally, nlrp12, an anti-inflammatory factor, was significantly
downregulated in effluent-exposed fish, and showed a reduction in expression the S-VEN
treatment relative to R-VEN. These parallels suggest that the S-enantiomer may partially
contribute to the immune and chromosome structure gene expression patterns observed in wild
rainbow darters; however, the overall effluent mixture undoubtedly exerts broader,

polypharmacological effects that extend beyond single-enantiomer influences.
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Assembly specific transcripts in VEN-RBD were enriched for neuronal functions,
including nervous system processes and voltage-gated channel activity, potentially as response to
chronic exposure to the neuroactive pharmaceutical VEN. In contrast, ENV-RBD shows greater
expression of genes related to cytoskeletal and muscle-related functions, which may reflect
adaptations to a more active, free-flowing river environment or roles in intracellular transport and
structural maintenance. The ENV-RBD group also exhibited significant modulation of more
transcripts compared to either S-VEN or R-VEN treatments alone. This is unsurprising, as
effluent is a complex mixture containing multiple potentially perturbing compounds, likely
leading to a broader and more varied response in fish exposed to this pollutant. Nevertheless, the
observed modulation of immune and metabolic pathways after R- and S-VEN treatments still

demonstrates concerning disruptions, which could have physiological implications.

3.4.3.7 Conclusions

Our transcriptomic analysis of rainbow darter liver demonstrates overlapping and
stereoselective effects of venlafaxine. Most notably, both enantiomers consistently upregulated
gabbr2 expression, implicating a common impact on GABAergic signalling that may serve as a
compensatory response to neurotransmitter imbalances. While both enantiomers influenced
pathways related to metabolism, immunity, and cytoskeletal regulation, each triggered distinct
patterns of gene expression. R-VEN disrupted expression of transcripts involved in lipid, amino
acid, and bile acid metabolism suggesting potential for cholestatic injury and altered redox
balance, characteristic of poor VEN clearance. R-VEN further more broadly modulated immune
responses by altering both IFN-vy pathway components, and lectins implicated in immune
sensing. R-VEN treatment suppressed expression of key regulators of vesicular trafficking and
cytoskeletal dynamics, which could compromise intracellular transport, a process essential for

proper liver function.

In contrast, the effects of S-VEN treatment were more targeted, modulating
transcriptional regulators, epigenetic modifiers, and chromosome maintenance, which may
hinder cellular progression and proliferation. Additionally, S-VEN induced changes indicative of
adaptive remodelling in cell adhesion and extracellular matrix dynamics, suggesting a
compensatory response to preserve tissue integrity under stress. Interestingly, while R-VEN

induced transcriptional changes that could affect redox balance and attenuate ROS scavenger
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expression, genes involved in the direct response to lipid peroxidation and oxidative DNA
damage were exclusively upregulated following S-VEN treatment. Measuring the levels of ROS
or biomarkers of cellular damage could provide further insight into whether the potential effects
of R-VEN on redox balance are actively promoting oxidative stress, or whether the upregulated
genes in S-VEN reflect an adaptive response to ROS that is sufficient to counteract oxidative
damage. While both VEN and effluent exposure modulated biological processes such as lipid
metabolism and immune function, the specific mechanisms affected within these pathways
differed. Only a few transcripts, including cenpa, cdh2, and nlrp12, were consistently modulated,

potentially linking S-VEN exposure to the effects observed in effluent exposed RBD.

Collectively, the findings of this study suggest that both R- and S-enantiomers have the
potential to disrupt liver function through distinct mechanisms. The stereoselective divergence in
hepatic responses not only enhances our understanding of venlafaxine’s extra-neural effects but
also highlights the need to consider enantiomer-specific actions in the context of environmental
risk assessment. Ultimately, while venlafaxine is but one of many psychoactive pharmaceuticals
entering aquatic systems, the hepatic responses documented here in RBD underscore broader
implications for how teleost fishes contend with pharmaceutical pollution. By disentangling
stereoselective effects, we deepen our mechanistic understanding and foster a more nuanced
approach to environmental monitoring, conservation, and the management of water resources in

the face of escalating pharmaceutical load.
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Chapter 4

Modulation of antioxidant enzyme activity, and markers of
cellular damage in the brain of rainbow darter (Etheostoma
caeruleum) exposed to venlafaxine
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4.0 Introduction

Venlafaxine (VEN) has been measured at elevated concentrations in wastewater treatment
plant effluent (WWTPE) worldwide (Schultz et al., 2010; Schliisener et al., 2015; Huerta et al.,
2018; Chen et al., 2022), including the Grand River in Ontario, Canada (Metcalfe et al., 2010), as
further substantiated by the present study. In fish, VEN bioaccumulates (Arnnok et al., 2017;
Duarte et al., 2023) and exposure has been implicated in several adverse effects, including alter
energy metabolism (Best et al., 2014; Mehdi et al., 2019; Thompson et al., 2022), disrupt
monoamine levels (Melnyk-Lamont et al., 2014), and maladaptive behavioral changes, at
environmentally relevant concentrations (Tang et al., 2022). Additionally, oxidative stress
evidenced by increased ROS generation in muscle, gill, liver, and brain, have been observed in
fish following varying concentrations of VEN exposure (Maulvault et al., 2019; Qu et al., 2019,
Ziegler et al., 2020, Ribeiro et al., 2022, Alves et al., 2023).

4.0.1 Reactive oxygen species and defence mechanisms

ROS are characterized by an array of highly reactive oxygen containing molecules
(Bandyopadhyay, 1999). Most of the ROS present in cells are produced within the mitochondria
as natural by-products of aerobic respiration, and can play an integral role in cell signalling and
adaptation (Finkel & Holbrook, 2000; Ray et al., 2012; Sena & Chandel 2012). Incomplete

oxygen reduction at Complex I and III leads to leakage of electrons, forming superoxide (O2-)

(Ott et al., 2007). Physiological stress may elevate energy demand, increasing oxygen
consumption and ATP production in mitochondria, accelerating electron flow through the
electron transport chain (ETC), elevating superoxide generation. However, it is unclear whether
higher aerobic respiration actually alters in vivo ROS levels (Salin et al., 2015; Zhang & Wong,
2021). Other endogenous sources of ROS can originate from enzymatic activity like the
oxidative deamination of neurotransmitters such as dopamine and serotonin, through monoamine
oxidase (MAO) producing their corresponding aldehydes, ammonia, and hydrogen peroxide
(Pizzinat et al., 1999; Edmondson et al., 2009). Other enzymes such as cytochrome P450
monooxygenases use NADPH and oxygen to metabolize various substrates including drugs, fatty
acids, and steroids and uncoupling of this reaction can also produce ROS in the form of
superoxide (Veith & Moorthy 2018).
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As a primary antioxidant defence mechanism (Figure 4.1), superoxide can undergo
dismutation by superoxide dismutase (SOD), resulting in the production hydrogen peroxide

(H202) which can be further reduced to water by catalase (CAT) and glutathione peroxidase

(GPX), preventing the formation of highly reactive hydroxyl radicals (OH) (Matés & Sanchez-
Jiménez 1999). Antioxidant enzymes are distributed throughout the cell, but their
compartmentalization within organelles influences their local effectiveness, substrate
accessibility, and ability to neutralize oxidative stress within specific microenvironments
(Kaludercic et al., 2014; Bendkova et al., 2021). Cytosolic SOD (SOD1) is the predominant form
of the enzyme in most tissues and cells, accounting for the majority of cellular SOD activity;
however, mitochondria also possess their own isoform of SOD (SOD2) (Murphy, 2009; Fukui
and Zhu, 2010). Although catalase is primarily only present in peroxisomes, CAT activity is
likely present at low levels the mitochondria (Du et al., 2016; Bendkova et al., 2021). Oxidative
stress arises when ROS generation exceeds antioxidant defence and repair mechanisms, leading
to oxidative damage (Chowdhury et al., 2020; Juan et al., 2021). This damage can alter
membrane properties, disrupt enzyme activities, impair protein synthesis, and compromise DNA
and lipid integrity, leading to mitochondrial dysfunction, cellular damage, and apoptosis (Echtay
et al., 2002; Zorov et al., 2014; Ahmadian et al., 2016; Juan et al., 2021). Lipid peroxidation
produces reactive aldehydes such as malondialdehyde (MDA) that can further compromise
membrane fluidity, permeability, and various cellular functions. Lipid peroxidation intermediates
can propagate oxidative chain reactions, leading to further ROS generation and subsequent
damage to proteins, DNA, and cell membranes (Sies & Cadenas, 1985; Marnett, 1999; Fritz &
Petersen, 2013; Su et al., 2019). GPX activity, particularly that of GPX4, helps mitigate this
cascading cellular damage by reducing lipid hydroperoxides to their corresponding alcohols,
thereby preventing further propagation of lipid peroxidation (Gaschler & Stockwell, 2017). DNA
oxidation can induce base modifications, such as the formation of 8-OHdG, which, if left
unrepaired, can contribute to genomic instability and mutagenesis (Kasai et al., 1986; Ock et al.,
2012). ROS are also implicated in neuromodulation and have been associated with mood
disorders, including depression and bipolar disorder (Bhatt et al., 2020; Correia et al., 2023).
Increased oxidative stress has been observed in individuals with depression, and certain
antidepressants, including monoamine oxidase inhibitors (MAOIs) and fluoxetine, may exert
therapeutic effects, in part, by reducing ROS production in the mammalian brain (Bortolato et
al., 2008; Caiaffo et al., 2016; Correia et al., 2023). Furthermore, emerging evidence suggests

that oxidative stress is a critical factor in cognitive aging and neurodegenerative diseases such as
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Alzheimer's, Parkinson’s, and Huntington’s disease (Moreira et al., 2005; Zhao et al., 2013; Xiao
et al., 2022).
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Figure 4.1: Flow diagram of reactive oxygen species (ROS) pathways, illustrating sources of
ROS from stressors and enzymatic activity, including monoamine oxidase (MAQO) and
cytochrome P450 (CYP) enzymes. Antioxidant enzymes, superoxide dismutase (SOD), catalase
(CAT), and glutathione peroxidase (GPX), detoxify ROS, leading to either oxidative damage or
or stable byproducts. Adapted from Matés & Sénchez-Jiménez (1999), with additional context
from Edmondson et al. (2009) and Veith & Moorthy (2018).

4.0.3 Contaminant induced oxidative stress

Environmental contaminants, such as pesticides, heavy metals, polycyclic aromatic
hydrocarbons (PAHs), and contaminants of emerging concern (CECs), serve as exogenous
sources of reactive oxygen species (ROS). These contaminants can promote oxidative stress
either by directly generating ROS, disrupting mitochondrial function, or inducing ETC
uncoupling (Garceau et al., 2010; Lushchak, 2016; Yeh et al., 2017; Kozal et al., 2023). Thus,
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ROS are commonly used as a biomarker of contaminant-induced stress. Given the role of ROS in
both neuromodulation and neurodegeneration, oxidative stress raises concerns regarding the
neurotoxic potential of pharmaceuticals capable of inducing ROS in fish exposed to WWTPE.
Supporting this concern, Bisognin et al. (2020) demonstrated that exposure to pharmaceutical-
laden effluent induced oxidative stress in fish brains and inhibited acetylcholinesterase activity in
muscle tissue, suggesting potential neurotoxicity of pharmaceutical contaminants. Similarly,
exposure to environmentally relevant concentrations of fluoxetine induced oxidative stress and
inhibited acetylcholinesterase activity in the brain of zebrafish, resulting in neurotoxic effects and
anxiety-like behaviors (Orozco-Hernandez et al., 2022). These studies highlight the contrasting
and potentially contradictory effects of antidepressant exposure on neural ROS production in fish

compared to mammals, which may be neurotoxic.

The brain is among the most metabolically active organs in fish (Phrompanya et al.,
2021; Soengas & Aldegunde, 2002). This high metabolic rate, coupled with elevated
polyunsaturated fatty acid (PUFA) content, makes the brain particularly susceptible to oxidative
damage, as PUFAs are prone to peroxidation (Hong et al., 2014). Consequently, the brain is
highly vulnerable to ROS-induced damage, which can contribute to neurodegeneration and
potential behavioural alterations (Islas-Flores et al., 2013; Afifi et al., 2016; Ezeoyili et al., 2019).
While VEN-induced behavioural impairment is well-documented (Parrott & Metcalfe, 2018;
Maulvault et al., 2019; Thompson & Vijayan, 2020; Salahinejad et al., 2022; Thompson et al.,
2022), the underlying mechanisms may not be fully explained by brain serotonergic modulation
alone. Other factors, such as hormone regulation and gene modulation, may also contribute
(Bisesi et al., 2014). Behavioural changes have also been shown to persist following VEN
exposure, suggesting residual effects on brain chemistry or other physiological systems (Bisesi et
al., 2014). Delayed behavioural recovery may be partially attributed to ROS-induced oxidative
damage affecting neuronal function or neurotransmitter systems. Although VEN exposure
appears to induce ROS production in fish, few studies have examined markers of cellular damage
in the brain, and even fewer have assessed these effects in relation to individual VEN
enantiomers (Qu et al., 2019; Ribeiro et al., 2022; Alves et al., 2023). This distinction is
particularly important because wastewater treatment methods can stereoselectivity remediate
VEN, leading to the enrichment of a specific enantiomer in receiving waters (Evans et al., 2017;
Ma et al., 2020). In an ecological context, VEN-induced oxidative stress, and behavioural

disruptions, may negatively affect individual fitness and reproduction, with potential adverse
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population-level consequences (Fuiman et al., 2005; Farrell et al., 2008, Brodin et al., 2014;
Saaristo et al., 2018; Candolin et al., 2019).

4.0.1 Objectives and hypothesis

This study aims to assess the antioxidant stress response of rainbow darters (Etheostoma
caeruleum) to environmentally relevant concentrations of each enantiomer of venlafaxine, by
using ROS scavenging enzyme activity as a proxy for ROS generation. To determine if cellular
damage is present following exposure, markers of oxidative damage including products of lipid
peroxidation (MDA), and DNA damage (8-OHdG) will also be investigated. We hypothesize that
exposure to VEN will increase ROS production and oxidative damage in the brain of rainbow
darters, with each enantiomer exhibiting a different magnitude of effect. Assessing enzyme
activity separately in cytosolic and mitochondrial fractions may help clarify the extent of
mitochondrial-specific oxidative stress, and the efficiency of ROS detoxification within each
compartment. Rainbow darter (RBD) were chosen for this study due to their relative abundance
in the Grand River, Southern Ontario (Hicks & Servos, 2017), their suitability for laboratory
studies (Borowiec et al., 2024), and their demonstrated sensitivity to Waterloo WWTPE,
including effects on antioxidant enzyme activity in brain tissue (Gauvreau et al., 2022). These
findings will help clarify how VEN exposure contributes to neural ROS production observed in
WWTPE-exposed wild populations and will enhance our understanding of the stereoselective
effects of VEN, particularly in relation to oxidative stress, neurotoxicity, and potential behavioral

consequences in aquatic organisms.

4.2 Materials and methods

4.2.1 Fish collection, handling and processing

Tissue samples for enzymatic activity assays and cellular damage quantification were
collected from the same cohort of the R-venlafaxine (R-VEN) and S-venlafaxine (S-VEN)
exposure trial described in Chapter 3. Briefly, adult male rainbow darters (Etheostoma
caeruleum) were collected via backpack electrofishing (Smith Root, LR-20, LR-24) from the
Grand River near Grand Valley, Southwestern Ontario (43°56'32.6"N 80°19'32.8"W). Captured
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fish were transported in aerated water tanks to the Waterloo Aquatic Threats in Environmental

Research (WATER) facility at the University of Waterloo, Ontario.

Upon arrival, fish were transferred into 10 L acrylic tanks within an Aquatic Habitats
(AHAB) unit and acclimated at 18°C under a 12-hour light/dark cycle for two weeks to facilitate
contaminant depuration. Fish were fed twice daily to satiation with San Francisco Bay Brand
frozen bloodworms (Newark, USA). Following depuration, fish were transferred to 12 L glass
aquaria housed within three large water trough. Each experimental tank contained at least six
fish, randomly assigned to Control, S-VEN, or R-VEN treatment groups. A total of nine tanks per
trough were used (n=162). Fish were further acclimated to the experimental tanks for three days
prior to exposure and were fed once daily throughout the study. The R-VEN and S-VEN groups
were exposed to 1 ug/L of the respective venlafaxine enantiomer (Millipore-Sigma Aldrich),
which was maintained through 10% water replacement 1 hour after feeding. VEN was not
administered to control tanks. Water samples were collected 1 hour post-replacement to confirm
venlafaxine concentrations via Liquid Chromatography-Tandem Mass Spectrometry (LC-MS/
MS), using an Agilent 1200 HPLC (Mississauga, Canada) coupled to an Applied Biosystems
3200 QTRAP mass spectrometer (ABSciex, Concord, Canada).

Tissue samples were collected at Day 1, Day 4, and Day 14 to assess time-dependent
effects. On each sampling day, 18 randomly selected fish from each treatment and Control were
euthanized via cervical dislocation. Whole brain tissue was immediately excised, flash-frozen in
liquid nitrogen, and stored at -80°C. The Day 14 fish whose liver tissues were analysed for
differential gene expression in Chapter 3 are the same individuals used for the biochemical
assays described in this chapter. All animal handling and tissue collection procedures were
approved by the Animal Care Committee at the University of Waterloo under AUPP#40318,

following the guidelines established by the Canadian Council of Animal Care.

4.2.2 Enzymatic activity analysis

Prior to homogenization, brain tissue was rinsed in phosphate-buffered saline (PBS, pH
7.4) to remove residual red blood cells. Tissue (n = 6) was then homogenized using an OMNI
tissue homogenizer (Omni International, GA, USA) in a cold buffer solution (20 mM HEPES, 1
mM EGTA, 210 mM mannitol, 70 mM sucrose, pH 7.2) at a 10:1 buffer-to-tissue ratio.
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Mitochondrial isolation was performed via differential centrifugation, consisting of two
sequential steps: an initial centrifugation at 1,500 x g for 5 minutes to pellet cellular debris,
followed by a second centrifugation at 10,000 x g for 15 minutes to isolate mitochondria, both
conducted at 4°C. Cytosolic and mitochondrial fractions were evaluated for enzymatic
antioxidant activities. Glutathione peroxidase (GPX) activity was measured with the Glutathione
Peroxidase Assay Kit (Item No. 703102) from Cayman Chemical (MI, USA). Superoxide
dismutase (SOD) activity was assessed using the Superoxide Dismutase Assay Kit (Item No.
706002) provided by the same manufacturer, both used in accordance with manufacturer's
protocol. Assays were performed in duplicate on 96-well microplates, and absorbance readings
were obtained through spectrophotometry on a Spectramax 190 spectrophotometer (Molecular

Devices, CA, USA) which was operated with SoftMax Pro v6.4 software.

GPX activity was measured by change in absorbance (340 nm) over time relative to the
background, and expressed as nanomoles per minute per milliliter (nmol/min/mL). Results were
normalized to total protein content (mg) and buffer dilution volume, yielding final activity values
in micromoles per minute per milligram of protein (wmol/min/mg). Protein content was
quantified using the Bicinchoninic Acid (BCA) assay (Sigma-Aldrich, MO, USA) and bovine
serum albumin (BSA) as a standard, with absorbance measured at 562 nm. SOD activity was
measured in duplicate (450nm), normalized against a reference standard, and reported as SOD
units/ml. This value was then adjusted for buffer dilution and protein concentration, with a final
activity expressed as units per milligram per millilitre (units/mg/mL). Catalase (CAT) activity
was measured in duplicate following methods (Claiborne, 1985) modified by Craig et al., 2007.
Briefly, 10 pL of each fractioned homogenate was added to a reaction buffer (20 mM potassium
phosphate, pH 7.0) in a 96-well UV-transparent plate. The reaction of CAT was initiated by
adding10 pL of 800 mM stock H202, to a final concentration of 40mM, and the resulting
decomposition of hydrogen peroxide was monitored by measuring the change in absorbance (240
nm) over time. CAT activity was calculated using the extinction coefficient of 43.6 M 'cm !,
adjusted for path length, and expressed as the amount of enzyme required to decompose 1.0 uM
of hydrogen peroxide per minute. The final values were normalized to protein concentration and

buffer dilution and reported as pmol/min/mg protein.
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4.2.3 Quantification of cellular damage

Lipid peroxidation in brain tissue (n=6) was assayed using a commercial colorimetric
lipid peroxidation (MDA) assay Kit (ab233471) (Abcam Limited, Cambridge, United Kingdom),
following manufacturer's protocol. Brain samples (n=6, >20mg) were first washed with ice-cold
PBS, then homogenized using an OMNI tissue homogenizer (Omni International, GA, USA) in
20 mM sodium phosphate buffer (pH 3.2) containing 0.5% Triton X-100. The homogenates were
then centrifuged at 2,500 rpm for 5 minutes at 4°C. Lipid peroxidation (LPO) levels were
measured in duplicate by directly quantifying malondialdehyde (MDA) in the supernatant at an
absorbance of 695 nm using a Spectramax 190 spectrophotometer (Molecular Devices, CA,
USA). MDA concentrations were determined against a standard curve of known values, adjusted

for buffer dilution, normalized to protein concentration, and expressed as uM/mg protein.

DNA damage was quantified using a DNA oxidative damage ELISA kit (501130,
Cayman Chemical, MI, USA), which detects 8-hydroxy-2'-deoxyguanosine (8-OHdG). Brain
samples (n=6,>20mg) were homogenized in 5 pL. of homogenization buffer (0.1 M phosphate
buffer, pH 7.4, 1 mM EDTA) per mg of tissue and centrifuged at 2,500 rpm for 10 minutes at
4°C. DNA was extracted using a DNeasy Blood & Tissue DNA Extraction Kit (QIAGEN,
Aarhus, Denmark) according to the manufacturer’s protocol, then quantified using a Qubit
fluorometer with the dSDNA HS Assay Kit (Thermo Fisher, MA, USA). Single-stranded DNA
and RNA were enzymatically hydrolyzed into individual nucleotides using P1 nuclease.
Subsequently, 1 unit of alkaline phosphatase was added per 100 ug of DNA, and the mixture was
incubated at 37°C for 30 minutes, followed by heat inactivation at 100°C for 10 minutes. The
sample was then immediately placed on ice before being assayed using the ELISA kit, in
accordance with manufacturer's protocol. Absorbance was measured at 420 nm and corrected for
non-specific binding. 8-OHdG concentrations (pg/mL) were calculated using a four-parameter

logistic fit standard curve, normalized to DNA mass, and expressed as pg 8-OHdG/mg DNA.

4.2.5 Statistical analysis

Statistical analyses were performed using Python (Python Software Foundation, version

3.7). Data were imported and processed using the pandas library (McKinney, 2010). The
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statistical model was constructed using the ordinary least squares (OLS) method from the
statsmodels library (Seabold & Perktold, 2010). A two-way analysis of variance (ANOVA) was
conducted, assessing the effects of treatment, time, and their interaction on the response variable.
Post-hoc comparisons between treatment groups at different time points were performed using
the Tukey HSD test. The results of the ANOVA and Tukey HSD test were examined to assess
both main effects and interaction effects. Prior to statistical testing, data normality was assessed
using the Shapiro-Wilk test, while homogeneity of variances was evaluated using Levene’s test.
If the assumptions of normality or homogeneity of variance were violated, data transformations
(logarithmic base 10 or square root) were applied. Statistical significance was determined using

an alpha (o) threshold of 0.05, with p-values less than o considered statistically significant.

4.3 Results
4.3.1 Antioxidant enzyme activity

In the cytosolic fraction, a two-way ANOVA revealed that SOD activity was significantly
affected by treatment (F245 = 35.35, p <0.001) and time (F245 = 13.18, p < 0.001). Post hoc
Tukey HSD analysis confirmed a significant increase in SOD activity in both R-VEN and S-VEN
treatments compared to the Control (p < 0.001); however, no significant difference was observed
between R-VEN and S-VEN treatments (p = 0.2208). SOD activity significantly increased from
Day 1 to Day 4 (p = 0.0188) and remained elevated through Day 14 without further significant
change (p =0.9). By Day 14, SOD activity in R-VEN and S-VEN treatments was 4.9-fold and
5.6-fold higher than in the Control, respectively (p < 0.001). In the mitochondrial fraction, there
was a significant interaction effect between treatment and time (F445 = 10.37,p < 0.001). A
Tukey post-hoc test revealed that SOD activity was significantly higher in the S-VEN treatment
at Day four by 2.8-fold (p = 0.0305), and this increase persisted through Day 14, reaching a 3.08-
fold change compared to Control (p < 0.001). By Day 14, R-VEN treatment resulted in a 2.9-fold
higher SOD activity compared to Control (p < 0.001). At this time point, there was no significant
difference between S-VEN and R-VEN treatments.

GPX activity was significantly affected by treatment in both the cytosolic (F245 = 49.10, p
< 0.0001) and mitochondrial (F245 =40.17, p < 0.0001) fractions. A post-hoc Tukey HSD test
revealed that in the cytosolic fraction, GPX activity was significantly higher in the R-VEN
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treatment by 2.47 fold (p < 0.001), however activity in the S-VEN treatment was also
significantly higher than the Control by 4.51 fold (p <0.001) and was higher than R-VEN
treatment (p < 0.001). In the mitochondrial fraction there was also a significant increase in GPX
activity following R-VEN treatment by 4.23 fold (p < 0.01), and S-VEN treatment by 5.07 fold
(p <0.01). However, no significant difference in GPX activity was observed between treatments,

and similarly no significant time-dependent differences were detected.

A significant interaction effect between treatment and time was observed for both
cytosolic (Fs45 = 3.82, p = 0.009) and mitochondrial (Fs45 = 3.02, p = 0.027) relative CAT
activity. Post-hoc Tukey HSD tests showed that in the cytosolic fraction, S-VEN exhibited
significantly higher relative CAT activity compared to both Control (2.9-fold, p < 0.001) and R-
VEN (2.7-fold, p < 0.001) at day one, with S-VEN also showing increase in activity at Day 14
compared Control (1.7-fold, p < 0.001) and R-VEN (2.23-fold, p<0.001). In contrast, Control
and R-VEN showed no significant differences across time points. In the mitochondrial fraction,
relative CAT activity was significantly higher in the S-VEN treatment group at Day 14 compared
to both R-VEN (2.5-fold, p < 0.001) and Control (2.3-fold, p < 0.001). However, there was no
significant difference in activity between treatments on Day 1 or Day 4. There was also no
significant change in S-VEN activity over time, although S-VEN at Day 14 narrowly missed
statistical significance when compared to Day 1 (p =0.051).
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Figure 4.2: Activity of antioxidant enzymes in the cytosolic and mitochondrial fractions of
brain tissue from rainbow darter (Etheostoma caeruleum) exposed to R- and S-venlafaxine for 1,
4, and 14 days (n = 6). (A, B) Superoxide dismutase (SOD) activity (units/mg protein) in the
cytosolic (A) and mitochondrial (B) fractions. (C, D) Glutathione peroxidase (GPX) activity
(umol/min/mg protein) in the cytosolic (C) and mitochondrial (D) fractions. (E, F) Catalase
(CAT) activity (umol/min/mg protein) in the cytosolic (E) and mitochondrial (F) fractions. Data
is presented as means + SD, compared using a Two-way ANOVA and post-hoc Tukey test (p <
0.05, n = 6 per treatment per time-point. (A) Asterisks indicate significant differences between
time points for a given treatment group (**p < 0.01, *p <0.001) and lowercase letters indicate
significant differences between treatment groups within each time point (Tukey HSD, p < 0.05).
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(B-F) Bars labeled with different letters (a, b, ¢) differ significantly (Tukey HSD, p < 0.05).
Groups sharing a letter (e.g., 'ab') are not significantly different from either 'a' or 'b' groups.

4.3.2 Cellular damage

A two-way ANOVA revealed a significant interaction effect between VEN treatment and
time on MDA concentrations (Fs45 =4.77, p = 0.003). Post hoc analysis indicated that S-VEN
treatment led to a significant increase in MDA levels across all time points compared to the
Control group. Specifically, MDA concentrations were elevated 5.8-fold at day one (p < 0.0001),
12.7-fold at day four (p < 0.001), and 2.9-fold at Day 14 (p = 0.001), with no significant
difference between day four and Day 14 (p > 0.05), suggesting a steady-state response. S-VEN
also induced significantly higher MDA concentrations than R-VEN on day four (p < 0.001). In
contrast, R-VEN treatment exhibited a delayed response, with MDA levels significantly
increasing by 4.2-fold on day four (p < 0.001) and further rising to 2.7-fold above Control levels
by Day 14, at which point concentrations were comparable to those observed in the S-VEN
group (p > 0.05). Additionally, MDA concentrations increased over time in the Control group,

with a significant rise between day four and day fourteen (p < 0.001).
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Figure 4.3: Levels of malondialdehyde (MDA ; umol/mg protein) in brain tissue from rainbow
darter exposed (Etheostoma caeruleum) to R- and S-venlafaxine for 1,4, and 14 days. Data is
presented as means + SD, compared using a Two-way ANOVA and post-hoc Tukey test (p <
0.05, n = 6). Bars labeled with different letters (a, b, ¢) differ significantly (Tukey HSD, p <
0.05). Groups sharing a letter (e.g., "ab") are not significantly different from either "a" or "b"
groups.
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DNA damage was quantified by measuring the concentration of 8-hydroxy-2'-
deoxyguanosine (8-OHdG), a primary oxidized derivative of deoxyguanosine and a key marker
of oxidative DNA damage. A two-way ANOVA revealed a significant interaction between time
and treatment (Fs45 = 11.48, p < 0.001). Post-hoc analysis indicated that at Day 4, 8-OHdG
concentrations in S-VEN-exposed fish were significantly elevated, increasing 2.2-fold relative to
the Control group (p <0.001) and 2.5-fold relative to R-VEN-exposed fish (p < 0.001). Within
the S-VEN treatment, 8-OHdG concentrations at Day 14 were 2.5-fold higher than at Day 1 (p =
0.001) and 3.1-fold higher than at Day 14 (p =0.001), suggesting a transient peak in oxidative
DNA damage. In contrast, at Day 1, 8-OHdG concentrations in S-VEN-exposed fish were
significantly lower than in the Control group, decreasing 0.53-fold (p = 0.031). By Day 14, levels
remained lower, with a 0.51-fold reduction relative to Controls (p = 0.044). Similarly, at Day 14,
8-OHdG concentrations in R-VEN-exposed fish were significantly lower than in Control,
decreasing by 0.40-fold (p = 0.031).
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Figure 4.4: Levels of 8-hydroxy-2'-deoxyguanosine (8-OHdG; pg/8-OHdG/mg DNA) as in
brain tissue from rainbow darter (Etheostoma caeruleum) exposed to R- and S-venlafaxine for 1,
4, and 14 days. Sampling days a grouped by treatment. Data is presented as means + SD,
compared using a Two-way ANOVA and post-hoc Tukey test (p <0.05,n = 6). Bars labeled with
different letters (a, b, ¢, d) differ significantly (Tukey HSD, p < 0.05).
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4.4 Discussion

This study investigated the differential effects of R-venlafaxine (R-VEN) and S-
venlafaxine (S-VEN) on antioxidant enzyme activities within cytosolic and mitochondrial
fractions of brain tissue over fourteen days. The observed increases in superoxide dismutase
(SOD), glutathione peroxidase (GPX), and catalase (CAT) activities suggest a compensatory
antioxidant response to venlafaxine-induced oxidative stress. To evaluate cellular damage, 8-
hydroxy-2'-deoxyguanosine (8-OHdG) and malondialdehyde (MDA) levels, which reflect
oxidative DNA damage and lipid peroxidation respectively, were measured. While venlafaxine
exposure induced lipid peroxidation, the enhanced ROS-scavenging activity appeared to mitigate
DNA damage. Notably, the temporal patterns of enzyme activity and lipid peroxidation revealed
enantiomer-specific differences, with S-VEN eliciting a more pronounced and rapid response
compared to R-VEN. These findings emphasize the importance of stereochemical considerations

in assessing the oxidative impact of pharmaceutical exposure in fish.

4.4.1 Enzyme activity

Both enantiomers significantly increased SOD activity in the cytosolic fraction at all
measured time points, with a notable elevation as early as Day 1. Activity continued to rise
through Day 4 and remained elevated through Day 14. The absence of a significant difference
between R-VEN and S-VEN suggests that both enantiomers induce SOD1 activity to a similar
extent. In the mitochondrial fraction, VEN exposure led to a delayed increase in SOD2 activity,
with both enantiomers showing significant elevations by Day 14. However, S-VEN induced this
increase earlier, with activity rising significantly by Day 4, indicating a more rapid mitochondrial
response compared to R-VEN. The observed increases in SOD1 and SOD2 activity following
VEN exposure are consistent with a cellular response to elevated superoxide levels, suggesting
that VEN may induce superoxide production in both cytosolic and mitochondrial compartments
(Fridovich, 1981; Buettner, 2011).

GPX activity also increased significantly following both R-VEN and S-VEN treatments
at all time points. In the cytosolic fraction, S-VEN elicited a higher response, nearly doubling the
activity observed with R-VEN. In contrast, mitochondrial GPX activity increased similarly with

both enantiomers, with no significant difference between treatments. The consistent elevation of
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GPX activity suggests a rapid and sustained antioxidant response. While S-VEN may
stereoselectively enhance cytosolic GPX activity, both enantiomers contributed to its increased
activity. These findings indicate that VEN exposure, regardless of enantiomer, may elevate
hydrogen peroxide and potentially lipid hydroperoxides (Little et al., 1970). The sustained
increase of GPX activity suggests persistent oxidative stress, necessitating continuous

antioxidant compensation.

S-VEN treatment significantly increased cytosolic CAT activity compared to both the
control and R-VEN treatment, with the greatest elevations observed at Day 1 and Day 14.
Meanwhile, mitochondrial CAT activity following S-VEN exposure exhibited a delayed
response, increasing significantly only at Day 14. In contrast, R-VEN did not significantly alter
CAT activity in either cellular compartment throughout the time course. This pattern suggests
that S-VEN exposure may increase cytosolic peroxide production, with higher mitochondrial
peroxide formation occurring later in response to prolonged exposure (Dringen & Hamprecht,
1997). Elevated GPX activity within the mitochondrial fraction beginning at Day 1 following S-
VEN treatment may effectively neutralize peroxide production, potentially keeping peroxide
concentrations sufficiently low to prevent additional induction of CAT beyond its baseline
activity (Baud et al., 2004). Similarly, if R-VEN induces lower peroxide production that remains
within the neutralizing capacity of GPX or baseline CAT activity in either fraction, additional
activation of CAT may be unnecessary. In contrast, the delayed increase in mitochondrial CAT
activity following prolonged S-VEN exposure suggests that peroxide accumulation eventually
surpasses the neutralizing capability of GPX and baseline CAT, necessitating enhanced CAT

activity to manage elevated peroxide levels (Baud et al., 2004).

The observed increase in antioxidant enzyme activity strongly suggests that VEN
exposure induces ROS production, potentially arising from cytochrome P450 (CYP) enzyme
activity, mitochondrial dysfunction, alterations in energy metabolism, or a combination of these
pathways. In mammals, VEN is primarily metabolized by CYP2D6 and CYP3A4, producing O-
desmethylvenlafaxine (ODV) and N-desmethylvenlafaxine (NDV) (Otton et al., 1996; Fogelman
etal., 1999). Both of these CYP isoforms can generate superoxide and hydrogen peroxide when
their catalytic cycles become partially uncoupled, with CYP3A4 in particular exhibiting higher
uncoupling due to its flexible active site (Veith & Moorthy, 2018; Albertolle & Guengerich,
2018). In fish, few direct orthologs to mammalian CYP2D6 exist; instead, they rely on a
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combination of less-characterized CYP isoforms that primarily perform N-demethylation of VEN
(Santos et al., 2020; Jin et al., 2023). This process can be inefficient, and excessive uncoupling of
CYP metabolism can promote direct hydrogen peroxide formation (Veith & Moorthy, 2018).
Moreover, the enzyme CYP2E1, known in mammals to be relatively prone to electron leakage,
has also been implicated in VEN-induced oxidative stress and cytotoxicity (Ahmadian et al.,
2016). When CYP2EI activity is high, superoxide and hydrogen peroxide generation increase
substantially, thereby challenging antioxidant defences. In contrast, inhibition of CYP2D6 also
exasperated ROS generation and cytotoxicity, likely due to increased VEN accumulation
(Ahmadian et al., 2016). Although the exact contribution of CYP2E1-like enzymes to VEN
metabolism is unclear in fish, similar activity could further heighten ROS generation. Thus,
inefficient metabolism likely creates a twofold stress: (i) excessive ROS leakage from CYP-
catalyzed reactions and (ii) increased VEN accumulation that could disrupt other cellular
processes, including mitochondrial function. Additionally, poor CYP metabolism likely
contributes to the bioaccumulation of VEN, as incomplete metabolism prolongs its residence
time and elevates local concentrations in tissues, including the brain (Arnnok et al., 2017; Santos
et al., 2020). This bioaccumulation may also explain why GPX, SOD and CAT activity increases

over time, as cellular VEN concentration magnify.

In the brain, VEN may alter mitochondrial function, potentially through its modulation of
serotonergic and noradrenergic neurotransmission, which enhances postsynaptic activity.
However, this effect could also result from transcriptional and biochemical alterations in energy
metabolism (Kalman et al., 2005; Scaini et al., 2011; Brivio et al., 2023; Gardea-Resendez et al.,
2023). While increased mitochondrial respiration may lead to elevated ROS production, there is
limited evidence of direct mitochondrial dysregulation in vitro in the brains of fish exposed to
VEN (Robichaud et al., 2024). Given the potential for VEN to influence mitochondrial activity
through both neurotransmission and metabolic pathways, further research is needed to elucidate

its role in mitochondrial function and ROS dynamics, particularly in non-mammalian models.

These results align with and are further supported by existing research, which has
documented similar antioxidant enzyme modulations following venlafaxine exposure. In rat
liver, VEN treatment was followed by ROS production, and glutathione depletion (Ahmadian et
al., 2016). Acute 30-minute exposure of zebrafish to venlafaxine caused dose-dependent effects

in brain tissue, including enhanced antioxidant enzyme activities (SOD, GST) at 150 mg/L
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concentrations (Alves et al., 2023). Following chronic racemic VEN exposure Ziegler et al.
(2020) demonstrated an increase in SOD activity in brown trout larvae (10ug/L), and Mehdi et
al. (2019) found no effect on CAT activity in zebrafish muscle (1ug/L). The few studies that have
specifically analysed stereoselective effects of VEN exposure are somewhat inconsistent. Loach
(Misgurnus anguillicaudatus) exposed to either VEN enantiomer (500 pg/L) for four days
exhibited increased SOD in the liver, with the R-VEN enantiomer inducing a greater increase
(Qu et al., 2019). In whole zebrafish embryos, exposure to R-VEN decreased SOD activity
compared to S-VEN, while S-VEN reduced CAT activity and increased GPX activity relative to
R-VEN and racemic venlafaxine in a concentration-dependent manner (0.3-3ug/L) (Ribeiro et
al., 2022). The differential responses to each enantiomer observed between studies highlight the
complexity of the impact of VEN on fish, suggesting that factors such as concentration, exposure
duration, developmental stage, tissue type, and potentially species-specific differences may
influence VEN's overall impact. Additionally VEN can modulate epigenetic regulation of SOD,
GPX, and CAT, and has demonstrated an induction of both CAT promoter methlyation and
reduced mRNA expression (Wigner et al., 2020). Thus, beyond direct oxidative stress
modulation, VEN may exert longer-term effects on antioxidant capacity through epigenetic
mechanisms, further complicating the interpretation of antioxidant responses across different
exposure conditions. Assessing markers of oxidative damage, such as lipid peroxidation and
DNA oxidation, alongside antioxidant enzyme activity, provides a more comprehensive

understanding of the cellular consequences of VEN exposure.

4.4.2 Markers of cellular damage

In this present study MDA levels were quantified in brain tissue following R and S-VEN
exposure, as a proxy for lipid peroxidation. MDA levels increased over time in all groups,
including the control, potentially due to inherent stress occurring during the experiment in a lab
setting (Barton, 2002). Treatment with S-VEN resulted in a significant increase in MDA levels
compared to the control group. This increase was more rapid, and sustained between acute and
longer term exposure. Although the R-VEN treatment also showed an increase in MDA levels,
this increase was not significant until Day 4, and did not reach similar concentrations as S-VEN
treatment until Day 14. The elevated MDA due to longer term R- and S-VEN treatment are
indicative of ROS-induced lipid peroxidation in the brain (Sies & Cadenas, 1985; Marnett, 1999;
Fritz & Petersen, 2013). Despite increased GPX and SOD activity, antioxidant defences were
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insufficient to mitigate oxidative damage, suggesting that ROS production exceeded the
scavenging capacity of these enzymes (Ahmadian et al., 2016). Moreover, S-VEN appears to
have a more rapid induction of lipid peroxidation than R-VEN despite relatively higher activity
of GPX and CAT in the cytosol.

The observed increase in MDA is supported by a recent study in zebrafish, which
reported similar elevations in brain tissue MDA levels following VEN administration, alongside
anxiolytic-like behaviors and markers indicative of neuroendocrine disruption (Alves et al.,
2023). Likewise, Maulvault et al. (2019) also demonstrated elevated lipid peroxidation in the
brain of meagre (Argyrosomus regius) following VEN exposure. In rat liver, VEN exposure
resulted in lipid peroxidation followed by loss of lysosmal membrane integrity, mitochondrial
membrane potential collapse, and cell death (Ahmadian et al., 2016). Elevated lipid peroxidation
in the brain is particularly concerning due to its dual impact. Beyond the initial disruption of
membrane architecture, fluidity, and permeability caused by direct ROS assault (Bhattacharjee,
2014), the resulting byproducts are both highly reactive and neurotoxic. These byproducts
disrupt ion channels, signal transduction pathways, and microtubules (Mattson, 1998; Keller &
Mattson, 1998; Montine, 2002), triggering cascades of neurodegenerative processes that can
ultimately lead to cell death (Keller & Mattson, 1998). Such processes have been linked to
several neurodegenerative conditions in mammals (Pefia-Bautista et al., 2019; Angelova et al.,
2021) and elevated MDA has also been associated with a range of psychiatric and behavioral
disorders (Joshi & Pratico, 2014). If lipid peroxidation due to VEN exposure in this present study
was substantial enough to induce such neurodegeneration, it may partially explain some of the
maladaptive behavioral changes observed in fishes exposed to VEN, which cannot always be
fully explained by alterations in brain serotonin levels alone (Bisesi et al., 2014). Prenatal
exposure to VEN in mice has been associated with increased ROS production,
neurodegeneration, and long-term behavioral impairments (Singh et al., 2015). These findings
are potentially relevant for fish populations, as externally fertilized eggs and newly hatched fry
may be exposed to environmental VEN, which could disrupt early developmental processes. The
current findings demonstrate the neurotoxic potential of VEN, highlighting its ability to induce
oxidative stress and lipid peroxidation that can disrupt critical cellular structures and functions.
However, given the context-specific nature of these effects, it is difficult to draw definitive

conclusions about neurotoxicity based on MDA levels alone. Therefore, future work should
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include immunohistochemistry and histological examinations to assess and confirm cellular

damage (Montine, 2002; Singh et al., 2015).

DNA damage was assessed by measuring the levels of 8-OHdG, a marker of DNA
oxidation, which changed differently over time depending on the treatment received.
Specifically, on Day 4, fish treated with the S-VEN showed significantly higher 8-OHdG
compared to the control group and fish treated with R-VEN. While the R-VEN treatment and
control did show a decrease in 8-OHdG over time, these changes were not significant. However,
by Day 14, both R-VEN and S-VEN treatment exhibited significantly lower 8-OHdG levels
compared to the control group on the same day. This suggests that longer term exposure to VEN,
regardless of enantiomer may have a protective effect against DNA damage in brain tissue. This
protective effect is potentially due to the increased activity of ROS. Conversely the transient
increase at Day 4 in the S-VEN treatment may be due to elevated oxidative damage, that is later
mitigated by scavengers and repaired over time. A similar decrease in 8-OHdG levels following
VEN treatment has been reported in the mouse hippocampus, likely as a result of increased ROS
scavengers (Abdel-Wahab & Salama, 2011). However, DNA damage measured using the comet
assay showed elevated DNA damage in mouse brains following treatment with VEN (Madrigal-
Bujaidar et al., 2021). This discrepancy may be due to differences in DNA damage quantification
methods, as the 8-OHdG ELISA assay used in the present study specifically measures ROS-
induced DNA oxidation but does not account for DNA adduct formation caused by reactive
aldehydes generated during lipid peroxidation (Gentile et al., 2017). The limited availability of
literature demonstrating the influence of VEN exposure on oxidative DNA damage in fish brains

specifically, highlights a gap in our current knowledge that this work begins to address.

The observed stereoselective activity of VEN may be attributed to the distinct
pharmacological profiles of its enantiomers, with R-VEN inhibiting both norepinephrine and
serotonin reuptake, whereas S-VEN inhibits only the serotonin reuptake (Hancu et al., 2021).
These differences may influence fish behaviour in distinct ways (Ribeiro et al., 2022) and could
also contribute to stereospecific modulation of mitochondrial function (Scaini et al., 2011;
Gardea-Resendez et al., 2023), as well as monoamine accumulation followed by MAO-mediated
oxidation and ROS production (Edmondson, 2009). Further, enantio-specific ROS production
may arise from the differential metabolism of each enantiomer, as fish exhibit a metabolic

preference for S-VEN, although this preference may be species-specific (Qu et al., 2019; Jin et
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al., 2023), leading to stereoselective and tissue-specific bioaccumulation (Santos et al., 2020; Jin
et al., 2023). Moreover, such metabolic preferences could lead to the formation of different
metabolites with varying capacities to inhibit serotonin and norepinephrine reuptake, potentially
resulting in differential physiological or behavioral effects (Hancu et al., 2021). However, such
conclusions on metabolic capacity cannot be made without directly measuring VEN and its
metabolites in the studied tissue. Future work should quantify these values to further elucidate

the mechanisms underlying these stereoselective effects.

4.5 Conclusions

The results of this study suggest that both R-VEN and S-VEN enantiomers increase
antioxidant enzyme activity at environmentally relevant concentrations, which may induce
cellular damage. This was demonstrated through elevated SOD and GPX activity, in both
cytosolic and mitochondrial fractions of RBD brain tissue following 14 Day exposure. Despite
similar effects on SOD activity between enantiomers, S-VEN has a greater influence on GPX
activity in the cytosol and CAT activity increased across both cellular compartments, although
only after longer exposure. The increase in MDA levels, particularly more rapidly with S-VEN
treatment, indicates that the antioxidant responses observed are insufficient to fully counteract
VEN:-induced oxidative stress and lipid peroxidation. This demonstrates that S-VEN may have a
more detrimental impact on RBD populations exposed to this enantiomer even for shorter
periods, as elevated MDA in the brain may be a sign of neurotoxicity. Oxidative DNA damage
was not readily observed, and may even be protected against following chronic VEN treatment.
These findings highlight the value of assessing both proxies for oxidative stress and cellular
damage when assessing the oxidative effects of pharmaceuticals present in WWTPE.
Additionally, the stereoselectivity observed demonstrates the importance of evaluating individual
enantiomers rather than racemic mixtures when assessing the environmental and physiological
impacts of VEN and other chiral pharmaceuticals, especially considering the potential for
enantiomer enrichment in effluent. Without direct measurement of VEN metabolites in fish
tissues, linking stereospecific ROS production to enantiomeric metabolism or bioaccumulation
remains speculative. Future research should focus on elucidating the precise metabolic pathways

involved in VEN detoxification, quantifying VEN and its metabolites within tissues, and
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employing comprehensive cellular damage assessments to better understand the long-term

implications of VEN exposure on aquatic organisms.
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Chapter 5

Conclusion - Synthesis and implications
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5.1 Overview

This thesis aimed to investigate the systemic effects of wastewater treatment plant
effluent (WWTPE) and venlafaxine (VEN) exposure on Etheostoma spp., using transcriptomic
and biochemical analyses to infer molecular, physiological, and organismal responses. To
achieve these objectives, a combination of field-based and laboratory-controlled experiments was
conducted, employing RNA sequencing, differential expression analysis, gene ontology
enrichment, and biochemical assays to assess oxidative stress and cellular damage. Findings
from this thesis provide insight into how WWTPE exposure alters hepatic function and stress
responses in freshwater fish and highlight the enantiomer-specific impacts of VEN exposure at
environmentally relevant concentrations. These results contribute to a deeper understanding of

the ecological effects associated with pharmaceutical contaminants in aquatic environments.

5.2 Effects of WWTPE on darters (Etheostoma spp.)

The detection of elevated pharmaceutical concentrations downstream of the Waterloo
WWTP, including venlafaxine, diclofenac, and carbamazepine, emphasize the persistent and
pervasive nature of effluent-driven pollution in this watershed. These findings contribute to a
growing body of evidence that pharmaceutical contamination is not a localized concern but a
global environmental issue, with wastewater effluent serving as a significant vector for
biologically active compounds in freshwater systems worldwide (Metcalfe et al., 2010; Schultz
et al., 2010; Schliisener et al., 2015; Huerta et al., 2018; Chen et al., 2022; Wilkinson et al.,
2022). The widespread presence of pharmaceuticals in surface waters has raised concerns about

their potential to compromise the health of aquatic organisms (Wilkinson et al., 2022).

Transcriptomic analysis of darter liver revealed significant shifts in immune-related
pathways, most notably complement, cytokine, and inflammasome signalling, indicating that
WWTPE contaminants may invoke an atypical, and potentially maladaptive, inflammatory state.
Energy metabolism and lipid homeostasis were also broadly disrupted, with species-specific
differences in cholesterol regulation, fatty acid oxidation, and sterol biosynthesis pathways. The
consistent disruption of immune and inflammatory signalling, alongside lipid metabolic
dysregulation, underscores these processes as hallmarks of effluent-induced physiological stress.

This is supported by previous studies that have observed immunomodulatory effects and lipid
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metabolism dysregulation in response to the complex mixture of contaminants present in
WWTPE (Salo et al., 2007; Hébert et al., 2008; Arstikaitis et al., 2014; Sarma et al., 2015;
Hamid et al., 2021; Sun, 2023). However, while these findings highlight that similar biological
pathways were disrupted across species, the specific transcriptomic responses recruited within

these processes were distinct, reflecting species-specific sensitivities and adaptive strategies.

Greenside darters exhibited the most uniquely affected biological pathways, particularly
those related to hemoglobin, cytoskeletal remodelling, and DNA repair and replication. However,
they also shared the highest number of DEGs with other species, suggesting a mix of species-
specific and conserved molecular responses. Moreover, while some species like fantail darters
showed an apparent suppression of mitochondrial activity and protein homeostasis pathways,
others like johnny darters upregulated electron transport chain components, suggesting
contrasting strategies for coping with the same contaminant-induced stress. This diversity of
responses not only deepens our understanding of species-level responses and adaptive strategies

but also highlights caution in assuming uniform effects of contaminants across related taxa.

The transcriptomic responses observed in darters down stream of the Waterloo WWTP
outfall align with known pharmacological effects of various PhACs in fish. Statins and fibrates,
for example, disrupt cholesterol biosynthesis and fatty acid metabolism, while NSAIDs can
interfere with inflammatory signalling and immune regulation (Hoeger et al., 2005; Blong et al.,
2023). Antidepressants such as venlafaxine modulate serotonergic signalling and neuroendocrine
function, leading to systemic effects in fish. These include alterations in glucose metabolism and
utilization, as well as amino acid and fatty acid metabolism (Best et al., 2014; Mehdi et al., 2019;
Costa et al., 2021; Santos et al., 2023). Detoxification pathways involving CYP-mediated
metabolism is indicative of drug detoxification processes (Corcoran et al., 2012; Uno et al., 2012;
Burkina et al., 2015). These pharmaceuticals may also exert additive, synergistic, or antagonistic
effects, leading to complex physiological outcomes in a manner that complicates the
interpretation of individual drug responses (Celander, 2011; Matthee et al., 2023). Despite the
challenge of isolating the effects of individual pharmaceuticals in mixed exposures, this study
provides evidence that effluent-associated pharmaceuticals drive both shared and species-specific
transcriptional responses, potentially leading to metabolic trade-offs, altered stress axis

regulation, and impaired organismal fitness.
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The similarity in affected pathways between darters also suggests physiological stress,
which can activate the hypothalamus-pituitary-interrenal (HPI) axis, triggering the release of
neuroendocrine factors like cortisol. While cortisol may initially enhance immune function,
chronic exposure can lead to immune suppression (Nardocci et al., 2014). This
immunosuppression is partly a consequence of energy reallocation to cope with prolonged
stressors and to prevent excessive inflammation, a process well-documented in teleost fish
(Wendelaar Bonga, 1997; Tort, 2011). Chronic dysregulation of immune processes may increase
susceptibility to infections and ultimately reduce individual fitness (Mauri et al., 2011; Small &
Bilodeau, 2007; Ndong et al., 2007). Cortisol also mobilizes energy stores by regulating
metabolic pathways, including promoting lipolysis to release free fatty acids and glycerol for
energy production in fish (Wendelaar Bonga, 1997; Mommsen et al., 1999; Schreck & Tort,
2016). Additionally, alterations in lipid metabolism may reflect energy reallocation in response to
oxidative stress and lipid peroxidation, as cells prioritize fatty acid oxidation or membrane repair
(Dépatie et al., 2020; Gongalves et al., 2021). If these metabolic transcriptional adaptations
observed in this study are maintained at the organismal level in natural populations, they may
alter energy allocation toward life history traits such as growth, reproduction, and survival
(Pankhurst & Van Der Kraak, 1997; Van Weerd & Komen, 1998; Zera & Harshman, 2001;
Canosa & Bertucci, 2023). Chronic exposure to effluent-induced stressors may therefore

contribute to alterations in key fitness-related traits in exposed populations.

Although it is challenging to determine species susceptibility to WWTPE based on
transcriptomic data alone, fantail darters exhibited the highest number of DEGs and widespread
transcriptional suppression of critical biological functions rather than adaptive adjustments.
These fish demonstrated extensive downregulation of pathways involved in complement system
function, fatty acid oxidation, cholesterol metabolism, and mitochondrial protein handling,
indicating compromised metabolic and immune function. In contrast to johnny and rainbow
darters, which exhibited potentially adaptive metabolic shifts, fantail darters showed broad
dysregulation of ATP synthesis and oxidative phosphorylation pathways, further suggesting
mitochondrial dysfunction and impaired energy production. Additionally, the extensive
downregulation of protein-handling processes, including the proteasome and heat shock proteins
(HSPs), is particularly concerning, as it indicates a reduced ability for protein maintenance and
cellular stress recovery. This diminished capacity to manage proteotoxic stress may limit their

ability to cope with environmental challenges, making them more vulnerable to effluent exposure
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(Feder & Hofmann, 1999; Pirkkala et al., 2000; Shang & Taylor, 2011). Further, the
downregulation of CYP-mediated xenobiotic metabolism suggests a reduced capacity to detoxify
contaminants and process pharmaceutical pollutants present in WWTPE, potentially limiting
resilience in polluted habitats (Franco et al., 2025). Together, these findings suggest that fantail
darters may be particularly susceptible to effluent exposure, with a physiological response profile

characterized by broad metabolic and immune suppression rather than compensatory adaptation.

While fantail darters exhibited widespread ETC pathway suppression, the upregulation of
mitochondrial respiratory pathways in johnny darters suggests a compensatory response to
sustain ATP production under effluent exposure, potentially due to increased metabolic demands
observed in fish following WWTPE exposure (Du et al., 2019). A study by Gauvreau et al.
(2022), conducted at the same downstream site and sampling period as this study, found that
condition factor indices varied among rainbow, fantail, and greenside darters across seasons.
However, downstream johnny darters consistently exhibited shorter body lengths and
significantly lower Fulton’s condition factors compared to their upstream counterparts,
suggesting reduced physiological condition within this population. These indices serve as proxies
for individual health and vigor, reflecting an organism’s capacity to allocate energy toward
essential processes such as growth and maintenance (Bolger & Connolly, 1989; Hendry et al.,
1999). This pattern is consistent with the observed upregulation of mitochondrial respiratory
pathways in johnny darters, which may reflect a compensatory mechanism to sustain ATP
production under effluent-induced stress (Du et al., 2019). Increased metabolic activity may
impose energetic trade-offs, diverting resources from growth and potentially contributing to
reduced condition in downstream populations. However, the direct relationship between
mitochondrial activity and growth remains speculative and is likely influenced by broader
metabolic factors, including lipid metabolism (Allen et al., 2016; Quéméneur et al., 2022;
Canosa et al., 2023).

Overall, the results of this work indicate that wastewater effluent from the Waterloo
MWWTP, comprising a complex mixture of biologically active pharmaceuticals, elicits
significant species-specific transcriptomic alterations in darter populations. Although similar
biological pathways are affected across taxa, the divergent responses observed suggest variable
sensitivities and adaptive strategies, which may translate into differential fitness and reproductive

success. Over time, such species-specific responses could alter population dynamics in favour of

135



taxa better equipped to mitigate chronic contaminant stress, with potential ramifications for
aquatic community structure. Consequently, this study highlights the critical need for enhanced
wastewater management practices and demonstrates caution in assuming uniform effects of

contaminants across closely related taxa.

5.3 Enantiomer-Specific effects of venlafaxine

This thesis set out to elucidate the stereoselective effects of the R- and S-enantiomers of
VEN on rainbow darter and compare these enantiomer-specific responses with those elicited by
environmental effluent exposure. Some transcriptional changes were shared, including the
consistent upregulation of gabbr2 and [l, implicating VEN exposure in the disruption of
GABAergic signalling and innate immune response in the liver. However, the two enantiomers
elicited distinct transcriptional signatures. R-VEN exerted broader transcriptional effects on
lipid, amino acid, and bile acid metabolism, as well as vesicular trafficking and immune
signalling. Collectively, these findings suggest that R-VEN exposure may generally affect liver
metabolic function, potentially contributing to cholestatic injury and oxidative stress. In contrast,
S-VEN exposure induced upregulation of genes involved in epigenetic regulation, lipid and DNA
damage response, and cellular remodelling. These changes may reflect adaptive repair
mechanisms due to cellular oxidative damage induced by S-VEN exposure, which could signify
disruptions to normal cell proliferation and tissue homeostasis. The distinct hepatic effects of
each enantiomer may be linked to VEN metabolism. Previous studies indicate a preference for S-
VEN metabolism in fish (Qu et al., 2019; Santos et al., 2020; Jin et al., 2023) which may produce
ROS through inefficient CYP-mediated detoxification. Additionally, these differences may be
influenced by the greater affinity of R-VEN for serotonergic and noradrenergic reuptake
inhibition. Norepinephrine signalling plays a role in regulating glycogenolysis and
gluconeogenesis in fish (Danulat & Mommsen, 1990; Tocher, 2003), and sustained elevation of
norepinephrine potentially depresses hepatocellular transport capacity (Wang et al., 2000). Thus
sustained peripheral norepinephrine signalling may be influencing the observed affected

pathways in vesicular transport.

Despite similarities in the biological pathways affected by VEN enantiomers and effluent
exposure, particularly in lipid and energy metabolism, immune modulation, and cell adhesion,

the specific mechanisms and transcripts involved were not identical. Only a small subset of genes
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exhibited parallel expression changes in both S-VEN-exposed and effluent-exposed Rainbow
Darters, indicating that VEN contributes to, but does not fully account for, the broader hepatic
transcriptomic disturbances observed in wild fish from effluent-impacted sites. Furthermore, the
distinct set of differentially expressed transcripts modulated by effluent exposure underscores the
complexity of wastewater mixtures, highlighting the interactions of multiple contaminants

beyond VEN in driving hepatic responses in situ.

This thesis also provides evidence that chronic exposure to environmentally relevant
concentrations of VEN disrupts redox homeostasis in the brain of rainbow darters, eliciting a
persistent and stereospecific oxidative stress response. Both enantiomers significantly increased
SOD, and GPX antioxidant enzyme activities. However, S-VEN consistently induced stronger or
earlier oxidative responses than R-VEN, exemplified by elevated GPX and CAT activity in the
cytosol and higher levels of lipid peroxidation at earlier time points. These findings underscore
the heightened sensitivity of teleost brain tissue to oxidative insults and highlight the differential
capacity of VEN enantiomers in eliciting ROS-related damage. Although increased antioxidant
enzyme activity suggests a compensatory response to excess ROS, the marked rise in MDA
concentrations reveals that these defenses can be overwhelmed, particularly under prolonged
VEN exposure. Moreover, 8-OHdG results indicate that oxidative DNA damage is temporally
dynamic, reflecting an interplay between ROS generation, repair mechanisms, and the protective
capacity of antioxidant responses. The increase in lipid peroxidation and transient DNA damage
following S-VEN exposure may be systemic, as the transcriptional response in the liver
following S-VEN was characterized by the upregulation of lipid aldehyde detoxification and
chromatin remodelling pathways (Ellis 2007; Moore et al., 2019).

Taken together, these findings demonstrate that venlafaxine modulates liver gene
expression and induces oxidative stress in rainbow darters through both shared and
stereoselective mechanisms. Such insights advocate for a chiral-focused approach in
pharmaceutical risk assessment and underscore the need for integrated, multifaceted
investigations into complex environmental mixtures. While VEN clearly contributes to hepatic
transcriptomic changes, these results emphasize that no single pharmaceutical can fully account
for the broad metabolic disruptions observed in WWTPE-exposed wild fish. The greater
oxidative impact of S-VEN highlights the importance of assessing not only VEN but also

enantiomer-specific environmental toxicology in effluent-dominated waterways. The precise
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molecular mechanisms underlying VEN-induced oxidative stress remain unresolved. Future
studies should explore direct interactions between VEN and mitochondrial pathways, as well as

its impact on neurotransmitter regulation.

5.4 Limitations

This study provides valuable insight into the chronic effects of WWTPE on Etheostoma
spp. and the sub-chronic exposure of VEN on rainbow darter; however, some factors may limit
broader interpretation. While transcriptomic analysis revealed significant changes, it remains
uncertain whether these translate into functional protein-level disruptions, as mRNA abundance
does not always correlate with protein expression or enzymatic activity (Feder & Walser, 2005).
Additionally, transcriptional changes observed in this thesis represent only a snapshot of cellular
and molecular functions within a single tissue, which could be influenced by temporal
fluctuations in cellular activity. Nevertheless, transcriptomics is widely recognized as an early
and sensitive indicator of emerging sublethal physiological disruption, often preceding detectable
organismal effects (Evans & Hofmann, 2012; Oomen & Hutchings, 2017; Wang et al., 2020;
Reinwald et al., 2022; Escobar & Lampert, 2024). This is especially valuable in monitoring
environmental protuberance, with gene expression changes closely aligning with organismal
fitness and stress thresholds (Evans & Hofmann, 2012; Oomen & Hutchings, 2017). Future
studies integrating transcriptomics with proteomics or metabolomics would provide a more
comprehensive understanding of the physiological consequences of effluent and VEN exposure
(Haider et al., 2013; Shi et al., 2024).

The laboratory exposure to VEN was conducted in a single species, limiting confident
extrapolation to other fish, as highlighted by the species variability observed in WWTPE-
exposed fish. Moreover, fish in natural environments are exposed to complex pollutant mixtures,
introducing multi-stressor interactions that were not fully captured in this lab study. Expanding
sampling to multiple tissues and species and including additional pharmaceuticals, such as
diclofenac and carbamazepine, could enhance the connection between pharmaceuticals and
WWTPE exposure (Reinwald et al., 2022). However, such expansions would likely require
alternative methodologies, such as microarrays, to remain cost-effective given the sequencing
demands of multi-tissue, multi-contaminant and multi-timepoint studies. Now that high-quality,
relatively complete transcriptomes for these non-model species have been established, chip-

based technology presents a feasible approach for more comprehensive targeted pharmaceutical
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studies, and long-term transcriptional monitoring in effluent-exposed fish. Future research should
incorporate longer exposure durations, multiple sampling points, behavioural assessments, and
expanded ‘-omics’ approaches to further elucidate the biochemical, physiological, and ecological
implications of WWTPE and VEN exposure.

5.5 Management considerations and future perspectives

This research enabled the detection of early, sub-lethal molecular disruptions that may
serve as early warning indicators before physiological, behavioural, or population-level effects
manifest. These transcriptomic and cellular responses revealed biological pathways and
processes disrupted by WWTPE and VEN, which might otherwise go undetected using
traditional biomonitoring methods such as morphological condition assessments or tissue
analysis. The data presented in this thesis could contribute to the development of an Adverse
Outcome Pathway (AOP), by highlighting potential key events (KEs) that link molecular
initiating events (MIEs) to adverse biological effects (Ankley et al., 2010). A schematic
illustrating the focus of this work and how it aligns with the AOP framework is provided in
Figure 5.1. AOPs span multiple levels of biological organisation, from molecular and cellular
responses, to whole-organism physiology and population dynamics, and are used to improve risk
assessment by providing mechanistic insights into how contaminants induce toxic effects
(Ankley et al., 2010). Efforts to develop AOPs for complex chemical mixture exposure are
ongoing, including Van Der Oost et al. (2020), who proposed an AOP for fish in urban
waterways, though many of these frameworks remain incomplete. Transcriptomic data can serve
as a strong foundation for defining MIEs and KEs, offering a set of biomarkers suitable for
toxicity testing and hazard identification (Vinken, 2019; Bakker et al., 2023). Thus, the research
presented in the present study can contribute to AOP refinement for aquatic pollutant exposure of
WWTPE and VEN. Although speculative, a potential AOP for VEN exposure in fish may begin
with MIEs such as interaction with serotonergic and noradrenergic transporters and impaired
CYP-mediated metabolism and clearance, leading to the accumulation of VEN and its
metabolites. These molecular disruptions could initiate a cascade of KEs, including dysregulated
neurotransmission, disrupted lipid metabolism, ROS production, stimulation of antioxidant
enzyme activity, lipid peroxidation, inflammatory responses, and neurotoxicity. These molecular
and cellular perturbations could culminate in AOs such as metabolic dysregulation, maladaptive

behaviours, and reduced reproductive success.
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Figure 5.1: Conceptual overview of the effects of wastewater effluent and venlafaxine exposure
on aquatic organisms. This summary diagram illustrates the focus of this thesis and how it aligns
with the Adverse Outcome Pathway (AOP) framework.

One of the salient findings of this work lies in the divergent transcriptional responses
observed among species closely related phylogenetically and occupying similar ecological
niches. This interspecific variability highlights the importance of examining multiple species to
capture the breadth of molecular adaptations that can occur under anthropogenic stress. Thus,
this work promotes the use of multi-species monitoring to offer a more nuanced understanding of
how environmental stressors can manifest across taxa. Additionally, the data suggest that
chronic, multi-contaminant exposures can lead to nuanced regulatory shifts, such as reduced
expression of heat shock proteins and compromised proteasomal activity, that deviate from the
canonical acute-stress responses. These perturbations may leave fish populations more vulnerable
to further stressors and raise concerns about disease susceptibility, growth, reproductive success,

and population-level impacts.
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With global pharmaceutical consumption steadily increasing, the release of PACs into
surface waters is expected to rise unless WWT technologies are improved (Gonzdlez et al., 2021;
Etit et al., 2024). Eliminating these contaminants remains a major challenge, particularly for
chiral pharmaceuticals, which exhibit enantioselective degradation patterns (Dogan et al., 2020).
Several treatment technologies, including granular activated carbon filtration, advanced
oxidation processes, and constructed wetlands, are being explored as potential solutions (Zhou et
al., 2018; Angeles et al., 2020; Eniola et al., 2022; Kisielius et al., 2023). However, economic
feasibility varies, as large-scale implementation costs can be prohibitively high depending on
treatment scale and infrastructure availability (Karelid et al., 2017; Ozgun et al., 2021; Zagklis et
al., 2022). Optimizing cost-effective wastewater management strategies while ensuring the

efficient removal of pharmaceutical contaminants remains as a research priority.

By highlighting the sublethal biological effects of WWTP effluent and VEN exposure,
this work demonstrates the value of transcriptomics within an ecological framework as a
sensitive tool for large-scale environmental monitoring. Our findings also emphasize that
environmental regulators and policymakers should account for pharmaceutical pollution,
including enantiomer-specific monitoring, to better assess ecological risks. Currently,
pharmaceuticals remain largely unaddressed within established Environmental Effects
Monitoring (EEM) practices under the Canadian federal Fisheries Act (2019). Future research
should build upon these findings by investigating population-level consequences of
pharmaceutical exposure and evaluating interactive effects of multiple contaminants, including
mixture toxicity and cumulative risk assessments. Addressing these knowledge gaps is critical
for informing science-based environmental management policies and ensuring the long-term

sustainability of freshwater ecosystems amid increasing anthropogenic stressors.

5.6 Conclusions

This thesis advances our understanding of how WWTPE and pharmaceutical
contaminants, particularly the enantiomers of VEN, affect freshwater fish at different biological
scales. By integrating high-quality de novo transcriptomic analyses, enzymatic activity assays,
and cellular damage markers, this research uncovered molecular pathways and responses
indicative of environmental and cellular perturbation. The multi-species approach revealed

pronounced interspecies variability, even among closely related species, underscoring the
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importance of broad taxonomic coverage in ecotoxicological assessments. Our finding that VEN
enantiomers elicit distinct toxicological profiles highlights the importance of accounting for
stereoselective toxicity when assessing environmental risks. This work also contributes to the
future development and refinement of AOP frameworks in mixed contaminant WWTPE, and
VEN exposure. Finally, the provision of high-quality transcriptomes for four commonly studied
fish species establishes a foundation for more targeted and high-throughput ecotoxicological
evaluations, ultimately advancing conservation and management strategies for aquatic

ecosystems.
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Appendix A

Table A1.1: Summary of RNA sequencing quality metrics for liver samples collected from
rainbow (Etheostoma caeruleum), fantail (E. flabellare), johnny (E. nigrum), and greenside
darter (E. blennioides). Metrics include RNA Integrity Number (RIN), total raw paired-end
reads, filtered reads post-quality control, percentage of preserved reads post-trimming, and
overall alignment rate to the respective assembled transcriptome. Three samples (JK4, FE7,
GKS5) underwent a second sequencing run, with reads concatenated for downstream processing.
Sample identifiers beginning with F, G, J, and R correspond to fantail, greenside, johnny, and
rainbow darter, respectively. Identifiers containing K and E denote upstream (KIW) and
downstream (EIT) sampling sites respectively.

Sample RIN Raw Reads Filtered Reads Preserved reads (%) Overall Alignment (%)
FE1 10 56,426,960 54,734,611 96.81 87.95
FE2 10 57,208,244 55417511 96.87 87.83
FES5 10 65,312,270 63,310,181 96.93 84.90
FE6 10 60,498,261 58,552,687 96.78 86.81
FE10 89 61,332,800 59,465,993 96.96 84.29
FE7 9.8 65,378,201 63,237,950 96.73 68.08
FK1 99 59,183,517 57,250,793 96.73 87.82
FK3 10 63,028,951 60,829,932 96.51 89.81
FK4 10 50,268,679 48,733,701 96.95 87.80
FK5 10 63,109,958 60,987,491 96.64 88.34
FK6 10 60,630,910 58,663,412 96.75 87.55
FK7 9.8 58,707,219 56,864,811 96.86 88.02
GEl 10 55,845,501 54,045,871 96.89 84.29
GE2 10 83,649,753 80,829,656 96.63 87.95
GE3 10 63,677,217 61,810,154 97.07 87.83
GE4 10 62,106,772 60,014,886 96.63 84.90
GES5 10 63,578,265 61,800,306 97.20 86.81
GE6 9.7 72,930,041 70,731,102 96.98 88.48
GK2 10 58,887,282 57,046,993 96.87 88.26
GK3 10 63,677,217 61,810,154 97.07 87.81
GK4 10 53421910 51,712,092 96.80 87.46
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GK5 10 54,807,251 53,199,339 97.07 86.59
GKo6 10 58,748,117 56,793,854 96.67 88.34
GK7 99 63,956,833 61,977,745 96.91 88.37
JE1 10 61,709,847 55,296,409 97.01 89.08
JE2 10 96,714,993 93,556,510 96.73 88.99
JE3 10 63,027,716 59,801,515 94.88 88.44
JE4 10 65,145,405 61,336,981 94.15 88.45
JE5 10 69,323,498 63,194,991 91.16 88.82
JE6 10 72,334,820 67,390,791 93.17 88.21
JK1 10 70,140,014 57,051,863 81.34 88.74
JK2 10 65,517,579 63,613,329 97.09 88.51
JK3 10 55,962,770 54,206,202 96.86 89.33
JK4 10 62,489,344 60,672,115 97.09 88.34
JKS 10 59,151,220 57,362,107 96.98 88.90
JK6 99 64,847,391 62,969,615 97.10 88.70
RE1 10 63,053,334 69,866,893 96.98 89.15
REI11 10 66,944,159 61,269,549 91.52 89.15
RE12 99 75,406,694 64,957,081 86.14 89.39
RE2 10 73,222,064 61,159,071 83.53 89.69
RE5 10 69,377,923 59,266,183 8543 89.56
RE6 9.7 73,178,651 67,181,040 91.80 89.16
RK10 99 73,824,403 70,870,101 96.00 89.09
RK11 99 78,773,155 71,745,243 91.08 88.33
RK12 10 76,267,324 70,362,557 92.26 89.05
RK3 10 72,133,333 68,361,755 94.77 89.36
RK4 99 68,567,358 66,454,155 96.92 88.92
RK5 10 63,463,390 61,550,245 96.99 89.30
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Table A1.2: List of all annotated significantly differentially expressed genes (log2FC <-1,>1;
FDR < 0.05) in rainbow (Etheostoma caeruleum), fantail (E. flabellare), johnny (E. nigrum), and
greenside darter (E. blennioides) following exposure to MWWTP effluent. Ordered
alphabetically.

Species UniProt ID Gene Symbol Trinity gene ID log2FC FDR

Rainbow Darter
(Etheostoma caeruleum)

ABCA7_HUMAN abca7 TRINITY_DN9975_c0_gl 4614 9.72e-04
ALBUI_SALSA alb TRINITY_DNG6517_c1_gl 8.581 9.33e-03
AMBP_HUMAN ambp TRINITY_DN69806_c0_gl 5354 2.32e-02
APOA4_HUMAN apoa4 TRINITY_DN1014_c0_g2 -1.152 3.32¢-02
APOE_HUMAN apoe TRINITY_DN9649_c0_g2 -1.103 3.03e-02
ARF4_HUMAN arf4 TRINITY_DN58_c0_g2 -2.037 5.85e-03
B3GN9_HUMAN b3gnt9 TRINITY_DN69511_c0_g6 10.436 2.03e-06
BT2A2_HUMAN btn2a2 TRINITY_DN6142 c1_gl 8.389 4.28e-02
CACP_HUMAN crat TRINITY_DN26282_c0_g2 -9413 3.16e-03
CADH2_RAT cdh2 TRINITY_DN21288_cl_gl 8.682 3.10e-06
CCG4_HUMAN cacng4 TRINITY_DN2109_c7_gl -8.194 3.70e-02
CENPA_HUMAN cenpa TRINITY_DN29803_c2_g1 -8.494 3.11e-04
CP2K1_ONCMY cyp2kl TRINITY_DN1525_c4_gl 1.527 3.56e-02
DI3L1_HUMAN dis3l TRINITY_DNS5780_c0_g2 1.592 9.33e-03
DIK1B_HUMAN dipklb TRINITY_DN42860_c0_gl 11.527 4.80e-02
DRC7_XENTR drc7 TRINITY_DN773_c0_g2 10.025 3.96e-02
GAS7_HUMAN gas7 TRINITY_DN30707_c0_gl 3.024 447e-02
HEPC_MORCS hamp TRINITY_DN5094_c0_gl 4.873 3.01e-02
HXK1_HUMAN hkl TRINITY_DN1092_c0_g2 9473 2.75e-06
HKDC1_HUMAN hkdcl TRINITY_DN8633_c2_gl 2.466 3.56e-02
HOOK1_HUMAN hookl TRINITY_DN1246_c0_gl 2.695 1.26e-02
HXK4_HUMAN gck TRINITY_DN10630_c0_g1 3.623 1.50e-02
KCNKD_HUMAN kenkl3 TRINITY_DN12959_c0_g2 1.767 2.40e-02
LAYN_HUMAN layn TRINITY_DN14069_c0_gl 1.062 7.23e-03
LIPL_HUMAN Ipl TRINITY_DN61572_c3_gl 8.682 2.03e-04
NALI12_HUMAN nlrpl2 TRINITY_DN107694_c0_gl -10.122 2.88e-13
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NCAPD3 ncapd3 TRINITY_DN14571_c2_g2 9.544 2.97e-04
NLRP1_HUMAN nlrpl TRINITY_DN173546_c0_g1 -8.346 441e-02
Q13747_HUMAN serpinal TRINITY_DN24874_c1_gl 10.238 2.03e-03
Q6LCH2_HUMAN Idir TRINITY_DN6821_c5_gl 8.460 3.01e-02
RN180_HUMAN rnf180 TRINITY_DN26746_c0_g1 9819 6.57¢-05
SC6A8_HUMAN slc6a8 TRINITY_DN22044_c0_g1 1.456 3.19e-02
SMR8A_DANRE smcr8a TRINITY_DN2395_c18_gl -8.291 441e-02
SMYDI_HUMAN smyd] TRINITY_DN2480_c0_g2 1.870 2.14e-03
STPG1_HUMAN stpgl TRINITY_DNO985_c3_gl1 1.152 4.23e-02
ZGT7_XENLA ZG7_XENLA  TRINITY_DN901_c1_g3 1.008 4.63e-05
Fantail Darter
(Etheostoma flabellare)
ABCF3_HUMAN abcf3 TRINITY_DN6285_c0_gl -1.301 1.78e-02
ACLY_BOVIN acly TRINITY_DN9868_c0_g3 -1.205 1.02e-02
ACOD_CYPCA ACOD_CYPCA TRINITY_DN3978_c0_g2 -1.813 6.84e-03
ACSL4_RAT acsl4 TRINITY_DN1360_c0_g2 -1.242 1.22¢-02
ADRMI1_DANRE adgrel TRINITY_DN27838_c0_g1 -1.007 1.08e-02
AGRE1_MOUSE adrml TRINITY_DN8600_c0_g2 1.653 4.12e-02
ALGI13_RAT algl3 TRINITY_DN88_c1_g1 -1.026 1.60e-02
ANXA3_HUMAN anxa3 TRINITY_DN907_c0_g1 1.369 4.28e-02
AP4M1_BOVIN ap4ml TRINITY_DN10274_c0_gl -1.017 5.22e-03
ARF1_RAT arfl TRINITY_DN15485_c0_g1 -1.062 1.46e-02
ARF6_RAT arf6 TRINITY_DN7919_c0_g1 -1.030 5.88e-03
ARP2A_DANRE actr2a TRINITY_DN12811_c0_g3 -1.047 6.78e-03
AT2A2_CHICK atp2a?2 TRINITY_DN1907_c0_g2 -1.043 2.88e-02
AT2B2_RAT atp2b2 TRINITY_DN14816_c0_g1 1.864 3.77e-02
ATL5_HUMAN atpSfla TRINITY_DN2781_c2_gl 1434 4.65e-02
ATP5SH_HUMAN atp5pd TRINITY_DN9583_c0_gl1 -1.055 1.95e-02
BBS5_DANRE bbs5 TRINITY_DN4913_c0_gl 1.458 3.64e-02
BHMTI1_DANRE bhmt TRINITY_DN1241_c0_gl -1.028 1.66e-02
BLCAP_DANRE blcap TRINITY_DN18306_c0_g2 -1.090 2.09e-02
BLMH_CHICK blmh TRINITY_DN14267_c0_gl -1.024 1.67e-02
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BTBD3_MUSPF
BTD_TAKRU
BUB3_XENLA
CIQB_MOUSE
CI1QBP_RAT
CIQC_RAT
C340_ORYLA
CA050_DANRE
CAF17_DANRE
CALX_RAT
CAN3_PIG
CCD47_DANRE
CD63_HUMAN
CD9_MOUSE
CHCHI_MOUSE
CHIA_HUMAN
CHM2A_DANRE
CHM4C_DANRE
CIRBP_LITCT
CLCN2_CAVPO
CNOT8_HUMAN
CO3_ONCMY
CRBGI_HUMAN
CRIP2_BOVIN
CRNLI_RAT
CRY1_CHICK
CSTF2_BOVIN
CUBN_HUMAN
CXCR2_MOUSE
CYP51_DANRE
DADI_RAT

DCUP_DANRE

btbd3
btd
bub3
clgb
clgbp
clgc
cyp3a40
clorf50
c8b
canx
capn3
ccdc47
cd63
cd9
chchdl
chia
chmp2a
chmp4c
cirbp
clen2
cnot8
c3
crybgl
crip2
crnkll
cryl
cstf2
cubn
cxcr2
cyp51
dadl

urod
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TRINITY_DN1498_c1_gl
TRINITY_DN7459_c0_g2
TRINITY_DN65440_c0_g1
TRINITY_DN12705_c1_gl
TRINITY_DN580_c0_g2
TRINITY_DN18788_c1_gl
TRINITY_DN20768_c7_gl
TRINITY_DN1563_c10_gl
TRINITY_DN14184_c0_gl
TRINITY_DN54502_c3_gl
TRINITY_DN10322_c0_gl
TRINITY_DN8537_c0_gl
TRINITY_DN1216_c0_g2
TRINITY_DN31396_c0_g1
TRINITY_DN900_c0_g3
TRINITY_DN35250_c0_gl
TRINITY_DN8193_cl_gl
TRINITY_DN33705_c1_g5
TRINITY_DNI11312_c0_g1
TRINITY_DN199_c0_g2
TRINITY_DN4038_c0_gl
TRINITY_DN2551_c0_gl
TRINITY_DN47595_c0_gl
TRINITY_DN1457_c0_g2
TRINITY_DN289_c1_gl
TRINITY_DN178_c0_gl
TRINITY_DN12032_c0_gl
TRINITY_DN918_c6_g3
TRINITY_DN802_c0_gl
TRINITY_DN1007_c0_gl
TRINITY_DN1069_c2_g2

TRINITY_DN15569_c0_g2

-1.204

-1.713

-1.054

-1.108

-1.006

-1.300

-1.785

-1.224

-1.131

-1.329

1.588

-1.038

-1.021

-1.071

-1.198

11.018

-1.002

-1.019

-1.263

1.103

-1.016

8.589

2.064

-1.075

-1.032

-1.182

-1.015

8.195

1.333

-1.171

-1.079

-1.067

8.47e-03

3.51e-02

4.43e-02

3.60e-02

4.27e-02

391e-02

3.65e-04

6.44e-03

3.32e-02

4.76e-02

1.23e-02

9.54e-03

3.11e-02

2.57e-02

1.56e-02

2.44e-03

4.13e-03

2.70e-02

3.50e-03

2.71e-02

2.58e-02

8.40e-07

3.24e-02

2.02e-02

1.40e-02

5.33e-04

3.96e-02

1.14e-02

1.23e-02

2.89e-04

8.30e-03

4.18e-03



DDI19A_MOUSE

DDX17_MOUSE

DEGSI1_CHICK

DHB4_RAT

DHB7_RAT

DPM3_BOVIN

DPY30_HUMAN

DPYL2_RAT

ECHM_MOUSE

ECSIT_DANRE

EF1A_AJECG

EIF3B_HUMAN

EIF3I_DANRE

EKII_MOUSE

EPD2_CARAU

EXOS3_HUMAN

FBX9_DANRE

FDFT_PONAB

FETUA_BOVIN

FETUB_HUMAN

FHI1A_MOUSE

FHIT_BOVIN

G6PI_PIG

GAL3A_DANRE

GEMI6_HUMAN

GLMP_SALSA

GLT10_RAT

GLU2B_HUMAN

GMPPB_DANRE

GOGA4_RAT

GOT1B_MOUSE

GPAT4_PONAB

ddx17
ddx19a
degsl
hsd17b4
hsd17b7
dpm3
dpy30
dpysi2
echsl
ecsit
eftud2
eif3b
eif3i
etnkl
epd2
exosc3
fbxo9
fdftl
ahsg
fetub
Jh

fhit

8pi
gatd3
gemin6
glmp
galnt10
gludl
gmppb
golga4
goltlb

gpat4

TRINITY_DN29608_c0_g2
TRINITY_DN33230_c0_g3
TRINITY_DN7174_c1_g2
TRINITY_DN14270_c0_gl
TRINITY_DN705_c0_gl
TRINITY_DN2994_c0_gl
TRINITY_DN1213_cl1_gl
TRINITY_DN53215_c0_gl
TRINITY_DN29126_c0_gl
TRINITY_DN91970_c0_g1
TRINITY_DN2274_c1_gl
TRINITY_DN6522_c0_gl
TRINITY_DN4560_c0_g2
TRINITY_DN3077_c0_g3
TRINITY_DN4470_c0_gl
TRINITY_DN22625_c0_gl
TRINITY_DNO98111_c0_g1
TRINITY_DN18738_c0_gl
TRINITY_DN8466_c0_gl
TRINITY_DN2737_c0_gl
TRINITY_DN33621_c0_g2
TRINITY_DN22951_c0_gl
TRINITY_DN5043_c1_gl

TRINITY_DN10611_c0_g1

TRINITY_DN157234_c0_gl

TRINITY_DNS51377_c0_g2
TRINITY_DN12605_c0_g2
TRINITY_DN6287_c0_gl
TRINITY_DN1530_c2_g2
TRINITY_DN12209_c0_g2
TRINITY_DN24261_c0_gl

TRINITY_DN6667_c0_gl

-1.128

1473

-1.340

-1.434

-1.119

-1.001

-1.019

2.532

-1.023

-1.159

-1.037

-1.223

-1.176

1.003

-1.070

-1.272

-1.036

-1.159

-1.151

-1.035
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-1.095

-1.110

6.321

-1.470

-1.029

-1.077

-1.021

-1.086

1.097

-1.060

-1.065

1.95e-02

9.03e-04

5.08e-03

2.53e-02

1.09e-02

1.89e-02

1.25e-02

3.27e-02

2.69e-02

3.14e-02

2.85e-02

3.97e-02

4.48e-02

4.19e-02

2.34e-03

1.91e-02

5.13e-03

8.22e-03

5.23e-03

5.40e-03

2.21e-02

3.78e-02

3.70e-03

2.36e-02

3.80e-03

2.27e-02

1.89e-02

5.25e-03

3.32e-03

4.00e-02

2.53e-02

2.83e-02



GRPE1_PONAB

GSTT3_MOUSE

GT251_DANRE

HERP1_HUMAN

HGF_CANLF

HIG1A_MOUSE

HIPL1_MOUSE

HMCS1_CHICK

HNMT_TETNG

HNRPD_MOUSE

HS90A_RABIT

HS90B_XENLA

HSP74_CANLF

IDHC_MICOH

IF4E3_DANRE

IF144_HUMAN

IFIT1_MACFA

ILF2_DANRE

IMA1_HUMAN

INT10_DANRE

IPO7_HUMAN

ITIH3_RABIT

ITSN1_HUMAN

KCJ10_HUMAN

KCRT_ONCMY

KDM6B_HUMAN

KLH31_DANRE

KV5A1_MOUSE

L3BPA_DANRE

LEG8_HUMAN

LEGY9_RAT

LGMN_BOVIN

grpell
gstt3
colgalt]
herpudl
hef
higdla
hhipll
hmgcesl
hnmt
hnrnpd
hsp90ab1
hsp90aal
hspa8
idhl
eif4e3
ifi44

ifitl

if2
kpna2
ints10
ipo7
itih3
itsnl
kenjl0
tckl
kdm6b
klhi31
igkv6-17
lgals3bpa
lgals8
Igals9

lgmn

203

TRINITY_DN24252 cl_gl -1.000
TRINITY_DN8999_c0_gl -1.090
TRINITY_DN120_c2_g1 1.275
TRINITY_DN3090_c0_g2 -1.002
TRINITY_DN4576_c0_gl -1.016
TRINITY_DNI11130_c0_g1 -1.188
TRINITY_DN64176_c1_gl -1.357
TRINITY_DN2919_c1_g6 -1.254
TRINITY_DN2298 c1_g3 1.118
TRINITY_DN30994_c0_gl 1.437
TRINITY_DN2058_c0_g2 -2.271
TRINITY_DN14402_c0_gl -2.489
TRINITY_DN26273_c0_g3 -1.081
TRINITY_DN1849_c0_g2 -1.216
TRINITY_DN4632_c4_gl -1.199
TRINITY_DN25907_c0_g2 -2.219
TRINITY_DN2578_c0_g2 -2.956
TRINITY_DN2362_c0_gl -1.171
TRINITY_DN12101_c0_gl -1.104
TRINITY_DN6493_c0_gl 1.031
TRINITY_DN23629_c0_g6 -1.426
TRINITY_DN12351_c1_gl 1.529
TRINITY_DN3772_c0_gl 1.167
TRINITY_DN28399_c0_g2 1.517
TRINITY_DN3868_c0_g3 -1.556
TRINITY_DN4462_c0_gl 1313
TRINITY_DN17027_c0_gl 1.184
TRINITY_DN3598_c0_gl -1.949
TRINITY_DNS51668_c2_gl -1.912
TRINITY_DN314215_c0_g1 -1.216
TRINITY_DN37203_c1_g2 -1.180
TRINITY_DN4765_c0_gl -1.005

4.13e-02

1.08e-02

1.31e-02

9.24e-03

1.44e-02

3.02e-03

3.63e-02

1.74e-03

2.00e-02

1.31e-02

2.40e-03

3.14e-02

2.09e-02

6.27e-03

2.97e-02

9.48e-03

3.78e-03

4.37e-03

2.76e-02

2.78e-02

2.76e-02

1.58e-03

4.25e-02

6.32e-03

4.56e-02

1.78e-02

2.95e-02

4.50e-02

9.50e-03

2.02e-02

1.43e-02

1.48e-02



LRC17_HUMAN

LSM4_HUMAN

LSM8_PONAB

LSS_RAT

MAP7_HUMAN

MED31_DANRE

MPV17_DANRE

MSMO1_CHICK

MTCHI_HUMAN

MYL9_BOVIN

MYOI1B_HUMAN

NAMPT_RAT

NCK1_MOUSE

NDEI1_RAT

NDUA9_RAT

NDUAD_BOVIN

NDUB6_PONAB

NDUC2_MOUSE

NDUSS_PANTR

NEUR3_BOVIN

NGBR_DANRE

NHLC3_PONAB

NIPA2_PONAB

NKTR_MOUSE

NOD1_MOUSE

NRK2_HUMAN

NSF1C_CHICK

NU2M_TETNG

ODP2_HUMAN

OTOG_HUMAN

PABPA_XENLA

PDIA6_MOUSE

lrrel7
Ism4
Ism8
Iss
map7
med31
mpv17
msmol
mtchl
myl9
myolb
nampt
nckl
ndel
ndufa9
ndufal3
ndufb6
ndufc2
ndufs5
neu3
nusl
nhlrc3
nipa2
nktr
nodl
nmrk2
nsfllc
mt-nd2
dlat
otog
parpl4

pdia6
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TRINITY_DN1527_c0_g2
TRINITY_DN5236_c2_g2
TRINITY_DN11493_c0_g1
TRINITY_DN7369_c0_gl
TRINITY_DN2343_c0_gl
TRINITY_DN28037_c0_gl
TRINITY_DN1163_c0_g3
TRINITY_DNI11011_c1_gl
TRINITY_DN2081_c0_gl
TRINITY_DN34806_c1_g3
TRINITY_DNS596_c0_gl
TRINITY_DN1490_c0_g2
TRINITY_DN7800_c1_g3
TRINITY_DNS562_c2_g2
TRINITY_DN58785_c0_g2
TRINITY_DN36919_c0_gl
TRINITY_DN9433_c0_gl
TRINITY_DN23393_c0_gl
TRINITY_DN21353_c0_g2
TRINITY_DN1189_c0_gl
TRINITY_DN34167_c0_gl
TRINITY_DN1651_cl_gl
TRINITY_DN11463_c0_gl
TRINITY_DN9554_c0_gl
TRINITY_DN14020_c0_g1
TRINITY_DN9367_c0_gl
TRINITY_DN31772_c0_g2
TRINITY_DN21590_c0_gl
TRINITY_DN5526_c0_gl
TRINITY_DN6489_c3_gl
TRINITY_DN5202_c0_g3

TRINITY_DN35471_c1_g2

-1.028

-1.062

-1.008

-1.462

-1.128

-1.067

-1.059

-1.300

1.142

-1.205

1.747

-1.138

1.052

-1.065

-1.063

-1.031

-1.006

-1.054

-1.028

1.885

-1.310

-1.256

-1.019

1.140

1516

-1.031

-1.397

-9.257

-1.037

1.208

-1.540

-1.269

2.88e-02

6.32e-03

3.63e-02

6.23e-03

421e-02

2.86e-02

2.69e-02

3.87e-02

4.37e-02

7.25e-03

8.29e-03

2.73e-02

1.31e-02

1.96e-02

241e-02

1.76e-02

2.69e-02

9.67e-03

4.36e-03

1.02e-03

1.63e-03

3.79¢-03

391e-03

2.04e-02

2.84e-02

3.65e-02

2.94e-03

1.50e-02

7.71e-03

1.76e-02

2.73e-02

2.04e-02



PEF1_DANRE
PELO_DANRE
PEPA_CANLF
PER2_CHICK
PGAM1_BOVIN
PGAMI1_HUMAN
PGAP1_MOUSE
PGM2L_MOUSE
PGP_MOUSE
PHB1_CHICK
PHB2_XENTR
PHF5A_RAT
PIGC_MOUSE
PPCE_MOUSE
PSA1_HUMAN
PSB2_BOVIN
PSB4_XENLA
PSB5_MOUSE
PSB8_RAT
PSDI11_RAT
PSDE_MOUSE
PSMDI1_CHICK
PSMD2_MOUSE
PSMD6_HUMAN
PSMD7_MOUSE
PSMDS_BOVIN
PTH2_BOVIN
PTRD1_BOVIN
QPCT_HUMAN
RAN_CARAU
RCC2_DANRE

RDH10_HUMAN

pefl
pelo
per2
per2
pgaml
pgaml
pgapl
pgm2ll
psp
phbl
phb2
phfSa
pigc
prep
psmal
psmb2
psmb4
psmb5
psmb8
psmdll
psmdl4
psmdl
psmd2
psmd6
psmd7
psmd8
ptrh2
ptrhdl
qpct
ran
rec2

rdhl0
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TRINITY_DN362_c4_gl -1.147
TRINITY_DN333_c1_gl -1.026
TRINITY_DN283874_c0_g1 12.498
TRINITY_DN8577_c0_gl -1.252
TRINITY_DN16353_c0_g2 -1.624
TRINITY_DN16353_c0_gl -1.284
TRINITY_DN801_c4_g2 1.127
TRINITY_DN2250_c0_gl 1.479
TRINITY_DN158322_c0_gl -1.248
TRINITY_DN2320_c3_g2 -1.192
TRINITY_DN12901_c0_g2 -1.096
TRINITY_DN14604_c1_g2 -1.363
TRINITY_DN148556_c0_g1 -1.229
TRINITY_DN537_c0_g4 -1.052
TRINITY_DN9819_c0_gl -1.017
TRINITY_DN3739_c0_gl -1.115
TRINITY_DN937_c0_gl -1.079
TRINITY_DN7570_c2_gl -1.090
TRINITY_DN6800_c0_gl -1.205
TRINITY_DN24115_c1_gl -1.526
TRINITY_DN11468_c0_g2 -1.107
TRINITY_DN7223_c0_g2 -1.030
TRINITY_DN4005_c1_g2 -1.162
TRINITY_DN8810_c0_gl -1.039
TRINITY_DN21578_c0_g2 -1.047
TRINITY_DN24789_c1_gl -1.043
TRINITY_DNI159_c1_g2 -1.050
TRINITY_DN8587_c0_gl -1.116
TRINITY_DN8931_c1_gl -1.033
TRINITY_DN8103_c0_gl -1.109
TRINITY_DN15745_c1_gl -1.032
TRINITY_DN45875_c0_gl -1.302

4.53e-02

9.82e-04

8.92e-03

3.90e-03

4.68e-02

7.22e-03

2.14e-02

4.02e-03

1.33e-02

1.70e-02

2.43e-02

7.71e-03

6.38e-03

2.12e-02

5.22e-03

5.67e-03

3.70e-03

3.79e-03

4.56e-02

3.47e-02

1.66e-03

1.19¢-02

1.20e-02

4.37e-03

1.88e-03

8.08e-03

2.24e-03

3.77e-02

1.31e-02

2.03e-02

3.01e-03

1.42e-02



RDHI3_HUMAN
RHOAB_DANRE
RN146_AILME
RNF24_MOUSE
RPGP2_CHICK
RSBNL_HUMAN
RSMB_CHICK
RXRAA_DANRE
S25A3_MOUSE
S39A9_RAT
SC5D_MOUSE
SDF2_MOUSE
SEC13_BOVIN
SELK_DANRE
SERB_PONAB
SF3B4_HUMAN
SHLB2_HUMAN
SIAS_HUMAN
SNF5_TETFL
SNG2_BOVIN
SNPCI_MACFA
SPA31_BOVIN
SQSTM_RAT
SRBP2_DANRE
STAB2_HUMAN
STAT1_PIG
STAT3_PIG
STT3B_CANLF
SUCA_COLLI
SYYM_MOUSE
TCB1_CAEBR

TECR_HUMAN

rdhi3
rhoab
rnfl46
rnf24
raplgap?2
rsbnll
snrpb
rxraa
sle25a3
slc39a9
sc5d
sdf2
secl3
selenok
psph
sf3b4
sh3glb2
nans
smarcbl
syngr2
snapcl
serpina3
sgqstml
srebf2
stab2
statl
stat3
stt3b
suclgl
yars2
thcld23

tecr
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TRINITY_DN12658_c0_gl
TRINITY_DN12941_c1_gl
TRINITY_DN13927_c0_gl
TRINITY_DN2965_c0_g2
TRINITY_DN6229_c0_gl
TRINITY_DN9521_c0_g3
TRINITY_DN5796_c0_gl
TRINITY_DN44062_c1_gl
TRINITY_DN3308_c0_gl
TRINITY_DN6410_c1_g2
TRINITY_DN48444_c0_gl
TRINITY_DN10747_c0_gl
TRINITY_DN10828_c0_gl
TRINITY_DN11496_c0_g2
TRINITY_DN22889_c0_gl
TRINITY_DNI11321_c1_gl
TRINITY_DNS5475_c0_g2
TRINITY_DN8667_c1_g2
TRINITY_DN1253_c0_g5
TRINITY_DN1086_c0_g2
TRINITY_DN11106_c2_g1
TRINITY_DN7178_c0_g2
TRINITY_DN3641_c0_gl
TRINITY_DN2476_c3_g2
TRINITY_DN1855_c3_gl
TRINITY_DN751_c7_gl
TRINITY_DN4916_c0_gl
TRINITY_DN953_c0_g2
TRINITY_DN107_c2_g3
TRINITY_DN20380_c1_g2
TRINITY_DN24216_c0_gl

TRINITY_DN562_c3_g1

9.032

-1.058

-1.175

1.200

1.374

1.532

-1.208

8.126

-1.044

2.783

-1.257

-1.082

-1.081

-1.069

-1.249

-1.066

1.116

-1.042

-1.007

-1.138

-1.035

-1.765

-1.273

-1.421

-1.076

-1.606

-1.145

-1.106

-1.006

-1.025

1.292

-1.072

4.14e-02

3.97e-02

1.31e-02

4.08e-03

5.07e-03

3.49e-02

1.63e-02

3.64e-02

2.33e-02

1.87e-02

1.96e-02

8.20e-03

1.19e-02

1.25e-02

4.63e-03

3.77e-02

1.09e-02

1.09e-02

1.62e-02

2.71e-02

4.46e-02

4.06e-03

1.29e-02

4.69e-05

2.82e-02

8.87e-03

8.46e-03

3.42e-02

1.24e-02

2.88e-02

4.06e-02

6.40e-03



THOP1_MOUSE
TI17A_HUMAN
TIM44_HUMAN
TM101_BOVIN
TM165_HUMAN
TM230_MOUSE
TMMS82_XENLA
TNR14_MOUSE
TOM22_MACFA
TOM40_XENTR
TPST1_DANRE
TRI25_HUMAN
TYSY_HUMAN
U2AF1_BOVIN
UB2L3_MOUSE
UBIQP_XENLA
UBP2_CHICK
UBP5_HUMAN
UCRI_COLPO
UNC50_DANRE
VAOD1_DANRE
VMP1_DANRE
WBP11_DANRE
WDRS55_ORYLA
WDR74_HUMAN
XBP1_RAT
YIPF6_DANRE
ZFY21_HUMAN
ZN326_BOVIN

ZP3_PIG

thopl
timml7a
timm44
tmem101
tmeml165
tmem230
tmemS82
nfsfl4
tomm22
tomm40
tp53inp2
trim25
tyms
u2afl
ube2l3
ubb

usp2
usp5
ugcrfsl
unc50
serpina3
vmpl
wbpll
wdr55
wdr74
xbpl
yipf6
zfyve2l
znf326

zp3

TRINITY_DN11495_c0_g2
TRINITY_DN11081_c0_g2

TRINITY_DN96700_c0_g4

TRINITY_DN316638_c0_gl

TRINITY_DN25_c2_g2
TRINITY_DN879_c5_¢gl
TRINITY_DN1149_c1_gl
TRINITY_DNO90_c2_g2
TRINITY_DN7828_c0_gl
TRINITY_DN7429_c0_gl
TRINITY_DNS566_c0_gl
TRINITY_DN31159_c0_gl
TRINITY_DN1151_c2_gl
TRINITY_DN479_c0_g4
TRINITY_DN3902_c0_g2
TRINITY_DN3737_c0_gl
TRINITY_DN1783_cl_gl
TRINITY_DN15811_c0_gl
TRINITY_DN40305_c0_g2
TRINITY_DN10779_c0_gl
TRINITY_DN19654_c0_g2
TRINITY_DN32903_c0_gl
TRINITY_DN39451_c0_gl
TRINITY_DN16995_c0_gl
TRINITY_DN2625_c0_gl
TRINITY_DNS51054_c0_gl
TRINITY_DN2577_c6_gl
TRINITY_DN3405_c0_gl
TRINITY_DN7826_c0_g3

TRINITY_DN26367_c0_gl

-1.123

-1.246

-1.354

-1.087

-1.092

-1.006

-1.015

-1.803

-1.050

-1.201

-1.150

1.095

1.452

-1.173

-1.050

-2.537

-1.457

-1.108

-1.435

-1.052

-1.049

-1.084

-1.056

1.930

-1.090

-1.112

-1.099

-1.051

1.376

-1.199

1.15e-02

1.40e-03

1.89e-02

3.71e-02

2.32e-02

4.76e-02

4.18e-02

2.28e-02

8.47e-03

5.65e-03

6.38e-03

2.76e-02

8.08e-03

5.13e-03

7.14e-03

7.06e-03

3.47e-02

3.01e-03

7.88e-03

1.72e-02

7.74e-03

1.50e-02

2.86e-03

5.49e-04

1.10e-02

1.19e-02

1.10e-02

2.93e-02

3.11e-03

1.78e-02
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Johnny Darter
(Etheostoma nigrum)

ACAC_CHICK

AVR2B_CHICK

CO3_ONCMY

CO7_BOVIN

FHR2_HUMAN

CHAC2_DANRE

CPT1A_HORSE

GPT_BOVIN

DUS1_HUMAN

EGLN2_HUMAN

EGR1_DANRE

FADS6_BOVIN

FAAA_HUMAN

FIBA2_PETMA

GCSP_HUMAN

3HAO_DANRE

HEXA_ANOGA

IER2_DANRE

OXLA_SIGCA

ITIH2_MOUSE

JUNB_CYPCA

KLF13_MOUSE

LRCH3_MOUSE

METK2_HUMAN

TRI18§_HUMAN

MIOX_DANRE

ATP6_SALSA

COX1_ONCMY

COX3_CARAU

CYB_DACPE

acac
acvr2b
c3
c7
cfhr2
chac2
cptla
dpagtl
duspl
egln2
egrl
fads6
fah
fa
gldce
haao
hexa
ier2
il4il
itih2
junb
kif13
lrch3
mat2a
midl
miox
mt-atp6
mt-col
mt-co3

mt-cyb
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TRINITY_DN9002_c0_gl
TRINITY_DN3016_c1_gl
TRINITY_DN40028_c0_g1
TRINITY_DN32197_c0_gl
TRINITY_DN82698_c0_gl
TRINITY_DN8258 cl_gl
TRINITY_DN3855_c4_g2
TRINITY_DN1345_c0_g2
TRINITY_DN2318_c0_gl
TRINITY_DN7012_c6_gl
TRINITY_DN176_c2_gl
TRINITY_DN232 cl_g2
TRINITY_DN63386_c0_gl
TRINITY_DN386_c20_gl
TRINITY_DN2437_c0_gl
TRINITY_DN5042_c2_g2
TRINITY_DN24850_c0_gl
TRINITY_DN65175_c0_gl
TRINITY_DN10043_c1_gl
TRINITY_DN19293_c0_gl
TRINITY_DN3320_c0_gl
TRINITY_DN1_c0_gl
TRINITY_DN429_c3_gl
TRINITY_DN26128_c2_gl
TRINITY_DN965_c0_gl
TRINITY_DN2201_c0_gl
TRINITY_DN19254_c0_gl
TRINITY_DN19012_c0_g2
TRINITY_DN38705_c0_g2

TRINITY_DN7369_c0_g6

2226

-1.103

-11.033

-12.452

8.786

1.260

-2.124

1.445

-2.428

1.289

-2.441

2.786

1.449

7.540

2354

2.039

14.115

-3.119

1.718

-2.657

-2.464

1.960

1.292

2.292

-1.471

2.329

4.752

9.555

5.102

5.891

5.58e-03

6.64e-03

1.69e-04

1.14e-02

7.44e-08

4.58e-02

2.57e-02

8.74e-03

1.16e-02

4.06e-04

5.16e-03

5.89e-03

421e-02

5.89¢-03

2.95e-03

2.80e-03

6.30e-03

1.33e-04

2.97e-02

1.70e-02

2.13e-03

1.46e-03

5.29e-04

3.53e-02

7.56e-03

1.55e-03

9.15e-05

5.55e-04

1.31e-06

2.15e-05



NF7B_XENLA nf7b TRINITY_DN2940_c0_g1 4297 3.36e-02
NHRF1_RAT nherfl TRINITY_DN21587_c1_gl 2273 8.48e-07
NHRF3_PONAB pdzkl TRINITY_DN1688_c0_gl 1.287 1.14e-03
PGBD4_HUMAN pgbd4 TRINITY_DN7563_c0_g2 1.233 3.50e-02
PHLA2_SALSA phlda2 TRINITY_DN28575_c1_gl -1.985 8.57e-03
PLCG1_BOVIN plegl TRINITY_DN34264_c0_g1 -7.279 3.84e-02
PKHA6_HUMAN plekha6 TRINITY_DN7326_c3_gl 1.570 2.37e-02
PTN4_MOUSE ptpn4 TRINITY_DN50197_c0_g2 -9.227 6.73e-04
RNPC3_DANRE rapc3 TRINITY_DN78070_c1_g1 8.713 3.69¢-03
RL12_BOVIN rpli2 TRINITY_DN43556_c0_g1 2.198 1.06e-03
SAMD3_HUMAN samd3 TRINITY_DN4626_c0_gl -6.069 1.15e-02
S13A5_HUMAN slc13a5 TRINITY_DN23648_c0_g2 2382 1.29¢-03
S238B_DANRE slc25a38b TRINITY_DN4770_c0_g1 2437 2.05e-03
S38A4_HUMAN sle38a4 TRINITY_DN67931_c0_g1 1.794 3.33e-02
SO1A2_HUMAN slcola2 TRINITY_DN20913_c1_g1 -1.626 4.94¢-02
TC1A_CAEEL tcla TRINITY_DN86861_c0_gl -9.237 5.84e-04
TCB1_CAEBR tebl TRINITY_DN18421_c1_g3 4424 3.18e-02
TCTP_LATJA tptl TRINITY_DN18921_c1_gl 9.861 2.26e-05
TRAK1_HUMAN trakl TRINITY_DN2500_c0_gl 1.067 3.37e-02
TRM2B_DANRE trmt2b TRINITY_DN2284_c0_gl 1452 4.94¢-02
Greenside Darter
(Etheostoma blennioides)
LECH_CHICK asgr2 TRINITY_DN7604_c0_g1 -1.044 2.40e-02
ANGL5_HUMAN angptls TRINITY_DN6770_c0_g1 1.736 9.28¢-03
BHMTI1_DANRE bhmt TRINITY_DN21362_c0_g5 1.770 1.15e-02
BIN2_MOUSE bin2 TRINITY_DN18201_c0_g1 -1.259 8.31e-03
CIS_RAT cls TRINITY_DN85628_c1_gl -8.966 1.46e-03
CARD9_RAT card9 TRINITY_DNS5321_cl1_gl -1.357 5.12e-04
PEBB_HUMAN cbfb TRINITY_DN3558_c2_g2 -1.197 4.73e-02
CBP_HUMAN crebbp TRINITY_DNS522 _c0_g2 1.389 2.78e-03
CSRN1_HUMAN csrnpl TRINITY_DNS5535_c0_gl 1.683 2.38e-03



CATL1_CANLF

CYH2_CHLAE

DDIT4_DANRE

DOK2_MOUSE

DONS_XENLA

ZG57_XENLA

DSCAM_CHICK

ERRFI_MOUSE

FRIM_SALSA

GIMAS_HUMAN

GNPAT_BOVIN

GOT1A_BOVIN

GPCP1_RAT

G6PI_HUMAN

GRK6_MOUSE

HBA_TREBE

HBA1_ANAMI

HBB1_ELEMC

HBB2_ANAMI

HS3SB_HUMAN

HSP7C_HUMAN

INSI1_DANRE

IRS2_MOUSE

ITAL_MOUSE

KLF13_MOUSE

KPTN_MOUSE

LCE_ORYLA

LDLR_RAT

LONF3_MACFA

HMR1_RAT

MRC1_HUMAN

MYC_ONCMY

ctsl
cyth2
ddit4
dok2
donson
7857 _xenl
dscam
errfil
frim
gimap8
gnpat
goltla
gpepdl
&pi
grk6
hba
hbal
hbbl
hbb2
hs3st3b1
hspa8
insigl
irs2
itgal
kif13
kptn
lce

ldir
lonrf3
mrl
mrcl

myc

TRINITY_DN1670_c0_gl
TRINITY_DN8602_c0_gl
TRINITY_DN346_c0_gl
TRINITY_DN642_c2_gl
TRINITY_DN14100_c0_g1
TRINITY_DN2271_c4_gl
TRINITY_DN7751_c0_gl
TRINITY_DN1599_c0_gl
TRINITY_DN20004_c0_g1
TRINITY_DN8184_c0_gl
TRINITY_DN10270_c0_g2
TRINITY_DN7423_c0_gl
TRINITY_DN99261_c0_g2
TRINITY_DN5592_c0_g2
TRINITY_DN10979_c0_gl
TRINITY_DN2884_c0_gl
TRINITY_DN27657_c0_gl
TRINITY_DN60694_c0_g1
TRINITY_DN3033_c0_gl
TRINITY_DN27_c0_g3
TRINITY_DN52432_c0_gl
TRINITY_DN4297_c0_gl
TRINITY_DN272_c3_g2
TRINITY_DN837_c5_gl
TRINITY_DNS5646_c0_gl
TRINITY_DN13936_c0_g2
TRINITY_DN247_c0_g2
TRINITY_DN1358_c0_gl
TRINITY_DN7805_c1_gl
TRINITY_DN2732_c0_gl
TRINITY_DN13672_c10_gl

TRINITY_DN1020_c1_gl

1.224

-1.357

3.071

-1.155

2.177

9.394

-1.213

1.527

-1.629

-1.284

-1.374

1.178

2470

1.377

-1.151

1.225

1213

1.306

1.303

1.700

-1.903

1.287

1.670

-1.001

1.557

-9.184

3.605

1.255

1.439

-1.230

-8.045

1.998

5.12e-04

4.17e-03

4.73e-02

1.43e-03

4.26e-03

1.73e-04

3.77e-02

4.42e-03

1.07e-02

2.37e-02

9.58e-03

1.92e-02

5.68e-03

2.40e-02

3.05e-02

444e-02

7.85e-03

4.40e-02

5.51e-03

3.35e-02

5.49e-03

1.17e-03

2.30e-02

3.49e-02

3.53e-03

3.48e-03

2.40e-02

1.21e-03

1.75e-02

4.58e-02

2.50e-02

1.06e-02



NLRC3_MOUSE

NAL12_MOUSE

NLRP3_BOVIN

CRCMI1_DANRE

PLMN_PONAB

ARY1_CHICK

PLPL2_BOVIN

PTPRH_MOUSE

RAB44_MOUSE

RPGF1_HUMAN

SAR1B_MOUSE

SHOT1_MOUSE

SLAF6_HUMAN

S2533_DANRE

CTR3_RAT

SMRS8A_DANRE

SOAT1_CHLAE

SSH2_HUMAN

STAB2_HUMAN

TFCP2_CHICK

TIFA_RAT

TNAP3_MOUSE

TOP2B_CRILO

T5312_RAT

T22D3_PIG

UB2R2_HUMAN

ULK2_HUMAN

nlre3
nlrpl2
nlrp3
orail
plg
pnatl0
pnpla2
ptprh
rab44
rapgefl
sarlb
shtnl
slamfo
slc25a33
slc7a3
smcr8a
soatl
ssh2
stab2
tfep2
tifa
tnfaip3
top2b
tp53inp2
tsc22d3
ube2r2

ulk2

TRINITY_DN72266_c0_g2
TRINITY_DN18318_c0_gl
TRINITY_DN6613_c1_gl
TRINITY_DN80107_c0_gl
TRINITY_DN36602_c0_g2
TRINITY_DN1033_c0_g2
TRINITY_DN6564_c0_gl
TRINITY_DN4212_c1_gl
TRINITY_DN175_c1_gl
TRINITY_DN3319_c1_gl
TRINITY_DN31848_c0_gl
TRINITY_DN36854_c0_gl
TRINITY_DN2329_c0_gl
TRINITY_DN517_c2_g2
TRINITY_DN24515_c0_gl
TRINITY_DN9595_c0_g2
TRINITY_DN160721_c0_gl
TRINITY_DN1006_c0_g1
TRINITY_DN1108_c1_g1
TRINITY_DN42690_c1_gl
TRINITY_DN6255_c0_g2
TRINITY_DN9172_c3_g2
TRINITY_DN117255_c0_gl
TRINITY_DN2594_c0_gl
TRINITY_DN2492_c0_gl
TRINITY_DN42992_c0_gl

TRINITY_DN9944_c0_gl

-1.248

-1.676

9.069

1.620

3.109

1.460

1.834

-1.466

-1.202

-1.039

1.045

-1.254

-1.623

1.092

1.059

-2.936

3.300

1.520

-1.555

-1.620

1.397

1.356

-8.400

1.016

1.363

1.019

1.380

5.59-04

7.39e-03

4.73e-02

1.77e-04

2.96e-02

5.12e-04

7.85e-03

2.51e-02

3.26e-02

3.35e-03

241e-02

3.87e-02

2.93e-03

2.40e-02

3.67e-02

2.78e-03

2.78e-03

1.63e-02

1.63e-02

2.11e-02

3.67e-02

3.67e-02

1.51e-02

8.50e-03

3.02e-02

9.58e-03

1.12e-02




Table A1.3: Significantly enriched (Fisher’s exact P and weight W test p < 0.05) gene ontologies
identified in species-specific orthogroups of four darter species: rainbow darter (Etheostoma
caeruleum), fantail darter (E. flabellare), johnny darter (E. nigrum), and greenside darter (E.
blennioides) based on 707, 1005, 657, 824 species-specific genes and 19,427,20,376, 19,912,
21,454 background genes respectively.

Species GO GO ID Term p-value
Category

Rainbow Darter

(Etheostoma

caeruleum)
CC GO:0043005 neuron projection 9.84e-11
BP GO:0050789 regulation of biological process 1.11e-05
BP GO:0034330 cell junction organization 3.95e-05
BP GO:0007275 multicellular organism development 6.73e-05
MF GO:0005515 protein binding 9.30e-05
CC GO:0005911  cell-cell junction 2.32e-03
MF GO:0015267 channel activity 391e-03
CC GO:0034702 monoatomic ion channel complex 9.96e-03
MF GO:0046030 inositol trisphosphate phosphatase activity 2.78e-02
BP GO:0098609 cell-cell adhesion 4.67e-02

Fantail Darter

(Etheostoma

flabellare)
CC GO:0071944  cell periphery 1.71e-13
BP GO:0006810 transport 1.73e-12
BP GO:0007275 multicellular organism development 3.80e-10
MF GO:0022857 transmembrane transporter activity 1.56e-08
BP GO:0003012 muscle system process 1.69e-04
MF GO:0005515 protein binding 5.32e-04
CC GO:0042995 cell projection 7.01e-04
CC GO:0012505 endomembrane system 1.35e-03
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BP GO:0034330 cell junction organization 1.37e-03
BP GO:0141124 intracellular signalling cassette 6.03e-03
Johnny Darter
(Etheostoma nigrum)
CC GO:0005737 cytoplasm 8.07e-05
BP GO:0051179 localization 5.84e-04
CC GO:1903561 extracellular vesicle 1.88e-03
BP GO:0006996 organelle organization 1.92e-03
CC GO:0016020 membrane 2.32e-03
MF GO:0005515 protein binding 2.69e-03
Greenside Darter
(Etheostoma
blennioides)
CC GO:0071944  cell periphery 5.74e-18
BP GO:0007275 multicellular organism development 4.56e-14
MF GO:0005515 protein binding 1.15e-11
CC GO:0043005 neuron projection 1.96e-10
BP GO:0007155 cell adhesion 2.97e-05
CC GO:0005737 cytoplasm 3.65e-05
CC GO:0030027 lamellipodium 7.31e-04
CC GO:0012505 endomembrane system 2.23e-03
BP GO:0097435 supramolecular fiber organization 2.53e-03
MF GO:0005201 extracellular matrix structural constituent  6.49e-03
BP GO:1902414 protein localization to cell junction 2.08e-02
CC GO0:0098588 bounding membrane of organelle 2.40e-02
BP GO:0006810 transport 2.78e-02
MF GO:0015276 ligand-gated monoatomic ion channel 3.69e-02
activity
BP GO:0030198 extracellular matrix organization 4.05e-02
BP GO:0006915 apoptotic process 4.05e-02
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Table A1.4: Significantly enriched (FDR < 0.05) gene ontologies within the biological process
category identified in differentially expressed genes from rainbow darter (Etheostoma
caeruleum), fantail darter (E. flabellare), johnny darter (E. nigrum), and greenside darter (E.
blennioides) exposed to WWTP effluent, based on 47,944, 58,452, 57,292, and 62,204
background unigenes and 36, 239, 50, 68 differentially expressed genes respectively.

Species GO Term Name GO ID FDR  Gene Count

Rainbow Darter

(Etheostoma caeruleum)
Plasma lipoprotein particle organization GO:0071827  4.79¢-06 5
Protein-lipid complex subunit organization GO:0071825  4.06e-06 5
Regulation of plasma lipoprotein particle levels GO:0097006  1.85e-05 5
Regulation of plasma lipoprotein remodelling GO0:0034369  5.00e-06 5
Positive regulation of interleukin-1 beta production GO:0032731  9.81e-05 4
Plasma lipoprotein remodelling GO0:0034369  1.07e-05 4
Protein-containing complex remodelling GO0:0034367 1.07e-05 4
Cholesterol efflux GO:0033344  8.23e-04 3
Glucose 6-phosphate metabolic process GO:0051156  8.47e-04 3
Phospholipid efflux G0:0033700 7.5e-04 3
Chylomicron remodelling GO0:0034371 3.662e-04 3
Very-low-density lipoprotein particle remodelling GO0:0034372  3.662e-04 3
High-density lipoprotein particle assembly GO0:0034380 1.18e-04 3
Positive regulation of phospholipid efflux GO:1902995  8.60e-04 2
Regulation of phospholipid efflux GO:1902994  8.60e-04 2

Fantail Darter

(Etheostoma flabellare)
Catabolic process GO:0009056  1.75e-08 75
Immune system process GO0:0002376  1.63e-07 71
Gene expression GO0:0010467  2.66e-07 70
Small molecule metabolic process GO0:0044281  1.50e-08 66
Cellular catabolic process G0:0044248  3.71e-08 66
Organic substance catabolic process GO:1901575  3.71e-08 66
Establishment of localization in cell GO:0051649  1.69¢-06 54
Interspecies interaction between organisms GO0:0044419  1.13e-07 53
Organonitrogen compound biosynthetic process GO:1901566  4.76e-08 53
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Cellular nitrogen compound biosynthetic process GO0:0044271  9.16e-07 45
Immune response GO:0006955  1.15e-07
Organonitrogen compound catabolic process GO:1901565  2.35e-08 45
Macromolecule catabolic process GO0:0009057  2.09e-08 39
Positive regulation of immune system process GO:0002684  1.69e-06 37
protein catabolic process GO:0030163  3.45e-08 36
Cellular protein catabolic process GO0:0044257  1.79e-06 29
amide metabolic process GO:0043603  5.32e-07 29
Proteolysis involved in cellular protein catabolic process GO:0051603 4.55e-05 29
Immune effector process GO0:0002252  1.37e-06 27
mitochondrion organization GO:0007005  1.89e-06 26

Johnny Darter

(Etheostoma nigrum)
Small molecule metabolic process GO0:0044281  3.74e-03 14
Ion transport GO:0006811  3.62e-03 13
Transmembrane transport GO:0055085 5.5e-03 13
Cation transport GO:0006812  4.48e-03 12
Ion transmembrane transport GO0:0034220 4.16e-03 10
Oxidation-reduction process GO:0055114  9.1e-03 10
Small molecule catabolic process G0:0044282  4.70e-03 7
Monovalent inorganic cation transport GO:0015672  4.70e-03 7
Organic acid catabolic process GO0:0044282  4.74e-03 6
Electron transport chain GO:0022900  4.34e-03 5
Carboxylic acid transmembrane transport GO:1905039  4.45e-03 5
Alpha-amino acid catabolic process GO:0009063  5.77e-03 4
Oxidative phosphorylation GO:0006119 9.1e-03 4
Cellular amino acid catabolic process GO:0009063  1.52e-02 4
Aromatic amino acid family catabolic process GO:0009074  4.13e-03 3
Err;edrig:;};1 tcoupled proton transport, down electrochemical GO:0015988  4.74e-03 )
Electron transport coupled proton transport GO:0015990  4.74e-03 2

Greenside Darter

(Etheostoma blennioides)
Regulation of immune system process GO:0002682  6.73e-03 16
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Interspecies interaction between organisms
Regulation of response to stress

Regulation of immune response

Negative regulation of intracellular signal transduction
Negative regulation of phosphorylation

Negative regulation of phosphate metabolic process
Negative regulation of protein phosphorylation
Negative regulation of immune system process
Negative regulation of inflammatory response
Lipid homeostasis

Negative regulation of interleukin-1 production

Negative regulation of NF-kappaB transcription factor
activity

Regulation of interleukin-1 beta production
Negative regulation of NIK/NF-kappaB signalling
Negative regulation of interleukin-1 beta production
Regulation of keratinocyte differentiation

Negative regulation of interleukin-6 production
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GO0:0044419
GO:0080134
GO:0050776
GO:1902532
GO0:0042326
G0:0019220
GO0:0001933
GO:0002683
GO:0050728
GO:0055088
GO0:0032692

G0:0032088

G0:0032691
GO:1901223
GO0:0032691
GO:0045616

GO0:0032715

2.06e-02
1.76e-02
3.78e-02
2.75e-02
2.83e-02
4.115e-02
4.115e-02
4.129e-02
2.453e-02
2.925e-02
6.34e-03

2.925e-02

3.16e-02

3.16e-02
3.438e-02
3.724e-02

3.724e-02
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10
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Table A1.5: Network characteristics of differentially expressed genes in the live of rainbow
(Etheostoma caeruleum), fantail (E. flabellare), johnny (E. nigrum), and greenside (E.
blennioides) darters, exposed to WWTP effluent, based on STRING-derived protein-protein
interaction (PPI) networks. Metrics include the number of nodes (transcripts) and edges
(interactions), PPI enrichment p-value, average node degree (SD), local clustering coefficient,
number of Markov Cluster Algorithm (MCL) clusters, and average betweenness centrality (SD).
Values in parentheses under notes indicate the total number of differentially expressed genes
used in the network construction.

Species Nodes Edges p-value Avg.Degree Avg.local MCL Avg.
clustering clusters Betweenness
coefficient

Rainbow darter 18 27 9.97e-08 3 (x2.37) 0.461 4 0.07 (x0.13)
(Etheostoma caeruleum) (33)

Fantail darter 188 783 1.00e-16 8.5 (8.2) 043 30 0.01 (x0.02)
(Etheostoma flabellare) (224)

Johnny darter 25 23 5.61e-04 2 (x1.1) 045 8 0.1 (x0.2)

(Etheostoma nigrum) (45)

Greenside darter 30 36 2.19e-02 2.26 (= 1.5) 0.255 9 0.09 (20.13)
(Etheostoma blennioides)  (64)
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Table A1.6: Summary of hub and bottleneck transcripts identified in STRING-derived protein-
protein interaction (PPI) networks for differentially expressed genes in the live of rainbow
(Etheostoma caeruleum), fantail (E. flabellare), johnny (E. nigrum), and greenside (E.
blennioides) darters, exposed to WWTP effluent. The degree cutoff used to define hub proteins is
listed for each species, rounded to the neared whole number. Hubs represent highly connected
proteins with degree in parentheses, while bottleneck proteins act as key intermediates with high
betweenness centrality, potentially influencing multiple functional pathways.

Rainbow darter
(Etheostoma caeruleum)

Cutoff 6.74=17

Hubs (degree) apoe (8)

Bottlenecks Ipl, gck

Fantail darter
(Etheostoma flabellare)

Cutoff 2475 =25

Hubs hsp90aal (45), hsp90abl (43), hspa8 (40), atpSfla (33), psmdi4
(30), phb (26), eftud2 (25)

Bottlenecks canx, stat3, gpi, acly, idhl, ran, atp2a2, statl, sqstml, psmdll,
clgbp, seci3, ddx17, pdia6, cd63, tomm40, eif3b, hnrnpd, tomm22,
uqcrfsl, u2afl, ndufa9, phb2, kdmo6b, ilf2 fh, psmb2, xbpl, sic25a3,
atpSpd

Johnny darter
(Etheostoma nigrum)

Cutoff 424 =4

Hubs c3 (4), mt-co3 (4), mt-atp6 (4)

Bottlenecks i4il

Greenside darter
(Etheostoma blennioides)

Cutoff 546=5

Hubs myc (6), crebbp (6), hspa8 (6)

Bottlenecks tnfaip3, nlrp3, cbfb
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Figure A1.1: ExN50 plot illustrating the relationship between the N50 contig length and the
percentage of total normalized expression (Ex) for the assembled hepatic transcriptomes of four
darter species. Panels represent data for (A) rainbow darter, (B) fantail darter, (C) johnny darter,
and (D) greenside darter. Higher EXN50 values indicate longer contigs among the most highly
expressed transcripts, reflecting improved assembly quality and completeness.
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Figure A1.2: A correlation heat map matrix presented with pairwise correlations between each
sample used for transcriptome assembly, based on the liver gene expression profiles for (A)
rainbow darter (Etheostoma caeruleum), (B) fantail darter (E. flabellare), (C) johnny darter (E.
nigrum), and (D) greenside darter (E. blennioides) exposed to WWTP effluent. Each cell in the
matrix represents the correlation coefficient between the respective samples on the x-axis and y-
axis. A correlation coefficient close to 1 (yellow) suggests a very strong positive correlation,
meaning as the gene expression in one sample increases, the expression in the correlated sample
also increases. A coefficient close to -1 indicates a strong negative correlation. A coefficient near
0 suggests no correlation. Each row and column is labeled with corresponding sample identifiers.
The same colour scale applies to all panels.
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Figure A1.3: Principal component analysis (PCA) of the top 500 most variable transcripts in
liver tissue from (A) rainbow darter (Etheostoma caeruleum), (B) fantail darter (E. flabellare),

(C) johnny darter (E. nigrum), and (D) greenside darter (E. blennioides) from Upstream (red) and

Downstream (blue) sampling sites. Each point represents a biological replicate. PCA was
performed on log,-transformed transcript counts using the “PCA” function in the scikit-learn
package in Python. The first two principal components (PC1, PC2) can explain more than (A)
38% ,(B) 64% ,(C) 55%, and (D) 47% of the variability among the samples.
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Figure A1.3: Heat maps showing expression levels of differentially expressed transcripts in four
darter species exposed to WWTP effluent: (A) 36 transcripts in rainbow darter, (B) the 105 most
significant of 292 differentially expressed transcripts in fantail darter, (C) 50 transcripts in johnny
darter, and (D) 68 transcripts in greenside darter (log2FC<-1,> 1; FDR <0.05,n = 6).
Expression values represent log2-transformed, median-centered FPKM. Yellow and purple
intensities indicate transcript upregulation and downregulation, respectively. Dendrogram
clustering on the X-axis reflects sample similarity, while clustering on the Y-axis groups
transcripts with similar expression patterns.
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Figure A1.4: Volcano plots displaying differentially expressed transcripts identified in the liver
of four darter species exposed to WWTP effluent. Each plot represents annotated differentially
expressed transcripts detected in (A) rainbow darter, (B) fantail darter, (C) johnny darter, and (D)
greenside darter. The x-axis represents log2 fold change (log2FC), while the y-axis represents the
-log10(FDR), highlighting statistical significance. Red points indicate significantly differentially
expressed transcripts (log2FC <-1,> 1, FDR < 0.05). Labeled points correspond to the 15 most
significantly differentially expressed transcripts.
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Figure A1.5: Distribution of gene ontology terms assigned to unigenes from each of the four
darter liver transcriptomes (rainbow, fantail, johnny, and greenside darter), represented as a
percentage distribution of the top-level ontology terms; Biological Process (BP; blue), Molecular
Function (MF; green), and Cellular Component (CC; yellow), relative the the total number of
GO terms assigned to unigenes in that transcriptome.
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Appendix B

Table A2.1: Summary of RNA sequencing quality metrics for liver samples collected from
rainbow darter (Etheostoma caeruleum) exposed to each enantiomer of venlafaxine (VEN).
Metrics include RNA Integrity Number (RIN), total raw paired-end reads, filtered reads post-
quality control, percentage of preserved reads post-trimming, and overall alignment rate to the
assembled transcriptome. Sample identifiers beginning with C, R, and S correspond to Control,
R-VEN, and S-VEN treatments, respectively. Identifiers also indicate exposure duration (Day 14)
and the tank from which each fish was collected (A, B, or C).

Sample RIN Raw Reads Filtered Reads Preserved reads (%) Overall Alignment (%)
C14A5 96 75654376 73200855 96.76 89.76%
Cl14A6 94 51044270 48897076 95.79 89.74%
C14B2 96 70093986 67156376 95.81 89.34%
C14B5 94 51150471 49332610 96.45 89.24%
C14C1 10 70333063 67929500 96.58 90.39%
Cl14C2 10 61735693 59658960 96.64 89.46%
RI4A2 10 64199328 61864980 96.36 89.58%
RI4A5 10 60727552 58479019 96.30 89.73%
R14B3 10 69306855 66713512 96.26 90.22%
R14B6 10 59772090 57473360 96.15 90.06%
R14C5 35 61593621 59517072 96.63 89.84%
R14C6 10 72020290 69457742 96.44 89.96%
S14A4 95 59493583 57118806 96.01 89.22%
S14A6 10 58575173 56774916 96.93 90.07%
S14B2 74 55107635 53111530 96.38 89.42%
S14B4 36 59284664 57089029 96.30 89.78%
S14C3 62 55282011 53598444 96.95 90.09%
S14C4 31 59389346 57229616 96.36 90.10%

227



3500 -

3000 -

2500 -

ExN50

2000 -

1500 -

40 60 80 100
Ex

Figure A2.1: ExN50 plot showing the relationship between N50 contig length and the
percentage of total normalized expression (Ex) in the assembled transcriptomes of rainbow darter
liver following fourteen day venlafaxine exposure. Higher ExXN50 values indicate longer contigs
among the most highly expressed transcripts, reflecting improved assembly quality and
completeness.
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Table A2.2: Annotated differentially expressed genes (DEGs) in rainbow darter (Etheostoma
caeruleum) following R- and S-venlafaxine exposure. List of significantly differentially
expressed genes (10g2FC < -1 or >1; FDR < 0.05) in rainbow darters exposed to R- and S-
venlafaxine (R-VEN, S-VEN) for 14 days, including DEGs identified between treatments. Genes
are ordered by log2FC.

Treatment UniProt ID Gene Symbol Trinity gene ID log2FC FDR
R-VEN
GABR2_HUMAN gabbr2 TRINITY_DN2417_c0_g2 10.63 2.82e-02
LADD_ONCMY 1 TRINITY_DN7029_c0_gl 10.33 1.16e-02
APLP2_RAT aplp?2 TRINITY_DN12811_c1_gl 10.25 291e-02
MRC2_RAT mrc2 TRINITY_DN3512_c0_gl1 10.11 7.49e-05
LECG_THANI galig TRINITY_DN3512_c0_gl 10.14 2.37e-04
DAAMI1_HUMAN daaml TRINITY_DN7364_c0_gl 9.53 1.35e-03
CHP1_BOVIN chpl TRINITY_DN61178_c0_gl 9.09 1.80e-03
FRPD1_HUMAN Sfrmpdl TRINITY_DN3262_c0_gl 891 2.66e-03
M3K2_MOUSE map3k2 TRINITY_DN11064_c0_gl 8.76 3.54e-03
INR1L_CARAU ifngrl TRINITY_DN2069_c0_g2 2.18 3.90e-02
ATTY_RAT tat TRINITY_DN185_c20_gl -1.59 1.87e-02
NUP98_MOUSE nup98 TRINITY_DN4621_c2 g2 -1.60 3.82e-02
RN166_RAT rnfl66 TRINITY_DN809_c5_g2 -1.60 1.87e-02
SC23A_HUMAN sec23a TRINITY_DN6234_c1_gl -3.27 1.64e-02
AATC_CHICK gotl TRINITY_DN1845_c0_gl -5.99 4.63e-03
SPA2L._HUMAN spata2l TRINITY_DN638_c0_gl -8.16 4.50e-02
NR1H4_BOVIN nrih4 TRINITY_DN2_c2_gl -8.37 2.52e-02
AOA8M3AVQI1_DANRE  kalrna TRINITY_DN1402_c4 g2 -8.48 7.02e-08
PACN3_MOUSE pacsin3 TRINITY_DN2181 _cl_gl -8.54 3.35e-02
KCMB2_HUMAN kenmb?2 TRINITY_DN16301_c0_gl -8.56 3.06e-02
FOXN3_XENTR foxn3 TRINITY_DNI1181_c1_gl -9.99 9.16e-05
BRD1_MOUSE brdl TRINITY_DN1114_c0_gl -9.99 8.80e-03
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S-VEN

HYKK_DANRE
ARLI_BOVIN
STAT1_HUMAN

SIA4B_RAT

ZN608_MOUSE
ARHGP_MOUSE
CBR1_MOUSE
GABR2_HUMAN
SYAM_RAT
NENF_BOVIN
H2LAI8_ORYLA
SWP70_BOVIN
CHD6_MOUSE
MAGI2_RAT
THOP1_MOUSE
KI1C9_MOUSE
SESD1_DANRE
ZN271_MOUSE
LADD_ONCMY
CADH2_DANRE
XYLB_BOVIN
CO6A2_CHICK
WDR73_DANRE
PITM2_HUMAN
LRC3B_DANRE
CENPA_CHICK

E41L5_BOVIN

hykk
arll
statl

st3gal2

znf608
arhgef25
cbrl
gabbr2
aars2
nenf
sh3pxd2a
swap70
chd6
magi2
thopl
krt9
sestd]
zn271

1

cdh?2
xylb
colba2
wdr73
pitpnm?2
lrre3b
cenpa

epb4115

TRINITY_DN8821_c0_gl
TRINITY_DN1299 ¢2_gl
TRINITY_DN2694_c0_gl

TRINITY_DN103_c2 gl

TRINITY_DNI118_c0_gl
TRINITY_DN8463_c0_gl
TRINITY_DN2446_c0_g3
TRINITY_DN2417_c0_g2
TRINITY_DNI118 c1_g2
TRINITY_DN4570_c0_gl
TRINITY_DNI1911_c0_gl
TRINITY_DN418_c13_gl
TRINITY_DN1386_c1_gl
TRINITY_DNS5537_c0_gl
TRINITY_DN1784_c0_g4
TRINITY_DN12710_c0_g2
TRINITY_DN900_c1_g1
TRINITY_DN4357_c3_gl
TRINITY_DN2914_c0_gl
TRINITY_DN856_c0_g2
TRINITY_DN1022_c1_gl
TRINITY_DN4413_c0_gl
TRINITY_DN2776_c0_g2
TRINITY_DN6492_c0_gl
TRINITY_DN5439_c0_g2
TRINITY_DN5538_c0_gl

TRINITY_DN865_c2 gl
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RIS-VEN

KMT2C_MOUSE

KMT2D_HUMAN

ZN608_MOUSE
SIA4C_PANTR
SYAM_RAT
FOXN3_XENTR
RAB1B_RAT
PACN3_MOUSE
CLC10_HUMAN
DENIC_MOUSE
ZN384_RAT
STAR9_HUMAN
ARRD3_BOVIN
AOAOB4J1A8_DANRE
PGRC1_BOVIN
MDHC_CHICK
I0OD3_PIG
GHR_CANLF
NR5A2_CHICK
MOCS1_MOUSE
INRIL_CARAU
FBN1_BOVIN
ATL3_HUMAN
HMBX1_HUMAN
GBGT1_CHICK
DNS2A_PIG

VP13B_HUMAN

kmt2c

kmt2d

znf608
st3gald
aars2
foxn3
rablb
pacsin3
clec10a
denndlc
znf384
stard9
arrdc3
ubash3bb
pgrmcl
mdh2
dio3

ghr
nr5a2
mocsl
ifngrl
fonl
adamtsi3
hmbox1
gbgtl
dnase?2

vps13b

TRINITY_DN310_c0_g1

TRINITY_DN751_c4_gl

TRINITY_DN118_c0_g1
TRINITY_DN876_c0_gl

TRINITY_DNI118 c0_g2

TRINITY_DNI1181_c1_gl
TRINITY_DN2484_c0_gl
TRINITY_DN2181_cl_gl
TRINITY_DN2078_c0_gl
TRINITY_DN8535_c1_gl
TRINITY_DN10218_c0_gl
TRINITY_DN6002_c0_gl
TRINITY_DN9601_c0_gl
TRINITY_DN1636_c0_g2
TRINITY_DN3562_c0_gl
TRINITY_DN19817_c1_gl
TRINITY_DNS821_c11_gl

TRINITY_DN1006_c0_g1

TRINITY_DNG634 _c2 g1

TRINITY_DN4064_c0_gl

TRINITY_DN2069_c0_g2

TRINITY_DN206_c0_gl

TRINITY_DN5490_c1_gl

TRINITY_DN979_c0_g1

TRINITY_DN7641_c0_gl
TRINITY_DN21009_c0_g2

TRINITY_DN1796_c0_g2
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TSN8_MOUSE
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Figure A2.2: A clustered Pearson correlation heat map matrix presented with pairwise
correlations between each sample used for transcriptome assembly, based on the liver gene
expression profiles for rainbow darter (Etheostoma caeruleum) exposed to R-venlafaxine(REN)
and S-venlafaxine (SEN). Each cell in the matrix represents the correlation coefficient between
the respective samples on the x-axis and y-axis. A correlation coefficient close to 1 (yellow)
suggests a very strong positive correlation. A coefficient close to -1 indicates a strong negative
correlation. A coefficient near O suggests no correlation.
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Figure A2.3: Volcano plots displaying differentially expressed transcripts in the liver of rainbow
darter following a 14-day exposure to each enantiomer of venlafaxine. Each plot represents
annotated differentially expressed transcripts detected in response to (A) R-venlafaxine and (B)
S-venlafaxine. The x-axis represents log fold change (log2FC), while the y-axis represents
-log10(FDR), indicating statistical significance. Red points denote significantly differentially
expressed transcripts (10g2FC > 1, FDR < 0.05). Labeled points correspond to the 15 most

significant differentially expressed transcripts.
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Figure A2.4: (A) Venn diagrams showing shared and unique orthogroups identified in rainbow
darter exposed to venlafaxine (Rainbow-VEN), rainbow darter (Rainbow-ENV), fantail darter,
greenside darter, and johnny darter based on OrthoFinder analysis before presumed parasite
transcript removal. Numbers represent the count of orthogroups unique to or shared among
species, with percentages indicating their relative proportion. The upper left Venn diagram
compares orthogroups between venlafaxine-exposed and effluent exposed rainbow darters. (B)
Phylogenetic tree of Percidae species based on OrthoFinder results. VEN-RBD represents the
transcriptome of rainbow darters exposed to venlafaxine, while other species include sequenced
proteomes from NCBI. Darter species are color-coded (Etheostoma caeruleum in blue, E.
flabellare in yellow, E. blennioides in red, and E. nigrum in green) to distinguish among taxa.
This phylogenetic tree includes H. americana.
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Figure A2.5: Distribution of gene ontology terms assigned to all unigenes (All) from venlafaxine
(VEN) and WWTPE (ENV) exposed rainbow darter in comparison to assembly specific unigenes
(Unique) within these transcriptomes, represented as a percentage distribution of the top-level
ontology terms; Biological Process (BP; blue), Molecular Function (MF; green), and Cellular
Component (CC; yellow), relative to the total number of GO terms assigned to unigenes in that
transcriptome.
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Figure A2.6: Proportion of Level 2 Gene Ontology (GO) term classifications mapped to
unigenes in rainbow darter transcriptomes. GO term classifications were assigned to unigenes
from rainbow darters exposed to venlafaxine (blue) and wastewater treatment plant effluent
(WWTPE) (green), as well as assembly-specific unigenes in venlafaxine-exposed (yellow) and
WWTPE-exposed (red) rainbow darters. GO terms are categorized into the three primary
ontologies: (A) Biological Process, (B) Molecular Function, and (C) Cellular Component.
Percentages indicate the proportion of unigenes assigned to each GO term.
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Figure A2.7: Principal component analysis (PCA) of the top 500 most variable transcripts in
liver tissue from Rainbow Darter (Etheostoma caeruleum) exposed to control conditions, R-
enantiomer venlafaxine (R-VEN), or S-enantiomer venlafaxine (S-VEN). Each point represents a
biological replicate, with colours indicating treatment groups (blue = control, red = R-VEN,
green = S-VEN). PCA was performed on log,-transformed transcript counts using the “PCA”

function in the scikit-learn package in Python. Principal component 1 (PC1) and principal
component 2 (PC2) explain 17.91% and 12.70% of the variance, respectively.

239




Table A2.4: Significantly enriched biological process gene ontologies (FDR < 0.05) identified in
differentially expressed genes from rainbow darter (Etheostoma caeruleum) exposed to R-
venlafaxine (R-VEN) or S-venlafaxine (S-VEN). Enrichment analysis was conducted using
46,149 background unigenes, with 26 differentially expressed genes in the R-VEN group and 25
in the S-VEN group.

Treatment GO Term Name GO ID FDR Gene Count

R-VEN
Alpha amino acid metabolic process GO:1901605  2.1e-02 4
Cellular amino acid metabolic process GO:0009063  4.5e-02 4
Glutamate metabolic process GO:0006536  6.3e-03 3
Positive regulation of cation transmembrane transport GO:1904062  4.7e-02 3
Glutamine family amino acid metabolic process GO:0009064  2.1e-02 3
Dicarboxylic acid metabolic process GO0:0043648  2.1e-02 3
Cellular amino acid catabolic process GO:0009063  2.9¢-02 3
Alpha-amino acid catabolic process GO:1901606  2.1e-02 3
Positive regulation of phospholipid biosynthetic process GO:1903725  2.1e-02 2
Regulation of response to interferon-gamma GO:0060330  3.0e-02 2
Response to immobilization stress GO0:0035902  3.0e-02 2
Positive regulation of erythrocyte differentiation GO0O:0045648  4.7e-02 2
2-oxoglutarate metabolic process GO0O:0006103  2.1e-02 2
Positive regulation of phospholipid biosynthetic process GO:0071073  2.1e-02 2
Positive regulation of phospholipid metabolic process GO:1903727  2.1e-02 2
Aspartate family amino acid catabolic process GO:0009068  2.6e-02 2
Regulation of interferon-gamma-mediated signalling GO0:0060334  3.0e-02 2
pathway
Regulation of phospholipid metabolic process GO:1903725  4.7e-02 2

S-VEN
oxoacid metabolic process GO:0043436  2.2e-02 3
carboxylic acid metabolic process GO:0019752  2.2e-02 3
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organic acid metabolic process GO:0006082  2.2e-02

Lipid biosynthetic process GO:0008610  4.3e-02
Monocarboxylic acid metabolic process GO0O:0032787  4.5e-02

epithelial cell development GO0:0002064  4.9e-02

Planar cell polarity pathway involved in axis elongation GO:0090179  4.9e-02

Neural plate development GO:0001840  4.9e-02
Regulation of calcium ion transmembrane transport via GO:1902514  4.3e-02

high voltage-gated calcium channel

Nerve growth factor signalling pathway GO:0038180  4.9¢-02
Prostaglandin biosynthetic process GO:0001516  4.4e-02
unsaturated fatty acid biosynthetic process GO:0006636  4.4e-02
unidimensional cell growth GO0O:0009826  4.9e-02 1
apical constriction GO0:0003383  4.9¢-02 1

Identification and Exclusion of Parasitic Transcripts in Darter Transcriptomes

Orthogroup analysis revealed a subset of sequences with high homology to genes from
Heterobilharzia americana, a trematode parasite, and from various Cnidaria species. Given that
fishes are not part of the life cycle of H. americana (Lee, 1962), it is unlikely that these
sequences originate from incidental host contamination. Instead, they may derive from another
trematode or a myxozoan parasite, organisms that due to recent reclassification are now
considered part of the phylum Cnidaria (Atkinson & Bartholomew, 2018; Chang et al., 2015).
Anecdotal evidence from previous fieldwork in our laboratory noted the presence of small
(=Imm) off-white cysts within the body cavities of various darter species, although such cysts
were not observed in the present study. A reference guide by Gibson (1996) outlines several
trematode parasites infecting darters, including Ichthyocotylurus platycephalus, which is
characterized by thick-walled encysted metacercariae on serous membranes and the liver. While
the possibility of 1. platycephalus infection remains speculative, the observed sequence
homology also supports a potential myxozoan origin, as myxozoans are known to primarily
associate with teleosts and can exhibit host-specific pathogenicity (Kumar et al., 2015; Holzer et
al., 2021). The relatively poor annotation of myxozoan sequences in the NCBI database may
have lead to the alignment of other Cnidaria taxa, reflecting their close phylogenetic relationship
(Chang et al., 2015). Although the absence of cysts might argue against active infection, the high
sequence homology suggests that trematode infection is a likely source, though concurrent
parasitism with myxozoans cannot be entirely excluded.
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