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Abstract

As contaminant exposures in aquatic ecosystems continue to increase, the need for streamlining
research efforts in environmental toxicology using predictive frameworks also grows. One such
framework is the Adverse Outcome Pathway (AOP). An AOP framework organizes and utilizes
toxicological information to connect measurable molecular endpoints to an adverse outcome of
regulatory relevance via a series of events at different levels of biological organization. Molecular
endpoints or biomarkers are essential to develop AOPs and are valuable early warning signs of
toxicity of pollutants, including contaminants of emerging concern (CECs). Ecological risk
assessment (ERA) approaches using tools such as biomarkers and AOPs benefit from
identification of molecular targets conserved across species. Bivalve models are useful in such
approaches and are integral to our understanding of ecological and human health risks associated
with contaminant exposures. Here we discuss the value of using biomarker approaches in bivalve
models to meet the demands of 215t century toxicology.
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BIOMARKERS, AOPs AND ERA

There is a growing effort in the scientific community to adopt predictive and computational
strategies towards ecological risk assessment (ERA) (Vinken et al. 2017). With rapidly
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expanding consumer markets and industrial manufacturing, new chemicals and materials
enter the aquatic environment every year. Therefore, methods for measuring adverse effects
as well as regulatory approaches must evolve at a fast pace to identify, evaluate and mitigate
the risks associated with contaminants of emerging concern (CECs) in aquatic ecosystems.
This is complicated not only by the number of chemicals to be tested, but also, in part, due
to species-specific sensitivities and limited understanding of molecular targets and
mechanistic pathways in environmental toxicology. Integration of molecular and cellular
effects in ERA is both challenging and essential in developing a targeted toxicological
approach that is relevant to the growing demands of chemical evaluations. One such
framework that connects existing toxicological knowledge to adverse effects of regulatory
relevance is the Adverse Outcome Pathway (AOP). An AOP is a representation of a
chemical interaction leading to an adverse effect via a series of events based on causal
relationships at multiple levels of biological organization. The initial anchor of an AOP is
the molecular initiating event (MIE) which is described as the first interaction of the
chemical with a biological system, at the molecular level, that triggers a downstream chain
of key events (KEs). The directed relationships that identify one KE as an upstream event
and the other one as downstream are defined as key event relationships (KERs). The final
anchor in an AOP is an adverse outcome (AO) which is usually detected at the organism or
population level and is relevant to performing a risk assessment (Ankley et al. 2010).
Evaluation of the connections between these two anchors is vital to understanding the nature
of the environmental and human health risks and minimizing the use of large-scale, time-,
money- and resource- intensive ERA approaches that do not utilize the underlying biological
information and predictive power of AOPs. At the lower levels of organization (i.e.,
molecular, organelle, cellular, and tissue levels), toxicity assessments are typically rapid,
relatively inexpensive to conduct, and use fewer resources. However, their applicability in
ERA approaches is poor in the absence of the direct effects on apical endpoints (Lam 2009).
To close this gap, AOPs have emerged as a promising concept to streamline toxicological
research and contribute to effective ERA for pollutants including CECs. AOPs are living
documents that evolve over time as new information becomes available and are not specific
to a chemical. They consist of reusable components (such as KEs and KERS) that can be
used across multiple AOPs in an AOP network (Villeneuve et al. 2014).

Biomarkers (or biological markers) are defined as measurable changes in cellular or
biochemical processes, structures or components that are induced by xenobiotics, disease, or
other physical agents. They are mostly measured at sub-organismic levels as molecular,
cellular, and physiological effects and are often used in mode of action and mechanistic
studies in toxicology. Biomarker assessments can contribute to AOP development (Lee et al.
2015) by identifying MIEs and KEs at lower levels of biological organization, and serve as
biological-effects monitoring tools for the evaluation of organismal health (Bolognesi and
Cirillo 2014; Nicholson and Lam 2005; UNEP/RAMOGE 1999). The application of
biomarker tools in understanding effects at higher levels of biological organization is not
recent (DeCaprio 1997). Similar to their use in the field of human health and medicine,
multi-biomarker approaches offer diagnostic value and detection of early warning signals in
environmental health studies (Lee et al. 2015; Ringwood et al. 1999a). Use of environmental
assessment tools such as Integrated Biomarker Response (IBR) (Beliaeff and Burgeot 2002)
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have allowed toxicity evaluations using integration of a suite of biomarkers (Dagnino et al.
2007b; Fossi Tankoua et al. 2013; Parolini et al. 2013). Such integrative approaches and
models are instrumental in advancing the applicability of biomarkers in ERA and
biomonitoring (Dagnino et al. 2007a; Damiens et al. 2007; Pytharopoulou et al. 2008;
Regoli et al. 2014). In this article, we focus on the use of biomarker tools and approaches in
development of AOPs using bivalve molluscs as model systems.

BIVALVE MOLLUSCS AS GOOD MODEL SYSTEMS

Models such as bivalve molluscs play an essential role in invertebrate environmental
toxicological research. Bivalve biomarker assessments have been successfully utilized for
evaluating chemical-induced physiological stress and overall health. Further, it has been
suggested that the power of using molluscs as model systems can be exponentially increased
via integration of the information obtained from multidisciplinary research efforts ranging
from molecular to ecosystem levels (Rittschof and McClellan-Green 2005). Bivalves are
widely distributed, particle-feeding molluscs that are easy to collect and maintain in
laboratory settings. Many bivalves have commercial importance as a protein-rich seafood
group for humans and directly contribute to human health and food safety concerns.

Aguatic sediments act as sinks as well as sources of organic and metal contaminants (Di
Toro et al. 1991). The dynamic interface between sediments and overlying water (as well as
porewater) is essential in examining the bioavailability and toxicity of contaminants. Benthic
fauna, including both epifaunal and infaunal bivalves, are key to understanding how
microenvironments and site-specific variables affect chemical or particle behavior (Byrne
and O’Halloran 2001). For example, uptake and accumulation of metal contaminants by
bivalves is valuable for understanding and defining the role of benthic processes in affecting
contaminant bioavailability and the resulting toxicity (Griscom and Fisher 2004). Most
bivalves have limited to no mobility and their sedentary lifestyle makes them good
candidates for bioaccumulation studies and representatives of habitat quality. Because these
shelled molluscs are more resilient to contaminants than many other resident species
(O’Connor 2002), they can also provide information about the water column and sediment
interface which only continuous long-term monitoring that captures diel and seasonal trends
could offer. Therefore, bivalve studies serve a pivotal role as tools to understand habitat
quality and in efficient management of stressed ecosystems (Besse et al. 2012). In addition,
such approaches can be used to identify hotspots and prioritize conservation efforts, as well
as outline critical exposure questions for other species. One example of an extensive national
monitoring program is the Mussel Watch Program that started in the US in 1986 (Farrington
et al. 2016; Goldberg 1986) and utilizes mussels as a bioindicator species to track chemical
contamination trends in aquatic habitats. Other monitoring programs (e.g., MedPol, UNEP
Mediterranean Biomonitoring Program; OSPAR Convention, RAMOGE) have also used
bivalves to assess spatio-temporal trends in chemical pollution around the world (Andral et
al. 2004; Casas and Bacher 2006; Hamza-Chaffai 2014).
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Filter-feeding

Most bivalves are filter-feeders and are recognized as bioindicators of aquatic pollution
(Bolognesi and Cirillo 2014; Moore 2006; Oehlmann and Schulte-Oehlmann 2003;
Ringwood et al. 1999a). They are known to bioconcentrate contaminants (O’Connor 2002)
and are sensitive to exposures to inorganic (Hédouin et al. 2011; Waykar and Deshmukh
2012; Yusof et al. 2004) as well as organic contaminants (Freitas et al. 2015; Sericano et al.
1996; Zuloaga et al. 2009). Bivalves have highly developed processes for internalization of
nano- to micro-scale particles (Canesi et al. 2012; Moore 2006), making them ideal models
for assessing nanomaterial toxicity. Bivalve capture efficiencies for microscale particles are
species-specific (Riisgard 1988; Ward and Shumway 2004) and must be considered in
particle toxicity assessments. Despite species-specific differences in the particle selection
(Baker and Levinton 2003; Kiorboe and Mohlenberg 1981; Winkel and Davids 1982),
adverse effects of exposures to nanomaterials have been reported in both freshwater and
marine bivalves (Rocha et al. 2015). Further, nanomaterials incorporated into aggregates are
shown to be more efficiently captured and ingested by bivalves than freely suspended (100
nm) particles (Ward and Kach 2009). Many nanomaterials undergo aggregation under
natural conditions, particularly in marine waters, which could increase their bioavailability
to bivalves (Hotze et al. 2010). Agglomerates may disintegrate, after being captured by the
gills or entering the stomach, freeing smaller components that may cross cellular barriers.
However, scientific evidence supporting this possibility is lacking and detailed investigations
regarding the fate of nanomaterials in biological systems are needed.

Gills play critical roles in filtration, feeding and respiratory processes in bivalves. Their large
surface area and direct exposure to the microenvironment around the bivalve increase their
vulnerability to contaminants. Gill sensitivity and evidence of conserved targets, along with
the ease of harvesting gills for biomarker testing, make bivalves good candidates for
evaluation of adverse outcomes of CEC exposures. Molecular changes as well as
histopathological damage in bivalve gills have been reported, indicating their sensitivity to
many contaminant classes (Cappello et al. 2013; Ciacci et al. 2012; Cossu et al. 2000;
Gregory et al. 2002; Nogueira et al. 2013). Beating of lateral cilia in the bivalve gills, critical
to filter-feeding, is controlled via serotonergic-dopaminergic innervation (Carroll and
Catapane 2007). A class of widely prescribed pharmaceutical drugs, selective serotonin re-
uptake inhibitors (SSRIs), which includes the antidepressants Fluoxetine (commonly known
as Prozac) and Sertraline (commonly known as Zoloft) have been shown to cause adverse
effects in bivalves (Estévez-Calvar et al. 2017; Franzellitti et al. 2014; Hazelton et al. 2014).
In bivalve physiology, serotonin plays an important role not just in gill ciliary activity, but
also in regulation of several reproductive processes, including maturation and release of
gametes (Fong and Ford 2014). Widespread occurrence of SSRIs in environmental samples
such as wastewater, groundwater, surface water as well as evidence in sediments and biota
have raised environmental concerns for possible adverse effects in aquatic ecosystems (Ford
and Fong 2016; Silva et al. 2012).

Another class of CECs, p-adrenoceptor antagonists that are used as antihypertensive drugs,
has also been shown to adversely affect molecular and physiological processes in marine and
freshwater bivalves (Contardo-Jara et al. 2010; Fabbri et al. 2009; Franzellitti et al. 2011;
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Khan et al. 2018a). Along with their adrenergic antagonistic properties, first-generation
antihypertensives have also been documented to possess antagonistic properties towards
serotonin-receptors (Huggett et al. 2002). When CECs enter aquatic ecosystems, interactions
among multiple prescription drugs at the molecular level may result in physiological effects
at the organism level even at low exposure concentrations (Franzellitti et al. 2015). There is
also evidence for the occurrence of pharmaceutical compounds in aquatic organisms,
including bivalves, which raises concerns around human consumption of bivalves as seafood
(Alvarez-Mufioz et al. 2015; McEneff et al. 2014). Transfer of pharmaceuticals to higher
trophic levels in aquatic food webs is poorly understood and more research is required to
characterize risks of emerging contaminant exposures to humans via dietary intake (Gaw et
al. 2014). This growing and overlapping concern relating to human and environmental health
is a multi-disciplinary platform for AOP development as well as for identification of
conserved pathways, receptors and molecular targets across taxa, and resulting physiological
effects. Bivalve research can provide such cross-disciplinary links between human and
ecological health. The expanding field of molecular and high-throughput studies with
bivalves as models (Dodder et al. 2014; Fabbri et al. 2014; Smital et al. 2004) has provided
opportunities towards identification of biological responses that can be extrapolated across
taxa.

Detoxification and immune function

The bivalve digestive system and immune processes extend their utility as a model system
(Canesi et al. 2008; Canesi et al. 2007). Bivalve digestive tissues are sites for processing as
well as detoxification and have been widely used for biomarker assessments in physical,
xenobiotic, and biological stress studies (Aguirre-Martinez et al. 2016; Canesi et al. 2010;
Khan et al. 2018b). Food particles in the incoming water are trapped by the gill sieve
(ctenidia) in the mucous string and are moved towards labial palps in many bivalve species.
The trapped food particles eventually travel to the mouth and, subsequently, enter the gut.
Digestive cells possess a lysosomal system for intracellular digestion characterized by endo-
and phago-cytotic processes. Lysosomes in digestive cells have been shown to accumulate
small scale particulate material and are regarded as valuable indicators of contaminant-
induced damage in freshwater and marine bivalves (Canesi et al. 2010; Guidi et al. 2010;
Ringwood et al. 1999a; Ringwood et al. 1999b).

Bivalve immune cells, referred to as hemocytes, also utilize endo- and phago-cytotic
processes for immune functions and defense against invading pathogens (Canesi et al. 2010;
Canesi et al. 2002). Hemocytes are structurally and functionally similar to mammalian
macrophages and monocytes. These cell types provide cell-mediated immunity through
phagocytosis and humoral immunity via the release of lysosomal enzymes and oxyradicals,
agglutinins, and antimicrobial peptides (Canesi et al. 2002). Hemocytes are known to
respond to pathogen as well as contaminant (chemical and nanomaterial) exposures
(Aguirre-Martinez et al. 2016; Canesi et al. 2002; Sauvé et al. 2002). The lysosomal-
autophagic reactions are therefore key components of cellular processes associated with
exposures to CECs and have been proposed as tools for predicting environmental risk and
ecological health (Moore et al. 2006). Interestingly, similar to the mammalian immune cells,
bivalve hemocytes also mount responses by induction of signaling pathways involving

Environ Toxicol Chem. Author manuscript; available in PMC 2021 August 01.



1duosnuel Joyiny vd3 1duosnuep Joyiny vd3

1duosnue Joyiny vd3

Khan et al.

Page 6

Mitogen Activated Protein Kinases (MAPKSs, p38 and JNKSs) and Protein Kinase C (Canesi
et al. 2006). While bivalves lack acquired immunity and solely depend on innate
components of immune function, the cellular processes that outline innate immune
responses have been conserved through evolution (Cooper et al. 2006) and, hence, provide
the opportunity to use such responses for the characterization of effects of contaminants on a
variety of organisms.

Bivalves have an open circulatory system comprised of a systemic heart pumping
hemolymph (containing hemocytes) into the arteries which eventually open into sinuses
(Jones 1983). These sinuses carry hemolymph to the body cavity (i.e., the hemocoel) where
tissues are bathed in hemolymph. Hemolymph transports respiratory gases, nutrients,
metabolic wastes, toxins and contaminants throughout the body. As a health assessment tool,
non-invasive sampling of hemolymph in freshwater as well as marine bivalves has been
recommended for obtaining valuable information on immune and toxicological responses
(Gustafson et al. 2005; Yanick and Heath 2000).

One of the molecular components of bivalve detoxification is the multixenobiotic resistance
(MXR) mechanism that is closely related to the mammalian multi-drug resistance (MDR)
protein family which is implicated in resistance to chemotherapeutic drugs (Litman et al.
2001). Both MDR and MXR belong to the ATP binding cassette (ABC) superfamily of
membrane transporters (such as p-glycoprotein) and have overlapping membrane binding
capacities, drug inhibition properties, and antibody cross-reactivities. In bivalve studies,
MXR has been shown to be a key biomarker of environmental pollution (Pain and Parant
2007) along with phase I and Il detoxification markers, such as, cytochrome P450 and
glutathione-s-transferase, respectively (Bonnafé et al. 2015). The similarities between the
components of detoxification mechanisms across species, and their connections to human
health and responses to environmental pollution together hold promise for use of molecular
markers in integrative frameworks such as AOPs for toxicity assessments.

Use of multiple life stages

One key advantage of using bivalve models in environmental toxicology is the ability to
utilize all life stages starting from embryos to sexually mature adults (Rittschof and
McClellan-Green 2005). Toxicological information from all life stages allows for integration
of our knowledge of exposures and effects while highlighting areas of overlap as well as
critical data gaps. Such integration could assist in AOP development by incorporation of
reproductive outcomes and success of early life-stages together with physiological effects
that could impact population-level consequences. Studies have reported effects of CECs on
reproductive processes in bivalves (Ciocan et al. 2010; Fabbri et al. 2014). Additionally,
linkages between chemical stress, biomarker responses, and reproductive processes have
been drawn in bivalves (Edge et al. 2012; Ringwood et al. 2004; Ringwood and Conners
2000).

Most marine bivalves are broadcast spawners and go through a shelled, free swimming
larval stage, called a veliger, before they settle to metamorphose to juveniles (Ackerman et
al. 1994). Recent advances in our understanding of bivalve genomes (Zhang et al. 2012)
reveal a complexity in shell formation and stress responses that suggests studies with veliger
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larvae can provide insights into the developmental effects of CECs. Indeed, a high-
throughput bivalve embryotoxicity assay for screening of CECs has been proposed (Fabbri
et al. 2014). Additionally, sensitivity to chemical stress and application of biomarkers
towards the goal of biomonitoring have been documented in bivalve developmental stages
(Damiens et al. 2004). In addition to the shelled veliger larvae, specialized developmental
stages, such as glochidia, found in freshwater mussels of the family Unionoidea have also
been shown to be responsive to contaminant exposures (Cope et al. 2008). Adverse
developmental effects and larval deformities may compromise the success of wild
populations and disrupt community dynamics in aquatic ecosystems. The high sensitivity of
early life stages is a useful tool in developing information networks applying biomarker
approaches to outline potential AOs at higher levels of biological organization.

BIOMARKER APPROACHES

Application of the wealth of biomarker information from bivalves has been suggested for
wide-scale biomonitoring programs using a tiered approach (Viarengo et al. 2007). Tier-1 of
this approach utilizes in vitro assessment of a sensitive, rapid and low-cost biomarker (such
as lysosomal membrane stability and cell survival rate) as an early warning and scanning
system. Based on tier-1 results, tier-2 is employed with a larger suite of biomarkers that
considers biological trends using longer term in vivo assessments. Therefore, in vitro tier-1
studies are important for identifying sensitive markers, but they must be verified in longer-
term tier-2 in vivo evaluations. In vitro studies provide critical information, especially for
potential toxicity of CECs, and serve as screening tools that streamline the two-tiered
approach, making it easier and more effective. However, their applicability in developing
robust AOPs is only as good as the validity of the selected marker in an in vivo context with
downstream physiological effects relevant in a whole-animal exposure system.

One advantage of using bivalve models is the ability to conduct caging studies in coastal,
lagoon and estuarine biomonitoring programs to evaluate long-term effects of ecological
relevance (Nasci et al. 2002). Additionally, transplantation studies with bivalves are also
valuable in ERA and biomonitoring using integrative approaches such as IBR (discussed in
the section titled Biomarkers, AOPs and ERA) (Damiens et al. 2007). With an ever-growing
list of chemical and material stressors, the most optimal use of biomarker tools is an
integrative assessment approach that combines human and environmental health. The
concept of finding common endpoints across taxa that can be used at multiple scales of
biological organization has been a focal point of risk assessment frameworks globally over
the last few decades (Munns et al. 2003). One of the challenges in implementing the
recommendations from such frameworks is the identification of sensitive markers in relevant
model species and examination of the physiological relevance of biomarker measurements
across taxa. Evolutionary conservation of molecular targets, such as receptors that bind
pharmaceuticals or enzymes that metabolize xenobiotics, has been utilized by approaches
such as the read-across hypothesis in predictive assessment frameworks. This hypothesis
states that a drug or chemical will have a measurable effect in a non-target organism if the
molecular targets of that drug have been conserved, resulting in a specific pharmacological
effect (Rand-Weaver et al. 2013), and holds promise as an alternative to animal- and time-
intensive in vivo testing (Stuard and Heinonen 2018). Recent advances in bivalve genomics
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(Murgarella et al. 2016; Uliano-Silva et al. 2016; Zhang et al. 2012) and other high
throughput omic techniques (Campos et al. 2012; Suarez-Ulloa et al. 2013) have opened an
exciting path towards evaluation of conserved targets and responses across taxa. Another
molecular tool that allows for extrapolation of toxicological information across species is
Sequence Alignment to Predict Across Species Susceptibility (SeqAPASS) (LaLone et al.
2016). Using an NCBI (National Center for Biotechnology Information) database,
SeqAPASS compares the amino acid sequence and protein structure to evaluate the presence
of a potential molecular target in a non-model species. Such comparisons for chemical
interactions can identify susceptibility of taxa to chemicals with a known mode of action.
This approach maximizes and expands the application of information derived from AOP
constructs and from high throughput sequencing. There are examples where existing
information is available on the homology and functions of protein families that participate in
bivalve stress responses as well in mammalian cancer biology. Heat shock proteins (HSPs)
(Margulis et al. 1989) and p53 (Walker et al. 2011) are two examples of how such overlap
between taxa can be useful in application of biomarker tools from bivalve models to provide
integrative approaches for human and ecological health assessment (Fernandez Robledo et
al. 2019; Galloway 2006).

In addition to integrating information across taxa, application of new approaches in chemical
read-across based on existing tools such as QSAR (Quantitative Structure-Activity
Relationship) modeling is growing for AOP development and decision making (Berggren et
al. 2015). QSARs are based on the hypothesis that changes in the molecular structure of a
chemical reflect changes in biological activity. They have been used in the field of
ecotoxicology for decades (Calamari and Vighi 1988; Veith et al. 1983) and their
incorporation in AOPs relies on grouping of chemicals based on structural and mechanistic
information and quantitative data. Most widely accepted QSAR models are based on mode
of action of a chemical. However, QSAR and chemical read-across approaches need to be
considered along with the information across taxa that highlights species-specific similarities
as well as differences. At lower levels of biological organization, QSAR approaches could
help to predict KEs and contribute to AOP development (Hodges et al. 2018). Several online
tools such as chemical databases (OECD toolbox (https://gsartoolbox.org/), PubChem
(https://pubchem.ncbi.nlm.nih.gov/), Chemspider (http://www.chemspider.com/)) offer
information to identify and utilize chemical similarity and biological activity towards the
development of different components of AOPs. Other databases, such as DrugBank (https://
www.drugbank.ca/), EcoDrug (http://www.ecodrug.org/) ToxCast (https://www.epa.gov/
chemical-research/toxcast-chemicals), ChREMBL (https://www.ebi.ac.uk/chembl/), STITCH
(http://stitch.embl.de/), are also available to assist with AOP development through
identification of chemical initiators for a known MIE (Fay et al. 2017).

Using available toxicological information and the application of chemical- and taxa-read
across, AOP development may undergo several phases (Villeneuve et al. 2014) as briefly
summarized here. Based on biological plausibility derived from extrapolation of existing
data and theoretical relevance, putative AOPs can be assembled using hypothesized KEs and
KERs. Such efforts are key to highlighting data gaps and identifying research needs in AOP
development. Empirical evidence and weight of evidence for a putative AOP are utilized to
qualitatively assemble various components of the AOP describing how KEs can be
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measured. Such linkages define causal relationships between events at different levels of
biological organisation, supported by documented empirical evidence, and contribute to the
development of qualitative AOPs based on OECD guidelines (OECD 2013). Further
development of quantitative linkages between KEs helps in identifying response
relationships that add precision to the performance of risk assessment and regulatory
decision-making (Perkins et al. 2019). Development of AOPs and their use at each phase
must be guided by a research question and its relevance in predicting an adverse outcome.
The predictive power and modular nature of AOPs are linked to their application across taxa
and across chemical classes. Therefore, application of existing biomarker data available for
multiple species and chemical categories provides opportunities to develop extensive AOP
networks. As described in the previous sections, the bivalve literature offers biomarker
information related to their filter-feeding mechanisms, conserved components of
detoxification and immune function, and effects on multiple life stages. Bivalve biomarker
data, when assembled in an AOP framework, can therefore contribute to the screening of
chemicals for AOs as well as determining concentration-based relationships.

AOP DEVELOPMENT USING BIVALVES

This case study (Fay et al. 2017) is an example of the bottom-up approach (Villeneuve et al.
2014) using bivalve models and a chemical class that was applied towards the development
of an AOP. Antidepressant pharmaceuticals, such as Fluoxetine, are widely prescribed and
their low-concentration exposures to aquatic species raise concerns about their adverse
effects in non-target organisms. Fluoxetine and many other antidepressant drugs are known
to be SSRIs (discussed in the section titled Filter-feeding). The motivation behind this AOP
development was to identify AOs in relevant model organisms and KEs that can assist in
monitoring of measurable endpoints associated with SSRI exposures (Fay et al. 2017).
Limited information is available on the biological activity of SSRIs in non-target organisms.
However, using databases such DrugBank (https://www.drugbank.ca/), information on
specific therapeutic targets and human protein-drug interactions can be obtained. Using the
database, it was found that the therapeutic target of Fluoxetine in humans is the sodium-
dependent serotonin transporter, 5-HTT. Given enough evolutionary conservation of 5-HTT
across taxa, Fluoxetine was hypothesized to have effects in other species through its
interactions with the common human target. To establish biological plausibility, SegAPASS
analysis was applied to confirm substantial conservation of 5-HTT across multiple aquatic
taxa. The conservation was identified for the primary amino acid sequence and functional
domain of the target and inhibition of this receptor was noted as the MIE. Further, a group of
40 additional drugs with similar inhibitory effects on 5-HTT was identified based on
chemical read-across and only four drugs were eventually selected based on
pharmacological activity at the therapeutic target and no off-target activity based on
DrugBank information (Fay et al. 2017). Inhibitory effects on 5-HTT leads to inhibition of
the reuptake of 5-HT (serotonin) resulting in elevated serotonin at neural junctions and
subsequent increased serotonergic signaling. Based on information obtained from the
USEPA’s database ECOTOX (https://cfpub.epa.gov/ecotox/), aquatic molluscs and
crustaceans were identified to be uniquely sensitive to Fluoxetine (Fong and Ford 2014;
Hazelton et al. 2014). This sensitivity was hypothesized to be extended to other similar
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chemical exposures based on whole-organism studies and due to sequence similarities and
physiological factors. The development of these AOPs was therefore focused on
investigations into the adverse effects of SSRIs on bivalves.

One of the key effects of increased serotonergic signaling in bivalves is release of muscle
contraction state leading to opening of the valve (Cunha and Machado 2001; Muneoka and
Twarog 1983). Along with depletion of energy, elevated active valve movement can result in
water retention in the foot leading to foot detachment and increased susceptibility to
predation (Cunha and Machado 2001; Rajagopal et al. 2005). Fluoxetine-exposed marine
mussels have been shown to have reduced clearance rates, growth and gonadosomatic index
(Peters and Granek 2016) highlighting the role of energy depletion in this AOP. In
freshwater mussels, fluoxetine exposures have been linked to increased daytime movement
that could result in increased susceptibility to predation due to higher visibility and energy
depletion (Hazelton et al. 2014). Based on current literature and biological plausibility
associated with the effects of serotonergic signaling on valve movement, retention of water
in the foot and its detachment, increased locomotion and energy depletion, AOP 97 (https://
aopwiki.org/aops/97) was developed. In this AOP, inhibition of 5-HTT (MIE) was linked to
elevated risk to predation (AQ) affecting survival and resulting in population-level effects.

Using the same MIE, other AOPs (AOP 195, 203, 204) were also developed and the AOs
were identified as altered reproductive success (Fay et al. 2017). AOP 195 (https:/
aopwiki.org/aops/195) and 204 (https://aopwiki.org/aops/204) show an increase in
reproductive success while AOP 203 (https://aopwiki.org/aops/203) reports a decline.
Bivalve spawning and egg maturation are affected by serotonergic signaling and effects of 5-
HTT inhibition on elevation of release of gametes have been reported in marine bivalves and
freshwater dreissenids (Fong and Molnar 2008; Fong 1998). These increases in spawning are
linked to serotonin-induced effects such as valve movement and ciliary action that increase
water flow and gamete expulsion (Gibbons and Castagna 1984; Hirai et al. 1988; Ram et al.
1996) and could lead to increased reproductive success and population increase (AOP 195).
Unlike broadcast spawners, unionid freshwater bivalves possess internal fertilization and
parturition of obligate parasitic glochidia larvae. Parturition and detachment of glochidia
prior to metamorphosis into the adult stage is documented to be under serotonergic control
(Fong et al. 1998; Meechonkit et al. 2012) and is hypothesized to be related to increased
valve movement and gill activity due to 5-HTT inhibition. While there are studies that
suggest that SSRI exposures induced parturition of viable larvae (Cunha and Machado 2001;
Fong et al. 1998) that could result in population increases (AOP 204), there is also evidence
of release of immature and nonviable glochidia post parturition in SSRI-exposed mussels
(Bringolf et al. 2010) that may be responsible for population decline (AOP 203). Another
aspect that induces parturition in unionid bivalves is mantle display that is used as a lure for
host fish and this behavior is seen to increase in mussels exposed to SSRIs (Bringolf et al.
2010; Hazelton et al. 2013). Excessive and poorly timed mantle display could lead to
negative reproductive results due to inappropriate host selection as well as render the
organism susceptible to predation (Hazelton et al. 2014). It must be noted that altered
reproductive success is the AO in the AOP associated with induction of spawning and
parturition. These population-level effects are important to consider in reference to timing of
such reproductive success events from an ERA perspective. SSRI-induced untimely release
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of viable gametes could result in downstream challenges for population survival related to
food availability (Fong and Molnar 2008) and other seasonal parameters. Further, premature
release of gametes/larvae in unionids leading to decreased reproductive success and
population declines is critical for conservation considerations for native bivalves, especially
with the possibility of increased reproductive success of broadcast spawners such as invasive
dreissenids (Fay et al. 2017).

The MIE describing inhibition of 5-HTT (https://aopwiki.org/events/619) as well as KE of
increased serotonin (5-HT) (https://aopwiki.org/events/626) are common to the four AOPs
described above. Further, these events are also in use for another AOP currently under
development (https://aopwiki.org/aops/98). The utilization of 5-HTT inhibition as the MIE
for AOP 98 is based on existing literature on molluscs (as discussed above), crustaceans and
fish (Bossus et al. 2014; McDonald 2017). Such connections emphasize the utility of read-
across approaches to develop information networks while maximizing application of
existing literature and guiding future investigations to close data gaps.

FUTURE DIRECTIONS AND CHALLENGES

Bivalves are of special interest in human health and ecological risk assessment due to their
ecological services, commercial value and far-reaching socio-economic impacts that could
arise because of population-level effects of chemical exposures in aquatic ecosystems. At the
molecular level, bivalves are valuable for identification and comparison of conserved targets
across taxa as well as changes in diagnostic health markers. Further, at the population level,
their relevance as model organisms is strengthened due to their contribution towards
maintaining water and habitat quality as well as seafood value. Use of bivalve models in
ecological and human health risk assessments with predictive frameworks such as AOPs
(Figure 1) offers an efficient and cost-effective avenue for toxicological research and
environmental management. Integration of information across taxa using evolutionary
conserved targets of toxicological relevance to develop AOP networks is still in its early
stages (Berggren et al. 2015; Fay et al. 2017; Hodges et al. 2018). Future efforts in predictive
toxicology must also include developing quantitative relationships between causal events in
the AOP framework and evaluating the magnitude or probability of an AO. Application of
quantitative AOP approaches and mathematical modeling that identifies dose-response
and/or response-response relationships will contribute towards better hazard predictions
(Perkins et al. 2019). For ERA purposes, it is valuable to identify the chemical concentration
required to trigger the MIE in an AOP. Such identification of the effective internal dose is
dependent on toxicokinetic differences. Linkages that examine relationships between
external hazardous exposure concentrations and internal dose therefore enhance AOP
applicability in risk characterization of chemical exposures (Perkins et al. 2013; Perkins et
al. 2019). Coupling quantitative AOP development with toxicokinetics models to consider
chemical absorption and metabolism will allow us to characterize internal dose at the MIE.
Further, these developments could also support and strengthen more efficient diagnostic use
of biomarkers in future investigations aimed at detection of adverse effects of chemical
exposures. It must be noted that extrapolations of chemical and biological information must
consider differences in binding efficiency (based on sequence homology) and routes of
exposures (waterborne exposures via gills in aquatic organisms versus inhalation via lungs in
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terrestrial organisms versus dietary exposures via gastrointestinal tract) as they affect dose-
response relationships relevant to risk assessment.

One of initial steps in predictive toxicology is extraction and organization of current
biomarker literature to focus research efforts and identify information gaps. Existing
biomarker data in bivalves could be utilized to identify KEs and postulate potential MIEs.
Depending on data availability, a bottom-up approach (MIE to AO) or, in some cases, a top-
down (AO to MIE) approach can be employed to construct an AOP. Another valuable
approach is the middle-out AOP (Villeneuve et al. 2014) which utilizes intermediate KEs,
such as events at the tissue- or organ-level, as anchors linking to an AO and traced back to a
MIE. Identification of such relevant pieces of toxicological information from bivalve
literature and their quantitative applications are key to cross-species extrapolation for risk
assessment.

Use of invertebrate species to obtain information based on similarities in biological
pathways is slowly evolving in human and ecological risk assessment (Hodges et al. 2018;
Perkins et al. 2013). Therefore, biomarker approaches in bivalve models in an AOP context
(Figure 1) using current mathematical models, omics techniques, and chemical databases are
valuable tools in cumulative risk assessment, especially as CECs continue to rise in number.
However, application of information across taxa must be weighed and developed with
physiological and ecological considerations. As toxicological information is assembled
across chemical classes and species, limitations and challenges associated with such
approaches must be recognized. In many cases, conserved molecular targets may represent
one putative mechanism of effect. Non-target organisms that appeared before mammals
during evolution, such as bivalves, may possess multiple alternative mechanisms leading to
significant, and sometimes unexpected, physiological outcomes. In order to understand
toxicological responses for ecological assessments, research must also consider putative
mechanisms of contaminant effects in addition to the conserved molecular targets and
pathways. Additionally, it is essential to consider the variables that affect responses and are
well characterized for human health studies such as overall health, age, metabolism, and
reproductive status. It must also be noted that not every biomarker can be integrated into
predictive assessments due to limited physiological relevance or applicability across taxa.
High-throughput techniques could be instrumental in selection of relevant markers when
using the read-across hypothesis. Application of invertebrate models in omics research and
AQP approaches has been suggested for identification of pathway-level responses to
contaminants across species (Hodges et al. 2018). Further, omics tools offer to maximize the
amount of information obtained from one sample, which is important to minimize excessive
use of resources in animal testing and to establish the diagnostic value of biomarkers.

Due to selective processes during filter-feeding in bivalves, special attention must be given
to particle toxicity evaluations. Bivalve rejection of particles is based on size and numerous
surface properties and, as recently demonstrated, uptake of particles doesn’t necessarily
reflect ingestion and exposure (Ward et al. 2019). Such considerations are critical in
prevention of over-estimation and misrepresentation of particle-based toxicity. Further,
association of contaminants (dissolved and particulate) with food and other organic matter in
the water column could affect uptake, stability, ingestion, and the toxicological potential of
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CECs. Another consideration is cellular compartmentalization of the contaminant, its
stability upon entry and the effects of cellular processes on the toxicity of CECs. At the
tissue level, accumulation of contaminants in different organs at different rates may result in
different levels of susceptibility to adverse physiological implications. Dissolved
contaminants may accumulate in bivalve gills or, if associated with food particles, can end
up in gut and digestive glands leading to adverse physiological outcomes (Faggio et al.
2018; Rajalakshmi and Mohandas 2005). In sexually mature adults, contaminants could also
be compartmentalized in lipid-rich gonadal regions and gametes. Such knowledge of tissue-
specific contaminant accumulation and molecular assessments are imperative to
development of AOPs using bivalve model systems.

One of the challenges in ecotoxicology is assessment of the cross-talk between stress and
detoxification pathways and compensatory mechanisms. Integration of such mechanistic
strategies by organisms under stress and understanding of their quantitative linkages are
critical to predicting risks of chemical exposures. In bivalves, physiological adaptations
employed to survive diel and seasonal environmental challenges may affect responses to
low-level chemical stress for short periods. To this end, seasonal biomarker ranges and
variability among populations must be established to accurately assess chemical effects for
bivalve models. Further, species-specific sensitivity is a critical aspect of toxicology (Khan
et al. 2018a; Pereira et al. 2011) and differences in responses can arise from baseline level
differences in compensatory mechanisms and metabolic rates as well as changes in energy
budgets. Bioenergetic endpoints and biomarkers associated with energy depletion and
reallocation in bivalves exposed to contaminant stress have been documented in xenobiotic
studies (Sokolova et al. 2012). Therefore, integration of models such as the Dynamic Energy
Budget (DEB) approach (Kooijman and Kooijman 2000) into the AOP framework can
provide linkages between energetic effects and apical/organismal endpoints such as growth,
survival, and reproduction in bivalves (Goodchild et al. 2019). Such use of bioenergetic
modeling with bivalves (Steeves et al. 2018) in conjunction with toxicity datasets (Jager and
Selck 2011) can support development of improved predictive approaches in ecological
management and risk assessment. DEB modeling describes how an organism assimilates and
utilizes the available energy for processes such as growth, reproduction, maintenance and
maturation. Within the DEB framework lies the concept of physiological mode of action
which describes how a chemical interferes with energy assimilation and allocation and leads
to adverse effects on life history processes (Hodges et al. 2018). It has been suggested that
physiological mode of action and its variations across species and chemicals can strengthen
the predictive toxicology network and provide linkages to higher levels of biological
organization in AOPs (Ashauer and Jager 2018). DEB and AOP frameworks can inform and
enhance each other’s predictive powers. Additionally, application of toxicokinetic modeling
will provide connections between exposure concentrations and internal doses which must be
further linked to organismal level effects as well as to DEB parameters (Murphy et al. 2018).

CONCLUDING REMARKS

It has been widely known and accepted that there is no “silver-bullet” in biomarker research
for ERA (Lam 2009). Similarly, based on the current status of literature, there is no
“perfect” model system in integrative risk assessment. However, with the goal of minimizing
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animal-testing and maximizing the efficient application of existing information and
predictive toxicology, it is critical to identify model species important to ecological and
human health considerations. Bivalves offer a model system that is useful in development of
AOQOPs using integrative biomarker tools (Figure 1) with the help of emerging omics
techniques, chemical databases and mathematical models. Bivalve toxicology offers an
overlapping and dynamic knowledge base that provides building blocks towards AOP
development. However, data gaps remain regarding inter- and intra-species baseline
variabilities in biomarker assessments as well as long-term evaluation of trends in
biomarkers induced by chemical effects. As more research studies provide toxicological
datasets, use of conserved molecular targets in bivalve models would allow us to expand our
qualitative and quantitative understanding of the impacts of CECs using the AOP
framework. Grouping contaminants into chemical classes and molecular targets across
species for development of information networks is a promising approach to keep up with
the demands of 215t century toxicology. Despite the overlap in mechanistic findings and
risks associated with CECs, currently, there is not adequate dialogue among biomedical
researchers, and mammalian and environmental toxicologists. Multidisciplinary research
efforts involving the utilization of toxicological evidence across research fields and sentinel
model species, such as bivalves, are imperative to the improvement of human and ecological
health.
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Figure 1.

Conceptual diagram showing putative sequential effects of bivalve exposures to
Contaminants of Emerging Concern (CECs). Using the Adverse Outcome Pathway (AOP)
framework, initiating events at the molecular level can be connected to higher order effects
at the organism and population levels which are relevant to risk assessment. Biomarker
assessments typically identify molecular and cellular level effects. Higher order effects, at
the level of organism and population, can result in ecological and human health impacts
which, in turn, result in socio-economic consequences.
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