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Because it is only possible to test chemicals for effects on a restricted range of species
and exposure scenarios, ecotoxicologists are faced with a significant challenge of how
to translate the measurements in model species into predictions of impacts for the
wider range of species in ecosystems. Because of this challenge, within ecotoxicology
there is no more fundamental aspect than to understand the nature of the traits that
determine sensitivity. To account for the uncertainties of species extrapolations in risk
assessment, “safety factors” or species sensitivity distributions are commonly used.
While valuable as pragmatic tools, these approaches have no mechanistic grounding.
Here we highlight how mechanistic information that is increasingly available for a range of
traits can be used to understand and potentially predict species sensitivity to chemicals.
We review current knowledge on how toxicokinetic, toxicodynamic, physiological, and
ecological traits contribute to differences in sensitivity. We go on to discuss how this
information is being used to make predictions of sensitivity using correlative and trait-
based approaches, including comparisons of target receptor orthologs. Finally, we
discuss how the emerging knowledge and associated tools can be used to enhance
theoretical and applied ecotoxicological research through improvements in mechanistic
modeling, predictive ecotoxicology, species sensitivity distribution development, mixture
toxicity assessment, chemical design, biotechnology application and mechanistically
informed monitoring.

Keywords: ecotoxicology, toxicokinetics, toxicodynamics, mechanism of action, predictive ecotoxicology

INTRODUCTION

Chemicals are the business of some of the largest industrial sectors. Whether as raw materials
from mining, oil and gas, as agrochemicals, textile, plastics, cosmetics, personal care, cleaning
or through use in the pharmaceutical industry, chemicals pervade every aspect of modern life.
When in widespread use, it becomes almost inevitable that chemicals will find their way into the
environment (Rockstrom et al., 2009). Routes may be through direct application and run-off of
agrochemicals (Kohler and Triebskorn, 2013; Elias et al., 2018), intended or accidental industrial
releases (Batty and Hallberg, 2010), or via waste and wastewater infrastructure, such as for down
the drain products passing through wastewater treatment (Munoz et al., 2008; Gardner et al.,
2012), or in leachates from landfills (Masoner et al., 2014; Kummerer et al., 2019). As well as
their recognized health effects (Landrigan et al., 2018), pollutant chemicals can also affect wildlife
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species and ecological communities (Hayes et al., 2018; Johnson
et al., 2020), placing real costs on ecosystem functions and
services (Wang et al., 2019). For example, Pretty et al. (2000)
identified external costs of £120 M and £16 M for pesticide
and fertilizer applications to the United Kingdom drinking
water supply chain. Demonstrated, expected and even perceived
impacts on ecosystem widely shape public opinion on chemical
safety and use, even in those cases where no impacts may
actually exist (i.e., where a source-pathway-receptor link cannot
be established). Given the scale, diversity and potential costs,
effective management of chemicals through risk assessment is
critical for environmental management (Jenck et al., 2004).

To tackle issues in risk assessment, science-based chemical
management faces the fundamental problem of how to
extrapolate data produced for a small number of “standard”
test species to predict impacts for a large number of species
from different phyla present in an ecosystem that may differ
in their physiology, diet and life-history traits. This challenge
is relevant both in cases of prospective assessments to assess
the likelihood of future hazard and risk (e.g., during the
registration of a new substance, such as a pesticide) or for
retrospective assessments of the impact of known chemical
releases (e.g., through industrial emissions or an accidental
release) on ecosystem structure and function (Faber et al.,
2019). With >80,000 chemicals produced at >1 ton volume in
Europe, testing even for a “representative” subset of “standard”
species cannot be achieved in any sensible timescale. Defining
“safe” contaminant concentrations for ecosystems, therefore,
often relies on the use of an arbitrary “safety factor” (usually
division of a toxicity metric, such as an LCx, ECx or NOEC
by 100 or 1,000) placed on data available often for only
a small number of species (e.g., in aquatic risk assessment
often only Daphnia, fish, algae) or at best species sensitivity
distributions (SSDs) constructed with at most 10s of species
(Posthuma et al., 2019).

This assessment factor approach is a pragmatic solution
to address the uncertainties relating to lack of knowledge on
the basis and range of species sensitivity. The approach has
notable technical flaws, not just in that the size of assessment
factor used is largely arbitrary, but also that the derivation
of any value for regulatory application (e.g., a predicted no-
effect concentration) is driven by the most sensitive species.
As a consequence, hazard values derived using generic safety
factors may sometime be over-precautionary, but in others may
fail to protect vulnerable species (Lau et al., 2014). Failures
of protection from the application of assessment factors have
previously been found to occur in cases where a given chemical
has an impact on a specific physiological trait, such as behavior,
immuno-competence, genotoxicity and physiology that is not
commonly measured in standard regulatory toxicity tests. Such
unforeseen effects account for some of the most well-known
impacts of chemicals on populations, such as tributyltin on
marine mollusks (Matthiessen and Law, 2002); neonicotinoid
pesticides for bees (Jin et al., 2015; Woodcock et al., 2016;
Douglas et al., 2020); DDT on birds of prey (Newton and Wyllie,
1992); and the anti-inflammatory drug diclofenac on vulture
populations (Oaks et al., 2004).

For the chemicals of highest concern, such as some trace
metals, high volume use pesticides, selected pharmaceuticals
and more recently some nanomaterials, specific research has
resulted in the development of a richer ecotoxicological effects
database covering a greater range of species (Posthuma et al.,
2001; Semenzin et al., 2015). The additional data available for
these well-studied chemicals almost always comprises results
from short-term laboratory toxicity tests for an extended range
of species. Even for the most investigated chemicals, the number
of species for which toxicity has been assessed remains relatively
small. For example, Mebane (2010) identified a data-set of 27
species within 21 genera for cadmium; while Zhao and Chen
(2016) extracted sensitivity data for 207 freshwater and saltwater
species for the organophosphate insecticide chlorpyrifos in what
is probably the largest ecotoxicological effect database currently
available for any substance. In those relatively few cases where
the ecotoxicological effects literature is large and taxonomically
broad, then the distribution of toxicity metrics (e.g., LCxs, ECxs,
NOECs etc.) can be modeled as a statistical distribution to assess
the pattern and order of species sensitivities. Such analyses have
become the basis for sensitivity distribution (SSD) approaches in
ecotoxicology (Posthuma et al., 2001).

The initial conceptualization of species sensitivity
distributions as descriptive tools to summarize ecotoxicological
data was founded on principles that species sensitivity varies
in a symmetrical distribution on a log scale (Kooijman, 1987).
This concept was later formulated into an approach for deriving
ecosystem protection goals for chemical exposure by selecting
a protection goal for accepted effect on a given percentage of
species (Van Straalen and Denneman, 1989). Conventionally the
threshold for effects routinely used with SSDs has been to protect
95% of species and, thereby, to accept an adverse effect on 5%.
This protection goal is known as the hazardous concentration
for 5% of species (the “HC5”). By using systematically collated
toxicity data from multiple studies to gain a more complete
estimation of response than achieved by a single study, SSD
represents an early example of the application of meta-analysis
approaches to environmental management problems. In the
thirty years since their initial development, SSDs have passed
into routine use in chemical policy and management.

In the period immediately after SSD conceptualization and
integration into policy, a series of concerns with their technical
and ecological bases were raised. An initial methodological issue
concerned the shape of the distribution of sensitivity between
species. Doubts were expressed on the choice of the log-logistic
distribution as the best model to describe the pattern of rank
order for sensitivity, even by Kooijman (1987) in the founding
model paper. A comparison of SSD model fits has suggested that
a model based on a Burr III distribution may provide a better fit
to data than either log-normal or log-logistic fits (He et al., 2014).
However, models using a Burr III distribution have computation
drawbacks in their processing complexity, meaning that the log-
logistic fit remains the dominant model form used in SSD studies
(Xu et al., 2015).

A more fundamental issue with the use of SSDs for
setting environmental protection goals concerns the selection of
acceptable thresholds and the potential for effects on keystone
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species (Hopkin, 1993). The framework for assessment assumes
that the range of sensitivity of the tested species used to generate
the SSD matches those of the species in the focus ecosystem.
This is not a justified assumption, based on the fact that the
majority of test data comes from laboratory species presenting
similar traits of short generational time, rapid growth and high
fecundity that are not replicated in many species in natural
communities (Beaudouin and Pery, 2013). Evidence that some
types of chemicals may strongly affect species in specific groups
that undertake key ecosystem processes (e.g., herbicide effects on
primary producers) have resulted in the development of species
sensitivity distribution for only species from those taxa (King
et al., 2015; Wang et al., 2015; Baillard et al., 2020). This selection,
which can be based on taxonomy or function, avoids setting
protection goals that disproportionately leave key functional
species among the affected 5%, even when the protection goals for
95% of species is met (Hopkin, 1993; Forbes and Calow, 2002).

A further concern raised on the value of SSDs is whether the
sensitivity of organisms tested in the laboratory matches that
found among field species. Again aware of this issue, Kooijman
(1987) identified disagreement between biologists on whether the
species selected for testing were likely to be on average hardier
or more susceptible than field species given their amenability
for laboratory culturing and experimental use. To make this
comparison, SSDs derived from laboratory toxicity data have
been compared to community impacts in the field. Results
have been found to both corroborate SSD predictions (e.g.,
Posthuma and DeZwart, 2006) and also to suggest that SSDs may
underestimate the effect (e.g., Smetanova et al., 2014). Because
of this remaining uncertainty, current risk assessment schemes,
such as that for pesticides in the EU, do not use the unamended
HC5 derived from an SSD as the protection goal (Brock et al.,
2006). Instead, assessment factors scaled according to the amount
of data used for SSD development are placed on the HC5. The
need to include an additional assessment factor as a blunt tool to
support precautionary analysis indicates that, while undoubtedly
useful, descriptive SSD models provide only a partial solution to
the pan-species problem in chemical risk assessment.

UNDERSTANDING THE BASIS OF
DIFFERENTIAL SENSITIVITY

The basis of species sensitivity is that chemical exposure at
a sufficient concentration imparts negative impacts on the
physiology, behavior and ultimately life-history and population
dynamics of an exposed species. This interaction of the chemical
with the physiology of species has been recognized through
the development of the adverse outcome pathways (AOPs)
concept, an approach that combines existing knowledge of
xenobiotic interactions with a specific biomolecule as the
“molecular initiating event” (MIE) to apical endpoints across
different levels of biological organization (Ankley et al.,
2010). The AOP concept provides an approach to support
more mechanistically driven toxicology including by the
identification and analysis of conserved toxicokinetics (TK) and
toxicodynamics (TD) pathways. Toxicokinetic pathways underlie

the Adsorption-Distribution-Metabolism-Excretion (ADME)
traits that determine chemical concentration in organisms, and
ultimately reaching target sites (McCarty and Mackay, 1993;
Nyman et al., 2012). Toxicodynamics covers the processes of
interaction between the chemical and the target and the resulting
cascade of events leading to phenotypic change within the
AOP (McCarty and Mackay, 1993; Nyman et al., 2012). An
understanding of species TK and TD traits have a significant
potential to contribute to support species read-across (Rivetti
et al., 2020). Consequently, an understanding of the range of
biochemical pathways that contribute to TK and TD traits can
be informative for understanding the nature and severity of
species response to chemical exposures (see Figure 1 for trait
organization and integration).

AOPs currently exist in a range of forms, from putative
and partially characterized to well−described and fully validated
(Coady et al., 2019). They range from qualitative to semi-
quantitative and quantitative AOP (qAOP) models (Spinu et al.,
2020). A fully developed qAOP can help guide the interpretation
of comparative effects between species, as the link between
exposure level and the degree of response of the adverse outcome
is established. However, for the purposes of predicting species
sensitivity, the application of qAOPs may be challenged by
the very differences that they seek to investigate. In some
cases, comparative analyses may be able to reliably attribute a
mechanism and a scale of toxicant effects across species based
on binding to the highly conserved MIE target. For example,
a qAOP for an organophosphate could be plausibly transferred
across species, due to the conservation of nervous system and
of the target acetylcholinesterase receptors (Brockmeier et al.,
2017), although even in this context variation may remain
depending on species specific processes such as the relative
irreversibility of acetylcholinesterase inhibition (Wallace and
Herzberg, 1988). However, generalizing a qAOP to understand
chemical sensitivity for species outside of the taxonomic range
for which it has been formulated needs to be considered within
different evolutionary and physiological contexts (Gunnarsson
et al., 2008; Verbruggen et al., 2018). For example, for compounds
that mimic estrogen, the target estrogen receptor sequences show
more variance and may not even be present in some taxa (e.g.,
for Daphnia). Thus, qAOPs for mechanisms of effect applied to
species with a different receptor structure may lead to highly
erroneous sensitivity prediction for a chemical working through
this pathway. Understanding the contribution of evolutionary
processes and traits to sensitivity is, thus, needed to understand
the contexts into which qAOPs can or cannot be applied.

THE CONTRIBUTION OF
EVOLUTIONARY PROCESS TO SPECIES
SENSITIVITY

Microevolutionary or macroevolutionary changes that impact on
TK and TD traits would be anticipated to modify sensitivity
by changing either target site exposure or chemical-target
site interactions (Klerks et al., 2011). There are some well-
established examples of known microevolutionary changes that
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FIGURE 1 | Summary of the TK and TD traits that may be linked to species sensitivity, traits can be inherent or derived from a range of available genome resources.

can modify sensitivity. The development of antibiotic resistance
in microbial populations is such a case. Antibiotic resistance
can arise from exposure to specifically designed antimicrobials
or through cross tolerance to other contaminants (Bell et al.,
2014; Xie et al., 2018). Indeed there is growing evidence of
a co-evolutionary process of antimicrobial resistance arising
from environmental exposure to organic pollutants and even
metals leading to the development of clinically relevant resistance
(Pal et al., 2015). Because of its obvious therapeutic relevance,
antibiotic resistance is one of the most widely understood
microevolutionary processes for any group of toxicants. The
many mechanisms identified leading to resistance include
changes in both TK traits, such as acquisition or modification
of cellular chemical transport systems that remove chemicals
from cells, and also TD processes such as modifications to the
structural confirmation and functional characteristics of cellular
targets (Davies and Davies, 2010). These widely observed and
well understood trajectories establish a dominant paradigm of TK
and TD change as causes of differences in population sensitivity
to toxicants.

Understanding the microevolution for TK and TD traits also
provides a rationale for characterizing pesticide resistance. The

development of insecticide resistance was initially documented
for inorganic pesticides even during their early use (Melander,
1914). In the intervening years, the diversification of pesticides
has been associated with expansion in the range of species
exhibiting resistance. Studies that have addressed the causes
of resistance identified two major non-competing mechanisms:
increased metabolic detoxification and decreased sensitivity
of the target-site that represent, respectively, TK and TD
changes (Van Leeuwen et al., 2010; Liu, 2015; Siegwart
et al., 2017). Increased metabolic detoxification arises following
mutational changes that increase the expression or efficiency
of one or more enzymes involved in endogenous pesticide
metabolism or excretion. Typically esterases are the main
enzymes involved, although resistance has also been linked
to changes in glutathione-s-transferase expression and activity
(Hemingway et al., 2004). Target site insensitivity also has
multiple mechanistic bases, including point mutations that
change structural confirmation and, thereby, ligand-receptor
affinity (Hemingway et al., 2004). There is obvious value in
identifying the dominant mechanisms of resistance as this
can support mitigation. However, as TK associated changes to
metabolism and TD associated changes to target site interactions
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are effectively independent, many cases of insecticide resistance
show characteristics of both types of response (Reyes et al., 2007;
Siegwart et al., 2017).

Microevolutionary processes leading to the development
of tolerance have also been shown to shape population
responses to inorganic chemicals, e.g., trace metal exposures.
There is a significant body of evidence for the development
of population tolerances to metals in long-term exposed
invertebrates, plants and microbial populations (see review
of Posthuma and Van Straalen, 1993; Meharg, 2005; Singh
et al., 2016; Chandrangsu et al., 2017). Tolerance to metal
exposure in animals has been associated with microevolutionary
processes that change the expression of metallothioneins
and in plants to changes in phytochelatins synthases that
together alter the TK processes of metal uptake, transport
and detoxification in the adapted species (Dallinger and
Hockner, 2013; Weng and Wang, 2014; Zanella et al., 2016;
Shaw et al., 2019; Lwalaba et al., 2020; Mekawy et al., 2020).
For example, in populations of the Collembola O. cincta, Costa
et al. (2012) showed that a metal-tolerant phenotype was mainly
influenced by cis-genetic factors acting on metallothionein
expression, with specific promoter genotypes found dominantly
in cadmium tolerant populations. Observations in a further
springtail species Folsomia candida also supported a role
of constitutive metallothionein expression in cadmium
tolerance, influenced by both trans and cis regulatory variation
(Costa et al., 2012).

While mechanisms of adaptation can become hard wired
into the genome, more transient changes in the epigenome
have also been associated with the capacity of organisms to
respond to chemicals. Such epigenetic changes appear to be
associated with downstream modification of both TK and TD
processes (Bruce et al., 2007; Mirbahai and Chipman, 2014;
Brander et al., 2017; Horemans et al., 2019). Components
of the epigenome, such as DNA methylation, are emerging
as the interface between the static genome and the dynamic
and changing environment in which species live and persist
(Marczylo et al., 2016; Horemans et al., 2019). Evidence that
epigenetic marks induced by adverse conditions encountered by
the parents, such as stressor exposure can be partly stable across
generations is beginning to build in plants, vertebrates and more
recently in invertebrates (against prior expectations) leading to
transgenerational heritable changes in offspring (Greer et al.,
2011; Pecinka and Scheid, 2012; Uller et al., 2015; Klosin et al.,
2017; Stassen et al., 2018). Examples include the observation of
the transfer of stress tolerance associated with gene expression
changes linked with altered trimethylation of histone H3 lysine 9,
identified as a mechanisms for transgenerational inheritance of
the maintenance of stressor responses in C. elegans (Klosin
et al., 2017) and heritable changes in a DNA methylation in
Arabadopsis in response to nickel exposure (Li et al., 2015).
A role of epigenetic mechanisms in heritable effects has also
been identified in Daphnia magna in response to ionizing
radiation (Jeremias et al., 2018; Trijau et al., 2018), silver
nanoparticles (Ellis et al., 2020), uranium (Dias et al., 2008;
Massarin et al., 2011; Dutilleul et al., 2014; Goussen et al.,
2015) and a DNA methylation inhibitor (Lindeman et al.,

2019). How these epigenetic mechanisms are linked to sensitivity
is currently unknown. However, evidence of altered DNA
methylation in an arsenic tolerant populations of the earthworm
L. rubellus (Kille et al., 2013) that also express high levels of
phytochelatins (Liebeke et al., 2013) suggests a role in regulating
detoxification mechanisms.

PHYSIOLOGICAL TRAITS AS
DETERMINANTS OF SPECIES
SENSITIVITY

Multiple studies have identified how species biological traits
can lead to differences in responses to chemical exposure. An
understanding of the evolutionary background of species and
especially their shared and distinct TK and TD traits can,
thus, contribute greatly to our understanding of their role
as drivers of sensitivity. The role of TK/TD and AOP traits
in toxicity can be seen as orthogonal (Figure 2). TK traits
related to adsorption distribution, metabolism and excretion
determine the concentration of the chemical entering into
the organisms, as well as the distribution to and removal
from the target site at which the MIE occurs. Examples for
traits that may affect TK rates leading to changes in exposure
include species behavior (e.g., feeding traits), anatomical
traits (e.g., surface area-to-body mass scaling relationship),
metabolic capacities (e.g., direct via CYP divergence or
indirect via the AH-receptor that activates CYP expression),
stress-response capacities (e.g., Metallothionein/phytochelatin
expression patterns) and microbiome differences (e.g., presence
of gut bacteria known to degrade xenobiotic chemicals). The
specific nature of the TD interactions cover mechanisms through
which chemicals interact at target sites to result, triggering a
MIE that leads to the biochemical, cellular, tissue organism that
together comprise the toxicant AOP (Figure 2). Examples of
traits that may affect TK rates include lipid content variations
affecting the nature of narcotic interactions, presence/absence of
target receptors to determine whether species experience toxicity
through specific trigger AOPs, gene duplication and loss varying
receptor ortholog compliment and target receptor sequence
leading to binding site differences that affect ligand-receptor
interaction strengths. Evidence relating to the importance of such
changes affecting sensitivity are detailed below.

Toxicokinetic Traits and Species
Sensitivity
Species traits can govern the extent to which exposure may
occur. At the simplest level, the movement of species through
the landscape and dietary choices can influence exposure. For
example, Woodcock et al. (2016) identified that bee species
foraging on oilseed rape treated with systemic neonicotinoids
showed greater population declines than non-oilseed rape
feeding species not similarly subject to insecticide exposure. In
this case there was no indication that different species population
trajectories were driven by inherent sensitivity, but rather by
feeding traits that governed exposure. A somewhat analogous
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FIGURE 2 | The integration of TK and TD traits within the AOP framework, TK traits determine the concentration of the chemical reaching the site, TD traits
determine the nature of the target site and influence downstream AOP processes leading ultimately to overt toxicity.

situation exists for other established cases of species vulnerability,
such as top predator (e.g., predatory birds) exposure to
persistent, bioaccumulative and toxic chemicals through food
chain biomagnification. However, within the highly exposed
species groups, differences in vulnerability may still occur as the
product of physiological traits leading to differences in inherent
sensitivity (Farmahin et al., 2013; Heard et al., 2017).

A number of studies have attempted to link variations in
species anatomical or physiological traits to chemical sensitivity
(Baird and Van den Brink, 2007; Rubach et al., 2012, 2010a; Qiu
et al., 2014; Gergs et al., 2015; Rico and Van den Brink, 2015; Van
den Berg et al., 2019; Dalhoff et al., 2020). Most commonly the
traits available and used have been either taxonomic, anatomical
(e.g., body size and weight, presence of external respiratory
surfaces), life-history (e.g., life-span, reproductive strategy) or
ecological (life-stage specific habitat, feeding guild), although
Rubach et al. (2012) and Van den Berg et al. (2019) both included
measured TK traits and Dalhoff et al. (2020) included TK and TD

parameters derived from modeling. Relationships that link both
single and also multiple traits to sensitivity have been identified.
For example, Gergs et al. (2015) found a relationship between
sensitivity and body size, which has been linked to possible
effects on TK traits for Triphenyltin hydroxide through a surface
area to body mass scaling relationship (Rubach et al., 2010a).
Dalhoff et al. (2020) also found a strong correlation between
surface area/volume and TK parameters (sorption and uptake
rate constants and the resulting BCF) for a pyrethroid insecticide.
However, in this case, there was no correlation between any TK
parameter and sensitivity. Instead sensitivity was correlated with
“killing rate,” which is the major TD parameter derived from the
General Unified Theory Reduced Stochastic Death (GUTS-RED-
SD) TK-TD model. This finding suggests that species variations at
the target site, or associated with different AOP components, may
act as the major drivers of arthropod pyrethroid sensitivity rather
than any ADME parameter. Despite some progress, not all trait-
based assessments have succeeded in identifying links between

Frontiers in Environmental Science | www.frontiersin.org 6 December 2020 | Volume 8 | Article 588380

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/environmental-science#articles


fenvs-08-588380 November 25, 2020 Time: 12:23 # 7

Spurgeon et al. Species Sensitivity to Toxic Substances

specific species characteristics and sensitivity. The absence of
such simple relationships highlights the complexity of potential
predictive model development due to factors such as multiple
trait contributions (Qiu et al., 2014), lack of relevant trait data for
key intrinsic characteristics (Rubach et al., 2010a; Van den Berg
et al., 2019), and the need to better consider TK (and TD) traits
within models (Gergs et al., 2015).

Although trends across a wide range of taxa have not been
established, more focussed species specific comparisons have
identified cases in which TK traits have been shown to contribute
to sensitivity difference. Such an example is the exposure of
two cryptic species of Capitella to the PAH, fluoranthene (Selck
et al., 2003; Li et al., 2004). In this polychaete annelid, higher
fluoranthene biotransformation capability was found in Capitella
sp. I than in its closely related sibling species Capitella sp. S.
(Selck et al., 2003). Between the two polychaetes, Li et al. (2004)
identified two novel cytochrome p450s present in Capitella
sp. I (CYP331A1 and CYP4AT1), both potentially capable of
PAH biotransformation, that were not found in Capitella sp.
S. These two enzymes supported a higher rate of fluoranthene
biotransformation in Capitella sp. I that could in turn explain
the lower sensitivity of the species for fluoranthene compared to
Capitella sp. S. (Bach et al., 2005). For lead, Andre et al. (2010)
identified differences in the potential for two cryptic species of
the earthworm L. rubellus to persist in polluted soils could be
linked to species difference in calcium metabolism. Specifically,
sequencing of the SERCA Ca-transport gene in the two cryptic
clades revealed mutations in the protein cytosolic domain likely
to contribute to differences in lead accumulation and internal
sequestration, differences expected to influence sensitivity under
different soil pH conditions.

A further set of examples of the role of TK trait differences
for sensitivity comes from studying the responses of bird
species to dioxin exposure. The initial mechanisms of dioxin
congener interactions leading to toxicity are comparatively
well known. Initially dioxins act as a ligand and bind to the
aryl-hydrocarbon receptor (AH-receptor). This results in co-
chaperone dissociation and heterodimerization with the AhR
nuclear translocator (ARNT) which acts as a transcription
factor, most notably for biotransformation enzymes such as
cytochrome P450 1a1 (Denison et al., 2011). Gene expression
changes resulting from AH-receptor mediated transcriptional
activation in birds has been convincingly related to a range of
pathologies linked to DNA damage, changes in hormone cycling,
teratogenicity, neurotoxicity and carcinogenesis (Mandal, 2005).
Binding studies have indicated that ligands with a low inhibitory
constant induce cytochrome P450 1A1 expression at lower
concentrations and this expression and activity is associated with
higher potency for these compounds through the production
of reactive metabolites (Hestermann et al., 2000). Based on
this mechanism, expectations are that high ligand binding
to species specific AH-receptor sequences result in higher
cytochrome P450 1A1 expression and activity, that would
result in greater toxicity through metabolite production and
downstream effects.

The link between AH-receptor sequence variations and dioxin
sensitivity has been convincingly illustrated in comparative

studies with bird species. Observations that some species of
piscivorous birds (e.g., the common tern Sterna hirundo) are
highly exposed to 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD)
and related halogenated compounds but show limited effects
have been linked to their lower sensitivity (up to 250-fold)
to these chemicals compared to chicken (Gallus gallus), a
species commonly used for toxicity testing. The expressed AH-
receptor from Sterna hirundo was found to show lower TCDD
binding affinity and exhibits a reduced ability to support TCDD-
dependent transactivation as compared to chicken AH-receptors
(Farmahin et al., 2013). A further analysis of avian AH-receptors
revealed particular amino acid sequence polymorphisms in the
ligand-binding domain at sites 324 and 380 that were strongly
linked to the reduced activation potential (Farmahin et al., 2013).
This model of AH-receptor sequence mediated variation in
sensitivity was further tested through sequence analysis and in
ovo exposure using a luciferase reporter gene assay to measure
cytochrome P4501A induction (Farmahin et al., 2013). Although
further polymorphisms between species were found for different
AH-receptor residues, only those at the two sites identified from
the initial study (324 and 380) affected luciferase activation
as linked to toxicity (Farmahin et al., 2013). Indications of
a relationship between AH-receptor mediated gene expression
and dioxin and halogenated organic toxicity in fish species
suggests the link between binding domain sequence variation and
sensitivity may extend beyond bird species (Doering et al., 2018).

The potential vulnerability of bee species to xenobiotic
exposure, as illustrated by the recent cases of neonicotinoid
impacts (Rundlof et al., 2015; Woodcock et al., 2017; Main
et al., 2020), has been linked to the constrained metabolic
potential of bee species for these insecticides. Relative to
most other insects, sequenced bee genomes have a deficit of
detoxification genes from the Phase I, II, and III gene families
(Berenbaum and Johnson, 2015). For example, the honey bee
Apis mellifera has 46 identified cytochrome P450 genes and the
bumblebee Bombus huntii 44 compared to 52–92 for a range
of other insect species (e.g., 85 for Drosophila melanogaster).
The reasons for the reduced complement of metabolic enzymes
in honey bees is not established. However, it is suggested
that detoxification in eusocial bees may be supplemented by
behaviors that produce a “social detoxification system.” These
include forager discrimination, dilution by pollen mixing, and
food processing through microbial fermentation, all of which
might lower the number or quantity of ingested chemicals
that require detoxification (Berenbaum and Johnson, 2015).
The reduced enzymatic potential for biotransformation in bees
has been proposed as a key trait that may engender higher
sensitivity to some individual xenobiotics (Berenbaum and
Johnson, 2015). Such comparative sensitivity of bees compared
to other insects is supported by meta-analysis showing the
sensitivity for honey bees across commonly tested insecticide
classes (Hardstone and Scott, 2010).

The potential role of specific cytochrome P450s in bee
sensitivity to xenobiotics has been shown in comparative toxicity
studies for the neonicotinoids imidacloprid and thiacloprid for
Apis mellifera and Bombus terrestris. Of the two insecticides,
thiacloprid has the lowest toxicity to both species. In Apis
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mellifera, this compound is more rapidly metabolized by the
single Cytochrome P450 (CYP9Q3), identified as the major
Phase I metabolic enzymes for this class of insecticide (Manjon
et al., 2018). Mining of an available Bombus terrestris genome
identified five orthologs of Apis mellifera CYP9Q3, of which two
(CYP9Q4, CYP9Q5) were found to metabolize thiacloprid, but
not imidacloprid (Manjon et al., 2018). This was consistent with
a lower toxicity of thiacloprid than imidacloprid in bumblebees.
The affinity of the family of cytochrome P450 enzymes for the
varoicides tau-fluvalinate and coumaphos has also been linked
to the low sensitivity of Apis mellifera to these compounds
compared to their mite targets (Mao et al., 2011). Further, recent
work has identified functionally conserved metabolic enzymes
in the solitary bee Osmia bicornis that play a critical role in the
biotransformation of pesticides including neonicotinoids, which
in turn determines the sensitivity of this species to exposure
(Beadle et al., 2019).

The functional role of TK traits in chlorpyrifos sensitivity
was investigated across a range of 15 taxonomically varied
freshwater arthropod species (Rubach et al., 2010b). Differences
in TK traits influencing both uptake and elimination rates
were found. Those TK traits relating to uptake, elimination
and bioconcentration were compared to sensitivity (expressed as
log EC50). Significant negative relationships were found for the
kinetic parameters, but not for bioconcentration factor values.
Perhaps most surprising was the significant negative relationship
of elimination rate and sensitivity. Expectation may have been
that higher biotransformation leading to elimination would
be linked to lower sensitivity, as for insecticides and adapted
Capitella populations exposed to PAHs (Selck et al., 2003; Bach
et al., 2005). However, key to understanding this relationship
may be the requirement for chlorpyrifos to be metabolized to
chlorpyrifos-oxon, a more potent acetylcholinesterase inhibitor,
to initiate toxicity. Hence, species with high metabolism may
increase internal chlorpyrifos-oxon levels leading to greater
inhibition and toxicity. Separately, uptake and elimination traits
accounted for 38 and 28% of the differences in species sensitivity
indicating that, although important, the predictive power of such
TK trait measurements was not high (Rubach et al., 2012). The
limited value of TK traits for sensitivity prediction has also been
demonstrated in a study for cypermethrin (Dalhoff et al., 2020),
further questioning the importance of their role.

Metallothioneins, other metal binding proteins and small
molecular weight metabolites (e.g., phytochelatins and
glutathione) can all play a role as determinants of TK traits
for metal exposures. The induction of metallothionein and
other metal chaperones following exposure has been widely
demonstrated (Scott-Fordsmand and Weeks, 1998; Weeks
et al., 2004; Amiard et al., 2006), and as discussed above,
basal metallothionein expression has also been linked to metal
tolerance (Deeds and Klerks, 1999; Costa et al., 2012). Hence,
there is expectation that basal metallothionein expression levels
and induction potential could be linked to sensitivity (Shaw et al.,
2019). Although systematic studies are lacking, small scale studies
have highlighted a potential role for metal binding systems in
species response to exposure. For example, a role for metal
binding proteins to sequester accumulated metals in a quasi-inert

fraction has been suggested to play a role in earthworm species
sensitivity to cadmium (Fourie et al., 2007). Further, studies
in three marine species demonstrated a higher sensitivity to
copper for the common limpet (Patella vulgarta) could be
explained by lower metallothionein expression as compared to
the relatively insensitive shore crab (Carcinus maenas) and blue
mussel (Mytilus edulis) (Brown et al., 2004). Differences in the
extent of production, oligomer length and granular binding of
phytochelatins has also been linked to sensitivity in two algal
species (Chlamydomonas reinhardtii and Pseudokirchneriella
subcapitata) to cadmium (Lavoie et al., 2009). In contrast to
these positive results, studying the promoter region of fish
species, Olsson and Kille (1997) found that metallothionein locus
induction was not quantitatively linked to sensitivity, indicating
that this is not a ubiquitous trend.

A final emerging area of research relevant to understanding
the contribution of TK traits to sensitivity is the potential
contribution of the host associated microbiome. There is a
growing understanding that a multiplicity of interactions linking
host organisms to their microbiomes (McFall-Ngai et al., 2013)
through consortia involvement in a range of physiological
processes (Lee and Hase, 2014). Bacteria in the microbiome
have been associated with a number of processes that influence
xenobiotic TK fate and exposure for the host. For example,
perturbation of the mammalian gut microbiome has been shown
to alter the concentrations of inorganic arsenic metabolites
present in urine in laboratory studies (Lu et al., 2013). These
changes in arsenic speciation in individuals with altered gut
microbiomes have been linked to an increased sensitivity to
arsenic toxicity (Chi et al., 2019). At present relatively little is
known of the role of the gut microbiome in modifying arsenic
speciation in natural populations. However, observations of the
presence of methylated and organoarsenic forms in a range of
aquatic and terrestrial species points to a role of bacteria, perhaps
in conjunction with host metabolic capacity, in arsenic handling
(Langdon et al., 2002; Rahman et al., 2012; Liebeke et al., 2013).

The host associated microbiome has also been shown to be
involved in the degradation of assimilated organic chemicals.
There is growing evidence that in some cases, removal of
the host microbiome through treatment with antibiotics can
change biotransformation, potentially resulting in significant
changes in host pesticide susceptibility (Daisley et al., 2018;
Fernandez et al., 2019). Bacterial species isolated from the gut
of the diamondback moth Plutella xylostella have been shown
to degrade a range of xenobiotic chemicals (Ramya et al., 2016),
suggesting mechanisms through which species and populations
may vary in sensitivity based on their potential to harbor such
degradative isolates. Further, atrazine exposure has been found
to result in heritable changes in the wasp gut microbiome that
result in increased rates of metabolism (Wang G. H. et al., 2020).
The potential for populations to develop tolerance to pesticide
exposure, has been linked to an increased metabolic capacity
of the gut flora, findings further indicating how possession of
a specific microbiome may alter susceptibility (Kikuchi et al.,
2012; Cheng et al., 2017). This is an emerging area and given the
critical role of bacteria species in chemical biotransformation in
environmental media, it seems likely that the capacity of species
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to harbor different symbionts may emerge as key determinants
of TK traits (Gressel, 2018). Hence the functioning of the gut
microbiome may remain an important area for ecotoxicological
research (Evariste et al., 2019).

Toxicodynamic Traits and Species
Sensitivity
A second set of physiological components that can contribute
to species sensitivity are related to TD traits. As the first critical
interface of the chemical with the AOP, the nature and strength
of the MIE has the potential to act as a key determinant
of a species response to exposure, with the caveat that the
receptors involved may not be relevant for all species and
cases. For chemicals with non-specific mechanisms of action,
toxicity may result from chemical interactions with a range
of targets, such as multiple protein thiol binding sites for
metals or more generalized membrane interactions for non-polar
narcotics. Conversely, for some specifically acting substances
(e.g., pesticides, pharmaceuticals) the MIE may be associated with
more specific interactions identifiable from knowledge of the
substance’s known mechanism of action. These more specific TD
interactions may have a greater potential to vary between species.

Non-polar organic chemicals are proposed to act through a
narcotic mechanism based on interactions with lipid bilayers
leading to changes in the cell membrane or its associated
proteins (Escher et al., 2008). Since cell lipid bilayers have a
conserved structure, such interactions are potentially generalized
across species. The mechanism of action of narcotics through
lipid membrane interactions underpins phase partitioning based
theories such as the target lipid model. The approach is based
on the assumption that toxicity occurs when the chemical
concentration in target lipids in biological membranes reach a
threshold concentration (Di Toro et al., 2000). A key model
assumption is that this concentration is species specific, rather
than universal. Traits based studies have established differences
in species responses based on lipid content, with low lipid
levels linked to higher sensitivity, such as for petroleum
hydrocarbons in soil invertebrates (Gainer et al., 2018) and
the organophosphate fenitrothion in freshwater phytoplankton
species, in which this pesticide likely exhibits narcotic toxicity
(Kent and Currie, 1995). However, lipid composition currently
provides only a partial explanation for the sensitivity indicated
by the range of species-specific critical target lipid concentrations
(Di Toro et al., 2000). Further, traits such as the presence of lipid
reserves may further complicate such assessments, because these
can act as a reservoir for organic chemical accumulation that may
reduce membrane concentrations and also provide protection
from narcosis. As such, the interactions of the chemical with the
other lipid pools may act as a TK mechanism to reduce exposure
of the chemical to the membrane lipid that acts as the primary TD
site of action for the narcotic effect.

For chemicals such as pesticides and pharmaceuticals that
have a known mechanism of action, toxicity results from
interactions with a target receptor to elicit downstream responses.
For many, but far from all, pesticides, biocides and human and
veterinary medicines, the nature of these interactions, at least

for the target species (e.g., humans for medical pharmaceuticals,
insect pests for insecticides etc.) is often known. As increasing
genome resources become available1, it has become possible
to screen non-target species for chemical receptor orthologs
(Gunnarsson et al., 2008; LaLone et al., 2016; Santos et al.,
2017; Verbruggen et al., 2018). The principal is that the
toxicity of chemicals will be greater in those species possessing
a receptor ortholog relevant to the mechanism of action
compared to those species that do not. This provides a concept
of response equivalence in different species resulting from a
common receptor compliment that can be used for designing
monitoring and testing programs based on in vitro methods for
hazard identification (Bowes et al., 2012; LaLone et al., 2018;
Blackwell et al., 2019).

For human pharmaceuticals, the taxonomic conservation
of receptor orthologs in species has been explicitly linked to
relative sensitivity. For example, for the statin drug target
HMG-CoA reductase, orthologs were predicted in almost
all eukaryotic species, archaea, and in certain true bacteria,
consistent with inhibitory effects of statins on fungal species
growth and on HMG-CoA reductase activity across different
plant and invertebrate species (see Gunnarsson et al., 2008).
For the sodium dependent serotonin transporter, orthologs
are found in vertebrate and arthropod species consistent with
specific responses of zebrafish, Drosophila and a flatworm to
exposure to serotonin reuptake inhibitors, such as fluoxetine,
that target this receptor (Gunnarsson et al., 2008). This contrasts
with the apparent insensitivity of plants and bacteria to such
chemicals, in which orthologs of this receptor are missing (see
Gunnarsson et al., 2008).

The potential application of the ortholog approach can be
extended beyond human pharmaceuticals to chemicals such
as pesticides and biocides that also have known mechanisms
of action targeting specific receptors. As an example, it has
been shown that the nematode C. elegans has low sensitivity
to pyrethroid insecticides (Svendsen et al., 2010). Analysis for
this species indicates that, despite the presence of most major
ion channel families, there are no predicted voltage-activated
sodium channel orthologs (the known target for pyrethroids) in
the C. elegans genome (Bargmann, 1998). Going beyond ortholog
presence, the analysis of sequence can also highlight potential
drivers of sensitivity. For example within species, comparative
analysis of resistant strains can highlight key mutational changes
in receptors leading to differences in population sensitivity
increasing our knowledge about traits underlying differential
sensitivity for between species sensitivity prediction.

As examples of ortholog and sequence analyses, sensitivity
to organotin as an endocrine disruptor has be linked to
the emergence of multiple peroxisome proliferation activation
receptors (PPAR) orthologs early in the invertebrate lineage
(named PPAR α, β, and γ). Specifically, the duplicated PPAR
genes coincide with the acquisition of TBT sensitivity. In contrast,
the single unduplicated PPAR copy in the invertebrate chordate
amphioxus is irresponsive to TBT. This simple picture is slightly
complicated by TBT insensitivity in some teleosts, but this is

1https://www.sanger.ac.uk/science/programmes/tree-of-life
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thought to be a consequence of ligand binding pocket mutations
in specific species (Capitao et al., 2018). Similarly, comparative
assessment of the potential for aromatase inhibition related to
sequence variations has also been used to identify the range
of potential sensitivities of fish species to endocrine disrupting
chemicals (Doering et al., 2019a,b). Changes to the ligand binding
domain of the nAChR have also been convincingly associated
with altered sensitivity for species to neonicotinoid exposure.
Specifically, homology modeling suggests that replacement of an
arginine (associated with high binding) in a critical region of the
ligand binding domain in various tick species may contribute
to their lower imidacloprid sensitivity (Erdmanis et al., 2012).
Furthermore, mutation of the equivalent arginine to threonine
(associated with lower binding) is thought to underlie increased
neonicotinoid resistance in a strain of the aphid Myzus persicae
(Bass et al., 2011).

A complexity that may arise when using the presence of
gene family representatives as simple determinants of sensitivity
include cases where orthologs retain sequence homology but
have evolved divergent roles outside the target function or
tissue. As an example, earthworms have comparatively lower
sensitivities to the organophosphate chlorpyrifos (Ma and Bodt,
1993) than soil arthropod species such as springtails (Broerse
and van Gestel, 2010; Jegede et al., 2017; Kamoun et al.,
2018). Earthworms do not lack the target acetylcholinesterases
in the nervous system. Indeed, there is evidence that the gene
family has expanded, with multiple orthologs present that show
ligand binding domains conserved with those in susceptible
insects. However, the chlorpyrifos-oxon binds and inhibits the
activity of a range of esterases, including other cholinesterases
(ChEs) and carboxylesterases (CbEs). Tissue specific analysis
of earthworms has shown high ChE and CbE activity in
a range of non-neural tissues, with notably high ChE and
CbE activities in the pharynx and gut, respectively (Vejares
et al., 2010). The activity of these non-neural CbE/ChEs are
inhibited by organophosphates indicating their capacity to bind
the chlorpyrifos-oxon (Sanchez-Hernandez, 2010; Vejares et al.,
2010; Sanchez-Hernandez et al., 2018). This has led to the
suggestion that the binding of the chlorpyrifos-oxon by these
gut CbEs may prevent the molecule interacting with neural
targets (Sanchez-Hernandez, 2010; Vejares et al., 2010). In this
way, the gut system may act as a buffer against nervous system
exposure, leading to lower sensitivity. As these non-neural
receptors are thought to influence the extent of chlorpyrifos-
oxon reaching the critical neural target, they could technically
be classified as a TK, rather than a TD, trait. It is also
worth noting that although the toxicity associated with non-
neural CbE/ChE inhibition is lower than that associated with
the neuronal receptor, inhibition of non-neural receptors still
has non-trivial effects on the function of these non-neural
tissues (Sanchez-Hernandez et al., 2018). Such characteristics
mean that these gut esterase enzymes may bind chlorpyrifos
and in doing so prevent the molecule interacting with neural
targets. In this way, the gut system may act as a buffer against
nervous system exposure, leading to lower sensitivity. Ultimately,
through such mechanisms, what may be identified as a receptor
involved in TD process, may also take a role in TK processes

linked to chemical distribution that affects concentration at
true target sites.

The expression of apparent receptors outside of the target
tissue providing protection through binding the chemical
away from primary target sites, as highlighted above for
organophosphates in earthworms, may also have mirrors among
other toxicants. Studies have shown clear differences in the
sensitivity to neonicotinoids of relatively susceptible insects
and tolerant arachnids. Although both these taxa possess the
classical nicotinic acetylcholine receptor (nAChR) target, these
two taxa have differences in off-target receptors, specifically
the presence of acetylcholine binding proteins (AChBPs) in
arachnids (Torkkeli et al., 2015; Bao et al., 2017). Unlike
nAChRs, AChBPs are truncated and comprise the ligand
binding domain but not the transmembrane domain of the
target (Shahsavar et al., 2016) and have been found in
molluscs (Banks et al., 2009; Saur et al., 2012), polychaetes
(McCormack et al., 2010) and earthworms (Short et al.,
unpublished). AChBPs have been shown to bind neonicotinoid
insecticides in vitro (Tomizawa et al., 2007) and could
act as additional receptors for neonicotinoid binding at
locations away from the critical synaptic nAChRs, thereby
alleviating the toxic effects of neonicotinoid insecticides. Indeed,
Short et al. (unpublished) have suggested the presence of
specific amino acids in the AChBP ligand binding domains
expressed by different earthworm species are linked to altered
magnitudes of off-target stoichiometric binding and may
underlie observed differences in sensitivity. Off-target binding
has also been proposed as a mechanism to explain the
development of resistance to pyrethroids in malarial mosquitos
via increased expression of sensory appendage protein SAP2
(Ingham et al., 2020). These common findings suggest that
the degree of off-target binding may make an important,
but currently poorly understood, contribution to species
sensitivity differences.

USING OUR KNOWLEDGE TO MOVE
BEYOND DESCRIPTION TO SENSITIVITY
PREDICTION

As knowledge has developed on the range of drivers that
underlie species sensitivity, there has been an increasing interest
in the development of predictive approaches. Critical to this
has been both the expansion of the available ecotoxicological
databases from which to identify differences and also the
development of the AOP concept (Ankley et al., 2010). The
assembly of the ecotoxicological data into searchable databases
provides researchers the opportunity to look at sensitivity
relationships between closely and distantly related species
to develop evolutionary and correlative models. The AOP
concept provides a structure within which to assess how
the degree of conservation or divergence of species traits
or toxicologically relevant biochemical pathways contribute to
sensitivity (Rivetti et al., 2020). This includes through trait-
based approaches and the further development of the ortholog
concept by assessment of the gain or loss of molecular targets
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(Gunnarsson et al., 2008; Verbruggen et al., 2018) and their
structural or functional variations (Celander et al., 2011; LaLone
et al., 2013). These developments have supported the growth
of two dominant types of approach for sensitivity prediction
designed to address the current challenges for chemical risk
assessment, challenges that arise from the need to use short-
term bioassay data for a few species to predict long-term
chemical risks for complex communities. The first type of
approach is based primarily on the phylogenetic comparison of
species and the use of this information to predict sensitivity.
Methods following this approach include phylogenetic model
development, interspecies correlation estimation (ICE) models
for species pairs and trait-based predictions. The second major
type of approach is based on the development of target
ortholog assessments often based on the use of genomic,
transcriptomic and/or metabolomic data. Approaches of this
type include metabolic pathway assessments for TK analysis,
receptor ortholog cataloging, receptor expression and functional
determination and target receptor binding prediction analysis.
The methods applicable within each of these approaches are
described below.

Phylogenetic and Species Correlations
Approaches for Predictive Ecotoxicology
As highlighted above, the genes and gene pathways contributing
to TK (e.g., detoxification) traits, such as monooxygenases,
glutathione-s-transferases, metallothioneins and phytochelatin
synthases, and TD (AOP) traits, such as target receptors
and repair mechanisms are commonly observed to underlie
differential sensitivity both within and between species.
Hence, knowledge of the evolution of these gene families
can contribute to an understanding of species responses.
Phylogenetic analyses conducted on genes associated with both
TK and TD traits have identified taxon relevant phylogenetic
structure. Seren et al. (2014) analyzed the metallothionein
sequences available for vertebrate species. Distinct major
metallothionein clades were found within the assembled
sequence trees for fish, eutherians, amphibian/reptile/bird
and amniotes, indicating that functional divergence and
duplication has created a distinct metallothionein in the
vertebrate lineage. A phylogenetic analysis of microorganisms,
yeasts, algae and plant phytochelatins also indicated that
plant variants had notably diverged from those of other
organisms (Kolahi et al., 2018). For TD linked receptor
targets, phylogenetic structure linked to taxonomy has
been shown for acetylcholinesterase both across phyla (e.g.,
chordates arthropods and nematodes) and within phyla
(e.g., between arthropods) (Bally et al., 2016). For the latter
group, higher sequence similarity was found for ortholog
sequences in more closely related species for each of the two
known acetylcholinesterase genes (Kaur et al., 2015). The
presence of a clear phylogenetic structure for such key genes
increases the likely success of sensitivity predictions made using
homology assessment.

The phylogenetic structure observed for genes in TK and
TD pathways points to the likelihood of similar sensitivity in

related species that share closely related metabolic systems and
target structures. This phylogenetic signature for toxicity has
been investigated in a small number of studies. For endosulfan,
Jones et al. (2009) found up to 100-fold differences in the
sensitivities of nine amphibian species. Within this variation
a phylogenetic signature was observed, with the Bufonidae
being least susceptible, Hylidae moderately susceptible, and
Ranidae most susceptible. A phylogenetic signature of amphibian
sensitivity has also been found for copper after the co-varying
effects of exposure temperature were accounted for (Chiari et al.,
2015). Fish species sensitivity to nitrite has also been shown
to have a phylogenetic basis, specifically through the taxon
specific distribution of chloride channels through which NO2

−

can be actively taken up. Thus, species that actively assimilated
Cl− via gills, such as the channel catfish (Ictalurus punctatus),
showed greater sensitive to NO2

− than species such as killifish
(Fundulus heteroclitus), European eel (Anguilla anguilla) and
bluegill (Lepomis macrochirus) that access Cl− also through
other (e.g., dietary) mechanisms (Brady et al., 2017). Further
studies have also provided some support for the presence of a
strong phylogenetic signature for some chemical classes, such as
organophosphates for fish and other vertebrate species (Hylton
et al., 2018; Moore et al., 2020), but only a weak signature
for other classes such as organochlorines and metals (Hylton
et al., 2018). In a study of energetic compound effects, the
overlap of transcriptional network response showed a degree
of conservation, but showed greater divergence in increasingly
taxonomically distant species (Garcia-Reyero et al., 2011). This
again indicates a phylogenetic basis in species responses to these
chemical classes.

Building on the concept of phylogenetic conservation
of critical pathways, Guenard et al. (2011) developed a
predictive modeling approach that uses phylogeny to estimate
sensitivity. These approaches use known molecular phylogenies
to derive estimates of the taxonomic distance between species
expressed as path length to the first common ancestor. This
phylogenetic information was then regressed against known
species sensitivities to individual pesticides in relation to overall
chemical potency and species susceptibility to derive a predictive
model. Within the analysis of Guenard et al. (2011), phylogeny
explained up to 61–85% of among-species variations, with up
to 83% of between species variation being phylogenetically
structured. The high level of phylogenetic structure indicates a
clear potential for the phylogenetic model to provide justifiable
predictions of sensitivity for untested species (Guenard et al.,
2014). Using the same approach, Malaj et al. (2016) developed
models to explain species sensitivity for eight metals using
combined phylogenetic and metal physicochemical properties.
The models explained 70–80% of the variability in species
sensitivity, with phylogeny, explaining >40% of variance, as the
most important component.

The phylogenetic relationship between TK and TD pathway
components, coupled with the potential for phylogeny alone
to explain a significant proportion of sensitivity, indicates that
species’ responses to chemical stress are not random. Instead,
sensitivity can be viewed as a trait founded in the evolutionary
relationships between species. As quantitative characteristics are
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FIGURE 3 | Phylogeny of aquatic invertebrate species reconstructed from the set of toxicity data for 15 chemicals assembled by Baird and Van Den Brink (Baird and
Van den Brink, 2007), note the resulting phylogeny closely reflects the conventionally assumed taxonomic relationship between the different species.

partly explainable in terms of species evolution, there is potential
to use chemical sensitivity data as an additional set of traits
for the construction of species phylogenies and to compare
and contrast physiologies in closely related or cryptic species.
The potential to use chemical data to establish phylogenies
can be demonstrated using effect data for multiple species and
chemicals. For example, Baird and Van den Brink (2007) assessed
the relationship of chemical sensitivity to a range of species
morphology, life history, physiology and feeding ecology traits.
Four traits explained 71% of species sensitivity variation. Using
the same data matrix as input for phylogenetic assessment, a
tree structure was found that closely mirror the conventionally
understood taxonomic relationships between the tested species.
Thus, species that are closely related, such as the three cladoceran
species (Daphnia cucullata, Daphnia pulex, Daphnia magna) are
closely grouped indicating a high similarity in their responses
to the 15 chemicals tested. This is also the case for the two
crustacean species (Gammarus pulex, Asellus aquaticus). The
seven insect species included show a lower degree of relatedness
based on sensitivity to the 15 chemicals, reflecting their lower
taxonomic association to class level only (Figure 3). The capacity
for reconstructing phylogenies based on toxicity information
provides further evidence of the phylogenetic conservation of
toxicity mediated through common pathways.

The phylogenetic signature for toxicological responses has
been used to justify the development of predictive correlative
models designed to fill gaps in our knowledge of species
sensitivity. The most commonly developed and widely used of
such approaches are ICE models. These methods use the available
toxicity data (e.g., as ECx or LCx values) for chemicals tested in

two species to generate a log-linear least-squares regression-based
ICE model specific to that species pair. Using species pair ICE
models, toxicity measured for further chemicals in just a single
taxon can be used to predict toxicity for the same chemical in the
second untested taxon (Leblanc, 1984; Raimondo et al., 2010).

Theoretical ICE models can be developed for any species/taxa
pair for which there is sufficient toxicological data available either
across all chemicals or for a specific chemical class (Bejarano,
2019; Raimondo and Barron, 2020; Wang X. N. et al., 2020). In
a quantitative comparison of 780 ICE models derived for 550
chemicals in 77 aquatic species, predictive power was found to
be strongly governed by relatedness (Raimondo et al., 2010).
For models derived from data for two species related at family
level, ICE predicted sensitivities were within a factor of 5 of
the measured value in 94% of cases and only 1% of predictions
differed >50-fold from measured values. In contrast, for species
pairs from different phyla, only 61% of model predictions were
within a fivefold factor and 8% differed >50-fold (Raimondo
et al., 2010). On the basis of their high predictive power, especially
for closely related species pairs, ICE models have been proposed
for the generation of in silico toxicity data for untested chemicals
for SSD derivation in closely related species (Awkerman et al.,
2014; Bejarano et al., 2017), for predicting hazards to untested
endangered species (Willming et al., 2016) and for use in QSAR
development (Raimondo and Barron, 2020).

Even though there is a clear signature of phylogenetic
conservation, a close relationship alone cannot be taken as
an absolute guarantee of similar sensitivities. For example, in
an analysis of ICE models, Raimondo et al. (2010) found
that species related at genus level still differed in sensitivity
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by >fivefold in 6% of cases and >10-fold in 4%. Further,
studies of closely related “sibling” species, including known cases
of species crypsis have reported different responses following
exposure, including cases for copepods exposed to trace metals
(Rocha-Olivares et al., 2004); different crustacean species exposed
to nickel, a fungicide and an insecticide (Feckler et al., 2012);
nematodes exposed to copper and lead (Monteiro et al., 2018);
aquatic oligochaetes exposed to cadmium (Sturmbauer et al.,
1999) cadmium, chromium and copper (Reynoldson et al.,
1996); terrestrial oligochaetes to lead (Andre et al., 2010) and
polychaetes exposed to different PAHs (Linke-Gamenick et al.,
2000; Bach et al., 2005).

Trait-Based and Ortholog Approaches
for Predictive Ecotoxicology
As sensitivity data for many species, including rare or difficult
to keep organisms is challenging to obtain, trait-based and
ortholog approaches have been proposed as a means to allow
predictive assessment (Baird and Van den Brink, 2007). Traits
potentially relevant for sensitivity prediction may occur at
multiple levels of biological organization within the AOP,
from the nature and dynamics of the energy budget to life-
cycle characteristics and species-species interactions. Within
any proposed trait-based approach, an obvious consideration
is the nature of the traits to include for predictive assessment.
Within the literature, a dichotomy has largely existed between
mechanistic trait assessments based on AOPs and approaches
that use higher tier physiological or ecological characteristics.
For initial AOP development, the dominant paradigm is based
on a bottom up approach centered on identifying the AOPs
from gene regulation networks, often using high dimensional
gene, protein or metabolite expression data (Perkins et al.,
2019). This approach is established in human toxicology (Kimber
et al., 2014; Abdul Hameed et al., 2019) and is transferable
to ecotoxicological cases (Murphy et al., 2018; Gomes et al.,
2019; Kim et al., 2020; Song et al., 2020). In contrast, ecological
trait-based approaches are based on building correlative models
that link physiological features or ecological habit (e.g., size,
respiratory anatomy, trophic level, diet, reproductive strategy,
habitat preference, generalized metabolic traits) (Baas et al., 2015;
Berger et al., 2018; Van den Berg et al., 2019). Such approaches
underpin techniques such as Species at Risk (SPEAR) assessment.
This predictive model framework uses trait information on (i)
sensitivity (e.g., to insecticidal compounds), (ii) generation time,
(iii) presence of aquatic stages, and (iv) ability to migrate and
recolonize; to provide and index of the severity of chemical
exposure effects (Liess and Von der Ohe, 2005).

Full conceptual AOP development can provide a framework
for sensitivity assessment that brings together the mechanistic
approach within a wider trait concept. Such a merger can occur
when the critical driver of toxicity is identified; the variation
for these key processes quantified and their implications for
sensitivity defined. This is not a simple process because at
each stage of the AOP there is the potential for interspecific
variation. Within the AOP, a particularly critical interaction is
that between the chemical and its primary target that acts as the

MIE. Differences in the nature and strength of this interaction
has the potential to radically change sensitivity in a manner
that is easier to conceptualize and which is likely to be more
specific, and hence variable, than that for more downstream
responses such as tissue, organ physiological, behavioral or life-
cycle changes. Hence, to understand and predict sensitivity there
has been a specific focus on critical receptors that represent
MIEs. Such assessments have used an ortholog approach that
covers both the receptor ortholog complement and sequence
variation. Linkage of TK/TD approaches with resource allocation
models have potential for understanding the development of
ecotoxicological responses across multiple species (Ashauer and
Jager, 2018; Baas et al., 2018).

The receptor complement hypothesis of sensitivity in
ecotoxicology was initially proposed by Gunnarsson et al.
(2008), who analyzed the sequenced genomes of 16 species for
1,318 human drug targets and linked ortholog complements
to comparative species sensitivity. The work of Gunnarsson
et al. (2008) has been expanded to cover a receptor analysis
for 640 eukaryotic genomes (Verbruggen et al., 2018). These
analyses have been assembled into the “ECOdrug” database
which details the connection of orthologs to phylogeny for
1,194 active pharmaceuticals targeting 663 drug targets. The
case studies presented by Verbruggen et al. (2018) highlight a
range of potential predictive applications for ECOdrug. Examples
include the fore selection of appropriate test species, such as
for testing protein pump inhibitors in fish species based on
the presence of the H+/K+-ATPase ortholog target in some,
but not all teleosts (Castro et al., 2014); the selection of higher
plants rather that algae for assessing the effects of cholesterol
lowering drugs (e.g., statins), due to the presence of 3-hydroxy-3-
methylglutaryl Coenzyme A Reductase (Verbruggen et al., 2018);
and the identification of relevant model species for testing toxicity
based on the presence of thyroid hormone receptors in some
invertebrate species, but not in Daphnia the most commonly
tested model species (Verbruggen et al., 2018).

Further building on the concept of known target conservation
as an indicator of sensitivity, LaLone et al. (2016) developed
the web-based Sequence Alignment to Predict Across Species
Susceptibility tool (SeqAPASS)2. SeqAPASS provides a platform
for assessing not just ortholog presence, but also gene structure
against the known target to identify similarities. SeqAPASS
analysis can be conducted at three levels to identify orthologs
and compare their overall sequence similarity at the amino acid
level between a species with a known sensitivity and a species
under investigation. Thus, beyond ortholog identification, gene
structures can be compared to identify homology in key motifs
in ligand-binding domains or for individual amino acid residues
at important positions for protein conformation and/or ligand-
receptor interactions.

LaLone et al. (2016) used SeqAPASS analysis to investigate
the differences in insect species responses to molt accelerating
diacylhydrazines. Ortholog analysis showed the presence of target
receptor orthologs of the ecdysteroid receptor with conserved
ligand binding domains for insects and a range of other taxa,

2https://seqapass.epa.gov/seqapass/
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such as Merostomata, Malacostraca, Arachnida, Branchiopoda,
Chilopoda, Maxillopoda, and Priapulidae. Ligand binding studies
with the natural steroid ligand of the ecdysteroid receptor in
the Lepidopteran Heliothis virescens indicated that sensitivity
was strongly associated with the presence of a valine at residue
384. This amino acid was conserved among lepidopteran species
which show sensitivity to this class of insecticide. Ecdysteroid
receptor sequences in Hemiptera insensitive to diacylhydrazines
were found to possess an isoleucine at residue 55 that prevents
ligand interactions through steric hindrance. Furthermore, a
lysine at 48, phenylalanine at 222, and glutamine at 227 also
restricted ligand-receptor interactions in the Hemiptera (Amor
et al., 2012). Hence the sensitivity of these two insect groups to
diacylhydrazines could be explained by amino acid differences at
key binding residues, rather than by the presence or absence of
the ortholog alone.

In a further example of the use of SeqAPASS, LaLone
et al. (2016) focused on differences for neonicotinoids among
arthropod groups showing high (insects including honey bees)
and low (arachnids including ticks) sensitivity. This example
was more difficult to fully resolve than the ecdysteroid receptor
case. As such, this assessment highlighted some advantages
and limitations of the ortholog and homology approach. The
synaptic nAChR target of neonicotinoids is known to comprise of
multiple α- and β-subunits. Between these two types, differences
in the percent similarity of all sequences from insects to
arachnids for the β1 subunit provided a possible explanation
for sensitivity. However, this observation alone may not be
enough to resolve all aspects. The nicotinic acetylcholine receptor
family is large, comprising multiple α- and β-subunit sequences
(Jones et al., 2006; Jones and Sattelle, 2010). This evolutionary
divergence across nAChR subunit gene families makes it difficult
to resolve functional homology (Pedersen et al., 2019). Further,
the total numbers of α- and β-subunit gene orthologs can
vary significantly from lowers numbers in some taxa (e.g., 10
D. melanogaster, 11 A. mellifera, 16 human, 29 C. elegans) to a
greatly expanded number (>100) in some Lophotrochozoan taxa
(Jiao et al., 2019; Short et al., unpublished). Cases of multi-subunit
receptors, in which subunits are encoded by large and divergent
gene families, makes it difficult to identify which of the subunit
orthologs should be analyzed for critical motif modifications and
amino acid substitutions, a challenge that does not exist in cases
where there is a single receptor target encoded by a single gene
(LaLone et al., 2013).

Further limitations arise for ortholog (Verbruggen et al.,
2018) and ligand binding analysis (LaLone et al., 2017) in cases
where gene family expansion allows the functional divergence
of members. Gunnarsson et al. (2008) already identified that
“the presence of a drug target ortholog in a species does not
guarantee that a functional interaction with the drug can occur”
and that “Vice versa, functional interactions between a drug
and other non-orthologous proteins are also possible.” The
example given was of the molluscan estrogen receptors that,
while expressed in reproductive tissues (e.g., in oyster Saccostrea
glomerate), has been shown not to bind estrogen in vitro (Tran
et al., 2016). The examples above detailing expression of the
cholinesterase and carboxylesterase targets for organophosphates

in non-neural earthworm tissues and of AChBPs that interact
with neonicotinoids via their ligand binding domain, but possess
no ion channel functionality, provide comparable examples. In
such cases, ortholog analysis would identify an orthologous
gene and sequence analysis a functional ligand binding domain
containing the critical motifs and residues. However, any ligand-
receptor interaction will take place spatially removed from the
target site (e.g., at the synapse in the case of AChEs and
nAChRs). This spatial separation means that any downstream
links in the neurotoxic AOP will not be initiated. Therefore, there
remains a need for the further development of approaches to
include not just the presence and homology of orthologs, but
also evidence that downstream AOP linkage will occur, through
methods such as tissue specific expression analysis and target
function assessments. Inclusion of these additional aspects would
advance predictive sequence based approaches to their range of
application and predictive capability.

APPLICATIONS OF PREDICTIVE
ECOTOXICOLOGY IN CHEMICAL
RESEARCH AND MANAGEMENT

The current and future development of approaches for sensitivity
assessment and prediction can support a number of emerging
applications in theoretical and applied ecotoxicological research.
These range from the refinement of modeling approaches to
the development of alternative animal models, species orientated
assessment and structure testing and assessment programs.

Integrating Mechanistic Insights Into TK
and TD Models
The recognized importance of TK and TD in toxicity have
underpinned the development of models to capture these
aspects of internal exposure and accrued damage (Ashauer and
Escher, 2010; Jager and Ashauer, 2018). By linking the TK
and TD characteristics to resource allocation, it is possible
to link exposure and damage to changes in energy fluxes
(Kooijman, 1993).

Chemical exposure at target sites in TK-TD models for
invertebrates are most commonly predicted using one
compartment TK models (Jager and Ashauer, 2018), while
for more physiologically complex organisms there is the
potential to develop more complex TK models that include
physiological based pharmacokinetic process that integrate
a more complete set of physiological processes into a more
integrated exposure modeling framework (Stadnicka et al., 2012;
Brinkmann et al., 2016; Grech et al., 2017). These TK models
can be coupled to physiological effect models to develop coupled
TK-TD models, including those linked to dynamic energy budget
approaches (Cropp et al., 2014). To provide insights into internal
chemical fate, the characterization of genes critical to xenobiotic
metabolism, including the phase I, II, and III pathways and
metal binding protein pathways, all have the potential to ascribe
physiological traits relating to kinetic rates to improve the basis
for TK modeling.
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The TD component of dynamic energy budget based
models link internal exposure to effects on vital rates through
five putative energetic or damage associated mechanisms,
termed “physiological modes of action” (Kooijman and Bedaux,
1996; Alda Alvarez et al., 2006; Billoir et al., 2008; Swain
et al., 2010; Ashauer and Jager, 2018). These five are: (1)
Assimilation from food; (2) somatic and maturity maintenance;
(3) costs for structure and maturation; (4) overhead costs for
making an egg; and (5) Hazard during oogenesis (Jager and
Zimmer, 2012; Ashauer and Jager, 2018). Measurement of traits
relating to energy production (metabolic rate, mitochondrial
activity, fatty acid metabolism, insulin signaling), cellular
maintenance (protein synthesis and turnover, nervous system
function), developmental change and reproduction (e.g., nuclear
hormone receptor expression and cell death (e.g., caspases)
have the potential to provide empirical support for these
physiological impacts.

The development of quantitative relationships between
physiological changes, TK and TD and parameters and
sensitivity has the potential to support the development of
more mechanistically informed models that can better ascribe
sensitivity to key traits. For example, Baas et al. (2015) linked
somatic maintenance, as a measure of metabolic rate, to the
sensitivity of species to four pesticides, two requiring metabolic
activation (chlorpyrifos and malathion), and two not (carbofuran
and carbaryl). High sensitivity among smaller species was not
linked simply to body size, but rather to the presence of high
somatic maintenance costs in species linked to waste-to-hurry
strategies under boom and bust population dynamics. This
observation predicts high resource allocation to tissue cellular
systems, measurable as a mechanistic trait that can be used to
assess their contribution to sensitivity.

Predictive Ecotoxicology for the 3 Rs
As programs progress providing large-scale sequencing of
animal, plant and microbial genomes, the potential to identify
orthologs critical to sensitivity within and among species
will increase. This growing availability of genome and other
‘omics (transcriptomics, proteomics, and metabolomics) data,
when combined with other trait information, can support
cross species assessment. Within toxicology there are significant
ethical and regulatory drivers for the replacement of higher
organisms as the main focus for testing. In the development
of 3 Rs (Replacement, Reduction, Refinement) approaches,
functional ’omics techniques have already shown their potential
value in screening for specific pathway effects (Laroche et al.,
2018). Given knowledge of TK characteristics and an AOP, an
assessment of phylogenetic conservation through comparative
genomics could be used to evaluate the appropriateness of
potential surrogates for use in assessing the effects of specifically
acting chemicals targeting this pathway. Assessment of TK
pathways can be used to determine effect development and
dose specific responses (Creton et al., 2012). Non-targeted
metabolomics analysis can be used to support the assessment
and development of rapid biochemical profiles that can
provide evidence of species equivalence, while orthogonal
omics datasets from different species can be used to identify

components critical for conserved responses. In this manner
it is possible to investigate the downstream response resulting
from specific exposures in a replacement species, or even
screen the potency of chemical effects through the specified
AOP mechanism without the need to always proceed to higher
vertebrate testing.

Endangered Species Protection
Just as there is potential to use mechanistic TK-TD information
in predictive ecotoxicology for 3 Rs species replacement, it is
also possible to use such information to predict risks for species
of high conservation concern that cannot be directly tested
(Ortiz-Santaliestra et al., 2018). For example in a given exposure
scenario, resources may be better spent managing releases to
water to protect a piscivorous bird possessing an AH-receptor
with predicted high TCDD binding affinity, than on mitigating
releases to land to protect insectivorous/vermivorous species
possessing a AH-receptor with a predicted low TCDD affinity.
For chemicals where bioaccumulation is a potential concern,
knowledge of the specific capacity of metabolism or handling
of different chemicals may help to identify trophic links within
food chains that may lead to elevated exposure of predators. For
example, earthworms are well known to accumulate cadmium
due to the formation of detoxification granules (cadmosomes)
(Stürzenbaum et al., 2004) and in doing so provide a route
of exposure for worm eating species (Schipper et al., 2012).
Past decisions on action for endangered species protection
have been driven by observation of wide population declines
(Newton and Wyllie, 1992; Woodcock et al., 2016). Combining
analysis of the metabolic capacity of species and receptor
orthologs (e.g., nAChRs and voltage-gated sodium channels in
the case of neonicotinoids and pyrethroids) and competing off-
target receptors (e.g., AChBPs and SAP2) distribution among
species from “omic” analyses, with targeted biochemical pathway
measurements has the potential to accurately predict the
sensitivities among species. Such information can be used to
identify potentially vulnerable species that can become a focus for
future monitoring.

Risk Assessment—Better SSDs
While a goal may be to move toward a more predictive approach,
for some time there is likely to remain species and chemicals
for which reliable bottom up predictions of sensitivity will not
be readily achievable. Cases where sensitivity can be linked to
a few traits will be easiest to resolve. However, for species with
multiple potential targets, full resolution to explain sensitivity
may prove a daunting or even impossible task (LaLone et al.,
2013). Protection of ecological communities is, therefore, likely
to retain a statistical extrapolation component based on the
use of species sensitivity distributions. Even though statistical
models are likely to be retained as a key tool for ecological risk
assessment, there is still the possibility to utilize mechanistic
information to better inform such assessments. For example, it
may be possible to evaluate the proportion of species present in
an SSD that possesses one or more traits (e.g., absence of relevant
detoxification pathway or presence of a receptor ortholog) linked
to sensitivity. Soil SSDs are often dominated by earthworms. This
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is the case because Eisenia fetida is the main standard soil test
species, but its substitution by other species is readily possible
meaning that results are often available for multiple earthworm
species (Ma and Bodt, 1993; Hartnik et al., 2008; Kreutzweiser
et al., 2008; Römbke et al., 2017; Silva et al., 2017). Similarly,
cladocerans are often over represented in aquatic SSDs based
on the common use of Daphnia magna and related species
for testing. Taxonomic biases may cause issues if the dominant
species shows particular sensitivity or insensitivity. For example;
earthworms are highly sensitive to copper exposure (Lofts et al.,
2005) and cladocerans insensitive to neonicotinoids (Raby et al.,
2018). Hence distributions for these chemicals, that contain high
frequencies of data from these commonly tested taxa are often
erroneous, representing a greater sensitivity for copper and a
lower sensitivity for neonicotinoids, respectively.

The issue of sensitive and insensitive species representation in
SSDs has been identified as an issue for chemicals such herbicides,
fungicides and insecticides that are designed to target a specific
taxon-relevant biochemical pathway. Thus, if a HC5 is derived
from a taxonomically generalized SSD for these chemicals, then
the species that fall in the 5% of the affected fraction would be
overwhelmingly drawn from the known target species for these
chemical classes (e.g., plants for herbicides etc.). Environmental

quality criteria set for such chemicals would, as a result, likely not
protect against ecosystem level effects, since all impacted species
will be drawn from a specific taxa, especially if that group makes
a major contribution to key ecosystem processes. The derivation
of separate SSDs for sensitive target and non-target groups can
protect against the risk of inadequate protection. Extending
beyond such simple taxa based segregation, it is possible to
envisage ecological, TK-TD or specific molecular traits used to
segregate the tested species cohort to allow separate assessments
for vulnerable groups. For example, an SSD may be derived only
for species likely to bioaccumulate a chemical, that possess a
receptor ortholog with the relevant ligand binding domain, or
which lack competing off-target receptors for the chemical ligand
that may play a protective role.

Mixture Toxicology and Sensitivity
In the field, organisms are almost always exposed to measureable
levels of more than one chemical. The mixture effects for the
combinations of similarly and dissimilarly acting chemicals are
classically explained by the models of concentrations addition
and independent action (Altenburger et al., 2000; Backhaus et al.,
2000; Faust et al., 2001, 2003). However, although applicable
to many chemical combinations, not all mixture studies show

FIGURE 4 | (A) Schematic representing the role of TK and TD traits in toxicity, following uptake the chemical may be detoxified by different enzymes or may escape
detoxification to bind with the biological target, (B) interactive mixture effects (e.g., synergism can occur if one chemical changes the toxicokinetics of another
chemical (e.g., block detoxification so more gets to target site) leading to greater effects on exposed species or (C) when one chemical changes the TD of another
(e.g., changes the structure of the target to allow better interaction) again leading to greater effects.
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additive effects. Indeed, patterns of response indicating synergism
(greater than additive) or antagonism (less than additive) may
occur in a small, but nonetheless significant proportion of
cases (Jonker et al., 2005; Cedergreen, 2014). The role of
mechanistic toxicology in identifying which additive mixture
model to apply, based on comparing chemical mode of action,
has already been highlighted (Heijne et al., 2005; Vandenbrouck
et al., 2010). However, an evolutionary perspective of the traits
underlying sensitivity could also play a role. For example, it
has been demonstrated in a number of species that pyrethroid
insecticides can be synergized on simultaneous exposure with
azole fungicides (Johnson et al., 2013; Cedergreen, 2014). Similar
evidence is also emerging for azole fungicides when exposed
with other groups of insecticides such as the neonicotinoids
(Robinson et al., 2017; Tsvetkov et al., 2017). Mechanisms leading
to synergy may occur at different stages of intoxication (Spurgeon
et al., 2010; Figure 4). One chemical may impact on soil or gut
microbiomes resulting in changes in the degradation rates of a
second (Cheng et al., 2017) or one may affect species activity
or feeding altering another’s bioavailability (Cedergreen et al.,
2017). A major known TK based mechanism for synergism
arises when chemicals alter Phase I, II, or III xenometabolism
(Cedergreen, 2014; Figure 4). For example, changes to pesticide
biotransformation are implicated as the cause of the synergism
of insecticides by azoles. This occurs as the fungicide which
targets CYP51 (lanosterol 14α-demethylase) in the target taxa,
also inhibits other cytochrome P450s in other species, leading
to reduced insecticide metabolism resulting in higher internal
concentration and, hence, greater toxicity (Chen and Ying, 2015).
There is potential to apply TK models to assess mixture effects
for similar and dissimilar mixture combinations (Timchalk and
Poet, 2008; Tebby et al., 2019). However, the striking lack of
knowledge of xenometabolism in invertebrates, especially beyond
Phase I enzymes to the Phase II (e.g., glutathione-s-transferases)
and Phase III (e.g., p-glycoproteins) systems means there could
be numerous unknown targets for such interactions.

Changes to TD in responses in mixtures could result from
interactions associated with the MIE or at different points along
the AOP. The dynamics of target site interactions have been
shown to cause different effects depending on the sequential
order in which species are exposed to chemicals in time (Ashauer
et al., 2017; Figure 4). Further, when different chemicals affect
different receptors in the same organism (e.g., different specific
receptor targets), there is also a potential for interactions.
Identification of the TK and TD traits could, thus, indicate the
potential for synergism and contribute to improved mixture
risk assessment.

Design of Effective and Benign
Chemicals for Applications
The development of pharmaceuticals has refined the practice
of receptor-ligand binding analysis and the identification of
off-target effects using sequence analysis, biochemistry, ligand
binding studies and in vitro and in vivo testing. With the
increasing availability of genetic resources (Verbruggen et al.,
2018) and functional testing approaches for ecotoxicological
species (Kumagai et al., 2017; Roth et al., 2019; Maki et al., 2020),

more options exist to extend such analyses to look at non-target
chemical effects. Given the costs to develop new agrochemicals
or biocides to market, a capacity to screen out molecules that
may strongly affect a particular adverse outcome pathway in a
species likely to be exposed is an appealing option. Tools such as
EcoDrug and SeqAPASS may provide a basis for such screening,
but will increasingly need updating as new information about
the functional mediators of sensitivity become available, such
as the reduction of exposure at classical target receptors due to
the expression of alternative receptors associated with different
functionality and/or expressed in non-target tissues.

Biotechnology Applications
Adaptation through evolution may result in predictable
phenotypic traits conserved across species that determine
sensitivity. For example, it has been commonly observed
that insects exposed to pyrethroids evolve resistance through
increased metabolic detoxification and decreased target
sensitivity. The advent of methods for genetic editing using
tools, such as CRISPR-Cas9, offer the possibility to change the
metabolic capacity, target gene repertoire or expression of target
sequences, with the potential to confer change in sensitivity.
The concept of a gene drive for sterility have been advanced
for the eradication of malarial mosquito populations (Gantz
et al., 2015; Simoni et al., 2020). It is theoretically possible
to imagine similar studies to introduce susceptible pests to
eradicate an adapted population or the manipulation of the
genes of vulnerable species to increase tolerance to a pervasive
chemical threat.

Informed Species Monitoring
Assuming that we will not achieve sufficient understanding
of all primary and secondary mechanisms of action to fully
mitigate all chemical impacts, there is likely to remain a
need for monitoring programs to track populations for any
adverse chemical effects. This need underlies the concept
of Pesticidovigilance (Milner and Boyd, 2017) as a future
approach for post release impact assessment. For effects-based
monitoring, any Pesticidovigilance framework will require the
selection of focus species. Integration of data on ecological traits
related to feeding preferences for certain pesticide-treated crops
(Woodcock et al., 2016) or to particular TK or TD traits, relevant
to the AOP for the chemical of concern, may be used to guide
such a choice of species toward vulnerable taxa. Such approaches
are complementary to currently used prospective risk-based
frameworks for chemical management. As trait resources expand,
the potential to make such decisions on focus species for
retrospective chemical monitoring from a mechanistic viewpoint
will increase in parallel.
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