Environmental Toxicology and Chemistry—Volume 42, Number 1—pp. 71-87, 2023
Received: 5 May 2022 | Revised: 30 June 2022 | Accepted: 12 October 2022 71

Environmental Toxicology

Defining the Biologically Plausible Taxonomic Domain

of Applicability of an Adverse Outcome Pathway: A Case
Study Linking Nicotinic Acetylcholine Receptor Activation
to Colony Death

Marissa A. Jensen,®? Donovan J. Blatz, and Carlie A. LaLone®*

“Department of Biology, Swenson College of Science and Engineering, University of Minnesota Duluth, Duluth, Minnesota, USA
PUS Environmental Protection Agency, Center for Computational Toxicology and Exposure, Great Lakes Toxicology and Ecology
Division, Duluth, Minnesota, USA

“Oak Ridge Institute for Science and Education, Duluth, Minnesota, USA

Abstract: For the majority of developed adverse outcome pathways (AOPs), the taxonomic domain of applicability (tDOA) is
typically narrowly defined with a single or a handful of species. Defining the tDOA of an AOP is critical for use in regulatory
decision-making, particularly when considering protection of untested species. Structural and functional conservation are two
elements that can be considered when defining the tDOA. Publicly accessible bioinformatics approaches, such as the Sequence
Alignment to Predict Across Species Susceptibility (SeqAPASS) tool, take advantage of existing and growing databases of
protein sequence and structural information to provide lines of evidence toward structural conservation of key events (KEs) and
KE relationships (KERs) of an AOP. It is anticipated that SeqAPASS results could readily be combined with data derived from
empirical toxicity studies to provide evidence of both structural and functional conservation, to define the tDOA for KEs, KERs,
and AOPs. Such data could be incorporated in the AOP-Wiki as lines of evidence toward biological plausibility for the tDOA. We
present a case study describing the process of using bioinformatics to define the tDOA of an AOP using an AOP linking the
activation of the nicotinic acetylcholine receptor to colony death/failure in Apis mellifera. Although the AOP was developed to
gain a particular biological understanding relative to A. mellifera health, applicability to other Apis bees, as well as non-Apis
bees, has yet to be defined. The present study demonstrates how bioinformatics can be utilized to rapidly take advantage of
existing protein sequence and structural knowledge to enhance and inform the tDOA of KEs, KERs, and AOPs, focusing
on providing evidence of structural conservation across species. Environ Toxicol Chem 2023;42:71-87. © 2022 The Authors.
Environmental Toxicology and Chemistry published by Wiley Periodicals LLC on behalf of SETAC. This article has been
contributed to by U.S. Government employees and their work is in the public domain in the USA.
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literature to understand causal linkages connecting a molecular
initiating event (MIE) to an adverse outcome (AO) at a bio-
logical level of organization relevant to risk assessment (Ankley
et al., 2010). Key events (KEs) that represent measurable
changes at a given level of biological organization are con-

INTRODUCTION

The adverse outcome pathway (AOP) framework provides a
means to organize existing knowledge and data from the
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nected via KE relationships (KERs) that capture the evidence for
a causal relationship between one KE and the next (Villeneuve
et al., 2014). The AOP framework also captures weight of evi-
dence (WoE) for the causal linkages through considering em-
pirical evidence and the biological plausibility of KERs (Becker
et al., 2017; Villeneuve et al., 2014). Typically, AOPs are de-
veloped considering one or a handful of species for which
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empirical data describing the biological pathway exist.
Although developers tend to assume broader species cov-
erage, based on biological plausibility, in AOPs actual species-
specific evidence supporting the taxonomic domain of applic-
ability (tDOA) remains relatively narrow, limiting confidence in
application across species. The tDOA of an AOP is an im-
portant consideration in development and use of an AOP in
regulatory decision-making, particularly when an under-
standing of the appropriateness of surrogate species, relative
to broader species representation, may be important. To date,
the tDOA is defined by the specific species used in the studies
describing the KEs; and in some cases, text descriptions as-
sume broader taxonomic coverage with limited documented
evidence to do so. To define the tDOA of a KE, conservation of
structure and function are the two primary considerations
(Organisation for Economic Co-operation and Development
[OECD], 2018). Evaluating structure can include determining if
a biological entity (e.g., gene, protein, organ, tissue) can be
measured or observed, is present, and/or is conserved in
the taxa of interest (OECD, 2018). Evaluating function can in-
clude determining whether the biological object plays the same
role in other taxa of interest (OECD, 2018). To enhance the tDOA
descriptions for the KEs, the KERs, and the overall AOP, the
objective of the present study was to demonstrate how bio-
informatics approaches can be used to more thoroughly define
the tDOA by extrapolating existing knowledge across species.
Evaluation of conserved biology is of interest particularly when
limited empirical data exist for the majority of species that may
be exposed to chemical stressors in the environment.

As previously described, the US Environmental Protection
Agency's (USEPA's) Sequence Alignment to Predict Across

Species Susceptibility (SeqAPASS) tool can be used in a hi-
erarchical framework alongside a collection of in vitro and in
vivo toxicity test data to determine if structural conservation
and functional conservation exist across the AOP in other
species (Ankley et al., 2016). The publicly available web-based
SegAPASS tool evaluates cross-species protein sequence and
structural similarities and differences through three levels of
evaluation to aid inference of chemical susceptibility across
species (LaLone et al., 2016). Level 1 compares the primary
amino acid sequence of a molecular target based on se-
quence similarity and identifies orthologs or sequences that
are likely to have diverged from a speciation event and
maintained similar function. Level 2 evaluates conservation
of selected functional domains. Level 3 compares critical
individual amino acid residues that are important for
protein-ligand interactions, protein—protein interactions, or
protein function (Doering et al., 2018; Lalone et al., 2016).
The SegAPASS tool has many applications, but importantly, it
provides lines of evidence toward structural conservation,
which is an element used to define the tDOA of an AOP
(LaLone et al., 2016; OECD, 2018).

We describe how results from a computational tool, SegA-
PASS, can be used at multiple levels of organization and
coupled with available empirical evidence to define the bio-
logically plausible tDOA for KEs, KERs, and the entire AOP. The
objective is to demonstrate the utility of this bioinformatics
approach in a manner consistent with the available and de-
veloping features within the AOP-Wiki (https://aopwiki.org/).
Further application of SegAPASS using a case example with an
AOP extracted from an existing AOP network highlights the
utility of these approaches and the challenges.

AOP Wiki Key Event IDs
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Case example

FIGURE 1: lllustration of the adverse outcome pathway (AOP) network and the selected AOP used for the case study to define the plausible
taxonomic domain of applicability. The selected AOP links the activation of the nicotinic acetylcholine receptor to the adverse outcome of colony
death/failure (AOP 89; LaLone, 2021). Out of the six AOPs developed by LalLone et al. (2017; AOPs 88, 89, 77, 87, 79, and 178), AOP 89 was chosen
to use as the case example. ID = identifier; KE = key event; MIE = molecular initiating event; AO = adverse outcome; nAChR = nicotinic acetylcholine

receptor; KER =KE relationship.
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In 2017, an AOP network was described as connecting ac-
tivation of the nicotinic acetylcholine receptor (nAChR) to the
AO of colony death/failure (LalLone et al., 2017). The AOP
network was developed to provide a better understanding of
the causal linkages that may ensue from interactions with
prototypical stressors, neonicotinoids, and the MIE of nAChR
activation in honey bees (Apis mellifera). Honey bees have
been at the forefront of scientific and public concern in recent
years because of increased colony death and failure. Although
there are many possible stressors that may contribute, chemical
stressors, such as neonicotinoid insecticides, have been
drawing significant attention (LaLone et al., 2017; Potts
et al., 2010). Neonicotinoids are one of the most widely used
insecticides around the world, comprising a market share of
>25% of the total global insecticide market in 2014 (Bass
et al., 2015). They act on the nAChR, causing neurotoxicity in
pest insects, such as those found in the Hemiptera, Coleoptera,
and Lepidoptera orders (Jeschke et al., 2013).

Although there are concerns for Apis bee health, declines
in non-Apis bee populations, such as bumble bees and soli-
tary bees, are also concerning (Blacquiere et al., 2012). Fur-
ther, recent research suggests that non-Apis bees may also be
vulnerable to pesticides based on analysis of traits related to
pesticide exposure and intrinsic sensitivity across species,
such as foraging range and body length (Schmolke
et al., 2021). Therefore, the AOP network describing nAChR
activation leading to colony death/failure (focused on A.
mellifera) was selected with specific attention on one of the
described AOPs (AOP 89; Lalone, 2021; Figure 1) as a case
example for demonstration of how SegAPASS could aid in
defining the tDOA. Specifically, the tDOA for KEs (guided by
existing empirical studies as support) and the biologically
plausible tDOA for KEs and KERs (plausible in that knowledge
is extrapolated using additional lines of scientific evidence
from bioinformatics or other computational approaches),
along with the overall AOP, were evaluated to determine
whether there are lines of evidence to support broader ap-
plicability to other bee species (LaLone et al., 2017). Motiva-
tion to incorporate tDOA descriptions across AOPs that have
remained relatively static in the AOP-Wiki has grown over the
years for application purposes. The present study aimed to
define the taxonomic relevance of the AOP using SeqAPASS
and to lay the foundation of an approach that expands the
taxonomic space of an AOP with rapid computational
methods that can aid in identifying where structural con-
servation across species is most likely to exist.

METHODS

From the AOP network, a single AOP was selected linking
nAChR activation to colony death/failure (AOP 89, La-
Lone, 2021), to demonstrate the utility of computational ap-
proaches in expanding on and defining the tDOA for KEs,
KERs, and the entire AOP (Figure 1; LaLone et al., 2017). First,
the empirical tDOA was identified based on which species
were cited in the text of the KER descriptions providing support
for the relationship or in the text of a KE indicating that the

TABLE 1: Identified proteins in the key events (KEs), respective KE
identifiers of adverse outcome pathway 89 (LaLone, 2021), and asso-
ciated KEs from Figure 1

Protein AOP-Wiki KE ID  Associated KE
Nicotinic acetylcholine receptor 559,663 MIE, KE1
Calmodulin 1243 KE2
Adenylyl cyclase 1243 KE2
Protein kinase A 1243 KE2
Calcium-calmodulin-dependent 1243 KE2
protein kinase |l

cAMP-responsive element-binding 1243 KE2
protein

Vitellogenin precursor 1108 KE5
Juvenile hormone acid 1108 KES
O-methyltransferase

Methyl farnesoate epoxidase 1108 KES

AOP =adverse outcome pathway; ID = identifier; cAMP =cyclic 3'5'-adenosine
monophosphate; MIE = molecular initiating event.

event had been measured in a given species. To expand on the
tDOA for the KEs, which captures existing empirical data, and
to define the biologically plausible tDOA for the KEs and in
turn KERs using computational methods, nine proteins were
identified to be involved in this AOP (Table 1). These nine
proteins served as the query proteins to submit to the SegA-
PASS tool. The resulting computationally derived data on
protein similarity across a range of species help to add scientific
evidence to support definition of the biologically plausible
tDOA beyond the scope of specific species cited in the KE
descriptions and/or the empirical evidence supporting the
KERs (LalLone et al., 2016). For each of the nine proteins
identified as being relevant to the AOP, SegAPASS analyses at
Levels 1, 2, and 3 were conducted. Evaluations at Levels 1 and
2 of protein conservation included all taxonomic groups,
aligning sequences across invertebrates, vertebrates, plants,
and so forth. However, to simplify and demonstrate the utility
of the bioinformatics approach, the Level 3 evaluations focused
on the specific question of whether the AOP developed with a
focus on honey bee (A. mellifera) may be relevant for non-Apis
bees (e.g., bumble bees and solitary bees).

To submit a SeqAPASS job, a query species is selected.
Because the AOP network was originally developed for
A. mellifera, all SeqgAPASS Level 1 analyses used A. mellifera
as the query species (Table 2). For Level 2 SegAPASS anal-
yses, functional domains were selected for each respective
protein from the National Center for Biotechnology In-
formation's (NCBI's) Conserved Domain Database or from the
literature, and sequence similarity for those specific domains
was evaluated in SegAPASS (Table 2). For Level 3 SeqAPASS
analyses, an extensive literature search was performed to
determine the critical amino acids for each relevant protein
function, protein-chemical interaction, or protein-ligand in-
teraction. The terms used for the literature search in Google
Scholar included insect *protein name* amino acids, insect
*protein name* binding site, insect *protein name*, hon-
eybee *protein name*, *protein name* structure, and Apis
mellifera *protein name*. If the search was for amino acids
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critical for a specific function, search terms that included the
specific function were used (e.g., protein kinase A [PKA]
3'5"-adenosine monophosphate [cAMP] binding was used for
PKA). The Level 3 template sequences and critical amino
acids were selected from those reported in the literature
(Table 2). All Apis and non-Apis bees were chosen from
the Level 1 output and aligned in Level 3 with the template

sequence. Any aligned protein accessions annotated as
“partial” or “low-quality” were included but were noted as
such for later review. No sequences annotated as “hypo-
thetical” were chosen for Level 3 evaluations comparing Apis
to non-Apis species. Importantly, Level 3 SeqAPASS results
allow for species-specific comparisons of sequence similarity.
In our study, the scope of the Level 3 evaluation was reduced

(A)
|
MIE ‘ KER KE KER KE
Taxonomic DOA: / i . \ Taxonomic DOA: / . . \ Taxonomic DOA:
List of Species Plausible taxonomic DOA: List of Species Plausible taxonomic DOA: List of Species
From Empirical Common Species between From Empirical Common Sheics between From Empirical
Rissults extrapolated list upstream Results extrapolated list upstream Results
and extrapolated list and extrapolated list
downstream downstream
v v . 4
Extrapolate from KE Extrapolate from KE Extrapolate from KE
SeqAPASS List of Species SeqAPASS List of Species SeqAPASS List of Species
KER plausible taxonomic DOA KER plausible taxonomic DOA KER plausible taxonomic DOA
list of species list of species list of species
AOP taxonomic DOA:
Common species between
all KER plausible taxonomic DOA
(B)
MIE KEI KE2 KE3 KE4 KES KE6 AO
Ca?- .
x 3 Foraging
Imodul Lea d o Role ch
Ixﬁ:':n KER1 de;ﬂ:ﬁ;';“m KER2 i :_i;:ml KER3 Emr:l:ogr;.“ KER4 "‘;‘c‘x;'vyi:sd KERS wittin e, | [JIEERE Vf:a‘l?:ri’e . KER7 dcﬁ::‘f’:fm
transduction, Impairment bl Abnormal
Altered
Taxonomic DOA: Taxonomic DOA: Taxonomic DOA: T ic DOA: Taxonomic DOA: Taxonomic DOA: Taxonomic DOA: Taxonomic DOA:

Apis mellifera Apis mellifera Apis mellifera Apis mellifera

Bombus terrestris

v v v v
17 bee species 17 bee species 17 bee species N/A for
from SeqAPASS from SeqAPASS from SeqAPASS SeqAPASS

Apis mellifera Apis mellifera Apis mellifera Apis mellifera
Apis cerana
Bombus terrestris
v v v v
N/A for 18 bee species N/A for N/A for
SeqAPASS from SeqAPASS SeqAPASS SeqAPASS

i

v v v v v v v
Plausible KER 1 Plausible KER2 Plausible KER3 KER4 tDOA: Plausible KERS Plausible KER6 KER7 tDOA:
tDOA: tDOA: tDOA: 2 bee species tDOA: tDOA: 1 bee species

17 bee species 17 bee species 2 bee species 3 bee species 1 bee species

AOP tDOA: Common species between all KER plausible tDOA

Apis mellifera and likely other eusocial Apis species

FIGURE 2: (A) Determining the taxonomic domain of applicability (tDOA) for key events, key event relationships, and the adverse outcome pathway
(AOP). (B) An example of determining the biologically plausible tDOA for an AOP using nicotinic acetylcholine receptor activation leading to colony
death/failure as a case study. In this case study, the biologically plausible tDOA for the AOP was determined to be Apis mellifera. In this figure,
plausible taxonomic DOA refers to the biologically plausible tDOA. MIE = molecular initiating event; KER = key event relationship; KE = key event;
SegAPASS = Sequence Alignment to Predict Across Species Susceptibility; AO =adverse outcome; nAChR = nicotinic acetylcholine receptor;

N/A = not applicable.
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to bee species only. Results from Levels 1, 2, and 3 were
combined for each protein, with the exception of three pro-
teins from KE5 (vitellogenin [Vg], juvenile hormone acid
O-methyltransferase, and methyl farnesoate epoxidase)
where only data from Levels 1 and 2 were generated.

To define the biologically plausible tDOA for the AOP, the
tDOA for each KE and KER must be defined first (Figure 2A). To
define the biologically plausible tDOA for each KE, the list of
species collected from empirical data describing the KE was
combined with the SeqAPASS-derived list of species. When the
KE had more than one protein involved in the description (e.g.,
KE2, KE5) or a protein had more than one subunit involved (e.g.,
MIE, KE1), the combined SeqAPASS output across species and
proteins/subunits was used to define the list of species that
would be incorporated for the determination of the biologically
plausible tDOA (Figures 3 and 4). These species were identified
by taking the narrowest point of overlapping species con-
servation between all the proteins/subunits evaluated for that KE
(Figures 3 and 4). Once biologically plausible tDOAs were
defined for all KEs, the information was used to define the
biologically plausible tDOAs for the KERs by comparing
the upstream and downstream tDOA for the KEs from both
the empirical evidence and SeqAPASS-derived species lists (if
available), identifying the overlapping species between each KE
pair (Figure 2A). The biologically plausible tDOA for the KER,

T

19 bee species

KE

Taxonomic

Adenylyl
cyclase

20 bee species

17 bee species

i

Apis dorsata
Apis florea
Apis mellifera
Bombus biffarius
Bombus impatiens
Bombus terrestris

Bombus vosnesenskii
Ceratina calcarata
Dufourea novaeangliae
Eurfriesea mexicana
Habropoda laboriosa

Bombus vancouverensis nearcticus

therefore, can have no broader species coverage than the more
restrictive of the two KEs. After providing evidence for defining
the biologically plausible tDOAs for each KER, the biologically
plausible tDOA for the entire AOP can be determined. This is
accomplished by comparing the lists of species defining the
biologically plausible tDOA of all KERs in the AOP and identi-
fying the overlapping species among all KERs (Figure 2A). From
this tDOA comparison among KERs, a list of species was de-
termined to define the biologically plausible tDOA for the AOP.

RESULTS

To evaluate the tDOA for the AOP describing the causal
linkages from nAChR activation to colony death/failure, the
protein targets involved in KEs were evaluated for structural
conservation using SegAPASS (Table 1). The following sub-
sections describe the evaluation of structural conservation for
the protein targets involved in the KEs, including description of
the biological role of each protein in the KEs and the rationale
for choosing certain protein subunits for SegAPASS evaluation
when applicable. Further, analyses of SeqAPASS Levels 1 and
2, the rationale for choosing the critical amino acids for Level 3
analyses, and the SegAPASS Level 3 analyses are thoroughly
described in subsequent sections.

DOA:
Apis melliiem

21 bee species

19 bee species

— —  Find narrowest point of overlapping
- - species conservation

17 common bee species between all proteins and from empirical studies

Megachile rotundata
Megalopta genalis
Nomia melanderi

Osmia bicornis bicornis

Osmia lignaria

FIGURE 3: Determining biologically plausible taxonomic domain of applicability (tDOA) for a key event (KE) that contains multiple proteins. The
nicotinic acetylcholine receptor activation leading to the colony death/failure adverse outcome pathway was used as a case study, focusing on KE2
(from Figure 1) as an example, where multiple proteins were involved in the KE. In this case study, 17 bee species were determined to represent the
biologically plausible tDOA for KE2, in which five proteins were involved. CaMKIl = calcium-calmodulin-dependent protein kinase II; PKA = protein
kinase A; CREB = cyclic 3'5'-adenosine monophosphate-responsive element binding protein.

© 2022 The Authors.

wileyonlinelibrary.com/ETC



Taxonomic domain of applicability of an AOP—Environmental Toxicology and Chemistry, 2023;42:71-87 77

MIE

Taxonomic
DOA:
Apis mellifera

17 bee species 19 bee species

—

17 common bee species between all protein

C____
nAChR

p1

subunit

19 bee species

Find narrowest point of overlapping
species conservation
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Apis cerana Bombus terrestris

Apis dorsata

Apis florea Bombus vosnesenskii
Apis mellifera Ceratina calcarata
Bombus biffarius Dufourea novaeangliae

Bombus impatiens Eurfriesea mexicana

Bombus vancouverensis nearcticus

Habropoda laboriosa
Megachile rotundata
Nomia melanderi
Osmia bicornis bicornis
Osmia lignaria

FIGURE 4: Determining biologically plausible taxonomic domain of applicability (tDOA) for a key event that contains a protein with multiple
subunits. The nicotinic acetylcholine receptor (WAChR) activation leading to the colony death/failure adverse outcome pathway was used as a case
study, focusing on the molecular initiating event (MIE) as an example, where multiple subunits were evaluated for the nAChR. In this case study,
17 bee species were determined to represent the biologically plausible tDOA for the MIE, in which three nAChR subunits were evaluated.

Evidence toward biologically plausible tDOA for
MIE and KE1

The MIE and KE1 in the case example are nAChR activation
and nAChR desensitization, respectively. The nAChR is the only
protein involved in the MIE and KE1; therefore, the SeqAPASS-
derived list of bee species as well as the list of species from
empirical results for the MIE and KE1 are identical. The honey
bee (A. mellifera) was the species identified from the AOP
development process and empirical results to define the tDOA
for the MIE and KE (LalLone et al., 2017).

nAChR. The nAChR is the molecular target for stressors such
as neonicotinoid pesticides (Jeschke et al., 2013; Matsuda
et al., 2020). Therefore, as the MIE, neonicotinoid pesticides
and other stressors bind to the nAChR, initiating the biological
pathway. As members of the cys-loop ligand-gated ion-channel
superfamily, nAChRs are composed of combinations of five
subunits and are thought to function as heteromers consisting

of a- and non-a-subunits. However, it is unclear which specific
subunits assemble to form nAChRs in insects (Matsuda, 2020;
Matsuda et al., 2020; Perry et al., 2021). Under normal con-
ditions, acetylcholine (ACh) binds at an interface between two
subunits of the pentameric nAChR (Corringer et al., 2000; Perry
et al., 2021). Six loops make up this orthosteric site (i.e., sites
for binding of substrates/agonists), with the a-subunit con-
tributing loops A, B, and C to the principal face and the ad-
jacent a-subunit or B-subunit contributing loops D, E, and F to
the complementary face (Corringer et al.,, 2000; Matsuda
et al., 2020; Perry et al., 2021).

Insects have many different subunits that can assemble to
form the pentameric nAChR. For example, Drosophila contain 10
genes that encode nAChR subunits (seven a, three B), and
A. mellifera contain 11 genes that encode nAChR subunits (nine
a, two B; Jones et al., 2006; Sattelle et al., 2005). Due to the many
different subunit types, there are many possible combinations
that could assemble to create the pentameric nAChR, which may
differ physiologically (Matsuda, 2020; Perry et al., 2021). Multiple
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studies in Drosophila melanogaster have shown that various
combinations of the al-, a2-, B1-, and a8/B2-subunits of the
nAChR are responsive to several neonicotinoids (lhara
etal., 2020; Perry et al., 2021). The A. mellifera a8-subunit shares
most similarity with the B2-subunit in other insects and is known
to assemble with the al- and B1-subunits to form a
neonicotinoid-targeted nAChR (lhara et al., 2020). However, in
this assembly, it is proposed that the al- and a8-subunits would
form an orthosteric site where the a8-subunit would contribute
loops D, E, and F (Matsuda, 2020). To our knowledge, critical
amino acids for binding neonicotinoids specific to the a8-subunit
complementary face have not been elucidated. In addition, other
a-subunits were not found to be major targets for neonicotinoids
but perhaps could just have low binding affinity or be limited in
expression (Perry et al., 2021).

It is possible that subunits not evaluated in the present study
differ across species in the role of neonicotinoid binding;
however, it should be noted that all NnAChR subunits identified,
using A. mellifera as the query species, were evaluated using
SegAPASS Levels 1 and 2 by Lalone et al. (2016). For the
present study, which focuses on Level 3 evaluations, the al-,
a2-, and B1-subunits were selected for evaluation in SeqAPASS

Total Match
Partial Maich . Suscepuble Yes
Not a Mach . Susceptible No

because those subunits had the most information on the amino
acids that interact with neonicotinoids.

Critical amino acids were chosen for Level 3 SegAPASS
analyses because evidence suggests that they are important for
neonicotinoid binding (Table 2). It was determined through
molecular modeling and site-directed mutagenesis techniques
in D. melanogaster that in the al-/31-subunit interface, the
al-subunit amino acids tryptophan at position 170 (W170)
and tyrosine at positions 220 (Y220) and 227 (Y227) and the
B1-subunit amino acids arginine at position 81 (R81), leucine at
position 141 (L141), and valine at position 143 (V143) interact
with imidacloprid (Matsuda et al., 2020). In the al-/al-subunit
interface, the amino acids contributed by the al-subunit are
W170, Y220, serine at position 221 (S221), and Y227; but the
loop D, E, and F amino acids from the adjacent complimentary
al-subunit are R57, glutamate at position 78 (E78), and K140
(Matsuda, 2020; Matsuda et al., 2020). Therefore, these amino
acids were chosen for Level 3 SegAPASS analyses for the a1- and
B1-subunits (Table 2). The importance of the arginine, or another
basic amino acid, in loop D (R57 and R81 in a1- and B1-subunits,
respectively) has been well studied for its role in binding neon-
icotinoids; and mutation to threonine in this position is known to

Drosoph:la melanogaster

Apis mellifera

Apis cerana

Apis florea
Habropoda laborniosa

Osmia bicornis bicornis

Osmia hignana

Bombus bifarius

Bombus vosnesensku

Bombus terrestns

Megachile rotundata

Dufourea novacangliae

Bombus impatiens

Nomia melanden

Eufniesea mexicana

Megalopta genalis

Apis dorsata

Ceratina calcarata

o | Similar Amino Acid | Amine Acid | Amino Acid | Amino Acid | Amino Acid | Amino Acid | Amino Acid
s“"“ﬁ""“!susc.pmmyllllz|3|4[‘s|c|1l

FIGURE 5: Heatmap representing Sequence Alignment to Predict Across Species Susceptibility Level 3 output aligning critical amino acids for
nicotinic acetylcholine receptor al subunit. Of all the species represented in this level of evaluation, Megalopta genalis is the only species where the
subunit was considered to not be conserved based on evaluation of conservation of amino acids known to be critical for binding neonicotinoids. The
species in first row was selected as the template sequence based on knowledge of critical amino acids. Y = yes; N = no; — = gap.

© 2022 The Authors.

wileyonlinelibrary.com/ETC



Taxonomic domain of applicability of an AOP—Environmental Toxicology and Chemistry, 2023;42:71-87

79

confer resistance in target pests (Bass et al., 2011; lhara
et al., 2020; Matsuda et al., 2020; Shimada et al., 2020).

In comparison, for the a2-subunit, site-directed mutagenesis
studies revealed the importance of proline in loop C in selective
insect actions with imidacloprid (Shimomura et al., 2004). Similar
to the al-subunit, two tyrosine residues in loop C and a trypto-
phan residue in loop B were also postulated to interact with
neonicotinoids (Shimomura et al., 2004; Wang et al., 2016).
Therefore, those four amino acid residues, P242, W190, Y241,
and Y248, were chosen for Level 3 SegAPASS analyses (Table 2).

Level 1 results revealed that the nAChR subunits' primary
amino acid sequences were conserved across both in-
vertebrates and vertebrates, displaying conservation across 35,
45, and 45 taxonomic groups (790, 848, and 844 species) and
with 110, 228, and 296 ortholog candidates being identified for
the al-, a2-, and B1-subunits, respectively (see Level 1 summary
in Supporting Information, Results 1, 2, 3). Further, Level 2
results also revealed conservation of the neurotransmitter-
gated ion-channel ligand binding domain in the nAChR sub-
units across 46, 45, and 45 taxonomic groups (850, 849, and
834 species) for the al-, a2-, and B1-subunits, respectively (see
Level 2 summary in Supporting Information, Results 1, 2, 3). To
specifically evaluate the question of whether the AOP is rele-
vant to other bee species, the Level 3 SeqAPASS results for the
al-, a2-, and B1-subunits showed conservation of all amino
acids evaluated for the a2- and B1-subunits across the bee
species evaluated (see Level 3 results in Supporting In-
formation, Results 2, 3). For the al-subunit, however, Level 3
SegAPASS results provided evidence that all bee species

TABLE 3: SegAPASS Level 3 early key event protein summary

aligned in SegAPASS contain an arginine residue in loop D, or
another basic residue in that position, except for Megalopta
genalis, where part of the al1-subunit sequence has not been
elucidated (Figure 5). Of note, S221 was only partially con-
served across all 18 bee species evaluated (Figure 5). Never-
theless, because isoleucine and threonine are considered
partial matches to serine in SegAPASS (LalLone et al., 2016), the
species still share similar susceptibility predictions (Figure 5).

Overall, the targeted Level 3 SegAPASS results showed
conservation of critical amino acids for neonicotinoid binding in
all three subunits across four Apis and 13 non-Apis bee species
(Figure 4 and Table 3; Supporting Information, Results 1, 2, 3).
Therefore, because there are lines of evidence for structural
conservation of nAChR subunits across Apis and non-Apis
bees, based on the narrowest point of conservation between
the subunits evaluated in SegAPASS and the already defined
species listed from empirical results, the biologically plausible
tDOA for the MIE and KE includes four Apis species and 13
non-Apis bee species (Table 3 and Figure 4).

Evidence toward biologically plausible tDOA
for KE2

The next KE, KE2, is Ca®*—calmodulin-activated signal
transduction, altered. There are multiple proteins involved in
KE2 including calmodulin, adenylyl cyclase (AC), PKA,
calcium—calmodulin-dependent protein kinase Il (CaMKIl), and
cAMP-responsive element-binding protein (CREB). It is recog-
nized that this KE involves a complex signaling pathway, as

Molecular initiating event key event 1 Key event 2
Scientific name nAChRal nAChR a2 nAChRB1 Calmodulin Adenylyl cyclase CaMKIl PKA CREB

Apis bees Apis mellifera y y y y y y y y
(six species) Apis cerana y y y y y n y y
Apis florea y y y y y y y y
Apis dorsata y y y y y y y y
Apis cerana cerana y y y y y

Apis mellifera carnica y
Non-Apis bees Habropoda laboriosa y y y y y y y y
(15 species) Osmia bicornis bicornis y y y y y y y y
Osmia lignaria y y y y y y y y
Bombus vancouverensis y y y y y y y y

nearcticus

Bombus bifarius y y y y y y y y
Bombus vosnesenskii y y y y y y y y
Bombus terrestris y y y y y y y y
Megachile rotundata y y y y y y y y
Dufourea novaeangliae y y y y y y y y
Bombus impatiens y y y y y y y y
Nomia melanderi y y y y y y y y
Eufriesea mexicana y y y y y y y y
Megalopta genalis n y y y y y y y
Ceratina calcarata y y y y y y y y
Melipona quadrifasciata y y y n

Results were summarized from separate SeqAPASS evaluations for each protein from the molecular initiating event/key event 1 and key event 2. All species, separated
into Apis and non-Apis, represented in SeqAPASS analyses are listed in the first column, with y representing conservation of the respective proteins in each species. Cells
highlighted in red with n indicate a protein that was not conserved in that species.
CaMKIl = calcium-calmodulin-dependent protein kinase Il; CREB = cAMP-responsive element binding protein; nAChR = nicotinic acetylcholine receptor; PKA = protein

kinase A; SegAPASS = Sequence Alignment to Predict Across Species Susceptibility.
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described in LalLone et al. (2017); however, these proteins are
those specifically defined in the description for KE2. To provide
evidence to define the biologically plausible tDOA for this KE,
the narrowest point of conservation for species across all pro-
teins evaluated was identified, in addition to A. mellifera, the
only species that had already been defined from the empirical
data in the AOP development process (Figure 3).

Calmodulin. At the start of the signaling cascade in KE2, Ca®*
enters neurons through the nAChR and subsequently binds to
calmodulin, which activates proteins described later as the sig-
naling cascade continues (LalLone et al., 2017). Therefore, the
role of calmodulin in the AOP is binding of Ca®*. Level 1
SegAPASS evaluation showed that the primary sequence of
calmodulin was conserved across 24 vertebrate and invertebrate
taxonomic groups (1295 species) including Insecta, Mammalia,
and Aves, among others; and 229 ortholog candidates were
identified. Level 2 SeqAPASS evaluations showed that the cal-
cium binding motif was conserved across 162 invertebrate and
vertebrate taxonomic groups (6492 species), and 229 ortholog
candidates were identified (see Levels 1 and 2 summary in
Supporting Information, Results 4). The five critical amino acids
directly involved with Ca®* binding within the Ca®* binding re-
gions were elucidated from the Protein Data Bank (www.rcsb.
org, idenitifier 3CLN) structure and evaluated in SeqAPASS
Level 3 (Table 2; Babu et al., 1988). Level 3 results, where the
scope was reduced to bee species only, show that the amino
acids important for Ca?* binding are conserved across Apis and
non-Apis bees (Table 3; Supporting Information, Results 4).
Considering SegAPASS Level 3 results for calmodulin, evidence
suggests that the protein is conserved across five Apis and 14
non-Apis bees (Supporting Information, Results 4).

Adenylyl cyclase. Adenylyl cyclase (AC) is a protein activated
by calmodulin in the signaling cascade described in KE2
(Figure 1; Lalone et al., 2017). When AC is activated by the
Ca®*—calmodulin complex, it catalyzes the conversion of ad-
enosine triphosphate (ATP) to cAMP, which then goes on to in-
teract with downstream proteins in the signaling cascade
described for this KE (Balfanz et al., 2012; LalLone et al., 2017).
Seven ACs have been identified in A. mellifera, with only AmAC8
and AmAC2t being functionally characterized (Balfanz et al.,
2012). It has been suggested that AmACS8 has a role in A. mel-
lifera learning behavior due to its sequence similarity and ex-
pression patterns similar to D. melanogaster AC78C and that it is
likely a member of a family of ACs that are known to be stimu-
lated by the Ca**—calmodulin complex (Balfanz et al., 2012).
Because of this, AC8 was identified as the appropriate protein to
represent KE2 and used for the SegAPASS evaluation.

The SegAPASS Level 1 results provided evidence that AC8
is conserved across 17 taxonomic groups (657 species), in-
cluding invertebrates and vertebrates; and 22 ortholog candi-
dates were identified. Evidence was collected from the
SegAPASS Level 2 results indicating that the catalytic domain
was also conserved across 39 taxonomic groups (782 species),
including Insecta, Amphibia, and Actinopteri, among others (see
Levels 1 and 2 summary in Supporting Information, Results 5).

When AmAC8 was functionally characterized, the amino acids
critical for binding ATP and Mg2+, as well as for other functions,
were elucidated (Balfanz et al., 2012). Those four amino acids,
two aspartate residues critical for Mg®* binding and the lysine
and aspartate residues critical for ATP binding, were evaluated in
SegAPASS Level 3 (Table 2). For some Apis and non-Apis spe-
cies, it should be noted that proteins annotated as AC78C were
chosen for evaluation because they aligned with the highest
sequence similarity in the SegAPASS Levels 1 and 2 output,
though their annotation was not specifically “adenylyl cyclase
type 8" (confirmed by NCBI BLAST runs; see Supporting In-
formation, Results 5). Level 3 SegAPASS results showed that
amino acids critical for ATP and Mg®* binding in AC8 are con-
served across Apis and non-Apis bees (Table 3; Supporting In-
formation, Results 5). Considering all levels of the SegAPASS
evaluation, results suggest that AC is conserved across five Apis
and 15 non-Apis bees (Supporting Information, Results 5).

PKA. In KE2, PKA, otherwise known as cAMP-dependent
protein kinase, is a protein activated by cAMP (Figure 1; LaLone
et al.,, 2017). It is a tetrameric enzyme made up of two regu-
latory and two catalytic subunits (R,C,). Dissociation of the
catalytic (C) subunits, mediated by cAMP binding to the reg-
ulatory (R) subunits, activates the enzyme (Berman et al., 2005;
Leboulle & Miiller, 2004; Taylor et al., 1990). Although cAMP-
binding domains exist in a variety of proteins, cAMP binds to
two of these domains in the R subunits of PKA, termed A and B,
each containing a phosphate-binding cassette (Berman
et al., 2005; Leboulle & Muller, 2004; Taylor et al., 1990). In
addition, it was found that cAMP activates the RIl subunit in the
honey bee A. mellifera carnica (Leboulle & Miiller, 2004). The
amino acids directly interacting with cAMP were elucidated in
A. mellifera carnica PKA-RIl in both phosphate-binding cas-
settes, and similar findings in the Norway rat (Rattus norve-
gicus) supported the importance of these amino acids (Berman
et al., 2005; Diller et al., 2001; Leboulle & Miller, 2004). Be-
cause there is evidence for such interactions, PKA-RIl was
identified as the query sequence for SegAPASS analyses
(Table 2).

Level 1 evaluation showed that the PKA-RIl amino acid se-
quence was conserved across 125 taxonomic groups (2389
species), including invertebrates and vertebrates; and 837 or-
tholog candidates were identified. Level 2 SeqAPASS evaluation
showed that the cAMP-binding domain was also conserved
across 144 taxonomic groups (2441 species), including Insecta,
Collembola, and Merostomata, among others; and 839 ortholog
candidates were identified (see Levels 1 and 2 summary in
Supporting Information, Results 6). Level 3 SeqAPASS evaluation
revealed full conservation of the amino acids that directly in-
teract with cAMP in both domains A and B across Apis and
non-Apis bees (Table 3; Supporting Information, Results 6).
Considering all levels of the SegAPASS evaluation, the evidence
suggests that PKA is conserved across six Apis and 15 non-Apis
bees (Supporting Information, Results 6).

CaMKIIl. As mentioned before (Adenylyl cyclase), the
Ca®*—calmodulin complex can activate AC; however, it can

© 2022 The Authors.
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also activate CaMKIl (Coultrap & Bayer, 2012; Lalone
etal.,, 2017; Wayman et al., 2011). The CaMKII protein is well
studied, and it has been shown that stimulation of CaMKII by
the Ca’"-CaM complex leads to autophosphorylation of
distinct sites and that one of them, T286, generates Ca®*-
independent kinase activity (Coultrap & Bayer, 2012;
Wayman et al., 2011). Five amino acids important for phos-
phorylation and one amino acid important for ATP binding
were chosen for SegAPASS Level 3 evaluation (Table 2; for
review, see Coultrap & Bayer, 2012; Wayman et al., 2011).

The SegAPASS Level 1 results showed that the primary
amino acid sequence of CaMKIl was conserved across 30
taxonomic groups (697 species), including invertebrates and
vertebrates; and 191 ortholog candidates were identified.
Level 2 SeqAPASS evaluation showed that the catalytic domain
of CaMKIl was also conserved across 46 taxonomic groups (757
species), including Insecta, Branchiopoda, and Merostomata,
among others; and 193 ortholog candidates were identified
(see Levels 1 and 2 summary in Supporting Information, Results
7). Level 3 results showed full conservation of the critical amino
acids, except for Apis cerana (Table 3; Supporting Information,
Results 7). Importantly, A. cerana CaMKIl has two omitted
amino acids in its sequence in comparison to the template
sequence, although the primary amino acid sequence and
catalytic domain were conserved (Supporting Information, Re-
sults 7). Considering all levels of the SegAPASS evaluation,
CaMKIl is suggested to be conserved across three Apis and
14 non-Apis bees (Supporting Information, Results 7).

CREB. As the last protein involved in KE2, CREB, once acti-
vated through phosphorylation, binds its coactivator, CREB-
binding protein (CBP), and recognizes and activates tran-
scription of genes with the cAMP response element (CRE) in
their promoters (Figure 1; Kandel, 2012; LalLone et al., 2017;
Mayr & Montminy, 2001; Montminy, 1997). The kinases PKA,
CaMKIl, and mitogen-activated protein kinase (MAPK) activate
CREB1 through phosphorylation at a serine residue within the
kinase-inducible domain (Gonzalez et al., 1989, 1991;
Kandel, 2012; Mayr & Montminy, 2001). In addition, the serine
residue is located within the known PKA recognition site, a site
composed of five amino acids starting with two arginine resi-
dues critical for PKA recognition (Gonzalez et al., 1989, 1991;
Kandel, 2012; Mayr & Montminy, 2001). Thus, the kinase-
inducible domain and the amino acids critical for PKA recog-
nition and phosphorylation were chosen for Levels 2 and 3
SegAPASS evaluation, respectively (Table 2).

Levels 1 and 2 SegAPASS results showed conservation of
the primary amino acid sequence and the kinase-inducible
domain for CREB1 across 35 taxonomic groups (712 species),
including invertebrates and vertebrates; and 423 ortholog
candidates were identified. Level 2 SeqAPASS results showed
conservation of the kinase-inducible domain across 34 taxo-
nomic groups (662 species), including Insecta, Malacostraca,
and Branchiopoda, among other taxa; and 420 ortholog can-
didates were identified (see Levels 1 and 2 summary in Sup-
porting Information, Results 8). Of note, the kinase-inducible
domain was not conserved in Melipona quadrifasciata. Level 3

SegAPASS results showed that the critical amino acids, spe-
cifically the phosphoacceptor site S133, are conserved
across Apis and non-Apis bees (Table 3; Supporting In-
formation, Results 8). However, CREB1 in the stingless bee,
M. quadrifasciata, again, was not conserved. Three out of the
five amino acids were not conserved, including the crucial S133
needed for CREB1 activation; and the other two amino acids
were only partial matches to the template sequence (Table 3;
Supporting Information, Results 8). This suggests that M.
quadrifasciata CREB1 may not share the same structure or
function of other bee CREB1 proteins. However, through re-
viewing all levels of the SegAPASS evaluation, the evidence
suggests that CREB is conserved across five Apis and 14
non-Apis bees (Supporting Information, Results 8).

Overall, SegAPASS Levels 1, 2, and 3 evaluations suggest
that all proteins in this KE are conserved across most Apis and
non-Apis bees. Through bringing together the species from
empirical results for this KE, only A. mellifera defines the tDOA.
Computational results from SegAPASS identify conservation of
the KE in three Apis and 14 non-Apis bee species and can be
used to further define biological plausibility for KERs (Table 3
and Figure 3).

Evidence toward tDOA for KE3 and KE4

The next two KEs are KE3, learning and memory, impair-
ment, and KE4, foraging activity and behavior, abnormal.
Because neither of these KEs includes the specific action of
proteins that would allow for computationally generated evi-
dence through SegAPASS for the tDOAs, the tDOAs were
derived solely from the empirical data used to develop the KEs.
The species defined for the tDOA based on empirical data for
KE3 are A. mellifera and Bombus terrestris, and those for KE4
are A. mellifera, A. cerana, and B. terrestris.

Evidence toward biologically plausible tDOA
for KE5

The next KE, KES5, is an abnormal role change within caste.
The proteins involved in this KE are Vg, juvenile hormone acid
O-methyltransferase, and methyl farnesoate epoxidase. The
proteins juvenile hormone acid O-methyltransferase and
methyl farnesoate epoxidase were used to be representative of
the juvenile hormone biosynthesis pathway (Aurori et al., 2020).
The species defined for the tDOA using empirical data during
AOP development is A. mellifera.

In A. mellifera, Vg has many different functions, including
playing a role in embryo nourishment, oxidative stress resist-
ance, cell-based immunity, life span, and, specifically, foraging
onset (Amdam et al., 2012; Havukainen et al., 2013). Together
with juvenile hormone, Vg acts in a feedback loop to control
the onset of foraging (Amdam & Ombholt, 2003). It has been
shown that these proteins have similar physiological roles in the
division of labor of other bee species as well but may not have
the same relationship that is found in A. mellifera. For example,
Vg titers were found to be involved in the division of labor in
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the facultatively eusocial sweat bee, M. genalis, where queens
had higher Vg titers than workers (Kapheim et al., 2011). It has
also been found that Vg is associated with caste (queen vs.
worker) and social context (Amsalem et al., 2014) and that
juvenile hormone is involved in caste determination in
B. terrestris (Cnaani et al., 2000), but the two seem to be
uncoupled in that species (compared with the negative
correlation seen in A. mellifera; Amsalem et al., 2014).

To our knowledge, the specific amino acids important to
these protein functions are unknown; the proteins involved in
KES were evaluated using SegAPASS Levels 1 and 2 only. In
addition, the proteins juvenile hormone acid O-methyltransferase
and methyl farnesoate epoxidase were used in SeqAPASS eval-
uations to be representative of juvenile hormone because they
are involved in the juvenile hormone biosynthesis pathway in A.
mellifera (Aurori et al., 2020). For Vg, SegAPASS Levels 1 and 2
evaluations showed conservation of the primary amino acid se-
quence and the lipoprotein amino terminal region across 14 and
15 taxonomic groups (392 and 556 species); and 304 and 310
ortholog candidates were identified, respectively (Supporting
Information, Results 9). For methyl farnesoate epoxidase, SegA-
PASS Levels 1 and 2 evaluations showed conservation of the
primary amino acid sequence and the cytochrome P450 domain
across 46 and 53 taxonomic groups (1161 and 1191 species); and
258 and 263 ortholog candidates were identified, respectively
(Supporting Information, Results 10). For juvenile hormone acid
O-methyltransferase, both SegAPASS Levels 1 and 2 evaluations
showed conservation of the primary amino acid sequence and
the methyltransferase domain across 37 taxonomic groups (652
and 657 species); and 434 and 438 ortholog candidates were
identified, respectively (Supporting Information, Results 11). With
a specific focus on bee species only, SeqAPASS Levels 1 and 2
evaluations provided evidence that the key proteins were con-
served in five Apis and 13 non-Apis bees (Figure 2B; Supporting
Information, Results 9, 10, 11). Because SegAPASS results
showed that the proteins are present and contain the respective
conserved domains across species, species-specific factors and
protein functions can be considered to further determine the
tDOA for KE5 and/or plausible differing KEs, KERs, and AOs.
Taken together, this KE is an example of how SegAPASS Levels 1
and 2 results and species-specific factors could help to further
define the tDOA at downstream KEs and KERs.

Evidence toward tDOA for KE6

The last KE in the AOP is KE6, colony weakened. It does not
contain any proteins that would allow for computationally
generated evidence through SegAPASS for biological plausi-
bility for the tDOA. Therefore, the tDOA was derived from
empirical data used to develop the KE, which is A. mellifera
only and could be assumed applicable to other species that
have similar colony structure.

Biologically plausible tDOA for KER1

KER1 links the MIE and KE1 of nAChR activation and nAChR
desensitization, respectively. Because the nAChR was the only

protein identified for MIE and KE1, the narrowest point of
conservation across the nAChR subunits evaluated was identi-
fied (or the narrowest point of conservation used for de-
termining the biologically plausible tDOA for MIE and KET1;
they are the same in this case). Therefore, the biologically
plausible tDOA for KER1 includes A. mellifera, A. cerana, Apis
dorsata, Apis florea, Bombus bifarius, Bombus vosnesenskii,
B. terrestris, Bombus impatiens, Bombus vancouverensis nearc-
ticus, Ceratina calcarata, Dufourea novaeangliae, Eufriesea
mexicana, Habropoda laboriosa, Megachile rotundata, Nomia
melanderi, Osmia bicornis, and Osmia lignaria (Figure 2B).

Biologically plausible tDOA for KER2

Key event relationship 2 links KE1 of nAChR desensitization
and KE2 of Ca?"—calmodulin-activated signal transduction,
altered. To define the biologically plausible tDOA for KER2, the
narrowest point of conservation between the list of species for
the biologically plausible tDOA for KE1 and KE2 was identified;
and those species are A. mellifera, A. dorsata, A. florea, B.
bifarius, B. vosnesenskii, B. terrestris, B. impatiens, B. vancou-
verensis nearcticus, C. calcarata, D. novaeangliae, E. mexicana,
H. laboriosa, M. rotundata, N. melanderi, O. bicornis, and
O. lignaria (Figure 2B).

Biologically plausible tDOA for KER3, KER4,
KERS, KER6, and KER7

Key event relationship 3 links KE2 of Ca**—calmodulin-
activated signal transduction, altered and KE3 of learning and
memory, impairment; KER4 links KE3 of learning and memory,
impairment and KE4 of foraging activity and behavior, ab-
normal. To define the biologically plausible tDOA for KERs, the
narrowest point of conservation between the species for the
tDOA of the respective upstream and downstream KEs was
identified. Although the biologically plausible tDOA for KE2
contained a list of species generated from SeqAPASS evalua-
tions, KE3 did not have any proteins involved that would allow
for computationally generated evidence for the biologically
plausible tDOA. Therefore, the biologically plausible tDOA for
KER3 was defined by the narrowest point of conservation be-
tween the biologically plausible tDOA for KE2 and the tDOA
for KE3 based on empirical data, which was A. mellifera and
B. terrestris (Figure 2B). Similarly, KE4 did not have any proteins
involved that would allow for computationally generated evi-
dence for the biologically plausible tDOA, so the tDOA for
KER4 was derived from empirical data used to develop KE3
and KE4 only. Therefore, the bee species that define the tDOA
for KER4 are A. mellifera and B. terrestris (Figure 2B).

Key event relationship 5 links KE4 of foraging activity and
behavior, abnormal and KE5 of role change within caste, ab-
normal. The narrowest point of conservation between the list of
species from empirical data for KE4 and the list of species from
empirical data as well as the SegAPASS list of species for KE5
are A. mellifera, A. cerana, and B. terrestris (Figure 2B). Key
event relationship 6 links KE5 of role change within caste,

© 2022 The Authors.
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abnormal and KE6 of colony, weakened. The list of species
from empirical data as well as the SegAPASS list of species for
KE5 and the empirical list of species for KE6 were used to
identify the narrowest point of conservation between the two
lists of species, which was A. mellifera (Figure 2B). Key event
relationship 7 links KE6 of colony, weakened to the AO of
colony death/failure. Because some proteins are not involved in
either the KE or the AQ, the list of species from empirical data
for KE6 and the AO were used. The species that define the
tDOA for KER7 is A. mellifera (Figure 2B).

Biologically plausible tDOA for AOP

The biologically plausible tDOA of an AOP is defined by the
overlapping species among all KERs (OECD, 2018). Therefore,
to define the biologically plausible tDOA for the entire AOP, the
narrowest point of conservation of species across the KERs could
be identified. From that, the species that define the biologically
plausible tDOA for the AOP is defined by available SeqAPASS
results and through other lines of evidence of structural and
functional evidence potentially expanding beyond A. mellifera
(Figure 2B). It should be noted that this definition of bioclogically
plausible tDOA is derived specifically from instances where there
is supporting evidence of structural and functional conservation
from the SeqAPASS results and/or the empirical data used to
generate the AOP description. Biological plausibility can be
expanded on using inference for tDOA determinations; how-
ever, gathering lines of evidence toward conservation and un-
derstanding the data streams supporting those lines of evidence
are important for application.

DISCUSSION

It is recognized that the majority of AOPs in the AOP-Wiki
are limited in their descriptions of tDOA. Based on global AOP
network metrics (Pollesch et al., 2019) for the AOP-Wiki
measured in April 2021, out of 1149 KEs in the AOP-Wiki,
only 301 (26%) provided any specification of tDOA. An even
smaller percentage of KERs (22%) were annotated with respect
to tDOA. Likewise, among the 333 user-defined AOPs available
in the AOP-Wiki at that time, only 83 (25%) included any de-
scription of the overall DOA of the AOP (D. Villeneuve, USEPA,
personal communication, April 2021).

To enhance the utility of the AOP framework for decision-
making applications and guide users as to which species the
AOP can reasonably be applied, it is important to consider
structural and functional conservation of the biology across
species (OECD, 2018), while taking advantage of available and
scientifically defensible data streams. Opportunity exists to
apply new approach methods and bioinformatics to inform
tDOA. The purpose of the present study was to describe a
process for determining the biologically plausible tDOA for
KEs, KERs, and entire AOPs using both available toxicity data
and computational information that allows for the extrapolation
of existing data to other untested species through an under-
standing of structural conservation. The present study lays the

foundation for other bioinformatics approaches to be in-
corporated into the existing AOP framework for broadening
the definition of the tDOA beyond the model organisms used
in the assays described within the KEs of an AOP. Specifically,
the SegAPASS tool (i.e., computational predictive approach)
was used to generate data as evidence for structural con-
servation of proteins involved in the KEs and to further dem-
onstrate how such information can readily be incorporated into
AOP descriptions based on available data and methods for
cross-species extrapolation. When upstream and downstream
KE tDOAs were combined to determine species overlap, the
biologically plausible tDOA for each KER was further defined.
This approach allows for description of hundreds of untested
organisms to be considered in the tDOA when incorporating
data streams that assess structural conservation and allows for a
focus on specific groups of species, if warranted. The other key
element to tDOA is functional conservation, which can be
gleaned from in vitro and in vivo studies to support and refine
computational data streams considering structural conservation
(Ankley et al., 2016). In the future, helpful tools to provide
functional lines of evidence could be something that comprises
phylogenetic or trait-based information and capitalizes on ad-
vances in systematic methods for literature review to more
rapidly locate, evaluate, and synthesize critical information into
the lines of evidence for tDOA.

It is important to understand that the SeqAPASS tool can
only be applied when there are proteins specifically identified
to be essential in the KE descriptions. In the present study, the
AOP linking nAChR activation to colony death/failure was used
to demonstrate the process for incorporating bioinformatics to
evaluate structural conservation of proteins identified within
the AOP. This example also demonstrated how empirical tDOA
would be defined in instances where proteins are not specifi-
cally identified by the AOP developer to be essential in KEs
(e.g., KE3 or KE4 in the AOP in the present study) and how
empirical data only, with consideration of biological plausibility,
are then used to define the tDOA for the KERs. The present
study intended to lay the foundation for the utilization of bio-
informatics approaches to more thoroughly and rapidly eval-
uate structural conservation to readily improve descriptions of
tDOA for KERs. When such information has been generated,
other existing empirical data and methods can be used to help
further define the functional conservation, adding strength to
the WoE collected to support the biologically plausible tDOA.

A large part of AOP development is determining the WoE
for KERs in the AOP, which can include biological plausibility,
empirical support, and/or evidence for the essentiality of the
KEs (OECD, 2013, 2018). When using the biologically plausible
tDOA of the KERs to then determine the tDOA for the whole
AOP, the WoE of the developed KERs can be used to add
confidence to the biologically plausible tDOA. For example, in
application of WoE to AOP descriptions, developers typically
describe the evidence supporting the description as weak,
moderate, or strong. There are specific guidelines that assist
developers to make this evidence call (OECD, 2013, 2018). It is
envisioned that AOP development guidance would adopt
language to include data from computational approaches to
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provide an evidence call for structural conservation of “weak”
WoE, whereas inclusion of in vitro and/or in vivo results in tDOA
descriptions for functional conservation could enhance evi-
dence to “moderate” and “strong” WoE, respectively. Overall,
transparency as to which data stream is being used to generate
the evidence for both structural and functional conservation
should be accounted for. Advances in AOP-Wiki development
could incorporate methods to readily capture and display both
computational and empirical data to support WoE calls. Such
developments would enhance the utility of AOPs for a variety
of research and regulatory applications, particularly when ad-
vances can be made to collect more detailed species in-
formation that defines the tDOA for downstream KEs more
broadly.

Overall, the biologically plausible tDOA for the AOP that
links nAChR activation to colony death/failure was limited to
A. mellifera to illustrate the use of bioinformatics and empirical
evidence. However, it may be biologically plausible to consider
extrapolation of existing knowledge to other bee species; the
evidence that exists to support such extrapolation should be
documented. From the case example with the nAChR activa-
tion AOP, the narrow tDOA coverage across the entire AOP
points to the need for new tools/methods to extrapolate or
further define species relevance for KEs that do not specifically
describe genes/proteins as measurable or observable for the
KE. For early KEs, especially those at the molecular and cellular
levels of biological organization, it is more likely that genes/
proteins are important for the KE descriptions and therefore
logical that a larger number of species could be derived from
current bioinformatics approaches to define the biologically
plausible tDOA. As for downstream KEs describing apical
endpoints, typically with KEs that are relatively taxon- or trait-
specific, it is logical that the biologically plausible tDOA for
those KERs will be relatively narrow. It is envisioned that,

(A) (B)

MIE MIE

ChR is conserved in Apis mellifera’

KEI | KEL

KE2 | KE2

'

s there evidence thatthe nACHR is conserved in Apis mellfera?

especially for apical KEs, SegAPASS results should be used as a
line of evidence for conservation in combination with consid-
eration of general species-specific factors. For example, KE5
describing role change within caste, abnormal and KE6 de-
scribing colony, weakened would not be applicable to species
that do not form bee-like colonies or that differ in colony
structure(s) from A. mellifera, such as solitary bee species that
completely lack colony structure. Therefore, these more apical
KEs are expected to differ across bee species depending on
factors such as colony structure or lack thereof or foraging
strategies. In such instances early events may be linked to
different AOs for certain types of species.

Regardless of the data stream for evidence of conservation to
further define and broaden the tDOA for KEs, a decision tree, as
illustrated in Figure 6A, can be applied. Through the use of a
decision tree, AOP developers could ask specific questions to
understand whether species or other broader taxonomic lineage
designations could be included in the biologically plausible
tDOA. For example, with each KE the developer could ask
whether it is biologically plausible that it is conserved in other
species/taxa and seek evidence to support that claim. If the
answer to the question posed in the KE is “yes,” then the spe-
cies/taxa should be included in the tDOA. Although a compre-
hensive review for all species that would be considered
biologically plausible could be considered in the decision tree,
the focus in the present study was to be illustrative and provide
two straightforward examples using a decision tree to define the
tDOA. The examples shown are for A. mellifera, a eusocial insect
(Figure 6B). and O. lignaria (Figure 6C), a solitary bee species. It
is demonstrated that KEs are conserved across the whole AOP
for A. mellifera, and it is anticipated that other eusocial bee
species would broaden the biologically plausible tDOA for the
case study AOP through the use of the decision tree. By com-
parison, the KEs are only applicable through KE3 with the

(C)

I at the nAChR is conserved

KE2

i conserved in Apis mellifera”

is conserved Osmia lignaria?

Do Apis mellifera depend on a colony structure for survival? ° No «

A0 | A0 | A0

o s o] P—

FIGURE 6: (A) Example of how a decision tree can be applied to inform the taxonomic domain of applicability (tDOA) for the nicotinic acetylcholine
receptor activation leading to the colony death/failure adverse outcome pathway (AOP). Such a decision tree can be developed for any AOP, where
a specific biological question is posed based on the description for the molecular initiating event (MIE), each key event (KE), and the adverse
outcome. This process can be repeated for any desired species or taxa to decide if inclusion in the biologically plausible tDOA is warranted. (B)
Example of how the decision tree can be used with Apis mellifera, where all events in the AOP are conserved (LaLone et al., 2017). (C) Example of
how the decision tree can be used with Osmia lignaria. Only the early KEs, through KE3, are conserved in this solitary bee species. This is because
Sequence Alignment to Predict Across Species Susceptibility (SeqAPASS) results from this case study show conservation of the proteins evaluated
for the MIE/KET and KE2 in this species (see Table 3), and Osmia lignaria do rely on learning and memory for survival (Amaya-Marquez et al., 2008);
however, they do not live in a colony structure (Amaya-Mérquez et al., 2008). nAChR = nicotinic acetylcholine receptor; AO = adverse outcome.
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solitary bee species because they do not live in a colony struc-
ture as defined by the AOP. Therefore, it is likely that the solitary
bee may be adversely impacted though perturbation of the
biology upstream, whereas downstream KEs and AOs may
differ. The use of a decision tree introduces additional lines of
evidence that can be considered to define the tDOA. When
considering the example presented using O. lignaria in
Figure 6C, SegAPASS results showed conservation of the three
proteins evaluated for KE5 in that species (Supporting In-
formation, Results 9, 10, 11); however, based on the decision
tree, the species would not be included in the tDOA for KES5.
This example demonstrates how considerations of both struc-
tural conservation (e.g., SegAPASS data) and functional con-
servation (which may include functional traits and other complex
characteristics) should be used to complement one another to
pragmatically define the biologically plausible tDOA.

Nevertheless, even though the outcomes may differ across
species, the tDOA knowledge of early KEs is useful in under-
standing the biology of bee species that are typically untested.
Such understanding of shared structural and, when data exist,
functional conservation at early molecular- and cellular-level
events can lead to the development of additional AOPs for
unique outcomes that may occur in other species. Databases
exist (e.g., https://animaldiversity.org/, https://opentraits.org/
datasets.html) that capture characteristics, traits, organization,
and life-history information that may fill some of these knowl-
edge gaps. Future work may focus on the development of tools
to rapidly mine such information to understand species sim-
ilarities and differences that could be used to further define
tDOAs in downstream KEs.

It is anticipated that lines of evidence generated from
SeqAPASS for species extrapolation in defining biologically
plausible tDOAs will continue to be enhanced as more ge-
nomes are sequenced across the diversity of species with im-
proved annotation capabilities. Although sequence information
and protein information were available for many Apis and non-
Apis bees, some knowledge gaps still arose for a few species
within the KEs (Table 3). For example, many of the proteins
evaluated in the present study have not been elucidated for M.
quadrifasciata or A. cerana cerana (Table 3). Because of this,
the determination of the biologically plausible tDOA for many
of the KEs did not include these species; and therefore, it is
unknown whether structural conservation exists for those spe-
cies. In addition to those gaps, there are many bee species not
represented in these analyses because the sequence in-
formation has not been generated to date. It has been esti-
mated that there are approximately 17 000-20 000 bee species
in the world (Michener, 2000), although genome assemblies
with annotation only exist for 24 bee species in NCBI (date
searched September 7, 2021). In the present study, 21 of those
species were present in the SeqAPASS results. However, be-
cause of increased efficiencies and lower costs for generating
whole-genome sequence data, as well as continually improved
bioinformatics approaches, public repositories of gene and
protein sequence information continue to expand rapidly.

Although the use of bioinformatics approaches, like SegA-
PASS, can provide useful information for defining tDOAs, such

extrapolations are reliant on the sequence information avail-
able and the quality of those data. For example, in the SegA-
PASS results for nAChR al-subunit, the al-subunit for
M. genalis was predicted to be not conserved because the
computationally predicted sequence was incomplete, and the
first amino acid residue evaluated in SegAPASS Level 3 was not
present in that sequence. Specifically, the nAChR al-subunit
accession for that species (XP_033338174.1) is approximately 80
amino acids shorter in length compared to the nAChR a1-subunit
sequence for A. mellifera. Also, within the nAChR al-subunit
SegAPASS results, 5221 was only partially conserved across all
18 bee species evaluated (Figure 5). That serine residue in loop
C of the al-subunit has been well studied and recognized as
important for neonicotinoid binding; however, mutations to iso-
leucine or threonine have not been evaluated specifically
(Shimada et al., 2020). However, it was found that mutations to
alanine and glutamine (which could be representative of changes
to isoleucine or threonine as seen in bee species, due to side-
chain classifications) minimally affected the affinity of neon-
icotinoids, and it was suggested that the serine residue does not
play a major role in binding neonicotinoids when the basic resi-
dues critical for interactions are present (Shimada et al., 2020). It
would be of interest to evaluate the effects of neonicotinoid
binding when the serine is mutated to isoleucine or threonine
to gain an even better understanding of Apis and non-Apis
bee nAChRs. These examples point to the fact that as more
sequence information for species is elucidated and updated and
more molecular modeling and site-directed mutagenesis studies
are performed, predictions reliant on these data will continue to
improve and expand.

A goal of the present study was to demonstrate how bi-
oinformatics approaches, such as SeqAPASS, can be used to
provide lines of evidence for structural conservation as de-
velopment moves from upstream molecular KEs, containing
gene/protein information, to downstream apical KEs as a
means to determine how broadly an AOP can be ex-
trapolated across species, which can aid in AOP development
and use. It is important to note that this process can be
performed for any AOP to extrapolate beyond the model
organisms typically defined during AOP development.
Although the AOP evaluated in the present study was created
based on an MIE known to be modulated by neonicotinoid
pesticides and the purpose of determining the biologically
plausible tDOA was to provide insight as to whether neon-
icotinoids could potentially be impacting Apis and non-Apis
bees similarly, AOPs are not chemical-specific. Therefore, this
application of bioinformatics for determining the plausible
tDOA could be defined even more broadly (e.g., across many
taxa) depending on the AOP of interest and its intended
application.
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