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ABSTRACT

Neuroscience has a long, rich history in embracing unusual animals
for research. Over the past several decades, there has been a
technology-driven bottleneck in the species used for neuroscience
research. However, an oncoming wave of technologies applicable to
many animals hold promise for enabling researchers to address
challenging scientific questions that cannot be solved using
traditional laboratory animals. Here, we discuss how leveraging the
convergent evolution of physiological or behavioral phenotypes can
empower research mapping genotype to phenotype interactions. We
present two case studies using electric fish and poison frogs and
discuss how comparative work can teach us about evolutionary
constraint and flexibility at various levels of biological organization.
We also offer advice on the potential and pitfalls of establishing novel
model systems in neuroscience research. Finally, we end with a
discussion on the use of charismatic animals in neuroscience
research and their utility in public outreach. Overall, we argue that
convergent evolution frameworks can help identify generalizable
principles of neuroscience.

KEY WORDS: Electric fish, Poison frogs, Convergent evolution,
CRISPR, Neuroethology

Introduction

Karl von Frisch, Konrad Lorenz and Niko Tinbergen shared the
Nobel Prize in 1973 for ‘their discoveries concerning organization
and elicitation of individual social behavior patterns’. Their work is
remarkable because they used clever experimental manipulations in
the field to tease apart innate (or instinctual) versus acquired
(or learned) behavior. These discoveries founded the field of
neuroethology, a discipline of biologists who study the ‘neural basis
of natural behavior’. This Nobel Prize winning research on bees,
fishes and birds would now be considered as focusing on ‘non-
model organisms’. Historically, neuroscience has a long and rich
history of using unique organisms to tackle challenging questions in
neurobiology, such as nerve conductance in the large axons of squid
(Hodgkin and Huxley, 1952) or the circuit organization for sound
localization in barn owls (Knudsen and Konishi, 1979). The focus on
a few animals as primary organisms for neuroscience research is a
rather recent phenomenon driven by technological advances.
However, with the advent of new technologies applicable to any
organism, the time is ripe for neuroscience to embrace other animals
that enable us to address challenging questions in neuroscience from a
different perspective. One rebuttal to such an argument is that
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researching unique animal attributes can lead to interesting basic
science discoveries but such approaches lack translational
applications. We advocate here that utilizing the convergent
evolution of behavioral and physiological phenotypes can
strengthen the search for generalizable principles in neuroscience
versus species-specific mechanisms and both are valuable in
understanding fundamental processes in the nervous system.

The spirit of inquiry within the field of neuroethology can be
summarized by Krogh’s principle, which states, ‘for such a large
number of problems there will be some animal of choice, or a few
such animals, on which it can be most conveniently studied’. For
any given question in neuroscience, neuroethologists use
‘champion animals’ that are best suited to address particular
questions given the animal’s unique adaptations in physiology or
behavior. Excellent examples of this approach can be found in Eve
Marder’s research on the stomatogastric ganglion in crabs to study
fundamental properties of neural circuits or Eric Kandel’s work
with gill withdrawal reflexes in gastropod mollusks to understand
the cellular basis of learning and memory (Castellucci et al.,
1970). The idea of non-model and model organisms in laboratory
research is a misguided concept, as all animals are studied by
scientists to learn something fundamental about biological
processes. Rather, the bottleneck in the diversity of research
animals is due to species-specific technological advances like the
creation of genetic resources (e.g. mouse genetic lines that differ in
aspects of behavior or physiology). This bottleneck has been
described as harmful to the field of modern neuroscience where
findings in select species may be species specific rather than a
generalizable property of biological systems (Brenowitz and
Zakon, 2015).

With the advent of technologies to sequence and manipulate the
genomes of a diverse array of organisms, there is a growing
movement among biologists to connect genotype to phenotype.
This is a difficult endeavor, even in organisms for which a vast array
of tools is already available, such as fruit flies and mice. Moreover,
mapping the genotype to phenotype landscape for behavior is even
more difficult, as it is the cumulative output of a neuronal network
weighing external environmental cues with internal physiological
state and is therefore unlikely to be caused by a single mutation in a
single protein (e.g. like hemoglobin and high-altitude adaptation;
Storz, 2010). Another major theme in neuroethology is best stated
by Theodosius Dobzhansky’s famous statement that ‘Nothing in
biology makes sense except in the light of evolution’. Studying the
molecular mechanisms underlying behavior using an evolutionary
framework lends power in establishing general genotype to
behavioral phenotype connections rather than species-specific
mechanisms. Indeed, studying the convergent evolution of traits
(homoplasy) can be more useful in uncovering translational
principles as they are more likely to be conserved across a wide
variety of organisms (Katz, 2019). Here, we discuss how integration
of a diverse array of functional genomics tools to study behavior and
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nervous systems within an evolutionary context represents a tractable
approach towards understanding nervous system principles.

Choosing a champion

Studying the genotype to phenotype landscape of behavior is a
difficult task. Behavior is the result of coordinated activity across
many brain regions, neuronal cell types and proteins that integrate
external signals with internal physiology. This becomes even more
difficult when taking into account other individuals in social
(conspecifics) or ecosystem (predator and prey) networks. Thus,
parsing the components across various biological levels that
influence behavioral output is often more challenging than
studying other adaptive phenotypes, such as pigmentation
changes traced to single gene mutations (Hubbard et al., 2010).
After establishing novel model systems for our own neuroscience
research programs, below we reflect on our own experiences and
offer a few suggestions for choosing a champion model clade for
investigating mechanisms underlying natural behavior.

Using convergent evolution as a framework
We argue that the most important consideration for choosing a
champion model system for addressing scientific questions is trait
variation within the clade. This usually relies on a rich literature in
behavioral ecology or natural history on which one can build more
mechanistic questions. A second and equally important consideration
is whether particular phenotypes have evolved singly or multiply
within the clade of interest (i.e. exhibit convergent evolution). This is
particularly important as independent trait evolution events provide
greater opportunity for biological inference and statistical power.
We chose animal clades for our own research that exhibit both
trait variation and convergence at deep (wide evolutionary
distances) and shallow (within the clade) levels of the phylogeny.
For example, weakly electric fish vary in their electrical discharges
within closely related species and have repeatedly evolved long-
duration electric organ discharges (EODs) from short-duration
EODs (Swapna et al., 2018) or simple EODs from complex ones
(Gallant et al., 2011; Sullivan et al., 2002, 2004). Moreover,
fish have evolved electrical organs many times, including in
South America and Africa, and these specialized organs
exhibit morphological, physiological and molecular convergence
(Arnegard et al., 2010a; Gallant et al., 2014a; Zakon et al., 2006).
Similarly, poison frogs vary in parental behavior and chemical
defense between closely related species (Weygoldt, 2009). Similar
to the evolutionary patterns seen in electric fish, parental behavior
and chemical defenses have evolved many times in amphibians,
including in poison frogs from South America and Africa (Heying,
2001). There are many other animals that have been established as
organisms useful for laboratory research that also fulfill this charge
of variability and convergence within the phylogeny. Teleost fish
have been especially successful with research programs focusing on
development and behavior in cavefish (Wilkens, 2010) (Kowalko,
2020, this issue), killifish (Passos et al., 2015; Poeschla and
Valanzano, 2020, this issue) and sticklebacks (Bell, 2005)
(Ishikawa and Kitano, 2020, this issue). Invertebrate examples
include symbiosis and mimicry in rove beetles (Brueckner and
Parker, 2020, this issue), eusociality in insects (Warner et al., 2019)
and motor patterns in nudibranchs (Katz, 2016). Work from these
systems with variation and evolutionary convergence at deep and
shallow levels of the phylogeny allows neuroethologists to make
conclusions about whether nervous system mechanisms are
generalizable across many animals or whether there are many
mechanistic solutions that give the same biological output.

Practical considerations

Organisms that may be excellent research organisms from an
evolutionary or natural history perspective usually bring additional
technical challenges that should be considered.

What methodological toolkits are available?

In order to establish a link between genotype and phenotype,
technologies are needed to hone in on the gene(s) of interest and
manipulate them. This can be done with transcriptomes via RNA
sequencing, which is amenable to any organism, or with genome
sequencing, which currently is more restricted to organisms with
smaller genomes. Moreover, many promising genome manipulation
technologies, like CRISPR, are only established for a handful of
organisms, although this is changing. Embryos from animals with
external fertilization are much easier to manipulate and thus genome
manipulation technologies in insects, teleost fish and amphibians
are more advanced than are those for amniote vertebrates with
internal fertilization. There also seems to be variability in how easily
some technologies can be transferred among organisms. For
example, CRISPR technologies in teleost fish seem to be
transferable across a wide range of teleost species while this may
not be the case for amphibians, although this is mostly a factor of
embryo rearing rather than CRISPR itself (discussed more below).
Thus, one should consider the availability of methodological tools
for a clade of interest or the ease of establishing such tools from
scratch.

Will animals breed and can you rear embryos in the laboratory?

In our experience, it is the difficulty in breeding animals and rearing
embryos in the lab that dictates the pace of genome editing
technology development. These difficulties include the ability to
perform in vitro fertilization or obtain large quantities of single-cell
embryos from natural matings. Large quantities are necessary for
establishing egg injection parameters, efficiency rates and
phenotype scoring. However, we note here that using CRISPR is
not a savior for all systems studying genotype to phenotype
interactions when taking into account species with long generation
times (e.g. salamanders and turtles), groups studying multi-gene
traits underlying behavior, or phenotypes driven by changes in cis-
regulatory regions.

Can you conduct studies in the wild?

Studying ecologically relevant behaviors requires complementing
laboratory studies of behavior with field studies in the wild. When
choosing animals to study, one should also consider their ease of
observation and capture in the field as well as the safety of field sites
for trainees. In the Anthropocene epoch, many animals are
threatened with extinction (Young et al., 2016) and scientists
should carefully consider the population impact of studies requiring
euthanasia. Moreover, if these organisms are found in a foreign
country, partnering with local scientists or organizations with
authentic collaborations is important to decolonize field-based
science (Baker et al., 2019).

Electric fish and evolutionary novelties

Electrogenesis, the ability to produce electric fields outside the body
using an electric organ (EO), has convergently evolved six times in
the history of vertebrates (Fig. 1A). In all cases, the highly derived
EO derives from skeletal muscle precursors (Gallant et al., 2014a).
A recent comparative analysis of electric fish genomes and
transcriptomes demonstrated that EOs, despite their independent
origins, show remarkably similar patterns of orthologous gene
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Fig. 1. ‘Deep convergence’ illustrated by electric fish. (A) Electric organs (EOs) have evolved six times in the history of vertebrates (red font). The evolutionary
history of electroreceptors is also shown, highlighting the independent origin of tuberous electroreceptors, which detect high-frequency (short-duration) electric
organ discharge (EOD) signals in weakly electric fish. (B) A recent analysis illustrates remarkably similar patterns of gene expression in orthologous genes

between independently derived EOs. The heatmap indicates relative gene expression for functionally important categories: red represents genes that are highly
expressed in EOs, blue represents genes that are highly expressed in skeletal muscle (SM). ND, no data available. Note the similarity between independently

derived taxa (phylogeny, above). Figure adapted from Gallant et al. (2014a).

expression (Fig. 1), particularly in transcription factors that regulate
the development of skeletal muscle cell size, and electrical
excitability (Fig. 1B). This has motivated the hypothesis that
electric fishes have evolved EOs using a ‘shared genetic toolkit’
(Gallant et al., 2014a).

Among these many lineages of electric fish, two lineages of
teleosts, the mormyrid fishes of Africa and the gymnotiform fishes
of South America, are remarkable in that they convergently evolved
the ability to produce and detect brief, weak electric fields. Both
lineages of weakly electric fish generate electric fields
(electrogenesis) by discharging a specialized organ: the EO.
These EODs result from the simultaneous action potentials of a
thousand or more electrocytes which determine EOD waveform
characteristics. EODs can be distinct between species, sexes and
individuals, and EOD waveforms are modulated on time scales
ranging from milliseconds to months (Markham, 2013; Stoddard
et al., 2006). EODs are then detected by an array of electroreceptors

located on the skin (electroreception). In contrast to the highly
derived trait of electrogenesis, electroreception is an ancestral
vertebrate trait (Fig. 1A). Electroreceptors are modified hair cells
and are found in all major aquatic vertebrate groups, although the
ancestors of teleosts (modern bony fish) lost this ancient sensory
modality. Subsequently, electroreceptors were independently ‘re-
invented’ at least twice in the ancestors of electric fish (Fig. 1A).
Weakly electric fish analyze distortions of the electric field caused
by nearby objects in the water to create high-resolution electrical
images of their surroundings. Sensing changes in the EOD waveform
and rate of nearby conspecifics lets them also use electricity as a
social communication signal to secure/defend territory and to attract
mates (Curtis and Stoddard, 2003; Hagedorn and Zelick, 1989).
Thus, features of both electrosensory and electromotor systems in
weakly electric fish evolved independently, but are highly convergent
and thus lend themselves to replicable studies on the evolution of
nervous systems and behavior (Kawasaki, 1996).

>
(@)}
9
2
(2]
©
o+
c
(]
S
-
()
o
x
[N
Y—
(©)
©
c
S
>
(®)
—_




REVIEW

Journal of Experimental Biology (2020) 223, jeb213447. doi:10.1242/jeb.213447

Both independently evolved clades of weakly electric fish are
species rich, and African weakly electric fish (Mormyroidea) are
among the most rapidly speciating groups of ray-finned fish
(Rabosky et al., 2013). Field and laboratory playback experiments
have revealed strong preferences for species-specific EOD
waveforms (Fig. 2A) among weakly electric fishes (Arnegard
et al., 2006; Hopkins and Bass, 1981; Nagel et al., 2018a,b). The
most variable traits among these are EOD duration and complexity
(Fig. 2A,B). Recent work has demonstrated that EOD
diversification can greatly outpace other forms of ecological and
morphological diversification in mormyrids (Arnegard et al.,
2010b). The combination of these two lines of evidence has
motivated the hypothesis that mate preferences may be responsible
for EOD diversity (Arnegard et al., 2005, 2010b). A growing body
of work has identified a number of additional selective forces that
are likely to contribute to EOD evolution as well. Among these are
the high energetic demands of electrogenesis (e.g. Dunlap et al.,

2016; Lewis et al., 2014; Salazar et al., 2013). Other factors may
include background noise (Hopkins, 1973), predation by
electroreceptive predators (Dunlap et al., 2016; Stoddard, 1999,
2002) and constraints imposed by electrolocation (Gottwald, 2018),
which are not yet well understood in an ecological context.

In the past decade there has been a proliferation of genomics
resources available for weakly electric fish (Gallant et al., 2014a,
2017; Guth et al., 2013; Kim et al., 2009; Lamanna et al., 2014;
Pinch et al., 2016; Swapna et al., 2018; Traeger et al., 2015, 2017).
A major goal of this work has been to understand how changes at the
molecular level result in phenotypic changes at the organismal level.

Key to understanding the link between genotype and EOD
phenotype has been the investigation of voltage-gated ion channels,
particularly sodium and potassium channels (Arnegard et al.,
2010a; Nagel et al., 2017; Swapna et al., 2018; Zakon et al., 2006).
As aresult, weakly electric fish are a textbook example of how gene
duplication events may lead to divergence of gene function
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Fig. 2. ‘Shallow convergence’ illustrated by weakly electric fish. (A) A sympatric assemblage of weakly electric mormyrid fish from the Ivindo River (genus
Paramormyrops). This genus exhibits high morphological similarity, but substantial diversity in EOD signals, particularly in the number of phases present in
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genes kcna7a and kcna7b encode the Kv1.7 potassium channel, and both are ancestrally expressed in SM. kcna7a expression shifts to the EO at the transition
between Gymnarchus and other mormyrid fish, along with a burst of molecular evolution. Specifically, the substitution of negatively charged amino acids

at the S3—-S4 linker (SPT>EEEE) causes a shift in Kv1.7 voltage sensitivity at more hyperpolarized potentials, leading to brief action potentials. A was adapted

from Picq et al. (2019 preprint) and C from Swapna et al. (2018).
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(Futuyma, 2013). Molecular evolution of neofunctionalized
duplicate sodium channels (scn4aa, scn4ab) correlates with the
origin of the two major electrogenic clades, and positive selection
on sites affecting channel kinetics has been demonstrated to occur in
parallel. Fish muscle expresses two paralogous voltage-gated Na*
channel genes (scn4aa, scn4ab), homologs of a gene expressed in
muscle in all vertebrates (scn4a) (Thompson et al., 2014). However,
in both lineages of weakly electric fish, one gene (scn4aa) is
compartmentalized in the EO where it evolves rapidly, presumably
under selection pressures associated with electrical signaling and
sensing, whereas the other (scn4ab) retains its expression in muscle
where it is functionally constrained and evolves slowly (Arnegard
et al., 2010a; Zakon et al., 2006). Evolution of potassium channels
seems to follow a parallel trajectory in mormyrids (Swapna et al.,
2018). In teleost fish, kcna7a and kcna7b are ancestrally expressed
in skeletal muscle. Among mormyrid electric fish, selection for
brief-duration EODs has likely led to the neofunctionalization of
kena7a. Expression of this gene shifts to the electric organ and is
accompanied by a burst of molecular evolution: among these
changes are substitutions at a key site affecting channel kinetics.
Specifically, the substitution of negatively charged amino acids at
the S3—S4 linker causes a shift in Kv1.7 conductance at lower
potentials, leading to brief action potentials (Fig. 2C).

Another contributor to EOD diversity is electrocyte cell shape,
which can vary greatly in mormyrids, and can influence the pathway
that current travels through the EO. This variation has considerable
consequences for the number of phases present in the EOD (Alves-
Gomes et al., 1997; Bennett, 1970; Gallant et al., 2011), leading to
the repeated convergent evolution of biphasic EODs (Fig. 2A,B). To
understand the genetic underpinnings of EOD waveform shape
differences, a recent study by Losilla and Gallant (2019) examined
patterns of gene expression between multiple sets of closely related
Paramormyrops species, identifying a set of candidate cytoskeletal
proteins, extracellular matrix proteins and membrane-associated
proteins that exhibit patterns of differentially expression associated
with biphasic and triphasic EODs. The precise role of these genes in
determining electrocyte cell shape will require both developmental
and functional genomics studies in the coming years.

Thus far, selective factors that shape EOD signals have been
identified and some genetic substrates that contribute to this diversity
have been identified, though this work is ongoing. The missing link
between these two datasets is functional tools to interrogate how
specific genetic variants result in ion channels and speciation. The
promise of these technologies used in conjunction with genetic
manipulation techniques have been described more broadly for electric
fish elsewhere (see Pitchers et al., 2016). We highlight here that
CRISPR/Cas9 gene editing has recently been applied to the weakly
electric fish system. Constantinou et al. (2019) demonstrated effective
knock out of scn4aa function in both gymnotiform and mormyrid
electric fish, obtaining FO mutants that are effectively ‘electrically
silent’. We note that this protocol provides video and written
instructions that detail husbandry, molecular biology and injection
techniques, and is linked to supplemental genomic resources and target
design tools (http:/efishgenomics.integrativebiology.msu.edu), which
should facilitate widespread use of this technology within the electric
fish community.

While CRISPR/Cas9 gene editing is still in a nascent stage for the
electric fish community, the availability of functional tools in
electric fish increases the tractability of several key experiments
necessary for understanding the link between genotype and
behavior. First and most obviously, in vivo manipulation studies
could provide direct evidence linking genetic changes to behavioral

outputs. Second, the prospect of stable transgenic lines that have
‘dissected’ different components of EOD diversity within single
species could offer a new generation of highly controlled behavioral
assays designed to elucidate the selective advantages of particular
signal features. As mutagenesis efficiencies increase through more
widespread community use, we see a third and exciting possibility
of introducing transgenic materials into weakly electric fish, which
may allow the use of optogenetic and reporter genes for dissecting
neural circuits and assessing electrocyte physiology.

Poison frog innovations in physiology and behavior

Several lineages of frogs have repeatedly evolved suites of traits that
earn them the name ‘poison frogs’. These groups include Central and
South American dendrobatids and bufonids, Malagasy mantellids,
Australian myobatrachids and Cuban eleutherodactylids (Saporito
etal., 2012) (Fig. 3A). Each have independently evolved aposematic
warning coloration that advertises their toxicity to potential predators
(Santos et al., 2003). There is also variation within some of these
groups, where chemical defenses have evolved four times
independently within Central and South American dendrobatids
(Santos et al., 2003) (Fig. 3B). The alkaloid small molecules they
sequester from their diet to their skin are used for chemical defense
against predators and pathogens (Santos et al., 2016). In addition to
chemical defenses, some poison frogs have also evolved elaborate
social behavior, including monogamy and parental behavior. Here,
we discuss the open questions and current progress on using the
convergent evolution of correlated traits in poison frogs to map the
genotype to phenotype landscape.

Poison frogs do not synthesize toxins themselves, but acquire
them through their specialist diet of ants and mites (Daly et al.,
1994). The repeated evolution of chemical defenses in amphibians
raises several questions on the evolution of novel physiological
traits. The most obvious is whether the repeated evolution of
alkaloid bioaccumulation involves similar or unique mechanisms, a
question that remains open. Another mystery is how poison frogs
manage to resist poisoning by their own toxins. Many poison frog
alkaloids target ion channels in the nervous system, including
sodium channels and nicotinic acetylcholine receptors. Several
studies have utilized the independent evolution of toxicity as a
framework to identify mutations in ion channels that could confer
resistance to alkaloid neurotoxins (Fig. 3C). For example, by
comparing the gene encoding the sodium channel Na,1.4 across
both Central and South American dendrobatids and Malagasy
mantellids, several mutations were predicted to confer resistance to
the potent neurotoxin batrachotoxin (Tarvin et al., 2016; Yuan and
Wang, 2018). A similar comparative approach was used to
demonstrate that mutations in nicotinic acetylcholine receptors
can confer resistance to the neurotoxin epibatidine (Tarvin et al.,
2017). Similar relationships have been identified in other chemical
defense systems (Ujvari et al, 2015), demonstrating that
autoresistance of neurotoxins in many animals can be a simple
genetic trait, where clear genotype to phenotype relationships can be
established. Although gene editing has not been used to test these
relationships in vivo, the path forward to do so is clear and will
clarify whether these observations are a general principle in animal
chemical defenses.

Some poison frogs have evolved elaborate parental behaviors,
including tadpole transport and egg provisioning (Heying, 2001,
Weygoldt, 2009). While these behaviors occur in other non-poison
frog amphibians, the repeated evolutionary origins and behavioral
diversity within the group allows investigation of the neural basis of
behavior and determining whether these behaviors have similar or
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Fig. 3. Convergent evolution in chemical defenses and social behavior in poison frogs. (A) Frogs have evolved chemical defenses (orange families in
left phylogeny) and maternal egg provisioning to tadpoles (red families in right phylogeny) several times independently; phylogeny adapted from Pyron (2014).
(B) The family Dendrobatidae shows convergence in a number of traits, including the independent evolution of chemical defenses (orange genera in left
phylogeny) and maternal egg provisioning to tadpoles (red genera in right phylogeny); phylogeny adapted from Santos et al. (2016). (C) Poison frogs sequester
lipophilic alkaloids to their skin and many of these compounds target ion channels in the nervous system. Poison frogs have ion channel mutations that
confer resistance to some neurotoxins. For example, dendrobatids have mutations in the beta subunit (shown in orange) of the nicotinic acetylcholine receptor
(nAchR) that reduces sensitivity to epibatidine (Tarvin et al., 2017); shown is the structure of the human nAchR (Unwin, 2005). (D) Poison frogs also vary in
parental behavior and have convergently evolved egg provisioning behavior, where mothers feed developing tadpoles with nutritive unfertilized eggs. Neural
activity in the lateral septum and preoptic area is correlated with this nursing behavior, although the activation of oxytocin neurons differs between independent

evolutionary origins (Fischer et al., 2019).

different underlying mechanisms. For example, some Central and
South American dendrobatid frogs and a Malagasy mantellid have
evolved egg provisioning behavior that promotes healthy tadpole
development (Heying, 2001) (Fig. 2D). This ‘nursing’ behavior has
evolved at least twice in dendrobatids, including the Oophaga clade
and in the Mimetic poison frog (Ranitomeya imitator), as well as
once in the climbing mantella (Mantella laevigata). In these species,
mothers provision developing tadpoles with nutritive unfertilized
eggs. We investigated the mechanisms of egg provisioning in the
diablito frog (Oophaga sylvatica) and M. laevigata, which diverged
roughly 140 million years ago (Fischer et al., 2019). We found that,

in addition to providing nutrition, egg provisioning also provides
alkaloid chemical defenses to tadpoles. Poison frogs acquire their
chemical defenses from leaf litter arthropods, which tadpoles do not
have access to in their aquatic environments. Thus, egg provisioning
could evolve as a way to provide tadpoles with chemical defenses
earlier. When looking at overall brain activation, we found more
neuronal activity in the lateral septum and preoptic area in nursing
mothers compared with controls. The preoptic area is well known
for mediating care for offspring across vertebrates (Fischer et al.,
2019), suggesting evolving parental behavior relies on
hypothalamic neural networks. Oxytocin is a well-known
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mediator of maternal behavior in mammals (Leng et al., 2008), and
so we next tested the hypothesis that oxytocin promotes egg
provisioning behavior in amphibians. To our surprise, we found
increased activity of oxytocin neurons during nursing behavior in
M. laevigata, but not O. sylvatica, suggesting that the underlying
mechanisms of maternal behavior may be different in these repeated
evolutionary origins.

Our work utilizing convergent evolution of maternal care in
amphibians has taught us several important lessons. First, although
parental behavior may use similar mechanisms at the level of brain
regions (e.g. the preoptic area) across independent evolutionary
origins, the neuronal cell types facilitating a behavior may be
different. In other words, there may be many mechanistic ‘solutions’
for promoting a similar behavior. Maternal care is ubiquitous in
mammals and only comparative work across independent origins
allowed us to highlight alternative mechanisms for behavioral
regulation. Second, this also serves as a cautionary tale to behavioral
neuroscientists, where the underlying neural mechanisms across
species that promote a very similar behavior may be different and
comparative work is necessary to understand patterns that are
species specific versus generalizable.

Patterns and principles of convergence in physiology and
behavior
A major goal of contemporary biology is to understand how
changes at the molecular level result in phenotypic changes at the
organismal level. The proliferation of genetic and genomic
resources for a wide variety of organisms has already been
intellectually profitable in this regard. Unsurprisingly, many of
the known genetic variants underlying variation in many animal
phenotypes have been loci of major effects for relatively ‘simple’
phenotypes, such as pigmentation (Hubbard et al., 2010).
Additionally, we have discussed here how duplications and
mutations in ion channels have potentially large effects on
physiology with the function of electric organs in fish and toxin
autoresistance in poison frogs. This proliferation of data has
motivated attempts to extract general principles from the
relationship between genotype and phenotype (Gallant et al.,
2014b; Martin and Orgogozo, 2013; Stern and Orgogozo, 2009).
Martin and Orgogozo (2013) cataloged 1008 alleles linked to
phenotype across the literature spanning eukaryotes, and found a
surprisingly high incidence of genomic ‘hotspots of evolution’ that
accumulate mutations and lead to similar convergent phenotypic
effects. This phenomenon is exemplified by work in Limeninitis and
Heliconius butterflies: both lineages, which last shared an ancestor
65 million years ago, have evolved mutations in the cis-regulatory
region of the signal ligand WntA that produce variation in
melanization phenotype on butterfly wings (Gallant et al., 2014a,b).
In this article, we have advocated for approaching the genetic
underpinnings of behavior within a comparative framework, drawing
upon ‘champion species’ which exhibit repeated evolution of
behavioral traits over different phylogenetic scales. We feel that this
is a formidable strategy for two reasons. First, conclusions about
evolutionary processes are greatly enhanced by assessing statistically
independent points (Stone et al., 2011). Second, exploring
convergent phenotypes at different taxonomic scales provides a
natural opportunity to probe the nature of constraint and predictability
of evolution. Convergent phenotypic evolution is thought to occur at
the genetic level through three mechanisms: (1) the evolution of
independent mutations in parallel lineages, (2) the exchange of alleles
by hybridization (introgression) and (3) the repeated fixation of
polymorphic alleles from ancestral populations (Stern, 2013). Two of

these processes (introgression and fixation of ancient polymorphism)
are considerably more likely to occur within closely related taxa than
distantly related ones. The occurrence of genetic convergence
through independent mutations has been well documented on both
shallow (e.g. Sugawara et al., 2005) and deep (e.g. Gallant et al.,
2014a; Gallant et al., 2014b) time scales. The tantalizing insight that
there are ‘genetic paths of least resistance’ (Martin and Orgogozo,
2013) motivates the question of how extensible this concept is to
complex phenotypes such as behavior. Evidence of convergent
behavioral evolution by independently occurring mutations would be
the most compelling evidence of ‘genetic paths of least resistance’ in
behavior. To summarize: leveraging convergent evolution over
multiple phylogenetic scales provides greater statistical power,
enabling researchers to better ask ‘how’ behavioral phenotype and
genotype relate to each other, but also ‘how likely” it is that particular
genotypic changes will lead to particular behavioral effects.

Although the technological revolutions in molecular biology and
genomics have propelled many fields forward, it is important to
remember that from an organismal perspective, behavior and
physiology are the substrates of selection. In other words, natural
and sexual selection shape species from the ‘top down’, starting
with physiology and behavior. In this regard, many wild model
systems provide an advantage in terms of understanding genotype—
phenotype connections, given often a rich literature on behavioral
ecology and natural history in contrast with traditional laboratory
models. For example, we found that poison frogs that evolved
maternal egg provisioning behavior on different continents had very
similar behaviors, but different underlying mechanisms,
highlighting multiple mechanistic paths towards the same
behavioral output (Fischer et al., 2019). Another example of deep
convergence is the loss of flight in birds, where examining the
genomes across multiple independent losses of wing function
highlighted that convergent changes in regulatory regions, rather
than mutations of protein-coding genes, was associated with trait
loss (Sackton et al., 2019). Overall, we argue that examining the
deep convergence of trait gains or losses provides more power in
mapping the genotype—phenotype landscape compared with single
species approaches.

Perils and pitfalls in linking genotype to behavioral
phenotypes in unusual organisms
While there is growing progress in understanding the genomic
underpinnings of phenotypic differences between organisms, this
progress has largely been made for relatively ‘simple’ phenotypes.
This point is particularly vexing for those interested in the
mechanistic underpinnings of behavior and the sheer complexity
of the nervous system. We predict that this will be an ‘Achilles heel’
for neuroethologists for some time, as most behaviors are widely
perceived to have a complex genetic basis (York, 2018). Just as
early progress in understanding the molecular basis of genetic
disease in humans largely focused on the ‘one gene—one disorder’
approach (Plomin et al., 1994), we strongly suspect that those
attempting to understand the genetic underpinnings of behavior will
focus on genes of major effect and relatively simple behaviors. Put
another way: demonstration that a behavioral trait has a genetic basis
may become increasingly trivial over time. By placing these
genotype to phenotype findings in a comparative context, these
insights have the potential to inform deeper insights than a taxon-
limited approach.

Additionally, we encourage behavioral biologists to move beyond
accumulating genome and transcriptome resources in their research
programs and towards measuring genetic variation. Efforts to
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connect genotypic variation to complex phenotypic variation in
humans and other canonical laboratory models have been largely
facilitated by quantitative approaches which leverage datasets
that encompass genetic variation among individuals, strains,
populations and hybrids. Presently, as many of the ‘wild’ models
are at the stage of assembling and finishing genomes, datasets that
encompass genetic variation are still relatively rare. Researchers
should consider collecting genotypic data from populations of
organisms, leveraging field-based collections, laboratory crosses
and the specimens available in natural history museums (Bi et al.,
2013), which will facilitate these approaches in the future.

Finally, we emphasize the importance of strong functional tools
as a necessary component of any research strategy. As discussed
above, highly efficient mutagenesis techniques such as CRISPR/
Cas9 gene editing are beginning to democratize functional
genomics tools in a wide variety of systems. Applying these
techniques successfully in wild models is challenging enough and
researchers need to carefully consider how mutagenesis results may
be interpreted in the context of behavior. As behaviors are typically
the result of coordinated output of neural circuits across many brain
regions, simple knock-out mutants may not yield major behavior
changes. Importantly, lack of a phenotype does not imply the target
gene plays no role in the phenotype of interest as there could be
compensatory influences in tissues as robust and plastic as the brain.
In this regard, there will be a considerable impetus to develop
techniques that restrict mutagenesis in time and space, avoiding
potentially pleiotropic or compensatory effects on the organism as a
whole.

Fantastic beasts and how to use them for public engagement
Using unusual model systems for research occasionally comes with
skepticism about usefulness for humanity, especially from a
biomedical or translational viewpoint. Research on this theme is
sometimes targeted by politicians to incite public opinion about
spending taxpayer dollars on research that may not be directly
involved in understanding and treating human disease. As recipients
of taxpayer funds, scientists are obligated to convey their research
findings to the public in a way that communicates the value of basic
research and within a framework where the public are stakeholders
in this new knowledge. This is even more important in current times,
where public opinion can be contrary to scientific evidence, such as
climate change (Leiserowitz et al., 2013), childhood vaccinations
(Baumgaertner et al., 2018) and genetically modified foods
(Malyska et al., 2016). Programs that broaden the impact of
research are required of some funding agencies, like the National
Science Foundation in the USA. However, it is often difficult for
scientists to create dynamic, meaningful and engaging learning
experiences that reach beyond the university and formal training in
education is frequently lacking. Yet, most people are inherently
drawn to unusual and charismatic animals through natural curiosity,
which can be used as a pathway for engaging in scientific topics that
otherwise may not receive attention. For example, children are more
engaged in learning when exotic species are used to convey
scientific concepts compared with local species (Ballouard et al.,
2011; Trainin et al., 2005). Below, we summarize strategies for
outreach development and describe our own outreach programs that
incorporate the unique biology of our research organisms.

When establishing outreach programs, start by connecting how
your unique path into science can appeal to stakeholders or how
your unique model system can be used to communicate specific
scientific concepts. Every scientist has a unique background and
every model system is used for some special reason to address a

critical gap in knowledge. In education, programs are designed
using Logic Models (Kaplan and Garrett, 2005) that articulate
the goals and resources of an outreach program prior to its
implementation. A critical aspect of meaningful outreach programs
is to ensure they are achieving the desired goals by using strong
assessment strategies. Much like scientific experiments, outreach
programs need allocated funds and a logical plan that includes
quality control assessments to measure impact and refine the
approach in subsequent iterations.

The Gallant laboratory leverages the unusual biology of electric
fish to motivate elementary students to consider forms of energy.
While electricity is pervasive in the lives of young students,
understanding how chemical energy is transformed into electricity
is a difficult concept illustrated well by biological systems,
particularly electric fish behavior. This curriculum, initially
developed as a module for Grade 5 students in rural New York
State (USA), is now shared yearly on an elementary school tour in
the area of East Lansing, Michigan (USA) and reaches
approximately 300 students per year. One of the more innovative
aspects of this curriculum has been the focus on developing hands-
on, interactive displays that relate the foreign concept of
electrosensation and electrogenesis into more relatable sensory
experiences (audio, visual and tactile). For instance, using low-cost,
open-source hardware, the Gallant laboratory developed a method
of transducing electric fish signals into flashing lights that power
holiday decorations (http:/bit.ly/efishxmas). A key component of
developing these experiences has been assessment: in the case of the
Grade 5 student program, the curriculum was evaluated by a
combination of simple pre- and post-experience quizzes
(administered weekly) as well as narrative assessments in the
form of artwork and composition writing, that were developed
collaboratively with instructors.

To communicate the contribution of poison frogs to scientific
research in biology and chemistry, the O’Connell lab has developed
several programs to increase public engagement. First, to connect
with the public in a meaningful way, Lauren O’Connell specifically
focuses on community college students with the goal of increasing
genuine research experiences in that population. Lauren attended a
rural community college and can uniquely communicate and
mentor that group, an example of using past experience to connect
with an underserved population. Moreover, many students from
underrepresented and/or low socioeconomic groups start their
education at community colleges (Ma and Baum, 2016) and
increasing research exposure with these students is an excellent way
to diversify the scientific workforce. This program is assessed by
student publications, graduation from a university, and career choice
compared with a control population that did not have research
experiences. Second, the O’Connell lab created the Frogger School
Program, which places (non-toxic) poison frogs into classrooms and
equips teachers with lesson plans on integrating the frog ‘anchor
phenomenon’ into biology and chemistry education. Each summer,
some teachers participate in genuine research and then develop an
‘Education Transfer Plan’ to integrate their research experience into
their classrooms. The participation of science teachers in genuine
research experiences improves retention in the profession, increases
inquiry-based instruction in their classrooms and enhances their
students’ scientific achievements on placement exams (Melear
et al., 2000; Silverstein et al., 2009). In our case, assessment of
teacher participation in genuine research is based on teacher pre- and
post-program surveys and scientific publications with the teachers
and their classrooms as co-authors (Moskowitz et al., 2019
preprint).
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When designing outreach programs with the public, there are
several characteristics that should be considered (Krajcik, 2015). (1)
Is it feasible? Consider the target age group and available time
constraints. (2) Is it ethical? Are the appropriate animal ethics (for
vertebrate animals) or human ethics (involvement of minors in
research, use of surveys, etc.) approvals in place from local
regulatory committees? (3) Is it meaningful? Learning happens best
when people are engaged with the material because they find it
interesting and/or important to their lives. Using unusual and
charismatic animals in research is particularly useful in gaining
interest, especially with children (Ballouard et al., 2011; Trainin
etal., 2005). (4) Does it meet scientific learning goals? For effective
outreach, the target audience needs to walk away with the concepts
you want them to know (Varner, 2014). Informal science outreach
can often be assessed with surveys or discussions with participants
(Keeley, 2008), while larger programs can accommodate formal
evaluations with appropriate control groups (Margoluis et al.,
2009). (5) Is the education effort sustainable? Is this a one-time
engagement or can the teacher, classroom or community continue
the research effort and what resources are necessary to do that?
Finally, we encourage scientists to reach out to local education
experts in their communities for collaborations on broadening the
impact of their research. Just as one would reach out to experts from
different scientific fields to collaborate on new directions or
techniques in a research program, education requires the same
expertise and collaboration to make a meaningful impact.

The adoption of unusual ‘champion’ animals to address
fundamental biological questions in research programs comes
with the need to perform additional justification to funding agencies
and the general public on why such research is valuable. While we
may not feel the need to do this within our own scientific
community, it is imperative that the value of neuroethological
approaches be communicated through outreach if we wish to move
the field forward with continued funding from the public.

Summary

Here, we describe how studying behavior and neural function within
a convergent evolution framework allows unique insights into
whether patterns of genetic or neuronal function are generalizable
versus species specific, using our work in electric fish and poison
frogs as case studies in convergent evolution of unusual traits. We
advocate that gene editing technologies open the door to using a
diverse set of organisms in neuroscience research, although this
enormous potential comes with many challenges that should be
carefully assessed. Finally, using the charismatic animals in outreach
is useful in gaining public support for basic science research. We
hope this framework will inspire others to leverage the convergent
evolution of physiological or behavioral phenotypes to strengthen
research programs mapping genotype to phenotype interactions.
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