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ABSTRACT

MODEL BEHAVIOR OF NON-MODEL ORGANISMS: ADAPTIVE BEHAVIOR IN
DESERT RODENTS AND OSTEOGLOSSIFORMES FISHES

By
Lauren A. Koenig
Model organisms are useful tools for investigating generalities in biology and have
greatly advanced current understanding of adaptive behavior. Yet Krogh’s principle—that there
exists specialized species most convenient for answering specific biological questions—suggests
that non-model organisms may be best suited for identifying specific genetic and physiological
underpinnings of behavior. In fact, non-model organisms with unique traits have been
instrumental for examining the potential selective pressures and underlying genetic mechanisms
of adaptive behavior. | present two groups of vertebrates, desert rodents and Osteoglossiformes
fishes, as exemplary non-model organisms that support Krogh’s principle and are particularly
appropriate for the integrative study of predatory and reproductive behaviors, respectively. I first
compare the history, benefits, and limitations of standard laboratory and nontraditional model
species before describing the particular biological traits that make desert rodents and
osteoglossiforms poised to be useful nontraditional model organisms. In Chapter 1, | analyze the
predatory behavior of desert rodents and find that carnivorous grasshopper mice (Onychomys
torridus) are the most persistent and efficient rodent predators of chemically defended beetles
and undefended crickets. Their success is due to their attack behavior, even though they are
exposed to the beetles’ benzoquinone spray. These results suggest that grasshopper mice’s
predatory behavior enables them to potentially outcompete related rodents and occupy an
obligately carnivorous dietary niche in the desert. In Chapter 2, | demonstrate that grasshopper

mice are equally gustatorily sensitive and averse to benzoquinone as laboratory house mice (Mus



musculus), but they also contain mutations in a sensory channel known to be activated by
benzoquinone. Grasshopper mice and their relatives may therefore be informative models for
exploring chemosensory mechanisms and optimal foraging theory. In Chapter 3, | review the
diverse reproductive anatomy, morphology, and behavior of Osteoglossiformes fishes, and the
role of sperm competition and sexual selection in shaping their reproductive adaptations. This
review highlights the ways in which osteoglossiforms can be used as models for understanding
reproductive diversity among teleost fish, as well as the evolution of body plan development,
fertilization strategies, and parental care. | conclude with a discussion about how the results from
this work provide new species-specific information and exemplify the ways in which these
systems can be used within a comparative framework to contribute to biomedicine, conservation,
and other broader biological topics. Advancements in the ability to link genes to behavior
suggest that focusing on more diverse nontraditional model systems is an increasingly feasible
way to expand comprehensive knowledge of adaptive behavior. This dissertation proposes that
embracing exemplary species, such as grasshopper mice and Osteoglossiformes, is the next step
for developing new investigations inspired from work using model species, and for capturing the

complexity of natural variation within experimental research.



ACKNOWLEDGMENTS

| am incredibly grateful to a number of people who helped make this work possible.
Many thanks are owed to the chair of my guidance committee, Tom Getty, who has been a
tremendous source of support since my first year in graduate school and always believed in my
ability to realize the potential of this dissertation. | am also very fortunate to have had Marjorie
Weber, Phoebe Zarnetske, and Elizabeth Tinsley-Johnson on my guidance committee, each of
whom supported me academically, professionally, and personally. Their guidance was integral
for my success, especially for navigating my last year of graduate school, and | am very thankful
for their encouraging my interests in exploring science communication.

These projects stemmed from collaborations across other labs at MSU, so many thanks
go to Jason Gallant, who introduced me to the strange world of osteoglossiforms and who asked
the first questions that grew into the review paper. | am also thankful to Ashlee Rowe and
Matthew Rowe for setting up, advising, and facilitating the work on grasshopper mice, as well as
Heather Eisthen for contributing to conceptualizing and facilitating experimental design. | very
much appreciate their teaching me about this incredible biological system, sharing their
extensive experience conducting research on these animals, and introducing me to numerous
experts who provided additional insight for these projects. Specifically, | want to thank Dr. Scott
Smith for generously providing the mass spectrometry data from the Mass Spectrometry and
Metabolomics Core at Michigan State University, Dr. Stephen Secor, Mackenzie Kyler, and
Amanda Shoemaker for conducting bomb calorimetry at the University of Alabama, Dr. Aaron
Smith at Northern Arizona University for sharing tenebrionid expertise and tips for identifying

desert stink beetles, Dr. Melanie Bucci at the University of Arizona for help with identifying



desert rodents, and Dr. Marc Heitlinger at the University of Arizona for his generosity and
assistance while serving as range manager for the Santa Rita Experimental Range field station. I
was also lucky to have had assistance from an excellent team of former undergraduate
researchers through the Rowe and Eisthen labs. Thanks are owed to Victoria Rose for help with
trapping and collecting behavioral data in the field, Will Burke and lan Zaback for assisting with
data collection on the two-bottle choice test, and especially to Olivia Guswiler, who similarly
collected data in the field, as well as at MSU, and assisted with decoding behavioral videos,
preparing specimens for bomb calorimetry and mass spectrometry, and providing animal care.

| am thankful to numerous colleagues who shared their expertise, read many drafts for
many different projects, provided feedback, and who I’ve had the pleasure of learning from, both
in and out of the lab. I would like to thank Sophie Picq, Victor Keller, Abihjna Parigi, Alex
Wright, David Luecke, Jared Thompson, and Robert Mobley for their guidance and support, as
well as Ani Hristova, Darren Incorvaia, Mauricio Losilla, and Savvas Constantinou for their
enduring friendship. In addition to IBIO and EEB, | greatly valued being a part of the Women in
Nature Network and thank Jacalyn Beck and Claire Hoffmann for building an incredible network
of inspiring women scientists.

Outside of MSU, | was fortunate to have an excellent support system and owe a large part
of my success to Alex Hettena, who was there every step of the way, Dana Zemel and Matt
Campbell, who very much shared the graduate school experience with me, and Nara Gardener,
for being an unending source of encouragement. Lastly, my final word of thanks goes to my
parents, Robbin Koenig and Matthew Koenig, to whose support | owe my success today and so

much more.



This work would not have been possible without the financial support provided by the
National Science Foundation, the National Science Foundation Graduate Research Fellowship
Program, and MSU’s Department of Integrative Biology, Ecology, Evolution & Behavior

Program, and the College of Natural Science.

Vi



TABLE OF CONTENTS

LIST OF TABLES ...t bbb bbbttt b e bt X
LIST OF FIGURES ......oiiiiiiieie ittt bbbttt bbbt Xi
INTRODUGCTION ..ottt sttt b bbbt s e st et et e be bbb 1
1. An overview of Model OrganiSMS ..........coviieiieiieie e 2
2. Models vs. nontraditional MOGEIS ..........cuiiiiiiiiii e 6
3. Krogh’s Principle and nontraditional model SPECIes..........ccovvvriiiiiiiiiiiiiiiseeece e 7
4. Desert rodents and Osteoglossiformes as nontraditional models............ccccooovvveiiiiiiiiniennns 9
REFERENCES . ...ttt bbbt s e s et et bbbt 15
CHAPTER 1: DESERT RODENT PREDATION ON BENZOQUINONE-DEFENDED
2 I S ST PR 21
0111 - Tod PSPPSR 21
I [ T [N T ([ o IS SRS RPRPURRTRPRPN 23
2. Materials and MELNOUS ..........coiiiiieieee e bbb ene s 29
2.1 ANIMAL COIBCTION. ...ttt bbb bbb ens 29
2.2 BENAVIONAl TTIAIS ...veceiiieiecii ettt ettt e nns 31
2.3 V0O ANAIYSIS ...ttt 31
2.4 BOMD CaAlOTMELIY ...ttt bbb 35
2.5 IMASS SPECITOMELIY ....vvieiiiie ettt e et e e s e e st e e st e e e snbe e e snbeeennneean 35
2.6 StatiStICAl ANAIYSIS .....oiieieeeecee et 36
B RESUILS ..ttt bRt r ettt st renneerean 37
3.1 Predatory mice consume Stink DEELIES...........ccoiiiiiiiiiicee e 37
3.2 Rodents employ specific behaviors to subdue their prey ... 38
3.3 Predators are sprayed by the DEEtIES.........c.ooeiiiiiiiii e 41
3.4 Beetle size, spray concentration, calories, and defensive headstands affect predators’
o Yoo FTa o o) i o] =) 2SSOSR ROPPR 42
O I LYo U L] o o SO PTPPPRPRPR 44
4.1 Predatory mice eat Stink DEELIES .........ceoiuveieie e 45
4.2 Rodents employ specific behaviors to subdue their prey ... 46
4.3 Predators are sprayed Dy the DEEtIES........ccooiiiiiiiiiic e 47
4.4 Beetle size, spray concentration, calories, and defensive headstands affect predators’
NANAIING OF PIEY ...ttt sb et 48
4.5 Predatory Behavior and Dietary NIChe..........ccccooviiiiiiiiii e 51
ST O] 0 [od (1] [ o FO TR 54
REFERENGCES . ......coooieiieie ettt bbbt n et e et st nbenbenbeane e 56

vii



CHAPTER 2: RODENT SENSITIVITY TO BENZOQUINONE: GRASSHOPPER MICE AS A

MODEL SPECIES FOR CHEMOSENSATION .....ccoitiiiiiieieie e 61
AADSTTACT ... bbbttt bbbt e enes 61
I [ T L8 T { [ o I USSP PPRPURRTRPRPN 62
FZ |V =11 T Lo PSP 67

2.1 Animal care and NOUSING .......coveiiiieiie et 67
2.2 TWO-DOTIE ChOICE TEST ...ttt ettt 67
2.3 Multispecies TRPAL gene COMPAIISON .......ccveireerueaiesieeiieesieseesteeeesseesseesesseessesssesseesses 68
2.4 SEALISTICAl ANAIYSES.....ccuie ittt et e e nneens 70
Bt RESUITS ..ttt bbbttt bbb b b ere s 71
3.1 TWO BOLtIe ChOICE TEST...cuiiiiiiieiiieieeiie ettt st enee e 71
3.2 TRPAL SEOUENCE.........eeiteiiieiiiiteeiti ettt ettt ettt b et e e 72
I 100U L1 T o PSS 74
4.1 Two-Bottle Choice Test COMPAIISONS ......cc.ccveiieiieiieiieieee e 75
4.2 TRPAL SeqUENCE COMPANISONS. .....cviirriireeiearesieesteeresteesreesesssesseessesseesseessesseesreessesseens 81
ST O] Tod (11 (o] o USSP PURRPRPRPN 84
REFERENGCES ..ottt bbbttt s et e et bbbt 87

CHAPTER 3: SPERM COMPETITION, SEXUAL SELECTION, AND THE DIVERSE

REPRODUCTIVE BIOLOGY OF OSTEOGLOSSIFORMES ........cccocoiiiiiieiciee e 95
AADSTFACT ..t b bbbttt b e b ne e 95
I [ 7T L1 T ([ o I USRS RPRPURTRPRPN 96

1.1 SPerm COMPELITION........ciieiie ettt e ae e sreenesreesraena s 98
N T 10 o 0T o= I IV £SO 99
2.1 SINQUIAT GONAAS .....evereeeie e bbbttt 100
2.2 SeXUAL AIMOTPRISIT ...t sb et 102
2.3 Singular Gonads and Sexual Dimorphism as they relate to Sperm Competition.......... 105
3. SPErmM MOIPROIOQY .....veeveiieiieie ettt e et esbaesteenesraeareeneens 107
3.1 Monoflagellate sperm — Pantodontidae and Notopteridae ..........c.ccceevevievvevcciicieennn, 108
3.2 Biflagellate sperm - OSte0gloSSIAAE .........ccviiiieieierierie e 108
3.3 Aflagellate sperm: Mormyridae and Gymnarchidae ............ccocvveeeieieninencnesesens 109
3.4 Sperm Morphology as it Relates to Sperm Competition..........cccccevvvevviieviverecieseens 110
4. Reproductive Behavior & Parental Care..........ccocveiiiiiieiie s 113
O @ S CcTo o (151 [0 - TSRS UPS 113
4.2 PANTOUONTIAAE ...ttt sttt sttt et sbeenesreenbeenne s 115
v |V (o]0} Y] (0] o [T PRSP UPORPTPTTPRPRPRPRPN 116
O[] (0] 01 (<] o Fo T PRSP RSP R PP PRPRPRPRPN 118
4.5 Reproductive Behavior and Parental Care as it Relates to Sperm Competition............ 119
5. Future RESEArch DIFBCLIONS .........ueviiiiiiieieiiie sttt sttt nbe e 120



ACKNOWIEAGMENTS ...ttt b ettt ettt e et e sae e e 125

REFERENGCES . ...ttt bbbt bbbt 126
CONCLUSION ...ttt bbbttt bbb bbb e e st e st et et et e nbesbenne e 141
1. GraSSNOPPET IMIICE ...ttt 141
2. OStEOGIOSSITOMMES ... et e esre e s teeeeareenreenee s 145
FINAI REMAIKS ... bbbt bbb b s 148
REFERENGCES.......coo oottt bbbttt bbbt ens 150



LIST OF TABLES

Table 1.1: Rodent species, dietary niche, and sample sizes for behavioral trials

Table 1.2: Operational definitions of the behavioral variables counted during interactions

between desert rodents, crickets, and stink beetles. (d) indicates a defensive behavior performed
DY rOENTS TOWAIAS PIEY. ....veeieeeeeiieesieeie st te ettt et e st et sbe et e s e te e st e s re e teeneesseesreeneesreenne e 33



LIST OF FIGURES

Figure 1.1: Grasshopper mice attack beetles more than crickets. Figure shows differences
between prey types for rodent species and the average number of attacks on prey species by
grasshopper mice, deer mice, and pocket mice during behavioral trials. Error bars denote £ 1
standard error. Asterisks denote significant differences between groups encompassed by the
bracket (glht p < 0.05). Comparisons between rodent species are not shown. See text for details.

Figure 1.2: Rodent species differed in the total number of defensive behaviors performed
towards each prey type. Figure shows the total number of defensive behaviors demonstrated
towards beetles and crickets by grasshopper mice, deer mice, and pocket mice during behavioral
trials. Error bars denote + 1 standard error. Asterisks denote significant differences between
groups encompassed by the bracket (glht p < 0.05). Comparisons between rodent species are not
ShOWN, SEE TEXT FOI UELANIS. .. oviiieieieiee e 40

Figure 1.3: Beetle length follows a bimodal distribution. Histogram of beetle body length (n =
132) measured from the tip of the abdomen to the base of the prothorax. .........cc.ccocevviiiiienenn 43

Figure 2.1: Mice drink less benzoquinone as the concentration increases. Figure shows the
average amount of benzoquinone and water consumed by both species of mice. Error bars denote
+ 1 standard error. Asterisks denote significant differences between the groups encompassed by
the bracket (linear contrasts P < 0.05)......iiiiiieiiiicie e 72

Figure 2.2: Partial multispecies amino acid sequence alignment shows cysteine amino acid
changes at four sites among closely related mammalian TRPAL orthologs. Cysteines are
numbered according to their location on the grasshopper mouse TRPAL sequence. Gray shading
highlights similarities in conservation of the amino acids between species as determined by
GENEIOUS SOTEWANE. ... ettt ettt b et e st e et e benbe et e b e e reaneenens 73

Figure 3.1: (a) Phylogeny of all major teleost clades (adapted from Nelson et al., 2016). (b)
Detailed phylogeny of Osteoglossiformes, including selected names and illustrations of
representative species from the families Pantodontidae, Osteoglossidae, Notopteridae,
Gymnarchidae and Mormyridae. Representative images of each group are from Nelson et al.
(2016), reproduced with permission from publisher.............ccoiiiiiiii 97

Figure 3.2: Summary of the geographic distribution and reproductive traits in various families of

Osteoglossiformes. Y = yes, N = no, see text for supporting references. Images depict
reproductive traits from repreSeNtative SPECIES. .......vcveiueiverieieerieeie e seeee e se e sre e sreeneeens 98

Xi



INTRODUCTION

Humans have observed and evaluated animal behavior as long as there have been
interactions with other species. Cave paintings depict horses, bison, and pigs, and record an
ancient interest in megafauna dating back tens of thousands of years. Using rough tools like
crushed minerals or charcoal, these naturalistic and detailed paintings would have required
careful observation to capture an animal’s behavior.

In modern times, animal behavior and its underlying complexity has become an
interdisciplinary puzzle, as variation in many natural behaviors is now known to have a genetic
component (Croston et al., 2015; Polderman et al., 2015). However, the ability to piece together
the genetic underpinnings of behavior with its effects on morphology and physiology is still an
emerging field, in spite of advances in technological methods for linking genes to behavior. This
is partly due to most knowledge of behavioral genetics having been generated from a limited
number of model organisms (Juntti, 2019; Niepoth and Bendesky, 2020). Just like the cave
painting artists, contemporary researchers often focus on a few specific species; most of these
model species are widely studied in the laboratory to understand particular biological
phenomena. Yet, as more technological advances in science allow for a growing number of non-
model species to become tractable research tools, the term “model organism” has come under
controversy for being too loosely defined, having incompatible definitions, or being overused
(Katz, 2016). Evaluating non-models for their versatility across biological disciplines may open
the door for redefining exemplary species as more specialized, non-traditional models better
suited for advancing biological research.

In this section, | will briefly review the history, benefits, and limitations of using

traditional laboratory model species for researching adaptive behavior. I will then discuss the



concept of Krogh’s principle—that there exists specialized species best suited for answering
particular research questions (Krogh, 1929)—and the feasibility and advantages of conducting
research on specialized non-model species. Subsequently, I will outline my dissertation, which
comprises two distinct examples in support of Krogh’s principle. This work will examine
behaviors of different vertebrate non-model organisms, predatory behavior in grasshopper mice
(Onychomys torridus) and reproductive behavior in Osteoglossiformes “bony-tongue” fishes, to
demonstrate that as nontraditional models, these animals can contribute species-specific and
broader biological knowledge on the sensory, physiological, morphological, and genetic bases of

animal behavior.

1. An overview of model organisms

According to the National Science Foundation, traditional model organisms are small,
simple, produce many offspring, and develop quickly (Arriens, 2016); these traits allow them to
serve as tractable systems for studying larger themes of biology such as the principles of heredity
(Morgan, 1910), the genetic code (Nirenberg and Matthaei, 1961), transcription (Reece-Hoyes et
al., 2005; Shaulian and Karin, 2002), translation (Bolton et al., 1984; Gan and Jewett, 2014),
DNA replication (Friedman et al., 1997; Pourkarimi et al., 2016), development (Gritsman et al.,
1999; Malassine et al., 2003; Nusslein-Volhard and Wieschaus, 1980), and disease (Dawson et
al., 2018; Faillaci et al., 2018; Washington et al., 2009). Classic models include the bacterium
Escherichia coli, the unicellular green alga Chlamydomonas reinhardtii, the nematode
Caenorhabditis elegans, the plant maize (Zea mays), and the fruit fly (Drosophila
melanogaster). Model vertebrate representatives include house mice (Mus musculus), rats

(Rattus norvegicus), African clawed frogs (Xenopus laevis), and zebrafish (Danio rerio). Each of



these model organisms can be used to provide information about other species or processes that
may be more difficult to study directly. For instance, rat tumors were historically chosen as a
proxy for studying human cancer because unlike human tumors, rat tissue could be controlled to
contain only actively growing, quantifiable cells (Krebs, 1975). Giant squid axons considered to
be larger, more malleable representatives of the nervous system compared to smaller, less
workable vertebrate axons (Hodgkin and Huxley, 1952). Thus, these organisms also fulfill one of
the main criteria of model organisms by being useful for identifying similarities across species
(Milani and Ghiselli, 2020). While no model system is able to stand up to all assumptions or be
applicable to all situations, some model organisms are more adaptable than others to a greater
variety of contexts.

The second half of the 20" century saw major advances in linking genes to behavior as a
result of work with model organisms and the rise of inbred lines. Mutations in genes related to
flagella motility in E. coli were found to affect coordinated swarming behavior (Harshey and
Matsuyama, 1994), while mutated olfactory receptor proteins in C. elegans were found to disrupt
chemotaxis in response to specific odorant ligands (Bono and Villu Maricg, 2005; Sengupta et
al., 1996). A large proportion of progress in understanding gene function was due to forward
genetics work in Drosophila, in which randomly introduced mutations were matched with
resultant phenotypes. For example, a single gene, period, was found to affect Drosophila
circadian rhythms, in which three different mutations led to variations in the normal 24-hour
rhythm (Konopka and Benzer, 1971). Moreover, male flies with mutations that lead to aberrant
splicing in the fruitless gene incur a variety of phenotypes related to sex-specific behavior,
including a failure to attempt copulation with females and other abnormal patterns in gene-

controlled courtship rituals (for a review see Hall, 1994). Studies that found both fruitless



(Wheeler et al., 1989) and period mutations generate abnormalities in the male courtship song
provide striking examples of the role of multiple genes in regulating complex behaviors like
reproduction and circadian rhythms (Kyriacou and Hall, 1980).

The convenience of model organisms generated a positive feedback cycle within the
scientific community: more infrastructure, inbred lines, community databases, and resources
were created to support their use as research tools, which only reinforced their convenience
(Matthews and Vosshall, 2020; Russell et al., 2017). Yet, there is still a wealth of information to
be gained from studying model organisms. For example, there have been recent calls to integrate
genomics with field studies to explore topics such as the role of reproduction in biocontrol and
the relationship between microbiology and health (Alfred and Baldwin, 2015; Markow, 2015).
Many model systems also remain the easiest tools in several experimental contexts. Since early
research in neurobiology, the simple central nervous system of the mollusc (Lymnaea stagnalis)
has consistently been viewed as highly advantageous for investigating general ways in which
single neurons operate as part of behavioral circuitry, such as in feeding behavior (Benjamin and
Crossley, 2020), even though advances in technology now allow for those experiments to be
performed on vertebrate species as well (Fodor et al., 2020). The low background activity of
Xenopus laevis oocytes makes them popular in neurobiology and physiology work for
characterizing membrane transporters and channels of other systems, including for humans,
which are less easy to study in vivo (Broer, 2010). More advanced technical tools, combined with
genomic databases, have allowed researchers to revisit previous genotype-phenotype questions
with new results. For example, quantitative trait locus (QTL) mapping revealed new genes
affecting natural variation in aggressive behavior in two Drosophila lines with epistatic effects;

these genes were not identified by an older study using genome expression profiling (Edwards



and Mackay, 2009). A later study then combined QTL mapping with a Genome Wide
Association Study (GWAS) to examine 200 Drosophila lines; both new and previously identified
genes were confirmed to have epistatic interactions and effects on aggressive behavior (Shorter
etal., 2015).

Model organisms have helped clarify many aspects of biology, but they are unlikely to be
the best systems for all possible questions or valid models for all biological processes (Goldstein
and King, 2016; Russell et al., 2017). Long-term domestication and adaptation to the laboratory
can prevent valid comparisons between lab animals and those in nature. The Mouse Genome
Informatics database contains over 10,000 artificial mutations that affect behavior in the lab, but
would be detrimental to survival if they spontaneously occurred in nature (Niepoth and
Bendesky, 2020). Wild populations of zebrafish have more extensive genetic diversity than seen
in lab strains (Alfred and Baldwin, 2015). Organisms best suited for laboratory work may be
mismatched models for evolutionary studies of adaptation, since the very traits that make model
species easy to raise in captivity also allowed them to evade selective pressures that longer-lived,
slower-growing species must cope with in the wild (Alfred and Baldwin, 2015). Many models
are also not suitable for drawing comparisons with humans, which is a major challenge in
biomedical research. For this reason, there has been a call to expand research into the spotted gar
(Lepisosteus oculatus) as a potential model species that can serve as a bridge between humans

and the more distantly related standard zebrafish model (Braasch et al., 2016).

2. Models vs. nontraditional models
To overcome the limitations of available models, a growing number of non-model

species have been labeled as emerging models. This has led to increased confusion and debate



over the meaning of the terminology. The general definition of the word “model” typically refers
to a system used as an example of something else. But an animal disease model, a widespread
term in biomedical research, does not ascribe to this definition, as the disease itself is being
studied directly (Katz, 2016). Alternatively, the National Institutes of Health suggests that a
model species is an organism which is genetically modified or most widely studied in the
laboratory (National Institutes of Health, 2018). Many traits of these species, however, conflict
with the National Science Foundation’s definition of models as species characterized by being
small, simple, and fast-growing (Arriens, 2016). Even traditional house mice, widely accepted as
models across the scientific community, are relatively long-lived compared to other models such
as e. coli and c. elegans, and they are not particularly simple organisms.

An alternative, more general definition has been offered by Russell et al., which aims to
simplify the difference between traditional models and non-model species: all model species
serve as useful examples of larger processes, but nontraditional models lack the convenience and
infrastructure currently available for traditional models (2017). Nonetheless, it can be
challenging to decide whether a non-model species can become a nontraditional model species,
even if this infrastructure is developed. More specific phrasing referring to which aspects of
particular species are exemplary may help resolve this conflict, especially as more laboratories
are built around research on specific organisms. For the purpose of this dissertation, | will use the
definition of the word “model” to refer to a species or system that is exemplary of a biological
process and consider the difference between models and nontraditional model species as those
which are widely and historically studied in the lab compared to those which are not,

respecitvely.



Within the next decade, this definition will likely need to be reassessed for the very
reason the distinction between model and non-model species became blurred in the first place:
The development of genomics tools opens the door for studying nontraditional models that have
previously lacked the infrastructure and resources to enable their widespread use as study
species. High-throughput sequencing, QTL mapping, GWAS, and clustered regularly interspaced
short palindromic repeats (CRISPR-CAS9) genome editing technology have all lately revealed
new functional genetics information from non-model organisms (Bendesky et al., 2017; Buniello
et al., 2019; Doudna and Charpentier, 2014; Goldstein and King, 2016; Harel et al., 2016; Reese
et al., 2020). The rise of these cost-effective techniques could facilitate research with non-model
species and ultimately enable more species to be investigated as comprehensively as traditional

models.

3. Krogh’s Principle and nontraditional model species

August Krogh articulated the value of selecting a study organism in 1929, stating “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” (Krogh, 1929). Krogh argued that comparative and
species-specific studies have greater value beyond knowledge of biodiversity for its own sake;
building knowledge of biological mechanisms and their modifications will also help solve
general problems related to form and function (Krogh, 1929). Krogh’s principle refers to
specialized organisms serving as models for studying a specific problem, and thus is not limited
to popular model species used generally across disciplines due to their convenience. Nearly a

century later, accumulated knowledge of diverse species and the ability to apply efficient tools to



study them has led to revived interest in studying non-model organisms as research models
(Russell et al., 2017).

These nontraditional models typically share some of the traits of traditional models such
as genomic resources or high fecundity, as well as unique biological features that can be
leveraged to address questions of general importance (Russell et al., 2017). Recently, there has
been a focus on organisms with unusual and informative adaptations related to extreme stress
survival. Microscopic animals known as tardigrades have species-specific proteins that promote
desiccation tolerance (Boothby et al., 2017) and protect them from DNA damage (Hashimoto et
al., 2016), which may explain how they can survive intense cold and unfiltered solar radiation in
the vacuum of space (Jonsson et al., 2008). These traits do not exist in other models, rendering
tardigrades the only known organism for testing mechanisms of tolerating such extremes
(Goldstein and King, 2016). The giant ciliate, Stentor coeruleus, has long been known to have a
profound capacity to heal its own wounds (Morgan, 1901), and Stentor’s recently sequenced
genome makes it a prime candidate for testing the genes involved in regeneration (Russell et al.,
2017). Molecular studies of regeneration and repatterning in Stentor may also provide new
information about the processes by which cells generate, establish internal organization, and
regulate morphology (Russell et al., 2017). Versatile non-model organisms can become models
for a diversity of research questions and broad biological functions, especially those that can
capitalize off of previous foundational work built from traditional models.

In order to use a nontraditional model system to comprehensively explore evolutionary
and ecological questions, it is helpful to understand its position within the context of genetic and
phenotypic variation (Duffy et al., 2021). A single species may be informative when studied as

part of a model system (Duffy et al., 2021), in which researchers compare one question at the



same level of biological organization across multiple species (Travis, 2006). While any one
species will be representative of some processes in biology and distinctive in others, “there can
be as much to learn from a system that is an exception to a rule as from one that adheres to it”
(Duffy et al., 2021). Species that have these exceptions can help test the limitations or plasticity
of a biological process (Milani and Ghiselli, 2020) and, at a minimum, serve as distinctive
experimental systems for modeling unexplained phenomena (Rheinberger, 2007). In line with
this concept, my work examines two different groups of species, focusing on organisms with
unique traits and behaviors and the way these may be shaped by evolutionary pressures and
genetics. Promising nontraditional model species or multispecies systems may therefore
comprise attributes of models from both biomolecular and ecology, evolutionary, and behavior

standpoints.

4. Desert rodents and Osteoglossiformes as nontraditional models

My dissertation will demonstrate the use of two non-model systems, desert rodents and
Osteoglossiformes fishes, to improve knowledge in two key areas of biological research:
chemosensation and reproduction. Sensory systems and reproductive traits are both incredibly
diverse across the animal kingdom, but detailed studies of every species are prohibitively
expensive and unrealistic. Conclusions based on traditional biomolecular model species alone,
however, can lead to overgeneralized explanations of this diversity (Milani and Ghiselli, 2020).
More refined understanding can be accomplished through multispecies comparisons involving
carefully selected exemplary species that are feasible and better suited biologically and
phylogenetically for addressing these questions. Comparing these species—which possess

specialized sensory or reproductive traits—with those that lack them, enables improved



identification of conserved features (Niepoth and Bendesky, 2020) and enhances understanding
of the rules of selection (Montgomerie and Fitzpatrick, 2009). If desert rodents and
osteoglossiforms continue to be incorporated in future research on these topics, they may be
classified as new nontraditional model systems that supplement the work of traditional laboratory
models.

Chemosensation is the detection of chemicals, such as by olfaction and gustation, and is a
key feature of all organisms (Spielman et al., 2019). In particular, the ability to detect noxious,
painful substances is highly conserved because it helps organisms detect harmful stimuli and
respond accordingly to prevent detrimental effects. The grasshopper mouse is one organism that
displays unigue chemosensory abilities as an obligate carnivore that predates on numerous
chemically defended prey. Grasshopper mouse predatory behavior is much speedier and more
effective than that of its sympatric desert rodent relatives; this positions the grasshopper mouse
as a model organism well-suited for studying the plasticity of foraging behavior and learning
mechanisms (e.g., Langley, 1981). Considering they consume many of the same prey as related
insectivorous species, comparing grasshopper mice with other desert rodents may reveal the
selective forces and constraints that facilitate carnivory and exceptional hunting speeds within
the clade. Grasshopper mice also have a unique mechanism of pain resistance to scorpions
(Rowe et al., 2013), one of their venomous prey types, which is unique compared to other
traditional rodent models used to study pain (Munro et al., 2017). As a result, grasshopper mice
are well suited for studies of natural variation in chemosensation.

As with sensory systems, comprehensive knowledge of reproductive adaptation is
impossible if research is limited to a small number of traditional models that express only one or

a few variations of each reproductive trait. Between species, genes involved in sexual
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reproduction evolve rapidly and are often the most divergent; these dynamic genetic changes
may be responsible for diverse morphology, fertilization strategies, and subsequent reproductive
behaviors (Arngvist, 1998; Hosken and Stockley, 2004; Singh and Kulathinal, 2000; Swanson
and Vacquier, 2002; Torgerson et al., 2002). One example of a related group of organisms that
encompasses this diversity is the Osteoglossiformes, an order of fish considered the most ancient
living order of teleost fishes. Most species have unpaired gonads and two osteoglossiform
families contain the only known vertebrate species with aflagellate sperm. Several families have
reproductive anatomy associated with internal fertilization but perform external fertilization,
which may be representative of the evolutionary transition from external to internal fertilization.
Osteoglossiforms also employ every type of parental care seen in vertebrates, including the
ancestral state of absent parental care and cooperative breeding. Taken together,
osteoglossiforms’ unusual reproductive anatomy and gamete structure emphasize their capacity
to be used as models for clarifying the genetic underpinnings of body plan development and
sperm cell morphology, while their range of reproductive behaviors suggests they may be an
effective system for understanding the evolution of paternal care.

Detailed investigation of the evolution and functional aspects of osteoglossiform
reproduction has the potential to yield not only taxon-specific discoveries, but new insight into
the genetic basis of reproductive morphology and its relationship to behavior. Many of their
unusual traits and behaviors indicate low levels of sperm competition and possible tradeoffs
between sperm competition and the environment. Subsequently, their position as a sister clade to
other ancestral teleost fishes could potentially be used to help highlight the role of reproduction

and sexual selection in speciation (Ritchie, 2007; West-Eberhard, 1983) and radiation (Rabosky
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et al., 2013), and allow Osteoglossiformes to serve as a model for the diversification of
reproductive strategies and teleost evolution.

The following chapters evaluate the underlying factors shaping adaptive behavior in
grasshopper mice and related desert rodents and Osteoglossiformes fishes, in which |
demonstrate how behavioral data from these species within a comparative framework positions
them as nontraditional model organisms. In Chapter 1, | show that grasshopper mice are more
efficient and persistent predators of both chemically defended stink beetles and undefended
crickets than related desert rodents. These results indicate that grasshopper mice consume these
beetles in spite of exposure to the insect’s highly concentrated, toxic benzoquinone spray,
suggesting that the mice may have an underlying physiological or genetic mechanism that
protects them from the spray’s noxious effects.

In Chapter 2, | examine the gustatory sensitivity of grasshopper mice and house mice to
benzoquinone. In a two-bottle choice test, both species are equally averse to the chemical, in
spite of grasshopper mice’s consumption of beetles containing far higher concentrations of
benzoquinone in nature. | show that the genetic sequence of a highly conserved benzoquinone
agonist and sensory receptor, TRPAL (transient receptor potential ankyrin 1), has single amino
acid variants that may affect grasshopper mice TRPA1 sensitivity. | discuss the role of TRPAL in
facilitating grasshopper mice predation of stink beetles within the context of other physiological
factors that may influence behavior.

In Chapter 3, I review the remarkable diversity of adaptive reproductive morphology and
behavior within Osteoglossiformes fishes, and the role of sperm competition and sexual selection
as a whole in shaping their reproductive adaptations. Two notable adaptations include unpaired

gonads and the only known occurrence of aflagellate sperm in vertebrates. By addressing
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opportunities for improving knowledge on reproductive form and function in osteoglossiforms,
this review also identifies new pathways for benefitting current understanding of fertilization
strategies and parental care.

The vertebrate species presented here as examples of nontraditional model organisms
have the capacity to provide novel yet fundamental scientific insights into adaptive behavior.
Grasshopper mice have genetic and phenotypic adaptations that appear to be absent in sympatric,
related species incapable of handling toxic prey. Osteoglossiform reproduction represents a
microcosm of teleost reproductive diversity, potentially signifying the genetic flexibility that
contributed to the adaptive radiation of teleost fishes. These nontraditional model organisms’
phylogenetic relationships to current model species may also facilitate new work in comparative
biology. Studies that use multispecies comparisons, such as work seeking to identify genetic
orthologs underlying an adaptive trait, can benefit from information derived from traditional
model species.

Resources developed using traditional models may also be applied to related
nontraditional models. For example, as demonstrated in this work, research on grasshopper mice
can take advantage of knowledge and infrastructure developed from prior studies conducted on
house mice and deer mice, another emerging nontraditional model species (Bedford and
Hoekstra, 2015). Similarly, research using osteoglossiforms to study teleost radiation can
incorporate tools and techniques practiced in zebrafish, the representative teleost fish model
species. The use of these animals in laboratory studies has revealed that many of them can be
kept in captivity and genomic information is available for grasshopper mice, multiple
Osteoglossiformes species, and numerous related taxa on community-wide databases. In short,

non-model organisms like grasshopper mice and Osteoglossiforms are essential pieces of the
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animal behavior puzzle. Only by including more non-model organisms can we come close to a
comprehensive understanding of the genetic underpinnings of behavior and associated effects on

morphology and physiology.
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CHAPTER 1: DESERT RODENT PREDATION ON BENZOQUINONE-DEFENDED

BEETLES

Abstract

Predators that consume defended prey may outcompete other species by using adaptive
behavior, like specialized hunting strategies. Grasshopper mice (Onychomys torridus) are
obligate carnivores that consume a variety of noxious prey. However, the mechanism by which
they consume chemically defended stink beetles (Eleodes longicollis) is unknown. This study
used a comparative approach to investigate the predatory behavior of grasshopper mice and two
related rodent species, insectivorous deer mice (Peromyscus spp.) and granivorous pocket mice
(Chaetodipus spp.). Behavioral video trials showed that in contrast to related desert rodents who
avoided stink beetles, grasshopper mice employ behaviors that enable them to be more efficient
predators and consume stink beetles. Grasshopper mice attacked beetles more than undefended
crickets, used as a control, and oriented their attacks towards the beetles’ heads more than their
abdomens. Grasshopper mice were the only rodents to perform defensive face shoveling
behavior, in response to encountering the beetles’ benzoquinone spray. In addition to the spray,
beetle size was correlated with grasshopper mice’s total handling time of prey, and it took more
time for the mice to incapacitate beetles than crickets. In spite of the spray’s high concentrations
of noxious benzoquinone, the beetles contain high caloric value in comparison to other insect
prey. These results suggest that grasshopper mice’s predatory traits may enable them to occupy a
uniquely carnivorous dietary niche in a resource-poor desert environment. Behavioral variation
among predators with different prey types also suggests that desert rodents are a well-suited

model for testing the predictions of optimal foraging theory. Further study is needed to resolve
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whether the grasshopper mice may be protected from the effects of the beetle’s spray through an

underlying protective physiological or genetic mechanism.
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1. Introduction

Predators use mechanisms that approximate optimal hunting strategies to maximize their
success at catching prey (Curio, 1976). Many generalist predators rely on a repertoire of adaptive
behaviors to target specific prey and sustain a varied diet. Generalists that choose to consume
dangerous and well-defended prey benefit from both specialized attack behaviors and risk
assessment (Eisner and Meinwald, 1966; Jackson and Pollard, 1996; Rowe and Rowe, 2006).
The ability to eat noxious food, especially in a resource-poor environment, can provide a
significant advantage to predators competing with species otherwise incapable of handling these
prey items (Lunceford, 2015). However, studies are lacking quantitative descriptions of the
strategic behaviors employed by successful predators compared to their relatives when
competing for the same food.

Grasshopper mice, Onychomys spp., (Rodentia: Cricetidae) are useful for studying
adaptive predatory behavior because they are aggressive, carnivorous rodents that frequently
encounter and consume dangerous prey. Three species are distributed throughout Western North
America and their diet mainly consists of arthropods, including large spiny-legged grasshoppers,
stink bugs that exude or spray irritating benzoquinone compounds, whip scorpions that squirt
acetic acid, and venomous centipedes, tarantulas, and scorpions (Bailey and Sperry, 1929;
Egoscue, 1960; Eisner and Meinwald, 1966; Horner et al., 1965; Slobodchikoff, 1987;
Slobodchikoff et al., 1987). They occasionally eat small vertebrates, like lizards and other mice,
and have been reported to engage in cannibalism (Bailey and Sperry, 1929). For many of these
prey items, however, it remains unclear which conditions, including availability, factor into their

dietary choices.
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There are several reports that suggest grasshopper mice employ specialized behavior to
subdue defended prey. First, grasshopper mice have been described as biting off the legs of
lubber grasshoppers, in order to prevent being kicked and harmed by the insects, before
incapacitating the grasshoppers by biting their heads (Whitman et al., 1986b). Second, the mice
were reported to avoid scorpion stings, which are painful upon first injection, by biting the
scorpion’s tail first before biting its head (Eisner and Meinwald, 1966; Langley, 1981a; Rowe
and Rowe, 2006). Third, they close their eyes when biting stink beetles, potentially to avoid
contracting the spray in their eyes (Cyr, 1972). In contrast, grasshopper mice do not appear to
show specialized predatory behavior towards less dangerous prey like crickets and mealworms
(Langley, 1994; Whitman et al., 1986b). This indicates that behaviors aimed at disabling the
defenses of the prey may be intentional for incapacitating those prey (Whitman et al., 1986b).
Moreover, grasshopper mice have been shown to attack prey using their forepaws, in contrast to
other omnivorous rodents which employ an ancestral strategy of attacking prey with only their
mouth (Curio, 1976; Eisenberg and Leyhausen, 1972; Langley, 1987; 1994). The increased
complexity of the grasshopper mouse’s predation behaviors may be correlated with its
specialized, obligately carnivorous lifestyle (Langley, 1994), which is unusual among rodents.

In contrast, other studies suggest that grasshopper mice predatory behavior may not be
specialized. Any attack orientation other than biting the prey’s head may be circumstantial
(Langley, 1981a; Langley, 1987). The mice may bite the first part of the body they encounter,
like a raised scorpion tail or grasshopper leg, because it is easier to grasp than the prey’s head,
which is usually lower to the ground (Cyr, 1972; Rowe and Rowe, 2006; Whitman et al., 1986b).
Grasshopper mice have been described as indiscriminate predators primarily motivated to attack

based on visual cues and prey movement (Kemble and Lewis, 1982; Langley, 1981b; Langley,
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1983a; b; 1989; 1991; Langley and Knapp, 1982). There is no need for grasshopper mice to
develop a specific attack behavior if they never take time to assess prey until after it is killed.
This lack of specialization may underlie the adaptive value of their predation strategy; succinctly
summarized as “kill first, ask nutritional questions later” (Whitman et al., 1986a), a rapid attack,
rather than one targeted to subdue specific prey, may be more beneficial for grasshopper mice
that rarely encounter prey (Langley, 1991; Whitman et al., 1986a; b).

One of the grasshopper mice’s main prey—the black, aposematic beetle species Eleodes
longicollis (Coleoptera: Tenebrionidae)—performs a defensive headstand that warns a predator
of its noxious spray and allows the beetle to aim the spray at an oncoming predator (Doyen and
Somerby, 1974; Eisner et al., 2005; Eisner and Meinwald, 1966; Tschinkel, 1975). The fluid
consists of 1,4-benzoquinone, a derivative of hydroquinone, along with several hydrocarbons and
caprylic acid, which serves as a solvent, wetting agent, and irritant (Eisner et al., 2005; Eisner
and Meinwald, 1966). The spray has an acrid odor, like bleach or formaldehyde. Similar to the
effects of hydroquinone and its other derivatives, benzoquinone spray can damage the skin, eyes,
nose, and mouth with prolonged exposure (Anderson, 1947; Estable, 1948; Mbiya et al., 2016;
Ogleshy et al., 1947; Roberts and Aptula, 2009). Grasshopper mice have been reported to avoid
the benzoquinone spray by manipulating the beetles’ abdomen tips into the sand, where the spray
is harmlessly discharged, and then incapacitate their prey by biting the beetle’s head (Cyr, 1972;
Eisner and Meinwald, 1966; Parmenter and Macmahon, 1988). This behavior can be learned
through experience: naive, laboratory-reared mice bit both ends of defenseless stink beetles that
had their glands blocked with wax, but stopped biting the abdomens of stink beetles after
experiencing the spray (Cyr, 1972; Langley, 1981a). Other studies suggest that the mice cannot

avoid the spray and that they have consistently adverse reactions to encountering benzoquinones
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(Egoscue, 1960; Langley, 1994). In behavioral trials between grasshopper mice and beetles,
grasshopper mice that are sprayed take twice as long to Kill the beetles (Cyr, 1972). Similarly,
grasshopper mice are more efficient at killing the beetles when the beetles’ spray glands are
blocked (Langley, 1981a).

Although it has been verified that grasshopper mice are one of the main predators of
defended beetles (Bailey and Sperry, 1929; Slobodchikoff, 1987), it remains unclear how
grasshopper mice are able to incapacitate these beetles and whether they employ adaptive
behavior to do so. Contradictory conclusions about grasshopper mice predation on stink beetles
may be misleading due to focusing on qualitative descriptions (Cyr, 1972; Egoscue, 1960; Eisner
and Meinwald, 1966; Parmenter and Macmahon, 1988) and attack latency (Langley, 1994),
rather than specific steps of the predation process (but see Langley, 1981a). Moreover, previous
work does not describe how the researchers confirmed that the mice were sprayed by the beetles
(Cyr, 1972; Egoscue, 1960; Langley, 1981a; Langley, 1994). Confirming whether mice are
exposed to benzoquinone is essential for identifying if rodent behavior is a specific response to
the defensive spray.

Furthermore, most grasshopper mouse predation studies attempt to identify the singular
effects of individual prey defensive traits (e.g., scorpion venom vs. nonvenomous crickets), but
this ignores the broader, ecological reality in which prey species use multiple armaments to
defend themselves against predators. For example, arthropod size, movement, and defensive
chemicals may contribute cumulatively to increasing a grasshopper mouse’s prey handling time,
providing more opportunities for the prey to escape and survive (e.g., Parmenter & Macmahon,
1988). Body size can also signal toxin dose and nutritional content. When toxin levels are equal

among variably sized prey, predators may be more attracted to larger prey items because they
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indicate a higher caloric reward (Smith et al., 2016). One study teased apart the effects of prey
caloric content and grasshopper mouse handling time to find that juvenile grasshopper mice
chose crickets over E. obscura beetles (Slobodchikoff et al., 1987). This is likely because the
difficulty and handling time of defended beetles produced a net caloric deficit for inexperienced
mice; adult grasshopper mice had lower handling times and consumed both beetles and crickets
(Slobodchikoff et al., 1987). These results align with the predictions of optimal foraging theory:
predators are expected to behave optimally by pursing prey whereby the benefit of its energetic
value outweighs the cost of searching for and capturing food (MacArthur and Pianka, 1966). To
determine whether grasshopper mice behavior ascribes to these predictions, a comprehensive
understanding of how grasshopper mice assess their prey would greatly benefit from considering
prey size and caloric content, in addition to their chemical defenses.

In summary, it is inconclusive whether grasshopper mice employ strategic predatory
behavior to eat stink beetles or not. Resolving this may shed insight into the behaviors that
facilitate the predator-prey relationship between grasshopper mice and stink beetles, while also
broadening knowledge on the selective factors determining potential co-evolutionary behavioral
adaptations between predators and defended prey.

This study used a comparative approach to investigate the adaptive predatory behavior of
desert rodents and their predator-prey relationship with chemically defended E. longicollis
beetles and crickets. Using feeding experiments, the predatory behavior of grasshopper mice,
obligate carnivores, was compared with that of deer mice (Rodentia: Cricetidae), facultative
insectivores, and granivorous pocket mice (Rodentia: Heteromyidae), which consume insects
under conditions of high nutritional stress. E. longicollis, a widespread and common desert beetle

species (Wise, 1981) sympatric with several rodents, is a well-suited prey item for testing the
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adaptive predatory behavior and risk assessment strategies of southern grasshopper mice,
Onychomys torridus, compared to other rodent predators. The study addresses the following
hypotheses and predictions: 1) Predatory mice eat stink beetles. In spite of their different diet
classes, both deer mice and grasshopper mice are opportunistic feeders that overlap in food
sources (Cyr, 1972). Insectivorous mice are predicted to consume more beetles and crickets than
granivorous pocket mice. 2) Rodents employ specific behaviors to subdue their prey. Rodents
which prey on noxious beetles may demonstrate specialized predatory behavioral adaptations
targeted to subdue their prey. If predators incapacitate the beetles by grasping the first available
body part, then it would be expected that the mice will bite the beetle’s raised abdomen first
when it performs a defensive headstand. However, if the spray sufficiently deters mice from
biting the beetle’s abdomen, the mice may intentionally attack the beetle’s head. This study
therefore sought to evaluate whether grasshopper mice adjust their attack orientation in response
to the beetle’s defense, as this will help determine whether their predatory behavior is a specific
adaptation to avoid the prey’s defense. 3) Predators are sprayed by the beetles. Rodents which
encounter the spray are predicted to perform defensive maneuvers to evade or recover from the
beetles spray. 4) Beetle size, spray concentration, calories, and defensive headstands affect
predators’ handling of prey. E. longicollis caloric content, spray concentration, body length,
and the number of headstands they performed were evaluated to compare the interrelated costs
and benefits of consuming beetles as prey. Larger beetles are expected to have a higher caloric
content, but may contain a more concentrated chemical spray and thus take more time for mice

to subdue.
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2. Materials and Methods

2.1 Animal Collection

Each rodent species was collected in May 2017 at the University of Arizona’s Santa Rita
Experimental Range in the Santa Rita Mountains of Pima County, in south-central Arizona. Mice
were captured in Sherman live traps placed approximately 15-20 m apart, at the entrances to
small mammal burrows, the base of vegetation clumps, or next to rodent tracks. Traps were
baited with a mix of dry cat food and sunflower seeds shortly before sunset and checked the
following morning prior to sunrise. Non-target species were released immediately where they
were trapped. Mice were weighed, sexed, and categorized as either adults or juveniles depending
on their measured body lengths (nose tip to base of the tail) and/or dorsal coat color, which
lightens with age for grasshopper mice (Horner et al., 1965).

For the following experiments, 81 adult mice were grouped according to species and
dietary niche (Table 1.1): grasshopper mice (obligate carnivore), deer mice (facultative
insectivore), and pocket mice (granivore). The grasshopper mice all belonged to the same species
(Onychomys torridus) (n=41). The deer mice sample was composed of 29 mice belonging to
three separate, closely related species: the North American deermouse (Peromyscus maniculatus)
(n=3), the white-footed mouse (Peromyscus leucopus) (n=12), and the cactus mouse
(Peromyscus eremicus) (n=14). The pocket mice sample was comprised of 11 mice belonging to
two separate, closely related species: Bailey’s pocket mouse (Chaetodipus baileyi) (n=3), and the
desert pocket mouse (Chaetodipus penicillatus) (n=8). To prevent retesting, mice were marked
with a non-toxic permanent blue marker on their right ear. Mice were given cat food and
sunflower seeds after they completed each feeding trial and released later that same day where

they were captured. No rodents were held in captivity for more than 18 hours.
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Stink beetles representing a single species (Eleodes longicollis) (n = 140) were collected
during several evening hours after sunset in the same habitat where the mice were trapped.
Immediately after collection, beetles were housed in containers with coconut fiber substrate,
water, and an ad libitum diet of cricket powder supplemented with vegetable matter. Surplus
specimens not used in the behavioral experiments were brought back in plastic containers to
Michigan State University for bomb calorimetry and mass spectrometry. Adult large-sized house
crickets (Acheta domesticus), approximately 25 mm in length, were obtained from local pet

stores and fed an ad libitum diet of cricket powder.

Dietary Niche Species Sample Size
(n)
Obligate carnivore Grasshopper mouse
Onychomys torridus 41

Facultative insectivore Deer mouse

Peromyscus maniculatus 3

Peromyscus leucopus 12

Peromyscus eremicus 14
Granivore Pocket Mouse

Chaetodipus baileyi 3

Chaetodipus penicillatus 8

Table 1.1: Rodent species, dietary niche, and sample sizes for behavioral trials.
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2.2 Behavioral Trials

Behavioral trials were conducted in a plexiglass terrarium (approximately 55 cm L x 20
cm W x 30 cm H) with a substrate of commercial odorless, natural clay cat litter filled to a height
of 3-4 cm. Trials were filmed under ambient light using a digital video camcorder (Canon XL1
mini DV) equipped with a 3X wide-angle zoom lens (Canon XL 3.4-10.2 mm). Behavioral trials
were conducted shortly after sunrise on the same day mice were captured. Each mouse
participated in two behavioral trials: one with a cricket and one with a stink beetle.

For all trials, an individual mouse was placed in the terrarium and given 5 minutes to
habituate. At the end of the habituation period, either a cricket or stink beetle was dropped into
the opposite side of the terrarium. Based on methods previously described by Rowe and Rowe
(2006), feeding trials were terminated when one of the following conditions was met: (1) the
mouse incapacitated and consumed the prey, (2) the mouse incapacitated the prey, but failed to
consume it within 10 minutes or (3) the mouse retreated from the prey and showed no interest in
it for 10 minutes. At the end of each feeding trial, the remains of the first prey item were
removed from the terrarium. The mouse was then given the second insect prey. When a mouse
completed both behavioral trials, the terrarium was cleaned with 50% ethanol and the cat litter
replaced. The order in which mice received crickets or stink beetles was alternated between

trials.

2.3 Video Analysis
Video recordings of behavioral trials were analyzed by two observers (interrater
reliability kappa = 0.94) using real-time and frame-by-frame playback modes with the behavioral

decoding software Behavioral Observation Research Interactive Software (BORIS) (Friard and
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Gamba, 2016). Rodent behavior was assessed based on operational definitions of grasshopper
mice predatory behavior modified from Rowe & Rowe (2006) (Table 1.2).

The number of times that the rodents performed ten different behaviors were counted
during each trial with each prey type. These included four predatory behaviors: the number of
times a rodent inspected and attacked its prey, which served to measure the rodents’ persistence
in pursuing each prey item, as well as the number of times the rodent incapacitated and
consumed its prey. Inspections were defined as occurrences in which the mouse placed its nose
within 3 cm of the prey. The orientation of the attack was used as a descriptive variable to
determine whether the mouse targeted three possible regions of the prey’s body: the head region
(which also includes the prothorax), abdomen, or abdomen tip. Six defensive behaviors were
counted to assess rodent difficulty in handling the prey: face shoveling, face rubbing, digging,
substrate kicking (when a mouse used its back feet to kick substrate at its prey), the number of
times the rodents closed their eyes, and number of times they dropped the prey. Since it was
impossible to observe beetle sprays either through video analysis or in-person observations, face
shoveling was also counted as a proxy for noting whether mice were sprayed by a beetle. This
behavior, along with face rubbing, has been described as representative of rodent defensive
behavior from discomfort (Cyr, 1972; Langley, 1981a).

Total handling time for each predator with each prey type was measured in duration to
the nearest tenth of a second and identified as the main measure used for comparing different
rodent capabilities in handling different prey types. It was defined as the amount of time between
when a rodent first attacked and incapacitated its prey. Any time in which the mouse had its back
to the camera or the action was out of focus was defined as a period in which the rodent was

unobservable.
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Beetle prey response was analyzed by counting the number of defensive headstands.
Headstands were defined as a body position incurred by an interaction with a mouse in which the
beetle lowered its head to the substrate and raised the posterior tip of its abdomen at a minimum
angle of 45°. Beetle length was determined by measuring the carapace from the tip of the
abdomen to the base of the prothorax. Available beetle measurements (n = 132) were obtained by
hand using vernier calipers, with the exception of 16 beetles whose measurements were retrieved

from the videos using BORIS’ geometric measurement tool.

Behavior Definition

Attack Mouse attempts to capture a prey item by lunging with forepaws
outstretched and mouth open.

Consumption The mouse begins to eat the prey following incapacitation.

Digging (d) The mouse uses its forepaws to push substrate under its body during or
within one minute after an interaction with a prey item.
Drop Mouse stops its attack and releases its grasp on the prey item, permitting

the prey to move away from the mouse.

Eyes closed (d)  Mouse has at least one eye closed longer than a single blinking interval

during or within one minute after an interaction with the prey item.

Table 1.2: Operational definitions of the behavioral variables counted during interactions
between desert rodents, crickets, and stink beetles. (d) indicates a defensive behavior performed

by rodents towards prey.
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Table 1.2 (cont’d)

Behavior

Definition

Face rubbing (d)

Face shoveling

Headstand

Incapacitate

Inspect

Substrate

Kicking (d)

The mouse rubs, scratches, and/or grooms its face with at least one paw
within one minute after interacting with a prey item.

Within one minute after interacting with a prey item (e.g., inspect or
attack), the mouse lowers its head into the substrate while either stationary

or moving forward, then pushes its head through the substrate.

After interacting with a mouse, a beetle lowers its head to the substrate and

raises the posterior tip of its abdomen at a minimum angle of 45°.

The point after the final attack when at least 3 of the following variables
are observed: mouse is sitting stationary on its hindquarters; prey item
being held without a struggle; prey item held perpendicular to the ground,;
even, repetitive motion of the mouse's jaws as evidence of consumption; if
dropped, movement of the prey item is minimal (e.g., no attempt to stand

or escape); the prey’s head is detached from its body.

The mouse has its nose pointed towards the prey at a distance of 3 cm or

less.

The mouse actively flings substrate behind itself during or within one

minute after an interaction with a prey item.
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2.4 Bomb Calorimetry

Bomb calorimetry was performed on adult E. longicollis beetles (n = 40, males (M) = 20,
females (F) = 20). Beetles were sexed, had their length measured from prothorax to abdomen tip
(mm), weighed, and then dried until they maintained constant mass at 60° C. Beetles were then
reweighed to determine relative dry mass content. Dried beetles were ignited in a bomb
calorimeter (model 1266; Parr Instruments Moline, IL USA) to obtain dry mass energy content
(kJ/g). The caloric content of the live beetles, also known as the wet mass energy content, was
obtained by determining the product of the dry mass energy content and total dry mass divided

by the original wet mass of each beetle.

Beetle Caloric Value (kJ/g wet) = (dry mass energy content (kJ/g) * dry mass (g)) / wet mass (g)

2.5 Mass Spectrometry

Mass spectrometry was performed on adult E. longicollis beetles (n =19, M =10, F = 9)
that were sexed and measured in length from prothorax to abdomen tip (mm). Beetles were
aggravated with forceps until they secreted 10 pL of spray into a microcentrifuge tube placed at
the tip of their abdomen. Samples were immediately placed on ice and then stored at 4°C. Mass
spectrometry analysis was performed on the samples using a p-benzoquinone standard (Sigma
Aldrich, #PHR-1028-1G) and a Waters GCT Premier GC/time-of-flight mass spectrometer at the

Mass Spectrometry and Metabolomics Core at Michigan State University.
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2.6 Statistical Analysis

For all analyses reported, 1 used R version 4.0.3 (R Core Team, 2020). To test the
hypothesis that predatory mice consume stink beetles, | calculated the proportion of times each
rodent consumed each prey type. To test the hypothesis that rodents employ specific behaviors to
subdue their prey, | modeled the number of times rodents attacked and inspected their prey
items, as well as the total number of defensive behaviors each species towards each prey type
(see Table 1.2). For each behavior, data was fit to generalized or linear mixed effects models
((G)LMM) with mouse species, prey type, and their interaction as fixed effects. The individual
mouse is included as a random intercept. The number of inspections and defensive behaviors
were fit to Poisson GLMMs with the “glmer” function of the Ime4 R package (Bates et al.,
2015). For the number of attacks, data was fit to a LMM with the “lmer” function of the Ime4 R
package. The “glht” function from the multcomp R package (Hothorn et al., 2008) was used to
perform generalized linear hypothesis test (glht) of pairwise comparisons of estimated marginal
means with Holm’s method. | report differences within a rodent species across both prey types as
well as differences across rodent species for the same prey type. Additionally, an unpaired t-test
was used to compare prey handling times across rodent species.

To evaluate whether grasshopper mice adjust their attack orientation in response to the
beetle’s defense, | modeled the number of times grasshopper mice attacked different regions of
the beetles’ bodies: the abdomen, the abdomen tip, and the head region. Data was fit to a
negative binomial GLMM with the “glmer.nb” function of Ime4 with body region as the sole
fixed effect and individual mouse included as a random intercept. Tukey’s multiple comparisons
were performed using the “glht” function from the multcomp R package to compare differences

between the three regions.
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To test the hypothesis that predators are sprayed by the beetles and perform specific
behaviors to evade the spray, | calculated the number of times each rodent performed face
shoveling behavior during behavioral trials with both prey types. Additionally, to test the
hypothesis that different characteristics of stink beetles affect predators” handling times of prey, |
performed Pearson’ correlation tests to compare the relationships between beetle spray
concentration and beetle mass, as well as beetle length vs. several metrics: grasshopper mice
handling time, number of grasshopper mice attacks, beetle spray concentration, and beetle
caloric content. | then modelled grasshopper mouse handling time of beetles with grasshopper
mouse attacks on different beetle body regions using linear models, one for each body region,
and used number of attacks on the body region and beetle body length as independent variables. |
used two-tailed t-tests to compare whether beetle spray concentration and caloric content differed
by beetle sex and a paired t-test to examine differences in prey drops by grasshopper mice
depending on prey species. | also conducted a one-way ANOVA to assess differences in beetle

headstands among rodent predators which encountered headstand behavior.

3. Results
3.1 Predatory mice consume stink beetles

During 81 behavioral trials in which individual mice were paired with beetles, neither
deer mice nor pocket mice successfully consumed beetles (0%). In comparison, 37 out of 41
(90%) grasshopper mice incapacitated the beetles, only one of which did not then eat the beetle.

The mean handling time of beetles by grasshopper mice was 69.2s (SD = 108.9s).
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3.2 Rodents employ specific behaviors to subdue their prey

During 81 behavioral trials in which the same mice given beetles were also given
crickets, pocket mice did not consume crickets (0%), while 19 out of 29 deer mice (66%) and 40
out of 41 grasshopper mice (97.5%) successfully consumed crickets. An unpaired t-test
comparing handling times across rodent species showed that grasshopper mice killed crickets (M
= 6.7s, SD = 10.7s) much more quickly than deer mice killed crickets (M = 61.5s, SD = 79.15s)
(t13 = -3.00, p < 0.01).

Rodent species differed in their average number of attack behaviors depending on prey
type and mouse species (Figure 1.1). Grasshopper mice attacked beetles more than crickets (tizg
=4.49, p <0.001). In contrast, there was no difference in the number of times beetles and
crickets were attacked by deer mice (t139 = -2.08, p > 0.05) or pocket mice (t139 =-0.60, p >
0.05). The number of attacks performed on beetles by grasshopper mice was significantly greater
than attacks on beetles by deer mice (t139 = 6.84, p < 0.001) and pocket mice (t1z9 = 4.89, p <

0.001). Neither deer mice nor pocket mice attacked beetles at all.
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Predator Attacks by Prey Type
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Figure 1.1: Grasshopper mice attack beetles more than crickets. Figure shows differences

between prey types for rodent species and the average number of attacks on prey species by
grasshopper mice, deer mice, and pocket mice during behavioral trials. Error bars denote £ 1
standard error. Asterisks denote significant differences between groups encompassed by the

bracket (glht p < 0.05). Comparisons between rodent species are not shown. See text for details.

Grasshopper mice were the only rodents to attack the beetles. During beetle attacks (n =
130) in which the orientation was visible (n = 114), grasshopper mice attacked the head more
than they attacked the beetles’ abdomens (Tukey’s HSD = 4.93, p < 0.001) and abdomen tips
(Tukey’s HSD = 5.47, p < 0.001). There was no significant difference between grasshopper mice

attacks on abdomens and abdomen tips (Tukey’s HSD =-0.87, p > 0.05).
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All rodents showed defensive behaviors indicative of discomfort when encountering both

prey types (Figure 1.2). Both grasshopper mice and deer mice performed more total defensive

behaviors towards beetles than crickets (grasshopper mice, glht z =7.61, p < 0.001; deer mice,

glht z=6.17, p < 0.001). In comparison, pocket mice performed more total defensive behaviors

towards crickets than beetles (glht z = -2.65, p < 0.05). Overall defensive behaviors towards

crickets differed by rodent species as well. Pocket mice reacted more towards crickets than deer

mice (glht z = -4.81, p < 0.001) and grasshopper mice (glht z = -6.98, p < 0.001).
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Figure 1.2: Rodent species differed in the total number of defensive behaviors performed

towards each prey type. Figure shows the total number of defensive behaviors demonstrated

towards beetles and crickets by grasshopper mice, deer mice, and pocket mice during behavioral
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trials. Error bars denote + 1 standard error. Asterisks denote significant differences between
groups encompassed by the bracket (glht p < 0.05). Comparisons between rodent species are not

shown, see text for details.

All rodents inspected beetles more than crickets (grasshopper mice, glht z=10.99, p <
0.001; deer mice, glht z = 11.09, p < 0.001; pocket mice, glht z = 3.42, p < 0.01). There was no
difference between the number of times pocket mice and deer mice inspected beetles (glht z = -
0.68, p > 0.05), but beetles were inspected more by deer mice (glht z = -3.00, < 0.05) and pocket
mice (glht z = -2.90, < 0.05) than by grasshopper mice. All species differed in the number of
times they inspected crickets as prey; pocket mice inspected crickets more than deer mice (glht z
=-4.10, p < 0.001) and grasshopper mice (glht z = -6.33, p < 0.001), and deer mice inspected
crickets more than grasshopper mice (glht z = -3.00, p < 0.05).

Since grasshopper mice were the only rodents to attack and handle the beetles, they were
the only rodents to drop them. Grasshopper mice rarely dropped crickets compared to how often

they dropped beetles (t4 = 5.31, p < 0.001).

3.3 Predators are sprayed by the beetles

Fifteen out of 41 grasshopper mice performed face shoveling behaviors during trials with
beetles (M = 3.95, SD = 8.23). None of the grasshopper mice face shoveled when they
encountered crickets. Neither deer mice nor pocket mice performed face shoveling when

encountering either beetles or crickets.
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3.4 Beetle size, spray concentration, calories, and defensive headstands affect predators’
handling of prey

The average length of beetles 25.14mm (SD = 4.28mm) was obtained by pooling
available measurements of beetles used in the behavioral trials, mass spectrometry, and bomb
calorimetry (n=132 beetles). The distribution of length appeared to be bimodal (Figure 1.3),
suggesting that beetle length is disproportionately centered around 23mm and 29mm. Beetle
length was positively correlated with grasshopper mouse total handling time (r = 0.52, p < 0.05)
and the total number of attacks made by the mice (r = 0.49, p < 0.05). While individual crickets
were not measured, large crickets are similar in length to the beetles (M = 24.51mm, SD =
4.67mm) used in the trials. A paired t-test showed that for the 36 out of 41 grasshopper mice that
consumed both crickets and beetles, these mice killed crickets (M = 7.1s, SD = 11.2s) much

more quickly than they killed beetles (M = 69.6s, SD = 110.4s) (t3s = -3.40, p < 0.01).
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Histogram of Beetle Length
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Figure 1.3: Beetle length follows a bimodal distribution. Histogram of beetle body length (n =

132) measured from the tip of the abdomen to the base of the prothorax.

When examining the relationship between grasshopper mouse handling time of beetles,
the rodents’ attack orientation, and beetle length, handling time was positively associated with
the number of attacks on the head (F1,20 = 9.14, p < 0.01) and beetle length (F129=4.48, p <
0.05). Similarly, when examining attacks on the beetles’ abdomen tips, handling time was
positively associated with the number of attacks on the abdomen tips (F1,29=9.18, p <0.01) and

beetle length (F129 = 4.48, p < 0.05). However, when examining attacks on the abdomen,
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handling time was not related to abdomen attacks (F1,20 = 0.09, p > 0.05) or beetle length (F1,20 =
3.42, p > 0.05).

The average benzoquinone concentration of the beetles’ spray (n = 19) was 110.44 mM
(SD =50.33 mM). The spray concentration was highly variable, ranging from 38.81 mM to
210.97 mM. Benzoquinone concentration appeared to follow a trend of being inversely
correlated with total length (r = -0.45, p < 0.10), but was not correlated with total mass (r = -0.32,
p > 0.05). There was no difference between spray concentration of males and females (t17 = 0.45,
p > 0.05).

Regarding caloric content, E. longicollis beetles (n = 40) averaged 12.38 kJ/g (SD = 1.37
kJ/g). There was no relationship between caloric content and beetle length (r = -0.31, p > 0.05),
caloric content and beetle mass (r = -0.20, p > 0.05), or between caloric content of males and
females (tss = 1.48, p > 0.05).

There was no difference in the number of headstands that beetles demonstrated for
different rodent species, when evaluating only rodents that received headstands (F227 = 0.75, p >
0.05). However, most rodents did not induce beetle headstands — beetles only displayed

defensive headstands for 4/11 pocket mice, 20/41 grasshopper mice, and 6/29 deer mice.

4. Discussion

To determine whether grasshopper mice employ adaptive, strategic behavior to consume
stink beetles, this study used behavioral trials to compare predatory behavior among desert
rodents on both chemically defended beetles and chemically undefended crickets. To further
explore the predator-prey relationship between these species, beetles’ size, spray concentration,

caloric value, and defensive headstand behavior was considered in relation to rodent handling of
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prey. Taken together, the results showed that grasshopper mice are the most persistent and
efficient predators among desert rodents, and comparative behaviors among rodents supported
their different dietary classifications. This work therefore provides new species-specific
information about the animals evaluated in the behavioral trials, as well as broader knowledge
that can be applied for understanding the relationships between predators and chemically
defended prey. The following highlights the results of each of the tested hypotheses and
concludes with a discussion of how these species can be used as models for understanding prey

choice within a larger ecological and evolutionary context.

4.1 Predatory mice eat stink beetles

Grasshopper mice were the only rodent species to attack, incapacitate, and consume
beetles. Behavioral variation among the rodents appeared to facilitate which predators were able
to consume which prey. As previously described (Cyr, 1972; Parmenter & Macmahon, 1988),
deer mice were much less effective in comparison to grasshopper mice. While they inspected
beetles more than crickets (just like grasshopper mice), they never attacked or killed beetles and
were much slower to kill and consume crickets than grasshopper mice. Pocket mice, in turn,
were the most cautious and wary potential predators. They inspected crickets more than both
grasshopper mice and deer mice, but ultimately chose to engage with them as potential predators
less often. This led to their demonstrating more overall defensive behaviors towards crickets than
the other rodents. Like deer mice, they never attacked beetles, and ultimately, they never
successfully incapacitated either prey type. This suggests that behavioral adaptations are at, at

least in part, a major role in determining prey choice.
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4.2 Rodents employ specific behaviors to subdue their prey

Attacks and attack orientation were specific behaviors that enabled grasshopper mice to
subdue their prey. Grasshopper mice attacked beetles’ heads more than their abdomens or
abdomen tips. Head attacks occurred even when the beetle raised its head in a defensive
headstand, which potentially positions the abdomen closer to the mouse’s mouth. This
nonrandom attack orientation therefore appears to be an intentional action by the grasshopper
mice, as suggested by Langley (1981). However, its adaptive value is unclear. Attacking the head
or abdomen tips did not appear to improve the efficiency of handling time. This was surprising,
as a speedy decapitation would seemingly allow the mice to spend less energy subduing prey that
was only injured, but not killed, by bites to other parts of its body. Nevertheless, head attacks,
like all attacks, did help grasshopper mice obtain potentially profitable prey. The number of
attacks was also correlated with the ability to take down larger prey. If beetles are more
energetically profitable than crickets, the decision to exert energy through increased attacks and
handling time to take down beetles may still be an adaptive strategy for the mice (see 4.4). Due
to the diversity of their insect prey, desert rodents are well-suited models for testing optimal
foraging theory, in which predators are expected to pursue prey that provides them with a net
energetic profit (MacArthur and Pianka, 1966).

All three rodent species inspected beetles before deciding whether to attack them, which
suggests inspection is not a specific adaptive behavior. Considering that inspections resulted in
only grasshopper mice attacking beetles, these results could support the conclusion that
grasshopper mice attack their prey without assessing its risk. However, inspection behavior, even
in short intervals, indicates that grasshopper mice do take some time to assess prey item risk and

reward, even if attacks are ultimately triggered by visual cues (Kemble and Lewis, 1982;
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Langley, 1983a; 1989). Assessment time may help grasshopper mice choose whether to
implement a specialized attack strategy suited for defended prey. As demonstrated in earlier
work with scorpions (Rowe and Rowe, 2006) and studies that assessed juveniles’ capacity to
learn from experience with defended prey (Cyr, 1972; Langley, 1981), this suggests that
grasshopper mice are also useful models for studying risk assessment, especially for prey choice
studies. Additional work that builds on previous studies showing grasshopper mice rely on visual
and olfactory cues (e.g., Whitman et al., 1986a) to attack prey would provide new details about
whether there are nuanced cues necessary to illicit different attack strategies for different prey

types from grasshopper mice.

4.3 Predators are sprayed by the beetles

The beetles’ benzoquinone spray likely contributed to grasshopper mice’s increased
handling time of beetles compared to crickets, as grasshopper mice were the single rodent
species to show evidence of being sprayed and to respond to the spray by taking time to perform
face shoveling. Face shoveling was the only defensive behavior that grasshopper mice exhibited
solely towards beetles (similarly to Cyr, 1972), supporting its use as a proxy for identifying
whether mice were sprayed. In comparison to earlier reports describing grasshopper mice
behavior (Eisner and Meinwold, 1966), they did not appear to avoid the spray by discharging the
beetles’ abdomen into the sand. It was not possible to visualize the beetle ejecting the spray.
Anecdotally, however, some mice that encountered the spray also had fur that was stained and
discolored by a brown residue.

Neither deer mice nor pocket mice displayed face shoveling with either prey type. Even

though these rodents may not have been sprayed by the beetles directly, the benzoquinone fumes
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may have been disturbing enough to prevent them from attacking beetles as prey and strong
enough to elicit other defensive behaviors. A comparison of rodent defensive behaviors showed
that when the number of defensive behaviors was summed together for each rodent, grasshopper
mice and deer mice responded more defensively to beetles than to crickets. Deer mouse
defensive behavior was partly driven by the difficulty deer mice had in incapacitating their prey.
Grasshopper mice defensive behaviors were aimed much more at beetles than crickets, as
handling of crickets ended shortly after the first attack and they showed very few defensive
behaviors in these trials; crickets were often immediately subdued and had no time to cause
discomfort to the mouse. In comparison, crickets may have been more of a nuisance to

omnivorous pocket mice, which responded more defensively towards crickets than beetles.

4.4 Beetle size, spray concentration, calories, and defensive headstands affect predators’
handling of prey

Beetles were much more challenging prey than crickets and this was likely due to
multiple, interacting defensive traits: body length, body texture, and benzoquinone spray.
Grasshopper mice attacked and spent considerably more time attempting to incapacitate beetles
vs. crickets and large beetles vs. small beetles. Beetles appeared more difficult to grip than
crickets and grasshopper mice dropped them more often than they dropped crickets. This may
have been due to the difficulty in grasping the beetles” smooth, tough carapace, as well as the
beetles’ spiny, bristly legs that they kicked in the face of their predators. Larger beetles may have
larger carapaces, legs, and potentially more power behind their attempts to escape from
predators. The need to recapture beetles after dropping them was likely partially responsible for

increasing grasshopper mice handling time of beetles.
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Grasshopper mice’s overall efficient handling times of crickets and handling of beetles
appears to support the predictions of optimal foraging theory. Their behavior may be an adaptive
trait allowing them to obtain more food using less time and energy than other rodents. As
demonstrated by the results of bomb calorimetry, successfully hunting stink beetles yields a
substantial reward for capable predators. E. longicollis is slightly higher in calories than E.
obscura, which are chemically protected, as well as their non-secretory mimics, Stenormopha
marginata and domestic crickets (Slobodchikoff et al., 1987). While grasshopper mice’s
handling time of crickets appears to be fairly consistent between this and previous studies, their
handling time of E. longicollis beetles was also about 8x shorter than their handling time of E.
obscura (Slobodchikoff et al., 1987). E. obscura beetles, however, may be more difficult to
handle due to their greater size and potentially higher concentration of benzoquinone spray than
E. longicollis (Tschinkel, 1975; A. Smith, personal communication). Additional bomb
calorimetry and behavioral trials of multiple beetle species, including mimics of Eleodes, would
be necessary to directly compare the caloric benefits of these prey with rodent handling times.
Surprisingly, there was no association between calories and E. longicollis length, possibly
indicating that differences in length were not substantial enough to generate differences in
internal caloric content. Alternatively, this method may have been too crude to ascertain minute
differences in calories in insect prey (Fulton et al., 2016). In comparison with the calories from
available prey, however, the nutritious value of stink beetles suggests that any predator able to
overcome the beetles’ defense, regardless of its size, thus stands to benefit from a highly caloric
meal in a resource-poor desert.

The variation in desert predator behavior has likely played a role in selection of beetle

defense strategies, particularly spray concentration and body length. Beetle length measurements
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followed a bimodal distribution, in which most beetles fell into either a small (21-24 mm) or
large (29-32 mm) length range. The beetles’ spray had consistently high benzoquinone
concentrations, in spite of high variability between individuals. There was no association
between beetle spray concentration and body length. Small beetles thus acquire benefits from a
defensive spray when facing pocket mice or insectivorous predators, like deer mice. Pain and
potential tissue damage from the spray, combined with time and energy to consume the beetles,
may therefore not be worth the risk for rodents that can rely on alternative food sources.
Differences in spray concentration may function well to protect beetles from most rodent
predators. Beetles appeared to respond to all potential prey equally — there was no difference in
the number of headstands that beetles exhibited towards the different rodent species. However, in
addition to grasshopper mice, Eleodes’ spray appears insufficient to deter larger predators
including ringtails (Trapp, 1978) and skunks, which are reported to use a specific behavior (like
grasshopper mice) intended to subdue these prey: skunks use alternating front paws to roll the
beetles in the sand, eyes closed, until the spray is extinguished into the substrate (Slobodchikoff,
1978).

While the spray may be ineffective against a few exceptional predators, beetle length may
be a more viable defense during these encounters. A longer body length correlated with
increased handling time of the beetles, even with rodent attacks oriented to the beetle’s head,
thereby benefitting beetles by providing them with time to escape as the mice grow fatigued and
stop predation. In this study, mice that dropped beetles were able to recapture them because there
were no available structures under which beetles could escape and hide. Under natural
conditions, mice that turn away from the beetles to perform defensive behaviors like substrate

kicking and face shoveling risk allowing their prey to escape. If refuge is available, larger beetles
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may have a greater chance of survival by taking advantage of distracted predators, especially less
aggressive species like deer mice, and hiding somewhere inaccessible to the rodents (Parmenter
and Macmahon, 1988). Since grasshopper mice had less difficulty incapacitating smaller beetles,
regardless of their spray concentrations, they may actually serve to select against small beetles
and contribute to the survival of larger beetles who can escape from their predators. Large,
chemically defended beetles are thus well protected against a variety of possible predators.
Predators are not, of course, the only factor contributing to beetle size. Beetle size, in
general, is constrained by availability of food at the larval stage (Karino et al., 2004). Thus,
competition for food may result in most Eleodes beetles fitting into the smaller size bracket (A.
Smith, personal communication). Climate change and warming temperatures have also been
identified as selecting for smaller sized beetles in the Caribidae family (Tseng et al., 2018).
These consequences may be extremely complex if other beetle species are experiencing similar
effects, as beetles make up 25% of all animal species and these changes may influence a large

network of multispecies predator-prey interactions down the line.

4.5 Predatory Behavior and Dietary Niche

Proclivity to attack, as well as differences in handling time, aligned with species-specific
diet niche. Grasshopper mice’s pursuit of both prey types aligns with their obligately carnivorous
lifestyle. This study provides further support for the suggestion that grasshopper mice are
capable of occupying a carnivorous dietary niche as a result of multiple adaptive, predatory
traits, some of which are particularly suited for consuming toxic and chemically defended prey
(Langley, 1981). Grasshopper mice eat highly venomous bark scorpions because the mice

evolved resistance to the scorpions’ neurotoxins (Rowe and Rowe, 2008) and when stung, use
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the venom’s toxins to block voltage-gated pain transmission (Rowe et al., 2013). The mice also
have long toenails that help them grasp prey, high crowned teeth to deliver a forceful bite, and a
fundic pouch in their stomach that protects them from abrasive chitin and helps them digest
insects (Bailey and Sperry, 1929; Carleton and Eshelman, 1979; Horner et al., 1965; Langley,
1994). Their enlarged jaws are stronger than deer mice and may be better equipped to break the
fused carapace of stink beetles (Satoh and Iwaku, 2006; Williams et al., 2009). The evolutionary
benefit of combined adaptations would enable them to avoid competition for food with related
rodents that would be harmed or killed during attempts to prey on the same arthropods (Carleton
and Eshelman, 1979; Langley, 1994).

Pocket mice differed the most behaviorally from grasshopper mice and deer mice because
as herbivores, they rely less on insects than seeds for their nutritional intake. Pocket mice are
also less related to grasshopper mice and deer mice than those two species are to one another
(Fabre et al., 2012). Pocket mice may not have the predatory behaviors or morphology to
efficiently take down insects for a net caloric profit. However, their high number of inspection
behaviors demonstrates they may have at least considered the insects as prey, similar to other
herbivorous animals like manatees (Courbis and Worthy, 2003) and white-tailed deer (Pietz and
Granfors, 2000), which can be opportunistic predators.

Deer mice consumption of some, but not all crickets, supports their dietary classification
as facultative insectivores. This variability may partly be due to variability in prey size and deer
mice morphology. Depending on their nutritional status when trapped, the amount of time
required for a deer mouse to handle a cricket, which is similar to the beetles’ midrange length,
and the energy to break apart its exoskeleton may have not been energetically profitable,

considering that deer mice have weaker jaws than grasshopper mice and it takes them more time
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to eat crickets. Deer mice may have been more enthusiastic about hunting smaller-sized crickets
if they were easier to hunt than the large sized crickets in this study.

Nevertheless, the lack of deer mice predation on beetles was surprising because it
contrasted with numerous previous descriptions stating that deer mice attack stink beetles. This
may partly be an effect of sample size and the relative contribution of predatory mice in these
earlier works. In comparison to this study which used a large, recently caught rodent sample,
Langley’s studies examined only 11 deer mice and 10 northern grasshopper mice (1994) and 22
southern grasshopper mice (1981a), while Slobodchikoff tested 20 southern grasshopper mice
(1987) and Cyr conducted comparable feeding trials with 6 field-caught deer mice, 4 field-caught
grasshopper mice, and 4 lab-reared grasshopper mice (1972).

Variability in rodent behavior across different studies may also be an effect of sympatry
between selected predators and prey, as well as differences in the toxin levels of the beetles
themselves. For example, southern grasshopper mice may have evolved greater resistance to bark
scorpion venom, another chemically defended prey item, than northern grasshopper mice
because they overlap more geographically with this scorpion species (Rowe and Rowe, 2008).
Related Eleodes spp. beetles can differ in their defensive sprays as well (Eisner and Meinwald,
1966); speculatively, E. longicollis may have a more aversive spray than other Eleodes spp. used
in a former study with northern grasshopper mice (Parmenter and Macmahon, 1988) and in
another work by Langley (1994), who did not identify beetles to the species level. Given the
variability of defensive compounds among chemically defended prey, even within a small
geographic scale (Fry, 2015), it is critical to compare only species trapped from the same
location to avoid superficial or unequivocal comparisons between subspecies of grasshopper

mice and beetles. These results comparing species from the same geographic space suggest that
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E. longicollis defensive adaptations and desert rodent predation variability have the potential to
be co-evolutionary traits between predators and prey.

Hunger level or a reluctance to pursue novel prey (Curio, 1976) were not likely to have
contributed to behavioral variation between species during the feeding trials. All rodents were
adult-aged and wild-caught and there is a high chance they previously encountered undefended
prey, such as the crickets, and defended beetles, which are common to the Sonoran Desert. Deer
mice did not appear to avoid beetles due to lack of hunger, as the same deer mouse that left a
beetle alone would kill and consume crickets 66% of the time. Any hint of an acrid
benzoquinone smell from the beetles may serve as a signal to experienced mice to avoid the
beetles’ spray through aversive conditioning. The differences in rodent behavioral frequencies

are therefore more likely related to the rodents’ dietary preferences and prey defenses.

5. Conclusion

Grasshopper mice and their relatives are well-suited as a comparative model system for
investigating multiple factors contributing to the predictions of optimal foraging theory,
including learning, risk assessment, and adaptive behavior. Predators must navigate trade-offs
between time and energy required to hunt profitable prey, but grasshopper mice may be
successful by mixing general efficiency with specialized predatory capabilities. Grasshopper
mice have routinely demonstrated their ability to handle multiple prey types through speed and
persistence. Yet, they can also overcome a suite of very diverse arthropod defenses, including
toxins and aversive chemicals, through a combination of both physical and physiological
adaptations. Additional studies that examine grasshopper mice for evidence of physiological

adaptations targeted for overcoming additional specific arthropod defenses, as well as work that
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compares the energetic costs and benefits of foraging for these prey types, would clarify the
extent to which grasshopper mice are predatory generalists or specialists. The diverse prey
options, as well as variation in predatory behavior among desert rodents, makes this a feasible
model system for future studies seeking to identify general behavioral patterns within this group
and apply them more broadly to other taxa. ldentifying the ultimate function of these
mechanisms of behavior would contribute towards providing new insight into predator-prey

relationships.
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CHAPTER 2: RODENT SENSITIVITY TO BENZOQUINONE: GRASSHOPPER MICE
AS A MODEL SPECIES FOR CHEMOSENSATION

Abstract

Animals use chemosensation to evaluate food for its nutritional value and rely on the
sense of bitter taste as a signal of harmful content. Stink beetles (Eleodes longicollis) deter many
predators by producing a bitter-tasting benzoquinone spray, but predatory grasshopper mice
(Onychomys torridus) consume these beetles in spite of exposure to the defensive spray. To
determine whether grasshopper mice are sensitive to benzoquinone, the drinking behavior of
grasshopper mice and house mice (Mus musculus) was evaluated in a two-bottle choice test
involving multiple low concentrations of benzoquinone. Both grasshopper mice and house mice
were equally gustatorily sensitive to benzoquinone and preferred water to the chemical dilutions.
In comparison to related rodents, however, grasshopper mice demonstrated unique amino acid
substitutions in a benzoquinone binding receptor, TRPAL (transient receptor potential cation
channel A1), suggesting there may be evidence for a genetic or physiological mechanism other
than gustatory sensitivity that underlies their ability to consume benzoquinone. Understanding
predators’ behaviors in response to chemical deterrents like benzoquinone can reveal new insight

into the chemosensory system and the way it mediates sensitivity to aversive taste.
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1. Introduction

Chemosensation is the detection of chemicals, such as by olfaction and gustation, and is
fundamental to all living things (Spielman et al., 2019). These senses affect feeding behaviors by
allowing animals to find and evaluate food for nutritional or harmful content. In particular, bitter
taste sensation functions to promote survival through the detection of noxious and potentially
toxic compounds (Garcia, 1975; Shi et al., 2003; Spielman et al., 2019). Yet, research that aims
to investigate the underlying mechanisms of sensitivity to aversive taste often relies on
laboratory model species such as mice and rats (Davis et al., 1986; Davis et al., 1988; Sclafani
and Glendinning, 2003); these organisms may be less suited to address these questions than
specialized rodents, such as carnivorous grasshopper mice (Onychomys torridus), which
demonstrate more natural variation in their behavioral responses to defended prey with bitter-
tasting chemicals, such as stink beetles (Eleodes longicollis) (see Chapter 1). Grasshopper mice
therefore have the potential to be informative nontraditional model species for studies of
chemosensation and for comparative work seeking to identify the genetic underpinnings of
chemosensation in other species. However, investigations of the ways by which grasshopper
mice consume most bitter-tasting Eleodes beetles have been limited to behavioral observations of
predator-prey interactions (Cyr, 1972; Langley, 1994; Parmenter and Macmahon, 1988; see
Chapter 1).

Bitter quinone secretions are one of the main chemicals employed by Eleodes beetles, as
well as other noxious arthropod prey (Eisner et al., 2005), and are specifically targeted to irritate
the vertebrate sensory system (Conner et al., 2007) of prospective carnivores. One common form
of defensive quinones produced by arthropods is benzoquinone (also known as para-quinone, p-

benzoquinone, or 1,4-benzoquinone), which is employed as an antipredator defense against small
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mammals by bombardier beetles (Aneshansley et al., 1969), millipedes (De Capitani et al., 2011,
Eisner et al., 2005), flour beetles (Lis et al., 2011), in addition to various Eleodes species of
tenebrionid stink beetles (Doyen and Somerby, 1974; Eisner and Meinwald, 1966; Tschinkel,
1975). In spite of its noxious taste and smell, benzoquinone does not completely protect these
arthropods from several exceptional mammalian predators. Coatis (Nasua spp) (Weldon et al.,
2006) and skunks (Mephitis mephitis) (Slobodchikoff, 1978) have been reported to use their
forepaws to roll millipedes and stink beetles, respectively, to discharge the spray and avoid its
contact, while grasshopper mice consume stink beetles with voracity (Cyr, 1972; Langley, 1994;
Parmenter and Macmahon, 1988; see Chapter 1).

These predators are highly unusual because the behavioral rejection of bitter-tasting
substances is widespread and conserved from invertebrates, like mollusks and Drosophila
(Reinhard, 2010; Sahley et al., 1981) to vertebrates across the entire range of dietary habits
(Dong et al., 2009; Garcia, 1975). The adaptive value of bitter taste appears to vary with dietary
exposure; herbivores, which frequently encounter bitter chemical compounds produced by plants
(Wittstock and Gershenzon, 2002) are generally more tolerant of toxins and have a higher bitter
threshold than carnivores (Glendinning, 1994; Lunceford and Kubanek, 2015). Herbivorous red
and roe deer, for instance, are deterred by extremely bitter denatonium (Wright and Milne, 1996)
at concentrations five times higher than omnivorous laboratory rodents (Davis et al., 1986; Davis
et al., 1988; Langley et al., 1987). Grasshopper mice’s tolerance for noxious prey seemingly
contradicts the expectation that carnivores are highly sensitive to bitter taste.

Understanding the behavioral reactions of predators, such as grasshopper mice, towards
the chemical deterrents used by their prey can reveal new insight into the underlying mechanisms

that drive sensitivity to aversive taste (Blair et al., 2016; Ibarra and Blair, 2013). This study tests
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whether grasshopper mice have reduced gustatory sensitivity to benzoquinone produced by E.
longicollis stink beetles. As shown previously (see Chapter 1), E. longicollis produces
benzoquinone spray at high levels of concentrations within an expansive range (mean = 110 mM,
SD =50.33 mM), but grasshopper mice consume the arthropods in spite of being sprayed in their
mouth, nose, and eyes. In comparison, closely related deer mice (Peromyscus spp.) did not
consume any beetles. The behavioral differences between the two closely related species suggest
that grasshopper mice may have reduced sensitivity or some other physiological mechanism that
protects them against the irritating properties of benzoquinone and allows them to consume this
prey without adverse effects, potentially similar to how they have evolved resistance to scorpion
neurotoxin and the pain signals it transmits (Rowe and Rowe, 2008; Rowe et al., 2013).
Evaluating the grasshopper mice’s gustatory responses to benzoquinone in their diet may also aid
in identifying the genetic underpinnings of their adaptive predatory behavior.

Benzoquinone is an electrophilic compound that reacts with cysteines and lyseines in
numerous proteins (Lamé et al., 2003), including a polymodal noxious chemical sensor known as
transient receptor potential ankyrin 1 (TRPA1) (Andersson et al., 2011; Ibarra and Blair, 2013).
TRPAL is a Ca?* permeable nonselective cation channel that is highly conserved across the
animal kingdom, expressed in both non-neuronal and neuronal cell types (including in the dorsal
root ganglia (DRG) and trigeminal ganglion (TG) sensory neurons), and is activated by extreme
temperatures, reactive chemicals, and a wide variety of stimuli associated with cell damage
(Bandell et al., 2004; Bautista et al., 2006; Jordt et al., 2004; Macpherson et al., 2007;
Macpherson et al., 2005; for a review see Talavera et al., 2020).

Variable concentrations of electrophilic chemical stimuli affect TRPA1’s activation.

Benzoquinone has been shown to activate 30% of cultured neurons from mouse DRG at 0.001
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mM (Andersson et al., 2011), as well as heterologously expressed human TRPAL at low
nanomolar concentrations up to 0.001 mM; at this level, benzoquinone also causes
desensitization of the channel (Ibarra and Blair, 2013). Cysteine amino acid residues appear to
play a crucial role in both processes. Electrophilic substances like benzoquinone are reported to
activate TRPA1 by covalently modifying cysteine residues on the channel’s cytosolic surface,
while desensitization is likely produced by interactions with cysteine residues in inner or
hydrophobic regions of the channel (Ibarra and Blair, 2013; Nilius et al., 2012; Paulsen et al.,
2015; Wang et al., 2012). Other pungent compounds, like AITC (mustard oil), similarly interact
with TRPA1’s cysteine residues on the N-terminus (Hinman et al., 2006; Ibarra and Blair, 2013)
as well as several basic residues in the C-terminus involved in voltage gating and chemical
sensitivity (Samad et al., 2011).

It is currently unknown whether grasshopper mice have modified benzoguinone
receptors, like TRPAL, that render these mice undaunted by high concentrations of benzoquinone
in stink beetles’ spray. However, in comparison to house mice (Mus musculus), grasshopper
mice show reduced sensitivity to formalin (Rowe et al., 2013), another TRPAL agonist
(McNamara et al., 2007). Therefore, grasshopper mice may have modifications in their TRPA1
channels that affect their gustatory sensitivity and influence their prey choice.

To evaluate if grasshopper mice have the potential for a physiological or genetic
mechanism that enables their predation of benzoquinone defended beetles, their gustatory
sensitivity to benzoquinone was investigated using a two-bottle choice test and their TRPA1
gene sequence was examined for sites that could confer differences in benzoquinone sensitivity
in order to address two hypotheses: 1) grasshopper mice are less sensitive to benzoquinone

and will drink more benzoquinone than water compared to house mice (M. musculus
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C57BL/6). A two-bottle choice test is frequently used to evaluate rodents’ sensitivity and
consumption of different taste solutions (e.g., Bachmanov et al., 1996; Sclafani and Glendinning,
2003; Eagle et al., 2016). If grasshopper mice consume stink beetles because they are less
sensitive to benzoquinone, they may not be able to detect it at low concentrations and therefore
drink equal amounts of benzoquinone solution as water. Grasshopper mice were tested along
with a laboratory strain of house mice which are not specialist feeders, as a comparative outlier
and less closely related species within the rodent family (Scholl et al., 2017). Both species were
offered a choice between water and a solution of benzoquinone diluted within and above the
range of concentrations previously tested with TRPAL. These dosages were chosen because
monitoring the rodents’ reaction to increasing concentrations, beginning with those known to
activate TRPA1 (Ibarra and Blair, 2013; Macpherson et al., 2007; Wang et al., 2012) and
building towards those they encounter during natural interactions with stink beetles, could
potentially pinpoint which concentrations, if any, trigger species-specific responses to
benzoquinone. Second, it was expected that 2) grasshopper mice have reduced sensitivity to
benzoquinone due to cysteine variants in their TRPAL gene sequences that differ from
related rodents. The grasshopper mouse TRPA1 gene sequence was compared to TRPAL
orthologs from multiple related species and examined for cysteine substitutions, especially
within the N-terminus, as well as for variants in C-terminus amino acid residues implicated in
chemical sensitivity. Variation in TRPA1 homology between grasshopper mice, deer mice, and
house mice may reveal important amino acid mutations driving functional and behavioral

differences in chemosensation across these species.
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2. Methods

2.1 Animal care and housing

This study used ten adult lab-raised grasshopper mice (female = 6, male = 4) and ten
adult house mice (female = 5, male = 5) of the C57BL/6 strain purchased as retired breeders (> 7
months old) from Charles River Labs (Wilmington, MA). All mice were housed individually at
Michigan State University using the Campus Animal Resources facility mouse cages located in a
single room on a 12-hour light/dark cycle. The top of each cage had a divided wire rack lid: one
section, which held the two bottles used during the choice test, and one section which held
standard rodent diet (Teklad 8940, Envigo) that the mice received ad libitum. Cages were

cleaned and bedding changed once per week.

2.2 Two-bottle Choice Test

The two-bottle choice test followed a protocol similar to previously described two-bottle
choice set-up and methodology (e.g., Bachmanov et al., 1996; Eagle et al., 2016) with
modifications to its duration and the apparatus design in order to fit the rodents’ cages (Eisthen,
Rowe, and Rowe, unpublished). The drinking tubes used for the experiment were devised from
25 ml serological pipettes cut down to approximately 20 ml. One end of the tube was closed with
a rubber stopper while the other end was closed with a stainless-steel sipper spout. The spouts
extended into the cage from the wire rack and had a hole from which the mouse could lick fluid,
similar to the sipper spout used in their regular drinking water bottle. Each bottle was placed on
either the right or left side of the drinking bottle section of the wire rack and filled to the 20 ml
mark with either reverse osmosis (RO) water or a specific concentration of benzoquinone

solution. To avoid the effects of a location preference, tube placement was switched daily,
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ensuring that mice had to relearn the contents of each bottle every day. Every day during the
light-period, fluid consumption for each mouse was recorded to the nearest 0.1 ml by subtracting
the remaining volume of liquid from its initial value the previous day. These initial readings were
taken after the tube locations were switched in order to account for potential spillage incurred by
jostling the tubes.

The experiment took place over the course of 6 weeks and tested rodent sensitivity to
benzoquinone (Sigma-Aldrich, Catalog number B10358) diluted in RO water at the following
concentrations: 0.0001 mM, 0.01 mM, 0.1 mM, 1 mM, 3mM, and 10 mM. Concentrations were
chosen based on an earlier range of chemical concentrations used to test TRPA1 activation
(Ibarra and Blair, 2013; Macpherson et al., 2007). Mice received concentrations each week in
ascending order and had exposure to each concentration for six consecutive days. On the 71" day
of the week, the mice received a rest day in which both tubes were filled with only RO water.

Mice had previously been used in this experimental paradigm. However, there was a
possibility that the lowest concentration of benzoquinone was incorrect due to human error while
diluting the benzoquinone in water. Since it was not possible to ascertain the quantity of
benzoquinone in the trials that were previously completed, all experimental trials were repeated

on the same subjects four months later. The results from these later trials were used for analysis.

2.3 Multispecies TRPA1 gene comparison
To investigate the grasshopper mouse TRPAL gene for possible structural modifications
or substitutions related to potential benzoquinone activation, | performed a multispecies TRPA1

protein alignment.
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| first downloaded the coding region of TRPA1 from multiple closely related species
from the NCBI database and aligned them using the CLUSTALW algorithm in Geneious
(version 9.1.8) (https//www.geneious.com). These species included grasshopper mouse
(Onychomys torridus, XP_036035908.1), deer mouse (Peromyscus maniculatus,
XM_006974737.1), white-footed mouse (Peromyscus leucopus, XM _028864648.2), Chinese
hamster (Cricetus griseus, XP_027254622.1), golden hamster (Mesocricetus auratus,
XP_021080916.1), prairie vole (Microtus ochrogaster, XM_005362351.2), house mouse (Mus
musculus, NM_177781.5), kangaroo rat (Dipodomys ordii, XP_012883871.1) and as an
outgroup, human (Homo sapiens, NP_015628.2).

In an effort to confirm the grasshopper mouse TRPAL sequence on NCBI, | performed
PCR and Sanger sequencing of an additional tissue sample retrieved from a grasshopper mouse
originally caught in an area sympatric with stink beetles. 1 first extracted mMRNA from one
grasshopper mouse dorsal root ganglion tissue using TRIzol (Ambion) following the
manufacturer’s protocol. I subsequently converted mRNA to cDNA using SuperScript III First
Strand Synthesis Reverse Transcriptaste PCR kit (Invitrogen). The reverse transcription reaction
for cDNA synthesis was primed with Oligo d(T)zo. | then designed primers to amplify the
grasshopper mouse TRPA1 gene in four overlapping pieces and performed PCR according to the
guidelines of New England Biolabs’ (NEB) Q5 DNA polymerase kit. | ran the amplified
fragments on a 0.8% w/v agarose gel, excised the appropriate sized bands, purified the DNA
using a PCR Clean-Up System (Promega) and sent the purified products to GENEWIZ for
sequencing. Aligning the NCBI TRPAL sequence with the one produced by GENEWIZ showed
that when both sequences were aligned with the other species orthologues, they were nearly

identical (Pairwise% ldentity: 99.2%; Pairwise Positive% Identity (BLSM62): 98.5%), with the
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exception of an unresolved 5 prime end and an additional 10 amino acids throughout the
sequence. Since lack of similarity appeared to be due only to potential issues with generating a
complete sequence and not a result of differences in the sequences themselves, I used NCBI’s
grasshopper mouse sequence in subsequent analyses.

| examined all sequences in the multispecies protein alignment generated in Geneious for
their number of cysteine amino acids and any cysteine variants or amino acid substitutions, with
a specific focus on cysteines previously shown to activate TRPA1 (lbarra and Blair, 2013;
Macpherson et al., 2007; Wang et al., 2012). | also checked for homology among eight
positively charged regions first identified in the human TRPAL C-terminus as possible
interactive sites for electrophilic molecules that modulate TRPA1 (Samad et al., 2011). These
sites in the human TRPAL sequence are: K969, A975, K988, K989, K1048, K1052, K1092 and

A1099.

2.4 Statistical Analyses

For all analyses reported, | used R version 4.0.3 (Team, 2020). To evaluate the results of
the two-bottle choice test, the amount of either benzoquinone or water consumed during six trials
was averaged for each individual mouse at each given concentration. This average amount was
used as the response variable and fit to a linear mixed effects model with function “Imer” in
package Ime4 (Bates et al., 2015). The Akaike information criterion (AIC) was used for model
selection. Species, the concentration of benzoquinone, and the type of fluid consumed
(benzoquinone or water) were used as fixed effects, and individual mouse was included as a
random effect intercept. | performed orthogonal contrasts to compare mean differences for

significant interactions.
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3. Results

3.1 Two Bottle Choice Test

To evaluate the two-bottle choice test, the best performing model included the two-way
interaction of solution type and concentration of benzoquinone and the species effect without
interactions. As such, | compared differences between the amount of benzoquinone and water
consumed by both species at each concentration and between different concentrations.

Differences in the amount of benzoquinone compared to water consumed by mice varied
according to concentration levels (Figure 2.1). Mice drank more water than benzoquinone at four
concentrations: 0.0001 mM (tzes = -2.39, p < 0.05), 1 mM (to0s = -3.25, p < 0.01), 3 mM (t208 = -
15.32, p <0.001) and 10 mM (t208 = -19.22, p <0.001). There was no difference between
benzoquinone and water consumption at 0.01 mM (tz0s = 0.26, p > 0.05) or 0.1 mM (tz0s= -0.34,

p > 0.05).
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Figure 2.1: Mice drink less benzoquinone as the concentration increases. Figure shows the
average amount of benzoquinone and water consumed by both species of mice. Error bars denote
+ 1 standard error. Asterisks denote significant differences between the groups encompassed by

the bracket (linear contrasts p < 0.05).

3.2 TRPAL Sequence

A multispecies protein alignment showed that the selected mammalian TRPA1
orthologous sequences are highly conserved (Pairwise% Identity: 89.7% ; Pairwise% Positive
(BLSM62): 94.9%). High sequence similarity was found between closely related grasshopper

mice and deer mice (Pairwise% identity: 97.8%; Pairwise% Positive (BLSM62): 99.4%), as well
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as between more phylogenetically distant grasshopper mice and house mice (Pairwise% identity:
91.8%; Pairwise% Positive (BLSM62): 95.9%)

The grasshopper mouse TRPA1 sequence had only 29 cysteine amino acids, in
comparison to house mice which have 31. Of the 31 cysteines previously described and tested in
relation to mouse TRPAL activation (Wang et al. 2012), 25 were conserved across all rodent
species orthologs. Four cysteines (C3, C98, and C231 in the grasshopper mouse TRPA1 N-
terminus and C1028 in the grasshopper mouse TRPA1 C terminus), varied between grasshopper
mice and house mice TRPAL sequences, although three of these were conserved between
grasshopper mice, deer mice, and varying other rodent species (Figure 2.2). One cysteine variant,
C231, was unique to grasshopper mice. This same site was occupied by a threonine for house

mice and serine for both species of deer mice surveyed.

Multispecies TRPA1 Amino Acid Alignment

C3 cos8 C231 Cl02¢6
Grasshopper mouse NMIMCHINEAN WRSCEYE THECENN NMELCIE
Deer mouse VRCEHMAR YDINCEY THHESENN MELCiie
White-footed mouse MINCHINNN WMEINCEYR] TLHESENN NEL CiEe
Chinese hamster VIK[ES L KRIMVDEBIGN TERSR ERH | NEY FINMTO E|
Golden hamster VIK[ES L KREEVDEEIGN TEEMR ESH | NIRY FIRET O
Prairie vole VACHNERR WhSCEWM SRCTEEN MILCie
House mouse VIKESE L RREEVIDERIGN TEESIR EqgH | NIY FIRNNIO F |
Kangaroo rat VIKINS | RKEMVDBRIGN TERIRESH | NEIY FIRETOE |
Human VKRS (R KIVIOBREG N THRSR O H | NI IR eTTE |

Figure 2.2: Partial multispecies amino acid sequence alignment shows cysteine amino acid
changes at four sites among closely related mammalian TRPAL orthologs. Cysteines are
numbered according to their location on the grasshopper mouse TRPAL sequence. Gray shading
highlights similarities in conservation of the amino acids between species as determined by

Geneious software.
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Eight positively charged regions first identified in the human TRPA1 C-terminus as
possible interactive sites for electrophilic molecules that modulate TRPAL (Samad et al., 2011)
were also found to be homologous across all rodent species: K969, A975, K988, K989, K1048,
K1052, K1092, and A1099. More than 80 additional amino acid sites not previously associated
with TRPA1 activation were nonhomologous between grasshopper mice, deer mice, and house

mice.

4. Discussion

The purpose of this study was to evaluate whether 1) grasshopper mice are less
sensitive to benzoquinone and will drink more benzoquinone than water compared to
house mice (M. musculus C57BL/6) and whether 2) grasshopper mice have reduced
sensitivity to benzoquinone due to cysteine variants in their TRPAL gene sequences that
differ from related rodents. The two-bottle choice test showed that grasshopper mice and house
mice were equally gustatorily sensitive to benzoquinone. Both of them found benzoquinone to be
more distasteful at higher concentrations. In contrast, the results from the multispecies alignment
of TRPAL genetic sequences showed that grasshopper mice have different cysteine variants
compared to house mice. The lack of differences in aversion between the species in the two-
bottle choice test was unexpected because grasshopper mice consume benzoguinone defended
prey more than house mice, have modifications in their TRPAL receptors that may mediate
benzoquinone differently than house mice, and have previously been shown (Rowe et al., 2013)

to have reduced sensitivity to other noxious chemicals like formalin.
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4.1 Two-Bottle Choice Test Comparisons

Grasshopper mice’s aversion to the benzoquinone concentrations used in the two-bottle
choice test was surprising because grasshopper mice willingly consume benzoguinone-defended
beetles in their natural environment at concentrations ten times higher on average than 10 mM
(see Chapter 1). Yet at 10 mM, the concentration of benzoquinone may have been sufficiently
aversive to entirely inhibit drinking of benzoquinone solution; data showing minimal
consumption amounts may have been due to liquid dripping when mice inspected and jostled the
tubes. If grasshopper mice find 10 mM of benzoquinone aversive enough to inhibit its
consumption, how do they overcome its noxiousness when they are exposed to beetle spray at
higher concentrations?

There are several explanations as to why grasshopper mice may pursue benzoquinone
defended prey. First, the beetles present a high caloric reward (see Chapter 1 for caloric results).
The caloric value may be more or less motivating depending on the grasshopper mouse’s food
options and its likelihood of encountering other caloric prey, or whether it has simultaneous
options to choose from, such as between a nonpalatable and palatable substance in the two-bottle
choice test. A noxious benzoquinone solution without nutrients may not have provided sufficient
incentive for consumption during the two-bottle choice test. Postingestive sensing of nutrients is
an independent mechanism apart from taste signaling (Fernandes et al., 2020) and is capable of
changing feeding behavior (Sclafani, 2001). For example, mice that are unable to taste sweet
substances due to lacking sensitivity in a different TRP channel, TRP5, can develop a preference
for sucrose concentrations based on caloric content (De Araujo et al., 2008). Considering that the

results of the two-bottle choice test indicate that mice find high concentrations of benzoquinone
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to be aversive, additional testing could analyze different pairs of nutrients and benzoquinone
concentrations to determine at which point caloric value may override the cost of noxious taste.

Caloric value may be more motivating than noxious taste if benzoquinone’s noxious taste
is a “false alarm” that tricks most prospective predators or is, at the least, harmless to
grasshopper mice. Manduca sexta caterpillars have developed just such an avoidance of false
signals through habituation to harmless, bitter-tasting plant compounds (Glendinning et al.,
2001). Grasshopper mice may similarly habituate to the bitter taste in order to meet their
nutritional requirements. Moreover, the mice do not appear to show aversive conditioning
towards stink beetles (Cyr, 1972; Langley, 1981). Alternatively, benzoquinone’s bitterness may
be a true signal that warns of its ability to cause tissue damage or affect fitness, especially since
benzoquinone is toxic to mammalian cells and has at least short-term irritative effects (De
Capitani et al., 2011; Eisner et al., 2005). In this case, grasshopper mice may have developed
another style of physiological protection against tissue damage. Considering their longer
handling times of beetles compared to undefended prey and evidence of discomfort (Chapter 1),
this protection may be incomplete, just as how some protected garter snakes (Thamnophis
sirtalis) are rendered immobile after eating toxic newts (Taricha granulosa) (Brodie 111 and
Brodie Jr, 1990).

The predictions of optimal foraging theory may provide further support for this
explanation, as a potential relationship between palatability and caloric reward may be more
effectual in motivating grasshopper mice predation than for other rodent species. Optimal
foraging theory predicts that organisms approximate optimal strategies to maximize their success
at catching prey that affords them an energetic net profit. As a result, caloric input is expected to

outweigh the cost of searching for and finding food, as well as the risks of exposure or losing
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opportunities to find other sources of calories (MacArthur and Pianka, 1966). Stink beetles may
not be calorically profitable for rodents other than grasshopper mice. Grasshopper mice have
multiple morphological adaptations, including long toenails to grasp prey and stronger jaws than
deer mice, that enable speedy incapacitation of their prey (Bailey and Sperry, 1929; Carleton and
Eshelman, 1979; Horner et al., 1965; Langley, 1994; Satoh and Iwaku, 2006; Williams et al.,
2009). Juvenile grasshopper mice begin to pursue defended beetles as they become more
efficient hunters and gain a net caloric profit (Slobodchikoff et al., 1987). Adult grasshopper
mice are also much faster predators than adult deer mice (Langley, 1994; Chapter 1), which
suggests they have less energetically costly handling times. Armed with both morphological
adaptations and acute predatory behavior, grasshopper mice may be better equipped and
therefore more susceptible than other rodents to develop a preference for high caloric prey in
spite of its unpalatability. Other prospective predators, like deer mice or house mice, may be
deterred by the spray if there is no caloric profit, or if they are physiologically unprotected from
insect benzoquinone and the chance that it can generate harmful tissue damage.

On a similar note, a second explanation for differences in rodent behavior is that
experience with stink beetles may affect their preference for benzoquinone. Since the two-bottle
choice test was designed to test innate sensitivity to benzoguinone, only mice naive to insect prey
were tested. Mice that have encountered benzoquinone and learned to associate it with caloric
reward may show more interest and drink more of the benzoquinone solution. For instance, both
rats and mice fitted with catheters will drink more of one flavored solution over another when it
is paired with a simultaneous intragastric nutrient infusion (Ramirez, 1994; Sclafani and
Glendinning, 2003). Rats which associate high caloric content with a flavored drinking solution

will then prefer food with the same flavor, even when given a choice between two food items
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with identical calories (Bolles et al., 1981). This conditioning may explain the high rate of beetle
predation by wild grasshopper mice (see Chapter 1), since these mice were very likely to have
previous exposure to stink beetles and may have learned to associate its chemical cues with
nutrients. In contrast, lab mice in the two-bottle choice test could not yet have developed this
association. Testing wild mice experienced with stink beetles in a benzoguinone two-bottle
choice test would help answer whether experience with stink beetles and their nutrient content
results in decreased gustatory aversion to high concentrations of benzoquinone.

Third, contradicting reports of stink beetle predation by wild deer mice (Parmenter and
Macmahon, 1988) and lab-raised deer mice (Langley, 1994) with a recent study describing
aversion to stink beetles by wild deer mice (Chapter 1) may also be due to the effects of hunger
on taste and chemical sensitivity. Similarly, the rodents’ physiological states may have affected
their sensitivity to benzoquinone during the two-bottle choice test when compared with the
hunger levels experienced by grasshopper mice that consume beetles in nature. The mice used in
the two-bottle choice test were provided food ad libitum throughout the experiment. Satiated
animals are less likely to consume substances they normally find distasteful, while hungry
animals have been shown to feel decreased aversion to bitter foods or food they usually dislike
(Siep et al., 2009, reviewed in Fu et al., 2021). For example, energy deficient Drosophila are
more likely to risk eating potentially toxic food as a result of enhanced sugar sensitivity and
reduced bitter sensitivity during starvation (Inagaki et al., 2014; Kain and Dahanukar, 2015). It is
likely that wild mice are hungrier than those raised in the lab; state-dependent differences may
have thereby contributed to their finding benzoquinone less aversive, potentially through a
mechanism which downregulated their bitter taste sensitivity. Furthermore, downregulated bitter

sensitivity that motivates dietary risk-taking may be an especially beneficial trait for facultatively
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carnivorous grasshopper mice that infrequently encounter prey. Omnivorous deer mice and
house mice, in contrast, rely on a more expansive diet and may be able to afford being more
selective in their food choices. Future work comparing the extent to which bitter taste is
downregulated across rodent species with different dietary niches and different state-dependent
hunger levels would be informative for understanding their behavioral responses to chemically
defended prey.

Fourth, variation in rodent behaviors may be explained by their reliance on multiple cues
in different experimental settings and differences in the ways rodent species perceive these cues.
The two-bottle choice test was limited to investigating gustatory sensitivity, but in nature,
predators rely on multimodal sensory cues to identify prey (e.g., Lawson et al., 2019). As a
result, sensory receptors in the rodents’ eyes and olfactory tissue may also play an integral role in
their decision to pursue beetles after encountering benzoquinone. Mice frequently close their
eyes in response to the benzoquinone fumes and spray (see Chapter 1). Grasshopper mice are
also known to rely heavily on olfaction, especially at close range and for deciding whether to
attack prey (Whitman et al., 1986). If sensitivity is lower in the eyes and nose of grasshopper
mice than deer mice, the benzoquinone spray may be less noxious, and subsequently less
aversive for them. The noxious effects of vinegarroon secretions, for example, are most effective
when they contact sensitive respiratory, visual, or sensory systems of potential predators; feeding
trials with vinegarroons and spadefoot toads (Scaphiopus couchii) revealed that the spray is an
ineffective deterrent when restricted to inside the predator’s mouth (Schmidt et al., 2000).
Differential expression of sensory receptors, like TRPA1L, across tissue in the eye, nose, and
mouth could also mitigate the effects of benzoquinone, especially if employed with defensive

behaviors that reduce rodents’ contact with the spray. This may involve olfactory suppression
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specifically in response to benzoquinone, since chemical cues from other types of defended prey,
like Taeniopoda eques grasshoppers, are sufficiently aversive to grasshopper mice that they
choose not to attack (Whitman et al., 1986). Testing benzoquinone sensitivity in different rodent
species’ eyes and nose may reveal that gustatory sensitivity plays a less integral role in their
reactions to stink beetles.

Finally, sensitivity to benzoquinone may also send signals other than pain. It is possible
that benzoquinone may have an anti-nociceptive effect at higher concentrations than those tested
in the two-bottle choice test, although currently there is no evidence for this occurring via oral
digestion. Nonetheless, injections of benzoquinone in mouse spinal cord trigger TRPAL while
mimicking the chemically similar breakdown products and pain-blocking effects of
acetaminophen (Andersson et al., 2011). Future work would be required to determine if beetle
concentrations of benzoquinone trigger an analgesic effect when contracted in a grasshopper
mouse’s eyes, nose, or mouth.

While both species of mice found the highest benzoquinone concentrations to be most
aversive, they also preferred water over the lowest concentration tested, 0.0001 mM. This
suggests that the rodents are able to detect benzoquinones at nanomolar concentrations. Since the
rodents showed no preference for water over benzoquinone at 0.01 or 0.1 mM, it is possible that
these concentrations created a physiological reaction similar to the Schweppes effect. This term
refers to a preference for low concentrations of a deterrent chemical, similar to how humans
enjoy low concentrations of quinine hydrochloride in the eponymously named tonic water
(Glendinning, 1993). Variation in preference for low concentrations of bitter-tasting substances
is demonstrated by numerous animal species (including Peromyscus spp.) and has intraspecific

variation. Aversion to benzoquinone was also not gender specific for mice in this study, another
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stipulation of the Schweppe’s effect (Glendinning, 1993). The indifference to benzoquinone
solution at 0.01 and 0.1 mM may be the result of averaging together consumption amounts for
individual mice that vary in preference and aversion to low concentrations of this chemical. In
studies testing preferences for acidic solutions in spider monkeys (Ateles geoffroyi) and
macaques (Macaca nemestrina), a similar inverted “U-shaped” pattern emerged in which the
primates drank greater quantities of mid-range concentrations of acidic tastants but were
indifferent or averse to the lowest and highest concentrations, respectively (Laska, 2000; Laska
et al., 2000). While the two-bottle choice test never identified concentrations of benzoquinone
that mice consumed on average more than water, conducting additional tests with benzoguinone
concentrations ranging from 0 to 0.1 mM may tease out whether there are consistent, individual
preferences for benzoquinone and the range of concentrations that mice prefer or find neutral

compared to water.

4.2 TRPA1 Sequence Comparisons

Since TRPAL is very conserved across the animal kingdom, it is not surprising that
sequence similarity was high for all species surveyed. This included most of the N-terminus
cysteines and C-terminus interactive sites that are likely essential for TRPAL functionality.
However, four cysteines were nonhomologous between house mice and the more closely related
deer mice and grasshopper mice. Selection for any coding changes in a highly conserved channel
that are unique to one or a few related species may signal an important modification that
facilitates species-specific behavioral differences. For example, the single cysteine variant
unique to grasshopper mice is a top target for future mutagenesis work investigating the

relationship between form and function in TRPAL. When TRPAL1 is knocked out entirely, only
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5% of neurons cultured from mouse DRG tissue responded to 0.001 mM benzoquinone
(Andersson et al., 2011). Behavioral tests with grasshopper mice C231 knock-outs that maintain
TRPAT1’s function may help determine whether this amino acid plays a role in their reduced
sensitivity to formalin compared to deer mice or house mice. This site is also of interest because
it is occupied by different amino acids between different rodent species, potentially indicating
that it is less conserved across all vertebrates. These four variable positions may present potential
sites in the TRPA1 gene driving sensitivity variation for prospective electrophilic agonists. Other
TRP channel mutations, such as the sites nonhomologous between grasshopper, deer, and house
mice, may also affect function and channel conformation (Ibarra and Blair, 2013), but would
need to be explored further since most TRPA1 research has focused on cysteine activation
(Macpherson et al., 2007; Wang et al., 2012).

A possible relationship between rodents’ TRPA1 sequences and gustatory sensitivity to
benzoquinone is unclear without additional information from physiological work. Based on the
results of the two-bottle choice test, there appears to be no association between TRPAL sequence
homology and gustatory sensitivity in grasshopper mice and house mice. Both species were
equally sensitive to benzoquinone, even though their TRPA1 genes had amino acid variants
predicted to alter the effects of benzoquinone reception. Physiological work to determine the
function of cysteine residue differences between the species would be a required next step for
identifying links between genes and behavior.

A possible relationship between rodents’ TRPA1 sequences and their predation of stink
beetles is similarly ambiguous. Grasshopper mice and deer mice appear to have the most
homologous TRPAL sequences surveyed in this study and both have been reported to consume

benzoquinone-squirting prey (Cyr, 1972; Langley, 1994). Nonetheless, no deer mice attacked or
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consumed stink beetles in more recent behavioral trials (see Chapter 1) and deer mice have been
described as much more wary and reluctant predators of stink beetles when they are encountered
(Cyr, 1972). These contradictory behavioral reports therefore prevent the possibility of drawing
conclusions about the role of TRPA1 amino acid variants in shaping differences in grasshopper
and deer mice predatory behavior.

TRPAL structural homology may be more closely related to phylogenetic, rather than
behavioral patterns. Deer mice and grasshopper mice are more genetically similar than house
mice and grasshopper mice (Fabre et al., 2012). These similarities may extend to single amino
acid substitutions in the TRPAL sequence without any consequences for gene functionality.

While conclusions about the effects of TRPA1’s genetic code remain unclear, TRPA1
may mediate differences in rodent sensitivity to benzoquinone through variation in expression,
especially considering that genes are known to be differentially expressed in DRG and TG
neurons (Lopes et al., 2017; Megat et al., 2019) and TRPAL1 is expressed in both the DRG and
TG (Bautista et al., 2005). These neuron groups are highly specialized and respond to noxious
stimuli, but a number of TG neurons have been described as having specific chemosensitive
properties related to olfaction and the gustatory system (Gerhold and Bautista, 2009; Lopes et
al., 2017; Viana, 2011). They also primarily innervate the head where grasshopper mice mainly
encounter benzoquinone, while DRG neurons mostly innervate the rest of the body. Capsaicin, a
chemical which activates a different TRP receptor, TRPV1, was found to trigger behavioral
responses more strongly in mouse TG than DRG due to preferential signaling pathways that
differ between the neuronal groups (Megat et al., 2019). Similar chemical pathways may mediate
benzoquinone in grasshopper mice TRPA1L receptors. For instance, if grasshopper mice have

reduced TRPA1 expression in their TG compared to deer mice, then benzoquinone’s effects may
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not be sufficient to inhibit predation. As described earlier, behavioral work testing grasshopper
mice tissue sensitivity in the eyes and nose would complement TRPAL differential expression
work. Examining the TRPAL sequence alongside its expression levels would thus be a promising
starting point for confirming its role as a candidate gene underlying grasshopper mice predatory
behavior.

TRPAL is also not the only possible target for benzoquinone. Additional benzoquinone
receptors may work alone or interact with TRPAL1 to mediate rodent predation of stink beetles.
Benzoquinone has been found to target at least eight other proteins in pulmonary bronchial
epithelial cells that appear to play a role in distributing benzoquinone into a cell’s mitochondrion
and nucleus (Lamé et al., 2003). Like TRPAL, these proteins, such as Galectin-1 and HSP60, are
expressed in multiple tissue types, although changes to these genes may be constrained by
conservation of their roles in supporting cellular functionality. None of these genes have been
implicated in pain signaling, but species-specific changes to their genetic sequence or expression
that do not impede basic function may provide additional evidence for an underlying mechanism

driving tolerance or insensitivity to benzoquinone.

5. Conclusion

Grasshopper mice’s pursuit of benzoquinone-defended prey, in spite of their sensitivity
and aversive response to the chemical at low concentrations, offers numerous applications for
translating lab results to the natural world. This positions grasshopper mice as model species that
can be informative for ecological, evolutionary, and biomedical research. Most studies seeking to
understand postingestive effects vs. palatability of food focus on artificial flavors, unnatural

forms of intake, and limited food choices (Bolles et al., 1981; Inagaki et al., 2014; Laska, 2000;

84



Sclafani, 2001; Sclafani and Glendinning, 2003). The ability to compare a species’ aversion to a
chemical solution in spite of tolerance (and potentially preference) for food containing that
chemical in the wild is an ideal opportunity for learning more about how state-dependence,
postingestive effects, and foraging costs drive prey choice, prey defenses, and behavioral and
morphological adaptations related to predator-prey interactions.

The mechanism behind grasshopper mice’s predatory capabilities may be a complex
interaction of genetic structure, expression, and input from gustatory, olfactory, and chemical
detecting chemosensory systems. Determining the extent to which these factors influence prey
choice and chemical tolerance may be accomplished through comparative studies of other
predators that consume defended prey. This can be done by comparing grasshopper mice to
related rodents that lacks those behaviors within a model system of desert rodent species, as
demonstrated here. But identifying the patterns of chemosensory mechanisms underlying
consumption of noxious prey would also benefit from comparing grasshopper mice with
predators that employ similar hunting strategies. Behavioral observations describing coati
predation of millipedes (Weldon et al., 2006), skunk predation of beetles (Slobodchikoff, 1978),
spadefoot toad predation of vinegaroons (Schmidt et al., 2000), or sea turtle and sunfish
consumption of venomous jellyfish (Breen et al., 2017) have stopped short of searching for
reduced chemical sensitivity in these animals. Identifying more physiological mechanisms in
species that regularly eat an array of noxious food may help determine whether these predators
employ specialized protections against targeted prey, potentially as a result of a co-evolutionary
arms race, or rely on an underlying genetic flexibility that renders them resistant to diverse

chemical defenses. Grasshopper mice, for instance, consume venomous tarantulas and centipedes
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without adverse effects, but only the mechanism by which they are immune to scorpion toxin is
currently understood.

The ability to pinpoint new genes that motivate predation in additional carnivorous or
omnivorous species will complement current understanding of the genetic mechanisms behind
adaptive feeding behavior in herbivores, such as unique ribonucleases that increase the efficiency
of digestion in leaf-eating colobine monkeys (Zhang et al., 2002) or expanded cytochrome P450
genes that allow koalas to detoxify eucalyptus (Johnson et al., 2018). Pain and chemical
sensitivity are essential because they warn animals of possible tissue damage; seemingly
paradoxical species that demonstrate immunity to multiple toxic and chemical compounds,
without the loss of basic pain function, provide remarkable opportunities for understanding how

selective forces work within the constraints of biology to shape adaptive traits.
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CHAPTER 3: SPERM COMPETITION, SEXUAL SELECTION, AND THE DIVERSE
REPRODUCTIVE BIOLOGY OF OSTEOGLOSSIFORMES

(Published as Koenig, L. A., & Gallant, J. R. (2021). Sperm competition, sexual selection and the
diverse reproductive biology of Osteoglossiformes. Journal of Fish Biology)
Abstract

Osteoglossiformes are an order of “bony tongue” fish considered the most ancient living
order of teleosts. This review seeks to consolidate known hypotheses and identify gaps in the
literature regarding the adaptive significance of diverse reproductive traits and behavior of
osteoglossiforms within the context of sperm competition and the wider lens of sexual selection.
Many of the unusual traits observed in osteoglossiforms indicate low levels of sperm
competition; most species have unpaired gonads and mormyroids are the only known vertebrate
species with aflagellate sperm. Several osteoglossiform families have reproductive anatomy
associated with internal fertilization but perform external fertilization, which may be
representative of the evolutionary transition from external to internal fertilization and putative
tradeoffs between sperm competition and the environment. They also employ every type of
parental care seen in vertebrates. Geographically widespread and situated as one of the oldest
teleost groups, Osteoglossiforms present an effective study system for understanding how sperm
competition and sexual selection have shaped the evolution of teleost reproductive behavior,
sperm and gonad morphology, fertilization strategies, courtship and paternal care, and sexual
conflict. We suggest that the patterns seen in osteoglossiform reproduction are a microcosm of
teleost reproductive diversity, potentially signifying the genetic plasticity that contributed to the

adaptive radiation of teleost fishes.
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1. Introduction

The approximately 26,000 known species of teleost fish occupy a wide range of aquatic
habitats (Froese and Pauly, 2019) and exhibit a remarkable array of reproductive strategies
(Helfman et al., 2009). It is presently unclear which factors contribute to the evolution of such
numerous reproductive strategies within teleosts (Smith and Wootton, 2016). Within teleosts,
Osteoglossiformes (“bony tongue™) are one of the oldest orders and are a microcosm of teleost
reproductive diversity. They exhibit variation in reproductive anatomy, gamete morphology, and
reproductive behavior, all suggesting flexibility early in teleost evolution (Figure 3.1).
Osteoglossiforms are distributed worldwide and are comprised of five families: Osteoglossidae
(15 species in South America, Africa, Asia, and Australia), Notopteridae (10 species in Africa
and South-East Asia), Pantodontidae (one species in Africa), and two families of weakly electric
fish, Mormyridae (>200 species, Africa) and Gymnarchidae (one species, Africa). In accordance
with osteoglossiforms’ cosmopolitan distribution and their ancestral position within teleosts,
insights into the evolution of their reproductive diversity may lead to new understanding about
the factors underlying the evolution of reproduction in teleosts (Figure 3.2).

Several reviews have considered osteoglossiform reproductive behavior (Britz, 2004;
Hopkins, 1986; Karino, 2009; Kolm, 2009; Yanwirsal, 2013) and sperm morphology (Jamieson,
1991; Mattei, 1988; 1991; Mattei et al., 2018; Pitnick et al., 2009). The purpose of this review is
to integrate and contextualize current understanding of reproductive anatomy, gametic
morphology and reproductive behavior in light of sperm competition and sexual selection.
Section 2 assesses the role of sperm competition and sexual selection in contributing to
osteoglossiform reproductive anatomy with a focus on their unusual unpaired gonads and

sexually dimorphic traits. Section 3 discusses how sperm competition may select for aflagellate,
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monoflagellate, and biflagellate sperm in osteoglossiforms, and whether this gamete morphology

imposes specific sperm-egg interactions. Section 4 considers how morphological traits, sperm

competition, and sexual selection interact and contribute to adaptive reproductive behavior

during courtship and parental care. Section 5 details the challenges of differentiating the effects

of sperm competition and sexual selection from environmental constraints and includes

suggestions for studies to fill current gaps in our knowledge on these topics. This article

concludes with recommendations for combining research on osteoglossiform reproduction with

genomics for the benefit of understanding teleost diversity.
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Detailed phylogeny of Osteoglossiformes, including selected names and illustrations of

representative species from the families Pantodontidae, Osteoglossidae, Notopteridae,
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Figure 3.2: Summary of the geographic distribution and reproductive traits in various families of
Osteoglossiformes. Y =yes, N = no, see text for supporting references. Images depict

reproductive traits from representative species.

1.1 Sperm Competition

Sperm competition theorists largely agree that ejaculate expenditure is determined by
sexual selection in accordance with economic principles (Parker and Pizzari, 2010). A major
sperm competition theory models sperm competition as a raffle, in which each male has a
probability of fertilization that is dependent on the number of sperm he has contributed,
compared to his competitors (Parker, 1990). Under conditions in which there is less competition
among males either pre-fertilization (e.g., internal fertilization or close proximity of a mating
pair) or post-fertilization (e.g., females mate only once), a single male would be expected to
provide sperm of lower quantity and quality. In situations where sperm competition risk is high,
sperm competition has the potential to act as a type of quality control and favor high volumes of
efficient, error-free sperm. This strategy has limitations, however; while producing sperm is not

considered to be as energetically expensive as producing eggs, sperm and ejaculate fluid is not
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low-cost (for a review see Pitnick et al., 2009). Thus, sperm competition suggests that males will
not produce high quality sperm unless the benefits exceed the costs of production.

Sperm competition and sexual selection are cyclically linked from the cellular to
behavioral levels of biological organization (Parker, 2014). Females contribute more resources
than males to gamete production and often invest further in offspring survival by providing
parental care. Because their fitness is limited by their ability to produce gametes, females
typically become the choosy sex. Male fitness is limited instead by the availability of the
opposite sex. This leads to sexual selection, in which males compete with other males for mating
opportunities with the opposite sex. When males experience strong sexual selection, sperm

competition is expected to be high.

2. Anatomical Traits

The diversity of teleost body plans presents a challenge for identifying rules of selection
on fish reproduction. The relationship between reproductive anatomy and overall body anatomy
can be confounded by similarities with other species due to relatedness, foraging mode, and
hydrodynamic and environmental concerns on body shape (Montgomerie and Fitzpatrick, 2009).
Nonetheless, general patterns in osteoglossiform morphology, as a subset of teleosts, can serve as
useful indicators of selective factors, such as sperm competition and sexual selection, that shape
reproductive traits in fishes. This section focuses on two anatomical traits in osteoglossiforms,
unpaired gonads and sexual dimorphism, and discusses the relationship of these features with

parental care and divergent fertilization strategies.
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2.1 Singular Gonads

Although most teleost fish have paired gonads, most osteoglossiforms have a single
gonad. The one known exception is Pantodon buccholzi, in which females have both left and
right developed ovaries (Nysten, 1962). A single gonad on the left side of the body has been
observed in adult Osteoglossidae (Fontanele, 1948; Lake and Midgley, 1970; Liling, 1964;
Merrick and Schmida, 1984; Moreau, 1982), Notopteridae (Argumedo, 2009; Dalela et al., 1976;
Nyonje, 2006; Yanwirsal et al., 2017), Mormyridae (Adjibade et al., 2020; Iles, 1960; Nawar,
1959; Schugardt and Kirschbaum, 2004; Scott, 1973), and Gymnarchidae (Opadokun and Ajani,
2015). Unpaired gonads are synapomorphic for the Osteoglossiformes, whereas paired ovaries
are likely a plesiomorphic trait of Osteoglossomorpha (Britz, 2004; Yanwirsal et al., 2017).

Although singular gonads are relatively uncommon, identifying the selective pressures
that led to their development in other species may be fruitful for understanding how they evolved
in osteoglossiforms. In teleosts, the evolution of an unpaired testis appears to be a rare
occurrence. Nonetheless, a single median ovary is observed in most viviparous teleosts, such as
poecillids (Scrimshaw, 1945) and the marbled swamp eel (Synbranchiformes: Symbranchidae)
(Ravaglia and Maggese, 2002), as well as both oviparous and viviparous goodeids (Uribe et al.,
2012). Fertilization can take place in the ovarian cavity or follicles, with the ovary providing a
nutritional role for internally gestating young (Aranzabal et al., 2009).

Ovarian asymmetry is also associated with viviparity in other ancestral groups of fishes.
Coelacanths tend to have asymmetric ovaries in which the right ovary is functional and the left is
sterile (Millot et al., 1978). Many sharks and rays also have asymmetric ovaries (Wourms,
1977). Nurse sharks (Ginglymostoma cirratum) only develop one ovary on the right side of the

body (Castro, 2000). Amazonian freshwater stingrays (Potamotrygon wallacei) have two
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functional ovaries, but the left ovary is 55 times larger than the right ovary (da Silva et al., 2017).
The presence of ovarian asymmetry in both Chondrichthyes and Osteichthyes suggests that this
ancestral trait may go as far back as the Gnathosomes.

Asymmetric gonads are found in other vertebrate species (Yu, 1998), including platypus,
which have a functioning ovary only on the left side (Gritzner et al., 2008), as well as
contrasting directional asymmetry found in frogs (Liu et al., 2011; Zhou et al., 2011) and birds
(Friedmann, 1927). Males in many avian species have a smaller right testis than the left (Lake,
1981). For example, the left testis of the male zebra finch is about 50% larger than the right testis
(Birkhead et al., 1998). Females typically only develop a left ovary and oviduct, whereas the
right ovary regresses and degenerates after hatching (Wakamatsu et al., 2000). This reversed
pattern of asymmetry between males and females implies that the loss of a functional gonad is
not homologous between the two sexes in birds (Ligon, 1997). It is hypothesized that the right
ovary is vestigial in females and this loss is an adaptation to reduce weight for flight (Guraya,
2013; Zhang et al., 2014). However, considering that ovarian asymmetry exists in non-flying
platypus and ratite birds, it is also possible that coordination of egg production through a single
oviduct provides protection for fragile eggs (Guioli et al., 2014). In birds, it takes time for the
eggshell to develop between ovulation and when the egg is laid, and it has been suggested for
raptors that multiple eggs in close proximity within the mother’s abdomen could reduce their
survival (Guioli et al., 2014; Walter, 1979). If a potential relationship exists between single
gonads and egg protection, it is possible that this may be a practical cause of single gonads in
other egg producing species, including amphibians or fish.

The cause and mechanisms of directional asymmetry in most avian males is unknown,

but male coucals (Cuculiformes: Centropodinae) exhibit atrophied or complete loss of the left
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testis (Rand, 1933). Several studies suggested that coucals may develop only one functional
testis as the byproduct of a physiological mechanism that decreases testosterone and promotes
paternal care (Goymann et al., 2004b; Ligon, 1997). But, this idea was subsequently rejected due
to male coucals exhibiting testosterone levels similar to those of socially monogamous male
birds with two testes, as well as presenting high levels of androgens overall (Goymann et al.,

2004a; Goymann and Wingfield, 2004; Goymann et al., 2004b; Voigt and Goymann, 2007).

2.2 Sexual dimorphism

Sexual dimorphism in osteoglossiforms appears to be primarily functional for
reproduction and, similar to many fishes, related to key differences that define internal from
external fertilization strategies (Evans and Meisner, 2009; Meisner, 2005). A notched anal fin is
attributed to the males of Pantodon (Hjerresen, 1937) and several mormyrid species (Brown et
al., 1996; lles, 1960; Kirschbaum, 1987; Nawar, 1959; Pezzanite and Moller, 1998; Svensson,
1933), and Notopteridae have sexually dimorphic genital papillae (Weitkamp, 2005; Yanwirsal,
2013; Yanwirsal et al., 2017). Interestingly, these species exhibit behaviors attributed to both
external and internal fertilizers, even though sexually dimorphic anal fins, elongated genital
papillae, and elongated spermatozoa are all traits associated with internal insemination in species
belonging to Characiformes, Siluriformes, Osmeriformes, Ophiidiformes, Atheriniformes,
Beloniformes, Cryprinodontiformes, Scorpaeniformes, and Perciformes (Burns et al., 1995;
Evans and Meisner, 2009; Jamieson, 1989; Koya et al., 2002; Luo et al., 2011; Spadella et al.,
2012).

P. buccholzi is the only osteoglossiform species with all three of these traits and also the

only one hypothesized to perform internal fertilization; visual observations are still required for
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definitive confirmation. Males have paired orifices adjacent to the anal fin that lead to a pouch
holding a complex copulatory organ (Lastein and Van Deurs, 1973). The cone shaped organ is
made of connective tissue that forms two folded structures situated in two pouches, each covered
by a bony plate that protrudes during spawning and that appears to function to internally
inseminate the female (Hjerresen, 1937; Lastein and Van Deurs, 1973). In combination with their
unusual sperm phenotype (see section 3.2), P. buccholzi is the only member of this order with
anatomy wholly suited for insemination, exhibiting reproductive anatomy similar to that of
several internally fertilizing species belonging to Galaxiiidae (Pusey and Stewart, 1989),
Aphyonidae (Nielsen, 1984), and Bythidae (Suarez, 1975), among others (Evans and Meisner,
2009). Among the nine teleost orders listed above that contain internally inseminating species
with modified anal fins and/or elongated genital papillae (Evans and Meisner, 2009), those
species which instead perform external fertilization often have modified reproductive features
that do not form a true intromittent organ, but rather allow the male to direct sperm towards the
female. These modifications can range from elongated and thickened anal fins with hooks or
spines, to anal fins whose rays have been fused to create a pseudopenis. There are, however,
additional notable exceptions and gaps within whole family studies of teleosts in which one or
more defining features of sexual dimorphism and internal fertilization are lacking (e.g., Grier et
al., 1990). This makes it impossible, thus far, to link the presence of these traits to a specific
reproductive strategy without evidence of the reproductive mode in question.

The notopterids Notopterus notopterus, Chitala ornata (Asia), and Xenomystus nigri
(Africa) exhibit sexually dimorphic genital papillae which differ by species. N. notopterus and C.
ornata males have a narrow, reddish genital papilla that is longer than the pelvic fin, while the N.

notopterus females have a broader, whitish papilla that is shorter than the pelvic fin (Yanwirsal,
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2013), whereas the C. ornata females have an elongated papilla that is wider than the anal
opening (Castro et al., 2019). The female’s papilla appears to grow and is larger during the
courtship and spawning phases (Yanwirsal, 2013). In X. nigri, the female’s genital papilla is
surprisingly longer than the pelvic fin, whereas the male’s genital papilla is shorter and located
underneath the pelvic fin (Nyonje, 2006; Yanwirsal, 2013). These features are likely adaptive for
egg deposition: tubular papillae, when swollen, can help fish propel eggs away from their body
and contribute to precise positioning of the eggs on the substrate (Castro et al., 2019; Martin and
Page, 2015).

Mormyrids represent an anomaly among osteoglossiforms in that they are known external
fertilizers that share the anatomical and behavioral traits of species that reproduce via internal
fertilization. Several species have a sexually dimorphic anal fin notch (Brown et al., 1996; lles,
1960; Kirschbaum, 1987; Nawar, 1959; Pezzanite and Moller, 1998; Svensson, 1933) which,
when accompanied by a behavioral sequence, may help males deliver immotile sperm (see
section 3) to the female. The specific function of the anal fin notch is unknown, but it could
simply provide structural flexibility, allowing the males to bend their body at a typically rigid
midpoint. In mormyrids, the male is thought to cup his fin around the female’s genital opening,
creating a confined fertilization space in which the female releases her eggs (Brown et al., 1996;
lles, 1960; Pezzanite and Moller, 1998). Similar spawning behavior has been observed in other
distantly related fish species that have a modified anal fin (Britz and Bartsch, 1998). Although
the cupping behavior has never been directly observed during spawning, a reflexive anal fin
cupping motion can be stimulated through tactile stimulation in Pollimyrus isidori (Kirschbaum,

1987), Campylmormyrus compressirostris, Campylmormyrus rhynchophorus, and
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Campylmormyrus tamandua (Feulner et al., 2009). The notch may assume its original form when

the testes regress after the breeding period (lles, 1960).

2.3 Singular Gonads and Sexual Dimorphism as they relate to Sperm Competition

Initially, osteoglossiforms’ loss of a second gonad from an equally sized gonad pair
appears to be a handicap to reproduction due to a potential loss in gamete production (Frey and
Goymann, 2009). Nonetheless, it is not currently known whether a single gonad doubles gamete
production as compensation for the loss of the pair. The absence of a paired gonad can also be
viewed as loss of a “back up” organ. Redundancy within a general bilateral body plan affords
continued reproductive success to any individual that damages or loses one gonad in a set.

Exceptions to the “paired gonad” pattern may demonstrate ways in which a single gonad
may actually be adaptive, or at least neutral, for osteoglossiforms. Species that perform parental
care typically have low sperm competition and are expected to have a smaller relative testis size
(for review see Montgomerie and Fitzpatrick, 2009; Pitnick et al., 2009), but not specifically the
evolution of singular gonads. Osteoglossiforms demonstrate a positive association between
parental care and single testis development from an anatomical perspective, indicating that there
may be some relationship between these traits other than via a hormonal mechanism for the
purpose of facilitating paternal care. This association could also be mediated differently in fish
than it is in birds such as the coucals. Most osteoglossiforms have one gonad and most species
demonstrate parental care; Pantodon, which has paired gonads, lacks parental care. Nonetheless,
parental care is also lacking in a majority, but not all mormyrid species (Budgett, 1901a;
Crawford et al., 1986; Diedhiou et al., 2007; Heymer and Harder, 1975; Kirschbaum and

Schugardt, 2002), even though all mormyrids have single gonads.
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Many osteoglossiform males demonstrate a low gonadosomatic index (GSI) (Adite et al.,
2006; Adjibade et al., 2020; Hussain et al., 2015; Khallaf and Authman, 2012; Opadokun and
Ajani, 2015). Nonetheless, it is unclear how these values compare to other teleosts, because not
all GSI reports consider cyclical fluctuations in gonad size. GSI values could be due to
osteoglossiforms’ singular testis being of comparatively smaller size than either one or both
gonads in other teleosts. Nevertheless, low GSls are associated with conventional male strategies
(Neff et al., 2003) and decreased sperm competition in fish (Peterson and Warner, 1998),
amphibians (Jennions and Passmore, 1993), and birds (Birkhead and Moller, 1992), suggesting
that osteoglossiforms’ GSI values provide further support for low competition in these species as
well.

Sexual dimorphism is often associated with sperm competition in that competition
between males for access to females leads to the evolution of male alternative reproductive
tactics (MARTS) (Taborsky, 1998) and secondary sex characteristics such as body size, male
armaments to outcompete other males, or ornaments to impress choosy females (Darwin, 1871).
MARTS have been associated with intra-male variation in sperm traits; sneaker males tend to
have higher performing sperm than conventional males (Kustra and Alonzo, 2020), such as in the
more motile sperm of male sneaker Heterololigo bleekeri squids (Hirohashi et al., 2016).
Nonetheless, there is currently no evidence of intra-male variation in mating tactics or sperm
traits within any osteoglossiform species. Variation in secondary sex characteristics, and the
adaptative nature of their functionality for survival and reproduction, represent raw material
during intraspecific choice contests which may select for more extreme sexual dimorphic traits
(West-Eberhard, 1983). Yet, osteoglossiforms have no notable differences in male and female

colors or ornamentation (Bian et al., 2016; Moreau, 1982; Yanwirsal, 2013). Most
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osteoglossiforms, like many fishes, also have similarly sized males and females. Further
evidence of other secondary sex characteristics mediated by sexual selection may not comprise
human-visible cues (Karino, 2009), such as the sexually dimorphic signals produced by electric
fish; these signals may also be responsible for their rapid radiation (Carlson and Arnegard, 2011;
Hopkins, 1986; Rabosky et al., 2013).

In conclusion, the reduction in gonad number and sexually dimorphic structures
associated with functional value, rather than secondary sex traits, indicate that osteoglossiforms
have reproductive adaptations consistent with internal fertilization, even though most of them
employ external fertilization. Internal fertilization often creates a mating environment with low
sperm competition. Subsequently, these traits and fertilization strategies together point to low
sperm competition as a driving force behind their adaptive functionality, and suggests that
osteoglossiforms may be positioned midway on the evolutionary path from external to internal

fertilization.

3. Sperm Morphology

Sperm morphology is often a reliable indicator of sperm competition because the cell
itself is under such strong selection for achieving fertilization. Sperm ultrastructure has been
extensively studied since the 1960s and described in over 280 species of fish (Mattei, 1991).
Among fish, there are more than 70 derived sperm character states relative to a shared vertebrate
ancestor (Jamieson, 1991). The order Osteoglossiformes present a unique system for examining
the relationship between sperm competition and morphology since it claims monoflagellate,

biflagellate, and aflagellate sperm types.
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3.1 Monoflagellate sperm — Pantodontidae and Notopteridae

P. buccholzi sperm is exceptionally elongated with a notably developed midpiece and
extensive, modified mitochondria; it is morphologically more similar to the sperm of reptiles,
birds, and snakes than other teleost fish (Van Deurs, 1975; Van Deurs and Lastein, 1973). Taken
into consideration with the male copulatory organ, this sperm phenotype further suggests that
this species reproduces by internal fertilization (Lastein and VVan Deurs, 1973). The ultrastructure
of a single species from Notopteridae has been identified: Papyrocranus afer, the only other
notopterid species besides X. nigri found in Africa, has a simple, monoflagellate sperm that

resembles the ancestral sperm of Neopterygii (Mattei, 1970).

3.2 Biflagellate sperm - Osteoglossidae

The sperm ultrastructure of only one osteoglossid species, Heterotis niloticus, has been
described and it has biflagellate sperm (Mattei et al., 2018). Biflagellate sperm is relatively
uncommon: it has been observed in flatworms (Bakhoum et al., 2017; Orido, 1988), polychaetes
(Franzén, 1982), freshwater clams (Komaru and Konishi, 1996), acoelomorphs (Barneah et al.,
2007), one amphibian family (Mainoya, 1981), and 31 fish species across seven orders
(Montgomerie and Fitzpatrick, 2009). Most of these fish species perform external fertilization,
but biflagellate sperm is found in at least one internally fertilizing species, the ocean pout
(Perciformes: Zoarcidae) (Yao et al., 1995). These fishes are distantly related, and without a
clear phylogenetic pattern underlying the evolution of biflagellate sperm, it appears that this

sperm morphology independently evolved many times (Montgomerie and Fitzpatrick, 2009).
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3.3 Aflagellate sperm: Mormyridae and Gymnarchidae

All mormyroid (Gymnarchidae and Mormyridae) sperm studied thus far (Gymnarchus
niloticus, Hyperopisus bebe, Mormyrus rume, Gnathonemus senegalensis, Gnathonemus niger,
and Petrocephalus bovei) have an aflagellate morphology (Mattei et al., 1972). This is the only
known origin of aflagellate sperm in vertebrates (Mattei et al., 1972), although there are reports
of aflagellate sperm in two deep-sea Myctophidae (order: Myctophiformes) that require further
confirmation (Jamieson, 1991), especially considering that the internal structure of these species’
sperm is more similar to monoflagellated sperm (Young et al., 1987). The internal architecture of
mormyrid spermatozoa resembles other teleost sperm more closely than the sperm of G. niloticus
(Mattei et al., 1967; Mattei et al., 1972). In addition to lacking an acrosome (absent in all
teleosts, see section 5), mormyrid sperm specifically lack flagella and submembrane
microtubules. They possess a rounded nucleus with two centrioles at its base, and some
mitochondria in an abundant vesicular cytoplasm (Mattei, 1991). Although this structure appears
to negate the possibility of the sperm being motile, the immotility of live spermatozoa has yet to
be confirmed.

In contrast, G. niloticus has an aflagellate spermatozoan that has the most anomalous
phenotype of all osteoglossiforms (Mattei et al., 2018). Due to its resemblance to basic metazoan
sperm, it appears likely that G. niloticus secondarily evolved motility after the loss of flagella
(Mattei, 1988). The uncondensed nucleus is at the center of the cell, there is a large amount of
cytoplasm, and the plasma membrane is lined internally with a network of microtubules which
contribute to its mobility via amoeboid motion (Mattei et al., 1967). Mattei noted that the
internal structure is so aberrant that it barely ascribes to the typical definition of spermatozoa

(Mattei, 1988).
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3.4 Sperm Morphology as it Relates to Sperm Competition

Monoflagellate sperm are known as a “primitive” sperm type and observed in the
majority of teleost fishes; these sperm are made of a small round, nucleus followed by two
centrioles, a midpiece with several mitochondria, and a flagella with a typical 9 + 2 axoneme
pattern that provides movement and propulsion (Jamieson et al., 1999). The basic sperm model
is typical of externally fertilizing species and tends to be shorter and less divergent than those
found in internally fertilizing species (Franzén, 1956). Sperm modifications, such as the
extended midpiece found in Pantodon, are often adaptive in response to sperm competition and
functional demands of their environment, specifically the female reproductive tract in internally
fertilizing species (Lupold and Pitnick, 2018; Pitnick et al., 2009). Notopterids demonstrate
similar breeding behavior to species with low sperm competition, suggesting that they also
experience low sperm competition (Montgomerie and Fitzpatrick, 2009). Although motile
flagella are common to all living things, they come at an energetic cost (Pitnick, 1996). Males
that experience higher levels of sperm competition may benefit from spending energy on motile
sperm, but species without strong sperm competition may be at a greater advantage by adopting
modified sperm without flagella (Morrow, 2004).

Aflagellate sperm is associated with low sperm competition (Morrow, 2004) and internal
fertilization (for arthropods see Dallai et al., 1973). However, mormyrids and Gymnarchidae
reproduce by external fertilization, which is typically associated with high sperm competition.
These fishes may use behavioral strategies to reduce the risk of sperm competition: mormyrid
males may minimize the risk of multipaternity by facilitating contact between sperm and eggs
through ventral coupling during courtship (see section 2.2). G. niloticus and two mormyrid

species are known to build and guard nests, which is potentially another way to reduce
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competition among males. Nonetheless, these behaviors are not shared by all aflagellate
mormyrid species.

It is presently unclear if aflagellism is adaptive. In the laboratory, studies on Mormyrus
kannume macerated testis material was combined with eggs to simulate fertilization (lles, 1960),
and reported low fertilization success rates of 10-25%, though it is likely that simulated
fertilization may not be an accurate representation of natural fertilization success. Alternatively,
it is possible that mormyroids experience low sperm competition. In that case, sperm competition
would not be high enough to drive selection for costly, motile sperm at the expense of other traits
required for reproduction. Speculatively, the energetics of electrogenesis and electroreception
may require metabolic trade-offs (Salazar et al., 2013), and the ability to reproduce without
producing sperm flagella may confer a metabolic fitness advantage (Montgomerie and
Fitzpatrick, 2009). Evidence for low sperm competition in mormyrids is consistent with low GSI
of about 0.5%, in M. kannume (lles, 1960; Khallaf and Authman, 2012). Nonetheless, it is
important to consider other life history traits, such as mating rate, that can conflate with GSI
results (Parker and Pizzari, 2010). A cross-metazoan metanalysis of flagellar motility
demonstrated an overall relationship between sperm competition and the presence of aflagellate
sperm, primarily in invertebrate taxa (Morrow, 2004). Considering the monoflagellated
notopterids are the mormyroids’ nearest sister family, it is possible that relaxed selective pressure
by sperm competition is common to both families and has led to directional selection in which
the ancestral flagellated sperm type transitioned to immotile, aflagellate sperm (Montgomerie
and Fitzpatrick, 2009).

It is unclear whether biflagellate sperm confer motility or fertility advantages (Pitnick et

al., 2009), and there is an overall absence of information on sperm behavior and fertilization
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dynamics in these systems (Montgomerie and Fitzpatrick, 2009). If biflagellate sperm are
advantageous when sperm competition is high, it may be expected that additional flagella confer
greater competitive abilities, potentially by enhancing motility, improving maneuverability, or
excluding other sperm from entering the micropyle (Montgomerie and Fitzpatrick, 2009). Males
from various species of cardinal fish (Kurtiformes: Apogonidae), which experience low sperm
competition, have ejaculate that contain 50-80% biflagellate sperm among monoflagellated
sperm (Fishelson et al., 2006; Lahnsteiner, 2003). Neither biflagellate nor monoflagellate sperm
appear to be maladaptive for cardinal fish, since both are produced within a single male, and
biflagellate sperm may hold a competitive advantage by being more effective at vertical,
undulatory motions that help it enter the egg micropyle of this species (Fishelson et al., 2006).
Nonetheless, biflagellate sperm has also been found in species, such as the plainfin midshipman
(Batrachoidiformes: Batrachoididae), that experience high sperm competition (Brantley and
Bass, 1994). To summarize, although the adaptive value of specific types of sperm morphology
remains unclear, sperm competition and the fertilization environment play a major role in
selecting sperm form. The relationship between sperm competition and specific sperm
morphology will continue to require examination on a case-by-case basis before enough life
history information is available to draw clade wide conclusions, especially when considering

rarer morphologies like biflagellate sperm.

4. Reproductive Behavior & Parental Care
This section discusses osteoglossiform courtship behavior, parental care, and the potential
relationships between their reproductive behavior, sperm competition, and sexual selection.

Current knowledge about osteoglossiform reproductive behavior is extremely limited, with the
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exception of mormyrid electrical signaling. Courtship and fertilization events for
osteoglossiforms have rarely been witnessed in the wild, infrequently in the lab, and never with
advanced imaging techniques. Observations of courtship and fertilization, combined with
identifying operational sex ratios, would provide essential information for evaluating the degree
of polyandry and competition among males. If sperm competition levels are measurable, then it
may be possible to correlate them with the evolution of various morphological adaptations and

fertilization strategies.

4.1 Osteoglossidae

Within Osteoglossidae, Scleropages leichardtii form direct pairs, in which males and
females stay together for several days leading up to the spawning event at night (Merrick and
Green, 1982). S. leichardtii males are known to participate in at least two spawning events and
pair with a new female within several weeks (Merrick and Green, 1982). In contrast,
Osteoglossum bicirrhosum are serially monogamous and form pairs every breeding season
(Queiroz, 2008), indicating low risk of multipaternity and sperm competition. Nonetheless,
another osteoglossid species, Arapaima gigas, constructs nests (Liling, 1964), a behavior
associated with low sperm competition, and also exhibits multipaternity (Verba et al., 2014), a
feature associated with high sperm competition.

Females from the Osteoglossum and Scleropages genera produce large, yolky eggs. S.
leichardtii was reported to produce 30-130 eggs 10 mm in diameter (Lake and Midgley, 1970),
whereas S. formosus was described as producing 30-80 eggs 14-18 mm in diameter (Scott and
Fuller, 1976). O. bicirrhosum produces 23-220 yellow or orange eggs 11-12 mm in diameter that

are non-adhesive and sink to the substrate (Yanwirsal, 2013; Yanwirsal et al., 2017). Other
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osteoglossid eggs are much smaller, such as those of H. niloticus, whose eggs are about 2.5
mmm, adhere to each other when they sink to the bottom of the nest, and have a grooved
micropyle (Daget, 1957). Similarly, the greenish, ovoid eggs of A. gigas are around 3 mm wide
and stick together to form an egg mass (Fontanele, 1948). Reports of A. gigas clutch sizes are
ambiguous (Britz, 2004), but females may contribute about 1,000 fry per year (Nufiez et al.,
2011). Osteoglossids exhibit diverse parental care: males in multiple Scleropages species and
both Osteoglossum species are mouthbrooders (Queiroz, 2008; Scott and Fuller, 1976). Only in
S. leichardtii have females been identified as the mouthbrooding parent (Merrick and Green,
1982). O. bicirrhosum males also form aggregations called “hatcheries” during the parental care
season; this may be tied to cooperative breeding, as suggested by some broods exhibiting
multipaternity in this species and in A. gigas (Verba et al., 2014). As noted previously, large,
shallow nests for protecting eggs are built by adult male A. gigas (Liling, 1964; Val and de
Salvo Souza, 1990) and H. niloticus (Adite et al., 2006; Budgett, 1901b). It is unclear if there is a
predominant guardian in H. niloticus (Daget, 1957; Moreau, 1974), but Adite et. al (2006)
reported that both parents transported larvae in their mouths to another location when the original

nest was disturbed.

4.2 Pantodontidae

Pantodontids likely undergo internal fertilization, and their courtship behavior involves
males and females swimming close together. This behavior is similar to that of externally
fertilizing osteoglossiforms; only their internal anatomy indicates that their courtship does not
terminate in external fertilization. Females are reported to produce a range of 33-153 buoyant

eggs with a 2.3 mm diameter; each egg has a micropyle 10 um in diameter located in the middle
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of an 80 um wide, ridged, funnel shaped micropylar pit (Britz, 2004). P. buccholzi does not
perform parental care (Britz, 2004). By reproducing through internal fertilization, P. buccholzi
males may experience such low levels of sperm competition that further male investment may
add little benefit for ensuring reproductive success.

Pantadon’s taxonomic position has been debated for decades (reviewed in Hilton and
Lavoué, 2018) and its derived traits indicate that it may be better classified as a sister group to
other osteoglossiforms (Lavoué, 2016). Pantodon shares an absence of paternal care with Hiodon
alosoides, an ancient, freshwater osteoglossomorph (Britz, 2004). The eggs of both species
contain a large oil globule that allows them to be buoyant; semipelagic eggs like these are
typically found in more ancestral marine species (Ahlstrom and Moser, 1980; Battle and Sprules,
1960). Together with its reproductive behavior, Pantodon’s paired gonads and modified gametes
suggest that it is more phylogenetically distant from other osteoglossiforms. However, more
morphological and molecular data are needed to resolve its position within Osteoglossomorpha

(Hilton and Lavoué, 2018).

4.3 Mormyroidea

Courtship behavior has been documented for several species of mormyrids (Bratton and
Kramer, 1989; Kirschbaum, 1987; Landsman, 1993; Machnik and Kramer, 2008; Werneyer and
Kramer, 2006; Wong and Hopkins, 2007; Yanwirsal, 2013). Mormyrid species often
demonstrate male choice, in which males recognize female electric organ discharges (EODs)
(Arnegard et al., 2006; Nagel et al., 2018). In addition to recognizing EOD waveforms, males
and females actively interact by modifying their EOD discharge rate to produce stereotyped

electrical displays called sequences of pulse intervals (SPIs) (Bratton and Kramer, 1989; Wong
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and Hopkins, 2007). Several motor behaviors typically occur alongside electrical signaling
during courtship and some species, such as Brienomyrus brachyistius, exhibit sex-specific
courting behaviors (Wong and Hopkins, 2007). Although males may often begin the courtship
phase with antagonistic reactions to the female’s approach, the male appears to tolerate the
female’s presence more than usual compared to times outside of courtship (Bratton and Kramer,
1989; Kirschbaum, 1987; Werneyer and Kramer, 2006; Wong and Hopkins, 2007). Observations
of immediate spawning after pairing of Marcusenius macrolepidotus suggest that motor
courtship behavior may not be as necessary as electrical signals for inducing spawning in some
species (Werneyer and Kramer, 2006; Wong and Hopkins, 2007).

Mormyrid species typically do not demonstrate parental care, with the exception of a few
species known to build nests. Parental care has been recorded in Stomatorhinus (Heymer and
Harder, 1975) and nestbuilding P. isidori, Pollimyus adspersus (Diedhiou et al., 2007;
Kirschbaum and Schugardt, 2002) and H. bebe (Budgett, 1901b). P. isidori males will build
multiple nests made of algae or macrophytes within their territory (Crawford et al., 1986). They
will also continue to defend the nest for 1-2 weeks after spawning, even against the mother. P.
isidori and P. adspersus are the only two species that produce non-adhesive eggs (Kirschbaum
and Schugardt, 2002), a feature common to nestbuilding Osteoglossid species. Mormyrid eggs
are much smaller than those of nestbuilding Osteoglossids, with the exception of H. niloticus, but
mormyrid females are also smaller in body size. P. isidori females are described as producing
28-132 eggs that are 2 mm in diameter (Kirschbaum, 1987), whereas the quantity of eggs
produced by M. kannume (Kirschbaum and Schugardt, 1995), Camplyomormyrus cassaicus
(Schugardt and Kirschbaum, 1998), and Hippopotamyrus pictus (Kirschbaum and Schugardt,

2002) typically number in the hundreds and are about 2-3 mm in size. A substrate with holes for
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attaching eggs is preferred by H. pictus, and a rocky substrate is preferred by M. kannume
(Kirschbaum & Schugardt, 2002). These substrate specializations may reflect differences in
reproductive behavior. Parental care was specifically determined to be nonexistent in M.
macrolepidoptus (Werneyer and Kramer, 2006) and M. rume (Kirschbaum and Schugardt, 1995).
The monotypic Gymnarchidae also exhibit nestbuilding. After spawning during the rainy
season, G. niloticus builds large floating elliptical nests about 1 meter in diameter that contain
about 1000 large, amber colored eggs that are 10 mm in diameter, similar to the large-sized eggs
of nestbuilding Osteoglossids (Budgett, 1901a; Budgett, 1901b; Svensson, 1933). The nest is
built in shallow water and is made of dense vegetation that projects from the surface around the
periphery. Adults actively patrol the nests (Hopkins, 1986), which can contain advanced stages
of larvae over 3 weeks old (Budgett, 1901b). This behavior similarly exemplifies an indication of

high male parental investment that likely reduces levels of sperm competition.

4.4 Notopteridae

Breeding behaviors for notopterids are similar to those of mormyrids: in the lab, N.
notopterus fish appear to choose individual territories, and males create a spawning site by
removing gravel and cleaning the area with their mouth (Yanwirsal et al., 2017). During the
courtship phase, the male approaches and swims alongside a potential female partner, which is
followed by multiple interactions in which both fish swim towards and away from one another.
This phase ends when the female approaches the male and the male leads the female to his
spawning site, where the female lays the eggs and he fertilizes them on the substrate (Yanwirsal
et al., 2017). Eggs are slightly larger than those of mormyrids, but smaller than most

osteoglossids. N. notopterus females have been described as laying anywhere from 15 to 225
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adhesive eggs per spawning events and eggs are about 3.8-4 mm in diameter (Yanwirsal et al.,
2017). N. notoperus eggs also appear to have a micropyle with a spiraling pattern of ridges on
the egg’s surface (Mookerjee and Mazumdar, 1946; Yanwirsal et al., 2017). Older reports of
notopterid egg numbers describe Chitala chitala females as laying 300-500 adhesive eggs with a
5.2 mm diameter (Southwell and Prashad, 1919) and C. ornata as laying several thousand
adhesive eggs with a 4 mm diameter (Smith, 1933).

Among notopterids, it is known that male N. notopterus (Pinxteren, 1974; Yanwirsal,
2013) and males of both Chitala species (Smith, 1933) perform parental care and guard freshly
spawned eggs. X. nigri was assumed to lack parental care (Siraad, 1999) and little information is
available about Papyrocranus species reproduction. N. notopterus males guard and aggressively

defend the eggs against the female and other males (Yanwirsal et al., 2017).

4.5 Reproductive Behavior and Parental Care as it Relates to Sperm Competition

Most osteoglossiforms are morphologically similar between the sexes, which may
indicate that sexual selection has not had a large effect on the evolution of their morphology (see
section 2.3). Nonetheless, sexual selection likely plays a much larger role in their courtship
displays, in which females appear to choose their mates based on courtship activity (e.g., Merrick
& Green, 1982). Courtship may serve as a signal of males’ ability to contribute to offspring
survival and fitness through parental care or signify a male’s specific physiological and genetic
advantages. Rather than rely heavily on morphological cues, females may prefer to choose mates
depending on courtship frequency, type, and length of duration.

Like osteoglossids, mormyrids do not physically display showy secondary sexual

features, but they have complicated courtship behavior involving choosy males and diverse
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electrical signaling. In combination with their aflagellate sperm and modified anal fins (see
section 2.3), mormyrid behavior further underscores the likelihood that they experience low
levels of sperm competition. Females mate with more than one male in a breeding season, but
they do so monogamously and sequentially (lles, 1960; Morrow, 2004).

The diversity of teleost family structures, ranging from no care to paternal, maternal, and
biparental care, has led to fish, especially among the Cichlidae, serving as exemplary systems for
investigating the evolutionary origins of parental care (Gonzalez-Voyer et al., 2008). However,
the pathway by which uniparental or biparental care evolved from the ancestral state of no care
remains unresolved (Kolm, 2009). Osteoglossiforms demonstrate all parental care strategies within
a single order, including evidence of cooperative breeding. Therefore, like cichlids, they may be
helpful for examining evolutionary questions of parental care at a more compact phylogenetic
scale. The greater geographic spread of osteoglossiforms may also allow them to be useful for
comparative analysis with cichlid parental care.

Males provide most of the parental care in osteoglossiforms. As demonstrated empirically
in other teleosts, their investment is shaped by the risk of multipaternity and sperm competition
(Neff, 2003), as well as parental care serving as a sexual selection trait for female choice (Kolm,
2009). With the exception of most mormyrid species, osteoglossiforms appear to demonstrate a

relationship between reduced sperm competition and parental care.

5. Future Research Directions
Sperm form must adapt to the environment and within the context of sperm competition,
males need to balance selection for sperm traits against environmental variance (for review see

Snook, 2005). Most empirical work on this topic is concerned with the female reproductive tract
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as an active environment that can induce sperm motility, namely in arthropods (Alberti, 2000;
Dallai et al., 1973; Dallai et al., 1992). For internally fertilizing fish, increased sperm length is
associated with an improved ability to navigate the viscosity of the female reproductive tract
(Fitzpatrick et al., 2009). In externally fertilizing fish, some work has focused on the importance
of appropriate environmental conditions conducive for external fertilization. For instance,
increased sperm length has been associated with substrate-fertilizing species, potentially because
the length provides benefits that allow sperm to overcome difficulties navigating the substrate to
locate an egg (Balshine et al., 2001). Pipefish (Syngnathiformes: Syngnathidae) were found to
have immotile sperm that earn motility upon contact with a combination of seawater and ovarian
fluid (Ah-King et al., 2006). Seven teleost species demonstrated sperm motility that responded to
changes in osmolality, whereas two other fishes exhibited sperm that became motile in response
to ionic changes in the water (Morisawa and Suzuki, 1980). Experiments aimed at describing
sperm motility and fertilization mechanisms must accurately replicate natural conditions at the risk
of studying adaptive traits in an environment lacking the selective forces responsible for their
existence (Lupold and Pitnick, 2018).

Mimicking natural fertilization conditions will be especially important for future work
that seeks to describe the fertilization mechanism of African weakly electric fish. G. niloticus,
whose sperm displays amoeboid movement, may have regained motility by coopting “ancestral
amoeboid movement” (Dallai et al., 1973). Nonetheless, G. niloticus also faces the difficulty of
transferring amoeboid sperm as an external fertilizer; the mechanism by which amoeboid sperm
achieve fertilization in freshwater without being dispersed by the current remains unknown. In
mormyrids, it will first be necessary to determine whether the sperm are truly immotile before

investigating possible mechanisms by which they are transported in their environment. It is
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important to note, however, that while claims of absolute immotility may be cause for suspicion,
mormyrid sperm may simply lack the underlying structural features necessary for motility.

Replicating accurate environmental conditions will also be necessary for investigations of
sperm-egg interactions and coevolution. There is presently no research into the presence of
chemoattractants or sperm receptor proteins that could facilitate the union of sperm and egg in
osteoglossiforms. Comparative studies of the egg structure would greatly improve current
understanding of coevolution between sexes of species, particularly in those species that
reproduce with aflagellate sperm. Assessing ovarian and seminal fluid is also vital for
understanding the complementary roles of post-copulatory sexual selection and sperm
competition. Ovarian fluid was found to affect the outcome of sperm competition in ocellated
wrasse (Labriformes: Labridae); the presence of female ovarian fluid favored sperm velocity
over sperm number, enabling increased fertilization by paternal males in spite of intense sperm
competition with other male types (Alonzo et al., 2016). Similarly, increased concentrations of
ovarian fluid are associated with increased sperm motility, speed, and linearity of sperm
movement in Arctic charr (Salmoniformes: Salmonidae) (Turner and Montgomerie, 2002). More
research on cryptic choice in external fertilizers like osteoglossiforms will also provide insight
into their fertilization mechanisms. Considering the diverse and unusual combinations of
reproductive traits in osteoglossiforms, subsequent studies may elucidate novel methods by
which cryptic choice or sexual conflict act to promote fertilization. Moreover, osteoglossiforms
employ nearly all possible mating strategies, making them an advantageous system for exploring
the evolutionary basis and consequences of sexual conflict theory.

Sexual conflict may lead to coevolution in which females evolve to resist male mating

attempts that may be harmful to the female (Parker, 1979). This can be examined at the gametic
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level by comparing adaptations between eggs and sperm. Initial research on sexual conflict in
osteoglossiforms should investigate features often associated with sexual selection, such as
biased sex ratios in the population and polyandrous mating strategies. A second aspect could be a
more comprehensive study of egg morphology. Like all teleosts, the sperm of osteoglossiforms
lack an acrosome (Jamieson, 1991; Mattei, 1970). This absence is associated with the presence
of an egg micropyle, the only entrance within the egg which permits a single sperm to penetrate
the oocyte and enables attachment of the sperm to the egg’s plasma membrane. Once fertilization
is achieved, the egg swells, causing the sperm-guiding ridgelines to disappear as a means to
prevent additional incoming sperm from fertilizing the egg (Amanze and lyengar, 1990). The
eggs of notopterid N. notopterus have been described as having numerous external ridges around
the micropyle (Mookerjee and Mazumdar, 1946; Yanwirsal et al., 2017), similar to eggs of the
osteoglossids H. niloticus and Pantodontids (Britz, 2004; Daget, 1957). The chorion of mormyrid
P. isidori, however, has been described as smooth (Diedhiou et al., 2007). The vastly different
sperm morphology of these species indicates that further research is necessary for determining if
there are any similarities in their sperm-egg interactions. Visualization and SEM studies of
osteoglossiform eggs is strongly recommended in order to investigate for the presence of any
structural features (e.g., the radial micropylar furrows of Pantodon, H. nilotus, and N. notopterus
eggs) that may facilitate sperm entry (Britz, 2004).

Finally, the study of genetic basis and changes in genetic architecture that have led to
extreme specializations among osteoglossiforms has yet to be explored. The teleost specific
whole genome duplication event (TS-WGD), which occurred early in the teleost lineage, is a
potential source of genetic plasticity, whereby gene function may have been reallocated to lead

to the evolution of some successful reproductive strategies, such as the development of egg
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buoyancy required to survive in the open ocean (Finn and Kristoffersen, 2007). Nonetheless,
whole genome duplication events do not always lead to radiation, and the TS-WGD does not
satisfactorily explain why some teleost orders have exceptionally higher reproductive diversity
than others (Glasauer and Neuhauss, 2014). The degree of interaction between genetic material
and additional biological and environmental processes that shape teleost reproductive
adaptability remains largely unknown (Desjardins and Fernald, 2009; Wootton and Smith, 2014).
Given that genomes have now been sequenced for multiple osteoglossiform species (Scleropages
formosus, Austin et al., 2015; Bian et al., 2016; Paramormyrops kingsleyae, Gallant et al., 2017;
Arapaima gigas, Vialle et al., 2018; Mormyrus lacerda, NCBI Accession: JAABNX010000000;
Mormyrus iriodes, NCBI Accession: JAAGVU000000000; Brevimyrus niger, NCBI Accession:
JAABNY000000000; Gymnarchus niloticus, NCBI Accession: JAACJT010000000) these
resources could be leveraged to understand the genetic basis of some of the traits observed in
osteoglossiforms and enable comparative studies with other teleosts.

Situated at the base of Teleostei, osteoglossiforms have long been appreciated for
understanding early evolution of teleosts (Hilton and Lavoué, 2018). The development of their
diverse reproductive anatomy also highlights early plasticity integral for successive adaptations
across the teleost group. An increasingly integrative examination of osteoglossiform
reproduction is both feasible and has potential for uncovering a comprehensive understanding
spanning genomics to behavior. Morrow (2004) noted a research trend that remains relevant to
date: “curiously, sperm morphology and ultrastructure is often the first (and sometimes the last)
aspect of an organism’s reproductive biology that is examined.” Relating this information to
behavioral traits and observations about mating systems will help untangle the selective forces

that drive and connect anatomical, physiological, and behavioral adaptations. Other than

123



examining sexually dimorphic electrical signaling in mormyrids, little research has examined
osteoglossiform reproductive strategies for signposts of sexual selection. Yet, osteoglossiforms
embody morphological traits with clear form and function relationships that are opportune for
studies seeking to sort intrasexual from intersexual selection. In this manner, identifying general
patterns in osteoglossiform morphology may help clarify the rules governing sperm competition,
whereas applying an understanding of those rules to osteoglossiform reproductive behavior and
morphology may explain their diversity. Considering that osteoglossiforms are the most ancient
living teleost order, evaluating their reproductive diversity may shed key insights into the role of

reproductive adaptations in large-scale teleost speciation.
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CONCLUSION

This work contributed new knowledge about the predator-prey interactions of
grasshopper mice and stink beetles, and new insight about the relationship between sperm
competition, sexual selection, and the reproductive biology of Osteoglossiformes fishes.
Befitting Krogh’s principle, grasshopper mice and osteoglossiforms exhibit exceptional traits
well-suited for studying particular problems in biology.

Grasshopper mice’s specialized predatory behavior is highly tractable for studies of
sensory biology and the genetic basis of behavior, while osteoglossiforms’ reproductive diversity
can inform investigations of form and function and speciation. Thus, like standard models,
research on these animals’ morphology and behavior goes beyond species-specific results to shed
light on broader biological processes. Moreover, grasshopper mice’s and osteoglossiforms’
relatedness to their standard model counterparts, lab mice and zebrafish respectively, highlights
the value of using these non-model organisms to evaluate biological questions at the same
organizational level across species. By comparing the exceptional traits of grasshopper mice and
osteoglossiforms within their own families and with traditional lab models, this dissertation
demonstrates that these non-model organisms provide novel perspectives to studies of ecology,
evolution, and behavior, as well as to broader applications of research that links genes to

behavior.

1. Grasshopper Mice
In Chapter 1, | showed that grasshopper mice have specialized behaviors that enable them
to be more efficient predators and consume different prey than related desert rodents. Compared

to deer mice and pocket mice, only grasshopper mice attacked and consumed highly caloric stink
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beetles in spite of being sprayed in the eyes, nose, and mouth with high concentrations of the
beetles’ benzoquinone defenses. As depicted in Figure 1.1 in Chapter 1, grasshopper mice
attacked beetles more than they attacked crickets, which lack chemical defenses. Moreover,
grasshopper mice oriented their attacks towards the beetles’ heads more than their abdomens,
although attacking the head did not appear to reduce their handling time of prey. Beetles
represented challenging prey for grasshopper mice: larger beetles took longer to subdue than
smaller beetles and crickets took less time to incapacitate overall. Figure 1.2 in this chapter
shows that rodents performed different amounts of total defensive behaviors in response to either
crickets or beetles, but grasshopper mice were the only species to exhibit face shoveling behavior
upon encountering beetles. Nonetheless, grasshopper mice were much quicker at Killing crickets
than deer mice. This study therefore provides support for a connection between grasshopper
mice’s adaptive predatory traits and their uniquely carnivorous dietary niche among rodents
within a resource-poor desert. Other rodents’ aversion to the stink beetles’ chemical spray
suggests that grasshopper mice may have an underlying physiological or genetic mechanism that
protects them from the spray’s noxious effects.

Grasshopper mice’s exceptional hunting strategies, especially when compared to
omnivorous deer mice, allow them to serve as convenient models for testing foraging theory
concepts using a predator with multiple prey types as well as the limitations and plasticity of
aversive conditioning. Foraging success may largely be defined by their ability to speedily
evaluate sensory cues and assess the risk of consuming certain prey (Rowe and Rowe, 2006)
combined with their quick capture and consumption of food to turn an energetic profit
(Slobodchikoff et al., 1987). Both juveniles and adults appear capable of learning to improve

their hunting strategies through experience (Cyr, 1972; Slobodchikoff et al., 1987). However, it
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remains unclear the extent to which they employ prey-specific strategies compared to generalist
strategies, and there is conflicting evidence regarding which sensory cues or experiences are
required for them to undergo aversive conditioning (Langley, 1981; Whitman et al., 1986).
Resolving these questions in grasshopper mice could potentially reveal new information about
learning pathways and how they are shaped by the environmental and selective forces that
determine a species’ dietary niche.

In Chapter 2, | used a two-bottle choice test to demonstrate that grasshopper mice are as
gustatorily sensitive as omnivorous house mice to the benzoquinone found in stink beetles’
spray. As shown in Figure 2.1 from this chapter, both grasshopper mice and house mice
preferred water to benzoquinone; their aversion to benzoquinone was present at concentrations
ten times lower than those that grasshopper mice encounter when they consume stink beetles. 1
also demonstrated in Figure 2.2 that compared to related rodent species, grasshopper mice have
mutations in their TRPA1 receptors, a chemical sensor activated by benzoquinone, that may
mediate differences in their chemosensitivity and predatory behavior. Differential expression of
TRPAL and the relationship between hunger and taste sensitivity are two factors discussed in this
chapter, among other possible explanations, that need to be tested to understand why grasshopper
mice consume noxious chemicals. Taken together, this work underscores that the physiological
process enabling grasshopper mice predatory behavior is likely due to complex interactions
between the structure and expression of genes activated by benzoquinone combined with
gustatory, olfactory, and chemosensitive mechanisms.

Grasshopper mice have the potential be valuable biomedical models. Their ability to
consume noxious and toxic prey without adverse effects makes them suited for expanding

current research on the relationship between palatability and postingestive effects on diet and
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health; this research typically relies on standard rodent models. Moreover, elucidating the effects
of mutations in their TRPA1 channels, especially the cysteine variants identified in Chapter 2,
may inform understanding of the role this generally conserved channel plays in chemosensation
and basic function. TRPA1 has been implicated in inflammatory and neuropathic pain
throughout the body, including skin irritation, itch, dental sensitivity, migraine, arthritis, and
respiratory disorders (Benemei et al., 2013; Caceres et al., 2009; Fernandes et al., 2011; Haas et
al., 2011; Mukhopadhyay et al., 2011; Sekiguchi et al., 2009; Wilson et al., 2013). It is also
connected to acquired diseases, such as cardiovascular, gastrointestinal, and urogenital disease,
which has led to numerous reviews seeking to integrate the channel’s function with knowledge
of its structure, sequence, and activation pathways (e.g., Mickle et al., 2015; Nilius et al., 2012;
Paulsen et al., 2015; Talavera et al., 2020; Viana, 2016). As such, TRPAL has become widely
recognized as a promising therapeutic and analgesic target over the last decade (Andrade et al.,
2012; Banzawa et al., 2014; Chen and Hackos, 2015; Dai, 2016; De Logu et al., 2019; Fresno et
al., 2014; Garrison and Stucky, 2011; Mukhopadhyay et al., 2016; Radresa et al., 2013). Work
on grasshopper mouse TRPAL contributes to the growing research that has described the
adaptive value and biomedical applicability of natural variation in TRPAL, both in traditional
laboratory species, like frogs (Nakatsuka et al., 2013) and flatworms (Arenas et al., 2017), and in
non-model species, such as snakes (Gracheva et al., 2010) and mole-rats (Eigenbrod et al., 2019;
Smith et al., 2020).

Mutations in grasshopper mice’s TRPA1 sequences can also inform evolutionary
questions that use this conserved ion channel as a bioinformatics tool. TRPAL channels have
undergone intense evolutionary selection as chemoreceptors in organisms of very different

lineages (Gracheva et al., 2010). Subsequently, TRPAL channels provide new genetic and
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physiological markers to identify evolutionary relationships across the animal kingdom
(Gracheva et al., 2010).

Grasshopper mice are useful non-model models in part due to extensive research
conducted on related rodents. Deer mice, close relatives of grasshopper mice, have become
increasingly popular as emerging models for linking genes to behavior (Bedford and Hoekstra,
2015; Bendesky et al., 2017; Weber et al., 2013). New research on grasshopper mice can take
advantage of infrastructure built for traditional house mice models and join both house mice and
deer mice in a comparative framework for addressing the genetic underpinnings of behavior

within evolutionary and biomedical research.

2. Osteoglossiformes

In Chapter 3, | evaluated the influence of sperm competition and sexual selection in
shaping the diverse reproductive morphology and behavior of osteoglossiforms, an ancient group
of teleost fishes. Many of osteoglossiforms’ reproductive traits indicate that they experience low
levels of sperm competition. Most species have singular gonads; two families, mormyrids and
gymnarchids, are the only vertebrates known to have aflagellate sperm. Most families also
exhibit modified anatomy often associated with internal fertilization, even though they perform
external fertilization; potentially, osteoglossiforms may exist at a midpoint in the evolutionary
transition from external to internal fertilization. Their ancestral position among teleosts suggests
that understanding the selective forces that shaped osteoglossiform diversification may help
improve understanding of the processes that drove early teleosts’ adaptive radiation.

Osteoglossiforms may be a useful model for research seeking to test the relationship

between reproductive traits and speciation. In combination with ecological selection, sexual
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selection can generate reproductive isolation (Kraaijeveld et al., 2011; Panhuis et al., 2001,
Ritchie, 2007; West-Eberhard, 1983), potentially through diversification of genes involved in
sexual reproduction (Carson, 1997; Ferris et al., 1997; Lande, 1981; Singh and Kulathinal, 2000;
Swanson and Vacquier, 2002). Investigating the genetic bases of osteoglossiforms’ reproductive
traits, including the genes involved in spermatogenesis, sperm-egg interaction, and sperm
morphology, could resolve phylogenetic disputes and enigmatic species differences among
osteoglossiform families (Hilton and Lavoue, 2018). For instance, research on closely related
species of Indo-Pacific sea urchins found that these species may have diverged due to species-
specific differences in gamete recognition proteins that became fixed at the time of speciation
(Metz and Palumbi, 1996). In some Drosophila species, testis and male seminal fluid proteins
have lineage-specific bursts of accelerated evolution and positive selection (Haerty et al., 2007)
that may be involved in speciation due to their role in post-mating effects, such as reducing
female receptivity to remating (Ravi Ram and Wolfner, 2007). Subsequently, any work using
osteoglossiforms as a model system to examine the selective pressures and genetic changes that
contributed to teleost speciation would benefit from more information on osteoglossiform egg
micropylar structure, female gametic proteins, and sexual conflict.

Research on adaptive radiation and reproductive behavior has focused on one particular
osteoglossiform family, Mormyridae, by investigating the evolution of these fishes’ diverse
electrical signals in contributing to reproductive isolation. Sexual selection and sensory evolution
have been considered to drive speciation in Paramormyrops spp., which demonstrate rapid signal
evolution (Arnegard et al., 2010; Carlson et al., 2011). Due to available genomics resources for

mormyrids and extensive work on their physiology, electrosensory systems, and mechanisms of
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electric signal generation and reception, mormyrids have been called an emerging model system
for identifying cellular mechanisms of behavior (Carlson and Gallant, 2013).

The diversity of osteoglossiforms’ reproductive behavior also enables this group to serve
as a model for understanding the evolution of fertilization strategies and parental care. Many
species exhibit different combinations of features attributed to both external and internal
fertilization, which makes them useful for empirically testing the contribution of sexual selection
and environmental constraints to these traits. In addition, osteoglossiforms appear to exhibit
every type of parental care demonstrated by other teleosts. Multiple species perform paternal,
maternal, and biparental care, while others lack parental care entirely. With the exception of
mormyrids, there appears to be a correlation between high sperm competition and parental care
in osteoglossiforms. Osteoglossiforms may therefore be a useful comparative model system, like
Cichlidae (Gonzalez-Voyer et al., 2008), for investigating the role of sexual selection in the
evolution of parental care from the ancestral state of no care.

Osteoglossiforms may serve as a model for body development due to one of their most
distinctive and enigmatic features — singular gonads. All osteoglossiforms studied to date have
unpaired gonads with the exception of one species, Pantodon buccholzi, whose taxonomic
position has been under debate (Lavoué, 2016). Revealing the genetic basis of this trait may
reveal new information about the origins and mechanisms of body asymmetry, especially since
singular gonads are found in ancestral species like the coelacanth (Millot et al., 1978).
Investigating potential orthologues of these genes in fish and bird species with unpaired gonads
may be the first step towards developing functional hypotheses related to the adaptive value of
singular gonads, such as whether they evolved as a means of promoting egg survival (Guioli et

al., 2014).
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The ability to link genotype to phenotype in osteoglossiforms is especially important for
conservation genetics and management due to the evolutionary effects of fishing and adaptation
to environmental change (Naish and Hard, 2008). Spread across five continents, many
osteoglossiforms are of commercial interest and threatened by native habitat loss (Castello et al.,
2015). The Asian arowana (Scleropages formosus) is the most expensive fish in the exotic
aquarium pet trade due to its vivid color morphs and there has been extensive interest in
identifying the genes responsible for its pigmentation (Austin et al., 2015; Bian et al., 2016;
Fernando et al., 1997; Manoharan et al., 2011; Shen et al., 2014; Yue et al., 2020; Yue et al.,
2006b). Further development of genetic markers for its different colored phenotypes would be
helpful for breeding and maintaining genetic diversity of this species (Rahman et al., 2010; Yue
et al., 2002; Yue et al., 2006a; Yue et al., 2004). These efforts, combined with a more detailed
understanding of osteoglossiform courtship, parental care behaviors, and how to induce
reproductive behavior in captivity, would be invaluable in saving these species from extinction

and enabling their reintroduction to the wild (Fernando et al., 1997; Yue et al., 2020)

Final Remarks

In an editorial piece entitled “The Institute for the Study of Non-Model Organisms and
other fantasies,” William Sullivan imagines an entire research center designated for learning
about the “countless examples of organisms with fascinating biology that have been largely
overlooked by the molecular and cell biologists” (Sullivan, 2015). Osteoglossiforms and
grasshopper mice would clearly find a home in this imaginary institution. Although the definition
of “model organisms” remains up for debate, the growing promise of nontraditional model

species suggests that we may require a larger consensus regarding whether to incorporate non-
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laboratory species under this umbrella term, or establish a new term for these exemplary
organisms with specialized traits. Species-agnostic genomics tools and infrastructure has
changed the future of non-model species so that they are becoming more tractable systems for
use in existent laboratories. Equipment has also become increasingly smaller, portable, and
durable, meaning that research previously only practical in the lab can now be conducted in the
field and on a greater variety of organisms. Depending on the biological question of interest, the
choice of study species for addressing that question is not necessarily restricted to organisms that
can be raised or kept long-term in captivity. Rather, a comparative biology approach may allow
for the expansion of Krogh’s principle, such that specific model systems that include a traditional
model species and related species, rather than a single organism, may become the most
convenient tool for examining a biological question from genes to behavior. Refinement of
techniques practiced on traditional models suggests that realizing the potential of non-model
species may no longer be an imaginative fantasy, but a feasible and welcome integration of new

perspectives in the scientific community.
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