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ABSTRACT

Understanding the ultimate and proximatechanisms of spadefoot tadpole
developmental polyphenism is the first step in gaining a mechanistic and evolutionary
understanding of the factors responsibletifier control and evotion of polyphenism and
the connection between the environmenhaggpe, and phenotype. Tadpoles of the
spadefoot toa&pea multiplicatandSpea bombifronsan display either a “typical”
omnivorous phenotype or a carnivorous phemaiypephemeral ponds in the deserts of
the American Southwest. In chapter & thtimate (environmental cues and behavior)
mechanisms of carnivore development wakestigated. Out of over one thousand
tadpoles used in the chapter 1 study, ddyotal carnivore phenotypes were identified,
which were spread out amoddgferent temperature, footype, density, and substrate
treatments. Additionally, no evidence wasrid that muscle use differences, for the two
behaviors quantified, are associated with nrmyagement in the carnivore phenotype. In
chapters 2 and 3 the proximate (allomghistology, and cellular proliferation)
mechanisms were investigated. In chatdrait allometry was investigated to
determine how traits are gravg in carnivores relative to arivores and relative to other
traits. It was found that the omnivore diyenental program was modified to produce
the carnivore phenotype by traipecific heterochronic changeand although most traits
in omnivores were negatively allometr@arnivores showedraixture of negative
allometry, positivaeallometry, and isometry. Alsorgting is that these traits are

modified, at least atistically, as two ditinct groups, suggesting trait modularity.

Finally, in chapter 3 histological and cefluregulation of carnivore myoenlargement
was investigated, relative to omnivordswas found that myoenlargement of the
orbitohyoideus jaw and tail muscles in thent@ore phenotype is due to both hyperplasia
and hypertrophy, relative to the omnivore phgpet and the timing of each process and
regulation differences between and withiae ffhenotypes, suggest there may be at least
three different developmental events regjntacarnivore myoenlargement. Finally, the

BrdU analysis showed thaven though it was predictéloiat carnivores would show

Xii



more labeled daughter nuclei, becaustheir myoenlargement, omnivores, in fact,
showed significantly more daughteuclei or no significant differendeom carnivores.

Xiii



INTRODUCTION

Understanding the process of evolutionfisundamental importance not only for
the field of evolutionary bialgy but also for biology in general. In fact, from the most
reductionist molecular studies to the broadésvolutionary qustions, understanding
genetic and phenotypic differences amand between organisms and between
phenotypes has proven importémall researchers working in a comparative framework.

Developmental polyphenism is thepegssion of multiple, discrete phenotypes
from one genotype, and has long beemtdrest to biologists (Mayr 1963).
Developmental polyphenism has beenliogied in many biological systems where
alternative developmental strategies hmiganisms cope with changes in community
composition (Van Buskirk and McCollum 2000; Relyea 2001a, 2001b), mating-strategies
(Emlen 1994; Moczek and Emlen 1999), dgnfHoffman and Pfennig 1999; Michimae
and Wakahara 2002), habitat longg\(iPfennig 1990, 1992a, 1992b), and season
(Brakefield and Mazzotta 1995; Nijhout 1999)etermining the ultimate and proximate
mechanism(s) controlling trexpression of ontogenetic polyptiem is the first step in
elucidating the underlying developmental meaisms of this process and the selective
factors that may have beerspensible for its evolution.

In many vertebrate and invertebrate systems the ultimate and proximate control of
developmental polyphenism is well understodlsome ambystomatid salamanders the
density of conspecifics mediates the depeent of the broad-headed carnivorous
phenotype (Hoffman and Pfennig 1999), arelfiequency of that phenotype may be
increased by the presence of heterospeaifuran tadpoles (Michimae and Wakahara
2002). Other species of ambystomatid salzueas display facudtive paedomorphosis;
some individuals metamorphose and move tartd while others remain sexually mature
larvae (Whiteman 1994). The latter rettie ability to metamorphose and may do so
under laboratory stress (Brandon 1976). Samgan tadpoles alter tail morphology and
body size in response to the presence edgtors (Van Buskirk and McCollum 2000;
Relyea 2001a). For example, tadpolesigia versicolormay develop brightly colored
tail fins in the presence éfhaxpredators (Van Buskirk and McCollum 2000). In some
species, effects of these responsey last into adulthood (Relyea 2001b).



In insects, polyphenism is induced lmany factors, such as temperature,
photoperiod, crowding, pheromones, anet dNijhout 1999).1n the butterflyBicyclus
anynanaventral eyespot size is determined hyddrearing temperature (Brakefield and
Mazzotta 1995), and understanding this ecoldgisaociation has led to further studies
on the hormonal control of ventral winget formation (Brakefield et.al. 1998).
Caterpillars oNemoria arizonarianormally resemble oak twigs, but those developing in
the spring feed on and mimic oak catkingg€he 1989). Finally, horn length in adult
dung beetles is determined by the size ef‘ttrood ball” in whid larvae are reared
(Emlen 1994; Moczek and Emlen 1999). Thasejust a few examples of ultimate and
proximate mechanisms that govern the egpion of developmental polyphenisms.
Determination of the environmental mechanismthese systems has been important in
continued research into the developmeataitrol and the ecological and evolutionary
implications of polyphenism (Brakefielthd French 1999; Nijhout 1999; Emlen and
Nijhout 2001; Schlichting and Smith 2002).

Spadefoot-toad species have been implicated promising model for vertebrate
systems that might provide insights itb@ mechanistic control of developmental
polyphenism at the molecular, hormonaildanorphological level (Hall and Larsen 1998;
Gilbert 2001; Hall et al. 2002fichimae and Wakahara 2002). Larvae of the spadefoot
toadsSpea multiplicatandSpea bombifronshow a striking polyphenism in which a
“typical” filter-feeding larva is transforngeinto a carnivore that actively preys on
microcrustaceans and conspecifics. Thaigarous phenotype develops 3-5 days after
hatching and is characterized by an enlatggatl, enlarged jaw musculature, shortened
intestines, and increased keratinizationh& mouth to form a beak (Pomeroy 1981;
Pfennig 1990, 1992a, 1992b). This polyphenistiought to have evolved as an
adaptation for survival in tempany pond environments (Pfennig 1990,1992b).
Temporary ponds are extremely short-liveaytlare filled by rainwater and may dry in
as little as a week withowegular refilling. In these emanments survival depends on
the ability to develop and metamorphaapidly. Individualsof the carnivorous
phenotype have been shown to have a competitive advantage in rapidly drying ponds
because they metamorphose sooner thamvares (Pomeroy 1981), thereby avoiding
desiccation. Conversely, in long-livednds, omnivores have higher survival at



metamorphosis because of thgrieater fat reserves and diyeinto healthier juvenile
toads. Evidence therefore supports fitrtesde-offs between becoming carnivorous and
remaining omnivorous (Pfennig 1990, 1992b). Although much is known about the
evolution and ecology of spadefoot polyphenisttie is know regarthg its ultimate and
proximate regulation.

The focus of this dissertation iswaderstand the reguian of spadefoot
developmental polyphenism from the ultimate (environmental and behavioral) to the
proximate (histological and cellular) levelé. series of experiments and assays were
conducted at increasingly reductionistdés in order to understand (1) what
environmental and behavioral factors e¥gulating developmerf the carnivore
phenotype; (2) how are individuahits changing in carnivoraslative to omnivores and
relative to other trés and which phenotypic traits stamportant for distinguishing
carnivore phenotype from that of the omnioand (3) how are changes in the jaw and
tail musculature regulated at the histotagiand cellular level? Answering these
guestions will provide an exceptional stant #oresearch program with the ultimate goal
to understand the complex regulatiordefzelopmental polyphenism, from the

environment to the molecular mechanisms.



CHAPTER 1

ULTIMATE REGULATION OF SPADEFOOT DEVELOPMENTAL
POLYPHENISM, ENVIRONMENTAL AND BEHAVIORAL FACTORS

Introduction

Researchers have long recognized theoirtance of large-scale evolutionary
developmental events, such as evolutiothefamniotic egg (Liem et al. 2001), but
recently investigators have begun tade on more “fine-scale” developmental
differences among taxa and phenotypes farave understanding of the evolutionary
process (Felix et al. 2000; Wray and Log2@00; Gibson and Honeycutt 2002; Herrero et
al. 2002; Shapiro 2002; Brakefield et2003; Rudel and Sommer 2003). One of these
developmental phenomena is polyphenism, which is the expression of multiple, discrete
phenotypes from one genotype, and has long beenerest to biadgists (Mayr 1963).
Most studies of developmental polyphenism have focused on understanding its
environmental regulation (reviewedMjhout 1999) because this knowledge is
fundamental to understanding the evolutionamycess and linking the environment to
development and to evolution.

Spadefoot toads spend the larval stagief biphasic life cyd in rapidly drying
temporary ponds, and because the dryingahtkese ponds can be unpredictable,
spadefoot larvae are susceptible to asepkionally high degree of larval mortality
(Newman 1987). Two specie$ spadefoot toadsSpea multiplicataandSpea
bombifron$ have evolved a developmental s#gy to counteract the unpredictable
nature of their larval environment. Larvaiethese species show a striking polyphenism—
—although data presented in the curremtigtguestions whether it is in fact a
polyphenism—in which a “typical” filterefeding tadpole is transformed, in both
morphology and behavior, into a carnigdFigure 1.1) that actively preys on
microcrustaceans and cannibalizes ceodjrs (Pomeroy 1981; Pfennig 1990). All
tadpoles hatch with the same phenotype, bueslarvae soon transform into carnivores,
which are fully recognizable dittle as three days after tthing. By mid-development
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Figure 1.1 Phenotype comparison of carnivore (c) and omnivore (o) larvae showing
the superficial differences between phenotypes at premetamorphosis,
prometamorphosis, and metamorphic climharvae in comparison pictures are at the
same stage of development. Phenotypic diffees first emerge 3-5 days after hatching
(premetamorphosis) and the morphs showr thigigest differences at mid-development
(prometamorphosis). Finally, carnivor@sd omnivores begin to converge at
metamorphosis and are indistinguishable after metamorphosis.




larvae are strikingly distinéh both morphology and behavioFinally, at metamorphosis
the phenotypes begin to show morggital convergence (Figure 1.1), and upon
emergence from the pond show no phenotypic differences.

Phylogenetic analysis (Garcia-Parisaet2003) and developmental comparison
(Pfennig 1992a, 1992b; Storz unpubksl) have clearly shown that the omnivore-only
phenotype is the ancestral spadefoot wamtlition and polyphenism—the ability to
become a carnivore or remain an omniveis-the derived, evolved condition in these
two species of North American spadefoads. The phenotypes are so dissimilar that
they were originally classified as diffent subspecies (Turner 1952).

Carnivores show an increased depehental rate. Carnivorous tadpoles,
therefore, can quickly develop and nrataphose to escape a rapidly drying pond.
Omnivores, on the other hand, feed primaoitydetritus and algae (Pomeroy 1981) and
take longer to develop. A longer developmeérdte results in in@ased susceptibility to
mortality in rapidly dryingoonds, but omnivores show better postmetamorphic survival
rates (Pfennig 1992b). The differences in pesé&mmorphic survival rates are believed to
be due to differences in fat storage dullemyal development. Omnivore larvae have
relatively large fat bodies while carnivoreave essentially no fat bodies (Storz
unpublished data), and because metamorphoars énergetically taxing event, increased
omnivore survival post metamorphosis is likely do¢heir greater fat storage. Thus, in
terms of polyphenism as an evolved strategw, litetter to become a carnivore if a pond
is drying rapidly, but it is k&er to remain an omnivoiéthe pond is longer lived
(Pfennig 1992b).

The ultimate and proximate mechanism model of spadefoot developmental
polyphenism induction was originally proposed by Pomeroy (1984 Péennig (1992a).
According to the model, carnivore démement was thought to be induced in young
larvae by feeding on fairy shrimp, a freshter crustacean common in temporary ponds,
or cannibalizing other spadefoot tadpokesd from eating these prey items tadpoles
would sequester thyroid hoone, which would induce caxure development. This
model was later investigatéa another study (Storz 2004nd some aspects of the
model were either shown to be incorrectalied into question. For example, feeding
on conspecifics and thyroid hormonerevé&oth shown not to induce carnivore



development, while feeding on fairy shrirmgused morphological changes associated
with field-collected carnivores, but did naduce all changes seen in field-collected
animals (e.g. jaw muscle size increaseddmatk morphology did not change). A second
potential problem with the model is that ywine trait, allometric disparity of the
orbitohyoideus jaw muscle, was quantifiedhe original studies to denote whether a
tadpole had transformed into a carnivoreéemmained an omnivore, but carnivores, in
fact, show many trait differences relativeoimnivores (Table 1.1). The orbitohyoideus
jaw muscle is not necessarily the best traiide, at least by itselfo determine carnivore
or omnivore phenotype. The oribitohyoideus jauscle, like all skeletal muscles, can
rapidly change morphologically and physigically depending ofunctional demand.
Hence, if a tadpole is fed a food item ie faboratory in an attempt to induce the
carnivore phenotype and the fobeim is harder/softer or differs in some other type of
texture in one treatment relative to ameat (which occurred in both Pomeroy 1981 and
Pfennig 1992a), it becomes difficult to intezpwhether the morphological change of the
muscle is purely a functional response jmeledent of becoming a carnivore or whether
the carnivore developmental program has kaegtivated, and to further complicate the
matter, these events are most likely notumally exclusive. As evidence of the
orbitohyoideus functional response, Pomg1881) has shown that feeding spadefoot
tadpoles lettuce causes the orbitohyoidewsnascle to become larger, similar to
tadpoles fed fairy shrimp, but even though the lettuce-fed animals could presumably be
categorized as “carnivores” or carnivorkelj using the methods of Pomeroy (1981) and
Pfennig (1992a), no researchers have done so.

No one trait should be used to determine the induced phenotype but rather a
compilation of traits. Even traits the¢em somewhat bimodal, beak morphology for
example (see Storz and Travis 2007), acebent indicators of phenotype early in
development, but become less disparate éetvecarnivores and omnivores as carnivores
become older (Storz unpublished data), pnesbly due to usage wear. Pfennig and
Murphy (2002) developed, and later refinedPiiennig et al. (2006gnd Pfennig et al.
(2007), a metric termed the “morphological irtithat combines three measurements of
the trophic apparatus to distinguish fieldleoted omnivore and caivore tadpoles. The
morphological index has not plieusly been used to disguish laboratory-induced



Table 1.1 Compilation of studies investigatingVal polyphenism in spadefoot toads.
Each trait shows either an increasefl growth rate, decreased)(growth rate or no
difference (-) in carnivores, relative to omnivores.

Carnivore  Omnivore Reference
Trait
Jaw Musculature
Orbitohyoideus 9 ; Pomeroy 1981; Pfennig 1992; Storz
2004; Storz and Travis 2007
Interhyoideus 9 ; Pfennig 1992; Storz and Travis 2007
Hyoangularis 9 ; Storz and Travis 2007
Head Shape
Head Width i i Storz and Travis 2007
Head Length i i Storz and Travis 2007
Tail Shape
Tail Muscle Height 9 ; Storz and Travis 2007
Tail Fin Height 9 ; Storz and Travis 2007
Tail Length 9 ; Storz and Travis 2007
Feeding mode
Protein in Diet 9 ; Pomeroy 1981
Intestine Length ; 9 Pfennig 1992; Storz and Travis 2007
Beak Pointedness 9 ; Pfennig and Murphy 2002
Fat Bodies ; 9 Storz personal observation
Other
Melanization ; 9 Pomeroy 1981; Pfennig 1992
Snout-to-vent length 9 ; Storz 2004
Development Rate 9 ; Pomeroy 1981; Pfennig 1992




carnivores; this metric is used for the fitisne in the current study.

In addition to the reasons discussddve for re-examining the polyphenism
induction model, the effects other factors such as temptire and density on carnivore
induction have not been tested. Fairymigridensity is positively correlated with
carnivore phenotype frequenayhich led to the initial fay shrimp induction hypothesis.
The high fairy shrimp density is also jgosely correlated with pond temperature and
pond-drying rate, whereby, hotter rapidly enyiponds show higher densities of fairy
shrimp (Pfennig 1990), but neither the effettemperature differences alone nor
temperature co-varied with shrimp haweh investigated. Likewise, high relative
densities are well known to induce polyphenism in Ambystomatid salamanders (Pfennig
and Collins 1993)—a large cannibalistic phgpetdevelops at high densities—nbut this
factor has not been investigated.

An additional ultimate factor, other théime environmental cues discussed above,
that may elicit phenotypic differences betweannivores and omnivores, at least for
skeletal muscle, is behavioral differencesnuscle use. Relative differences in muscle
use are well known to have effects on musetgphology and physiology. For example,
skeletal muscle can show dramaticrptwlogical, physiological, biochemical, and
biophysical modifications in responsedndurance or strength training, including
changes in myofiber composition, size (hypswhy) and numbemhfperplasia) (Fluck
and Hoppeler 2003; Fluck 2006).

In the current study a battery of industiassays were carried out, varying food
type, temperature, densities, substratescantbinations thereof, with two different
spadefoot specieSpea multiplicatandSpea bombifror)dn order to elucidate the
environmental factor responsible foduction of the carnivore phenotype and to
hypothesize a new or refine the existingwasre induction model. Additionally,
potential behavioral muscle-use diffeces was investigated, quantifying mouth
movement cycles and swim time (withoaidawith fairy shrimp) between carnivores and
omnivores within and between different pomasl over a developmental series from one

pond.



Methods
Induction assays

Field-collected tadpole analysis

Naturally developing omnivores and saores were collected from Dearing
Pond (approximately 1.6 km north of Portal Road), Rock Tank Pond (N 31.944783,
W109.1173333), and Ava Ranch Pond (NMgE445 W10998'453, Cochise County,
Arizona for a total of 373 tadpoles usedhe field-collectednorphological index
analysis. Animals were collected from multiple ponds in order to represent a better
estimate of carnivore and omnivore phenotyaeation that may exist in a natural
population. Tadpoles were oetited by dip net or seir@ad sorted according to
phenotype and Gosner stage (Gosner 19BOgnotype was easily determined by
superficial inspection of the beak morpbgy, jaw musculature, dsoventral flattening,
and coloration (Pomeroy 1981; Pfennig 1990, 1992a). Larvae were immediately
euthanized with an overdose of MS-221%1 preserved in 10% formalin or 1%
paraformaldehyde in 80% phosphate buffered saliepending on future analysis needs.

Laboratory-induced group tadpole analysis

Two pairs of adulSp. multiplicataand the same number of ad8ft. bombifrons
were chosen arbitrarily arabllected in Cochise County, kona. All induction assays
were conducted at the Southwestern Rese@tation, Portal, Arizona, in temperature-
and light-controlled research facilitiegintained at 23-26°C and on 12-h light/dark
cycles. Pairs were placed in separate aguand breeding wasaduced by injection of
both males and females with 50 to 10@f 1 g/100 | GnRH agonist [des-Gl, (D-

His (Bzl)°)-luteinizing hormone releasing hoome ethylamide] (Buchholz and Hayes
2000). Animals subsequently mated, and by the following day multiple clutches of eggs
were present in each aquaria. Larvae hatdi8edl later. At 72 h yolk was fully absorbed
and larvae were transferreddrperimental conditions.

In the main experiments the potential environmental factors temper&fure (
bombifronsandSp. multiplicaty, presence of, and presumably feeding on, fairy shrimp
(Sp. bombifroneindSp. multiplicaty, density Sp. bombifrongnly), and pond substrate
from a know carnivore pond&p. multiplicataonly) and all combinations thereof were

tested. Temperature differences wereldstaed using wading pools two of which had
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aquaria pumps and hot tub heaters attached; the cold treatment wading pool had no
pump/heater attached and fluctuatezhgl with room temperature. High/low
temperatures and fluctuation cycles froniunal spadefoot ponds were determined using
data loggers in the field (unpublished datajd this data was used to establish
temperature treatments and fluctuation cyaiabe laboratory. Temperature treatments,
therefore, closely mimicked natural pond-tergiure variation and daily fluctuations
among ponds that contain carnivorous tadpoRaemps and heaters were turned on every
morning at 7 a.m. (natural ponds begin to warm) and turned off at 5 p.m. (beginning of
natural pond cooling). The coolest avertgaperature for high, intermediate, and cold
treatments was 24.4, 23.8, and 22°C respectivEhe warmest average temperatures for
high, intermediate, and low were 37.6, 32.6, 24@®°C respectively. Circular pieces of
plywood, siliconed to Styrofoam, were fted on top of each wading pool and each
plywood/Styrofoam piece had 14X14 cm holes cut, each of which could hold a 1-liter
plastic container that was mostly submerged the different temperature water and in
which tadpoles could be reared in a specifatment but separate from other tadpoles in
the same temperature treatment. Each 1-liter container was filled with dechlorinated well
water and 3 day-old (72 hour) tadpoles weregaano containers according to experiment
and treatment.

For theSp. multiplicataassay, 3 plastic 1135.6-litpools were used, each of
which had plywood/Styrofoam flead on top with 32 holes cuhd a total of 4 treatments
with 8 replicates per treatmeper temperature pool. The presence of pond substrate
from a carnivore pond (substrat)d feeding on fairy shrimfghrimp-fed) was tested
along with temperature assignnenFive 3-day-old tadpolegere placed in each 1-liter
container for a total of 40 tadpoles per tneat (12 total treatments X 40 tadpoles = 480
experimental tadpoles). Treaénts are listed in Table 1.8nly 470 of the 480 tadpoles
are listed in Table 1.3 because ofptale loss due to random death, cannibalism by
carnivores, etc. of tadpoles during experiment.

The Sp. bombifronassay was scaled down and some of the treatments were
changed. Specifically, 3 plastic 567.84lif@ols were used, each of which had
plywood/Stryrofoam floated on top with 24 holas for a total of 4 treatments with 6
replicates per treatment per temperature p8obstrate was not tested in this assay, but
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instead density differences (4 per replidatelow and 8 per replicate for high) were
tested along with feeding on fairy shrimpdganjunction with temerature differences.
Four or eight 3-day-old tadpoles were plagedach 1-liter ontainer, depending on
treatment, for a total of 24 or 48 tadpoles fpeatment (6 treatmé&nX 24 tadpoles and 6
treatments X 48 tadpoles = 432 experiment#ptdes). Treatments are listed in Table
1.4.

Both experiments were in a block desigithin each temperature treatment, and
water in 1-liter containers was changed and animals were fed ad-libitum fairy shrimp or
control food (a finely groundhixture of 3 parts rabbit chow and 1 part Tetratniish
food) (Travis 1980) every other day. Expemtewere conducted for a total of 10 days
for bothSp. multiplicateandSp. bombifronsExperiments were terminated when
tadpoles had reached approximately GosragyesB5, which is the developmental stage at
which carnivores and omnivores begirstow their biggest phenotypic disparity.
Animals were immediately euthanized in@arerdose of MS-222 and preserved in either
10% neutral buffered Formalin or in 1P&ra formaldehyde in 80% phosphate buffered
saline, depending on future analysis neediéresearch was approved under ACUC
protocol #0020.

Laboratory-induced individual tadpole analysis

A subset of botlsp. multiplicataandSp. bombifronsadpoles were reared
individually in 2-liter plasticcontainers in a randomizedsign. Containers were placed
on shelving units in a separate room fritv@ main experiments discussed above and
water temperature was allowed to fluctualieng with the room fluctuations (23—26°C).
Containers were filled with Rters of dechlorinated well water and 3-day-old tadpoles
were placed individually in containers aoting to treatment. Treatments were brine
shrimp fed, control fed, or fairy shrimp féfable 1.5). Water was changed and animals
were fed ad-libitum brine shrimp, controtfaole chow, or fairy shrimp every other day.
Animals were collected, euthanized, andgarved in the same manner as discussed
above.

Phenotype for all tadpoles from all agsdfield-collected, laboratory-induced
group analyses, and laboratory-induced indigldanalyses) was determined in the same

manner. The Morphological Index (Mbetric developed by Pfennig and Murphy
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(2002) and later refined in Rfeig et al. (2006; 2007) wasadto determine phenotype.
The MI method uses principal component analysis to collapse multiple trait
measurements of the trophic apparatug(ottyoideus width (IH)orbitohyoideus width
(OH), and mouth parts (MP)) into one metriatthan be used to distinguish between the
carnivore and omnivore phenotyp&nout-to-vent length veameasured from the tip of
the rostrum to the vent on the ventral sidegsalipers. The ventral and lateral cranial
epithelium was removed from tadpoleslahe average width of the IH (two
measurements taken, one on each side ofdghtral midline, and averaged), average
width of the OH (each OH measured at widesint and averaged) were measured using
an ocular micrometer on a dissecting mggope. Finally, the mouth parts were
guantified according to thecale of 1 to 5 established by Pfennig and Murphy (2002)
whereby 1 distinguishes a beak thatasnpletely smooth with no projections, and
usually associated with the omnivore pbty/pe, and 5 distinguishes a beak with
multiple, sharp pointed projections, one ontihe at the midline and two on the bottom,
which is associated with éhmost carnivorous state.

The IH, OH, and SVL measurements, in millimeters, were log transformed, and
log IH and log OH were plotted separatabjainst log snout-to-vent length. For size
standardization, the residuals of log Ilfd against log SVLlresiduals of log OH
plotted against log SVL, and MP values wased in the principal component analysis
and a factor score was generated for eadjati@. This factor score is the phenotype
Morphological Index and the greater the Middfor score) the more carnivore-like the
tadpole phenotype.

Each laboratory-induced assay was analygitial a subset of the field-collected
omnivores and carnivores but separate foiher laboratory-induced assays. Young,
undetermined phenotype tadpoles (Gosner st2gesd 27) were removed before joint
analyses with laboratory-induced animals beeathey are effectively neither phenotype.
Thus, besides the MI analysis specific fa fleld-collected animals, | conducted four
other separate Ml anales, laboratory-inducegp. multiplicata(group reared) + field-
collected carnivores and onvores, laboratory-induce8lp. bombifronggroup reared) +
field-collected carnivores amamnivores, laboratory-inducesgh. multiplicata
(individually reared) + field-collected carnires and omnivores, and laboratory-induced
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Sp. bombifrongindividually reared) + field-collectedarnivores and omnivores. It was
necessary to analyze the laboratory-indueegboles in this manner because principal
components analysis uses subtraction oftban from each variable to standardize the
data around zero. Hence, two separate prihcipaponent analysesnnot be directly
compared (a laboratory-induced assay to field-collected tadpoles for example) because
different data likely have different varie@s, which result in different means and
standardization differencesti principal components anaiis. Analyzing laboratory-
induced and field-collected tadpoles togethitowed for determinatin of the laboratory-
induced tadpole MI’s, relative to theefd-collected tadpoles, both of which were
standardized in the same manner.

In each analysis the minimum Ml for the field-collected carnivores and the
maximum Ml for the field-colleted omnivores were determined. These MI's were used
to determine phenotype of laboratory-indutadpoles; laboratoryaduced animals with
an MI greater or equal to the minimum for tredd-collected carnivore were classified as
“carnivore”, and laboratory-induced animalgwan Ml less than or equal to the
maximum field-collected omnivore MI wentassified as a “omnore”. All other
laboratory-induced tadpoles not in these emwgyere classified and “unknown”. Total
number of carnivores, omnivores, and unknowase calculated for each treatment in
each assay.

Behavioral Analysis

To test for differences between cawore and omnivore muscle use and potential
variation among ponds, 20 carnivores and 20 gores were collected from Ava Ranch
pond (N3165'445 W10998'453, Rock Tank pond (N 31.944783, W109.1173333),
Cochise County, Arizona, and Javelpend, Hidalgo County, New Mexico, and 10 of
each phenotype were collected from Riatson pond, Cochise County, Arizona (Table
1.2). In addition, to test whether carnivoeesl omnivores show muscle use differences
at specific ages, a developmental senas collected from Rock Tank pond, 10 of each
phenotype at 5, 6, 8, 9, 10, and 13 days oltltaflpoles were collected by dip net or
seine, sorted according to phenotype, immediately returned live to the Southwestern

Research Station, and all trials weomducted within 5 hoursf collection.
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Table 1.2 Environmental differences amopgnds from which carnivores and
omnivores were collecteddm behavioral analyses.

Pond Depth Temperature ShrimpDensity
Javelina Pond Deep Cold High

Ava Ranch Pond Deep Cold Low
Richardson Deep Cold Low

Rock Tank Pond Shallow Hot Low

15



Carnivores and omnivores were initially placedsal end first, in a 5ml tube filled with
dechlorinated well water, allowed to acclimébr 30 seconds, and the number of mouth
movements (1 mouth movement equals Inopg'closing cycle) were counted for 2
minutes. After quantifying mouth movemetite same tadpoles were placed in a 1-

liter plastic container filled with dechlovated well water, allowed to acclimate for 30
seconds, and total time spent swimming g 2-minute period was quantified. An
additional step was implemented for thégales from Rock Tank. After swimming time
was quantified the same tadpoles were placeshather 1-liter plasticontainer, filled

with dechlorinated well wateand containing 10 fairy shrimp. Tadpoles were allowed to
acclimate for 30 seconds, and total timerggswimming during a 2-minute period was
again quantified. Potential mouth moverher swimming time differences were

analysed using a two-groupést (Systat version 9).

Results

Induction Assays

Field-collected carnivores and omnivost®w essentially a bimodal distribution
when log snout-to-vent length plotted against morpholaml index (Figure 1.2), which
should be expected if the morphologicalex metric is suitable for distinguishing
phenotypes. Undetermined juveniles, whoar&osner stages 247 and prepolyphenic,
fall mostly between the tweeparate phenotype clouds.

Few carnivores were induced in floeir separate assays regardless of
temperature, density, environment, or faggle. The first induction assay was wip.
multiplicata, for which temperatureubstrate, and food type were varied but all tadpoles
were reared in groups of fiy@able 1.3). Few carnivores were induced; in fact only 4
carnivores were produced fraitme 470 total tadpoles this assay. Most animals
remained as an omnivore (465), which is presumably the default phenotype if no
environmental cue is present. Of the foarnivores produced, there is no apparent
induction pattern; 2 were producedintermediate temperature/shrimp-fed treatments but
2 were also produced in cold temperatwatml-fed treatments. No carnivores were

produced in the hot temperaguregardless of food type.
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Figure 1.2 Log snhout-to-vent legth plotted against morphological index for field-
collectedSpea multiplicatdadpoles. Three distinct groups are recognized, omnivorous
phenotypes |), carnivorous phenotypes); and undetermined juveniles)(whom are
Gosner stages 26 and 27 (hind-limb bud formation) and 3 days old.
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Table 1.3 Number ofSpea multiplicataarnivore, omnivore, and unknown phenotypes
produced in each treatment. Four carnivevese produced but not in any one specific
treatment.

Treatment Carnivores Omnivores Unknown
Cold/substrate/shrimp-fed 0 28 0
Cold/substrate/control-fed 1 22 0
Cold/shrimp-fed 0 35 0
Cold/control-fed 1 33 0
Inter/substrate/shrimp-fed 1 69 0
Inter/substrate/control-fed 0 31 0
Inter/shrimp-fed 1 31 1
Inter/control-fed 0 35 0
Hot/substrate/shrimp-fed 0 83 0
Hot/substrate/control-fed 0 30 0
Hot/shrimp-fed 0 35 0
Hot/control-fed 0 33 0
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The Sp. bombifrongnduction assay producedore carnivores thap. multiplicatebut

still at a low frequency, 28 carnivareut of 417 total tadpoles in tB@. bombifrons
assay (Table 1.4). Temperature, food typel, d@ensity were varied in this assay, and
most of the carnivores were spread oubagithe cold and intermediate temperature
treatments. A number of the tadpoles waategorized as “unknown” (51), but again the
majority were omnivores (338). Similar to t8p. multiplicataassay, hot temperature
may have negatively affected carnivoievelopment; only 2 of the 28 carnivores
developed in the haémperature treatment.

The assay oBp. multiplicateandSp. bombifronseared individually also failed to
produce a significant number of carnivores (€ah5). Six total were produced in each
assay from 9Bp. multiplicataand 97Sp. bombifronsotal tadpoles iach assay. Most
of the carnivores were produced in the bralrimp fed treatment for both species, but
the number of omnivores in this treatme®p( multiplicata= 45, Sp. bombifrons 24)
was higher. The remaining carnivores wgpesad out among fairy shrimp and control-
fed treatments.

Behavioral Analysis

No mouth movement differences wéoeind between carnivores and omnivores
from the different ponds except RocknkaFigure 1.3a, Table 1.6a). Rock Tank
omnivores, in fact, showed higher mouth mmeat cycles than carnivores at all ages
tested (Figure 1.4, Table 1.7). Carne®iand omnivores showed no swim-time
differences for the different ponds tedt(Figure 1.3b, Table 1.6b), but Rock Tank
tadpoles showed some-swim time variabilityttzesy aged. Omnivores showed greater
swim time for a 2-minute cycle at 8 daysagfe, but this pattern was reversed on day 9
and carnivores showed significantly longeiiravtime (Figure 1.5a, Table 1.8a). In the
presence of fairy shrimp omnivores shovegghificantly longer swim time on day 8 only
(Figure 1.5b, Table 1.8b).

Discussion

The induction assays in the current research encompassed 2 years of research, 27
different treatments, and 1082 tadpoles, antleasmost exhaustive analysis of the
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Table 1.4 Number ofSpea bombifronsarnivore, omnivore, and unknown phenotypes
produced in each treatment. Twenty-eighihcares were produced but not in any one
specific treatment.

Treatment Carnivores Omnivores Unknown
Cold/shrimp-fed/8 density 2 43 1
Cold/control-fed/8 density 6 36 6
Cold/shrimp-fed/4 density 5 15 4
Cold/control-fed/4 density 1 21 1
Inter/shrimp-fed/8 density 2 38 2
Inter/control-fed/8 density 5 26 12
Inter/shrimp-fed/4 density 5 13 6
Inter/control-fed/4 density 0 23 1
Hot/shrimp-fed/8 density 0 41 7
Hot/control-fed/8 density 0 43 6
Hot/shrimp-fed/4 density 2 16 5
Hot/control-fed/4 density 0 24 0
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Table 1.5 Number ofSpea multiplicataandSpea bombifronsarnivore, omnivore, and
unknown phenotypes produced in each treatmé&welve carnivoresvere produced but
not in any one specific treatment.

Treatment Carnivores Omnivores Unknown
Spea multiplicata

Brine shrimp fed 4 45 9
Control fed 2 22 7
Fairy shrimp fed 0 4 4
Spea bombifrons

Brine shrimp fed 4 24 12
Control fed 1 37 11
Fairy shrimp fed 1 2 5
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Figure 1.3. (a) Number of mouth movement cgslduring a 2-minute interval between
carnivores (C) and omnivores (O) from difat ponds. Omnivores show significantly
more mouth movement cycles than carnégat Rock Tank only. (b) Swim time during
a 2-minute interval of carnivores ()caomnivores (O) from different ponds.
Carnivores and omnivores show significant swim-time differences.
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Table 1.6

a. T-test of number of mouth movemaenyicles between carnivores and
omnivores from different ponds. Omniesrshow significantly more mouth
movement cycles thazarnivores at Rock Tarpond. *significant atd0.05

Pond Carnivore Omnivore t-test df p-value
Mouth Mouth
movement movement

Average + SD Average = SD

Javelina 208.45+ 21.24 21430+ 43.25 0.54 38 0.59

Ava 1.73 34 0.09
Ranch 206.29 £ 39.61 229.16 + 39.77

Richardso 0.83 18 0.42
n 198.70 + 34.17 217.20+ 61.55

Rock 7.93 18 0.000
Tank 173.44 + 22.81 27350+ 31.29

b. T-test of swim time during a 2-minute inten@tween carnivores and omnivores from
different ponds. Carnivores and omnivosésw no significant swim time differences.

Pond Carnivore Omnivore t-test df p-value
Mouth movement Mouth movement
Average + SD Average + SD

Javelina 28.04 + 25.12 4436+ 29.89 1.87 38 0.07
Ava Ranch 64.97 + 39.13 52.07+24.34 0.46 34 0.65
Richardson 4251+ 28.10 59.31+ 35.60 1.17 18 0.26
Rock Tank 4757 + 34.22 4749+ 2494 0.01 18 0.10
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Figure 1.4 Number of mouth moweent cycles during a 2-minute interval between
carnivores (C) and omnivores (O) fromdRorank pond plotted for different aged
tadpoles. Omnivores show significantly maneuth movement cycles than carnivores at
all ages.
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Table 1.7. T-test of number of mouth movemaenyicles during a 2-minute interval
between carnivores and omnivores frontR@ank pond at different ages. Omnivores
show significantly more mouth movement cydlean carnivores at all ages. *significant
at d0.05

Age Carnivore Omnivore t-test df p-value
Mouth movement Mouth movement
Average + SD Average + SD

Day 5 163.50 +39.54 196.78 + 27.32 2.11 17 0.05 *
Day 6 155.30 + 28.92 235.10+ 41.15 5.02 18 0.000
Day 8 177.90 + 37.71 291.10+ 21.92 8.21 18 0.000
Day 9 126.10 + 42.81 272.00+ 41.68 7.72 18 0.000
Day 10 173.44 + 22.81 27350+ 31.29 7.93 18 0.000
Day 13 212.90 + 39.14 267.90+ 12.88 4.22 18 0.00F
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Figure 1.5. (a) Swim time during a 2-minute inteivof carnivoregC) and omnivores
(O) from Rock Tank for different aged tadesl Omnivores shosignificantly longer
swim-time than carnivores on day 8 but thégra is reversed on day 9. (b) Swim time
in the presence of fairy shrimp during anute interval between carnivores (C) and
omnivores (O) from Rock Tank for different aged tadpoles. Omnivores show
significantly longer swim-time than carnivores on day 8.
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Table 1.8

a. T-test of swim time during a 2-minute intenmtween carnivores and omnivores from
Rock Tank at different ages. Omnivosd®w significantly longer swim-time than

carnivores on day 8 but the pattern is revemseday 9 and carnivores show significantly
longer swim time. *significant atl0.05

Age Carnivore Omnivore t-test df p-value
Swim time Swim time
Average + SD Average + SD
Day 5 89.22 + 32.25 83.17+28.95 0.43 17 0.67
Day 6 44.49 £ 27.03 4557+ 36.99 0.07 18 0.94
Day 8 27.08 + 16.63 48.62+22.05 2.96 18 0.0%
Day 9 49.84 + 28.00 16.25+ 12.94  3.60 18 0.002
Day 10 47.57 + 34.22 4749+ 2494 0.01 18 0.10
Day 13 57.76 £ 18.55 66.82 + 23.26  0.96 18 0.35

b. T-test of swim time in the presence of yaghrimp during a 2-minute interval between
carnivores and omnivores from Rock Tatldifferent ages. Omnivores show
significantly longer swim-time than a@wvores on day 8. *significant at0.05

Age Carnivore Omnivore t-test df p-value
Swim time Swim time
Average + SD Average + SD
Day 5 71.64 £ 39.41 7722+ 3229 0.34 17 0.74
Day 6 51.61+ 29.72 50.10+ 28.76  0.12 18 0.91
Day 8 40.19 + 18.97 67.93+ 20.93 3.11 18 0.0%
Day 9 4517 £ 26.01 2041+ 16.47 1.62 18 0.12
Day 10 64.58 + 31.38 4769+ 18.18 1.47 18 0.16
Day 13 39.69 + 20.85 5772+ 3252 1.48 18 0.16
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environmental factors potentially regulatisggadefoot toad developmental polyphenism.
Unfortunately, we are no closer to undensliag the environmentéctor(s) responsible
for inducing the carnivore phenotype. Oéthver one thousand tadpoles used in this
study only 44 total carnivore phenotypes widentified, and these phenotypes were
spread out among different temperature, fogue, density, and substrate treatments.
Additionally, no evidence was found that musese differences, fat least the three
behaviors measured, in associated witfoemlargement of thearnivore phenotype.
The inability to tie carnivore induction to a specific environmental factor, or combination
of factors, raises the gst®on of whether the carnivelomnivore phenotypes are a
polyphenism. It is possible that some unideésdiffactor exists ithe assays that may
have triggered carnivore development, imatre likely, spadefoot tadpole polyphenism
may in fact be due to some other regulatory model.

A number of other models may explapadefoot tadpole polyphenism, including
a genetic polymorphism, bet-hedging strategystochastic model. While a polyphenism
is defined as similar genotypes prohgedifferent, environmentally regulated
phenotypes, genetic polymorphissrdefined as the co-occurrence of two or more alleles
at the same locus in a population at fregues that cannot be accounted for by recurrent
mutation alone. Implicit in the definition isahthe different alleleare associated with a
different phenotype, which Lloyd (1984) categes as specialists. Polymorphism is
thought to evolve when (1) different dés at a locus are favored in different
environments and (2) limited migratioecurs among populations inhabiting those
environments (Seger and Brockman 1987) sibedefoot system satisfies both criteria.
First, carnivore and omnivoredpoles specialize on different diets. Carnivores prey on
microcrustaceans and conspecifics while omnivores eat mostly detritus along the pond
bottom (Pomeroy 1981; Pfennig 1990, 1992a). &kt specializations are effectively
different, yet sympatric, environmentsiferia one above) in which each phenotype is
favored. Second, evidence suggests spadefads tikely dispersetlie during their life
cycle, remaining within relatively small areas fact, recent mitochondrial sequence data
from Spea bombifronseveal a high degree of populatistnucture, suggéisg that gene

flow is low (Rice and Pfengi2008) (criteria 2, above).
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Bet-hedging is a polyphenic strategiyrandom assignment of phenotypes to
environments, thereby increasing the chaheg at least some phenotypes match the
encountered environment (Seger and Braakh987; Moran 1992). Because temporal,
unpredictable environmental catidns cause different gengi@ns to encounter different
environments, fitness varies through tifaeross generations). Long-term average
fitness for a bet-hedging strate therefore, is calculated e geometric mean fitness,
which is sensitive to high variance among values being average because it is a
multiplicative process. Thus, in a bet-hedging strategy the variance in fitness is reduced
even at a potential cost in arithmetiean fithess (Seger and Brockman 1987). Bet-
hedging is thought to evolve in tempotagterogenous, unpredictable (either due to
absence of cues and/or organismal devetoyail sensitivity) environments (Seger and
Brockman 1987). The spadefoot tadptdselopmental environment is certainly
heterogenous and unpredictable, because esldevelop in ephemeral ponds which dry
at different rates every yedepending on amount of logalecipitation, temperature,
humidity, etc. A molecular mechanisnr foet-hedging that involves a stochastic
component of some aspects of cell fateedwination was recently reviewed by Losick
and Desplan (2008), and in their model, bastic, bistable switches control phenotype
assignment at the cellullavel in both populations of single cell organisras ¢oli and
B. subtilig, or in individual cellswvithin a single organisnirosophilaphotoreceptors).

In the latter case, there is a stochasttemheination of whether individual cells of one

type of photoreceptor are associatathwlue- or green-sensitive rhodopsin

photopigment synthesis in an underlying phatepgor cell. Theantrolling bistable,
hypersensitive switches are thought tacbeperatively interacting DNA-binding

molecules that modulate gene expresgiosick and Desplan, 2008). One could

imagine that such a mechanism could affect a bet-hedging strategy for spadefoot toad
polymorphism if the stochastic switch was set very early in development, or if it operated
in a very small number of cells that infliemd the entire organism’s development (e.g.,
hormonally) at a somewhat later stage. Fautesearch should include a quantitative
genetic analysis of the carnivore and omnévphenotypes in spadefoot toads in order to

investigate these different models.
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Two of four potential muscle usefidirences were investigated between
carnivores and omnivores ingtlcurrent study. Both factorsiouth movement cycles and
swim time in the absence and presence of fairy shrimp, tested are associated with
endurance training, and differences in eadge training can havadical effects on
morphology, physiology, biochemistry, and Higpics of skeletal muscle (Fluck and
Hoppeler 2003). At least twolwr muscle-use behaviors ndede quantified to fully
investigate a potential connection betwéehavior and carnivore myoenlargement.
Both tadpole burst speed and bite force rtedak investigath which are behaviors
similar to strength trainingStrength training also ressilin major modifications of
skeletal muscle, including hypertrophy, some level of hyperplasia, a shift towards fast-
type Il glycolytic myofibers, and elevatgtlycolytic enzymegFluck and Hoppeler
2003). Spadefoot carnivore and omnivore redaburst speed is currently being studied
(Arendt unpublished data) and bite force W& assessed in the future studies using

pressure paper or some other micro-pressure method.
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CHAPTER 2

TEMPORALLY DISSOCIATED, TRAI T-SPECIFIC MODIFICATIONS
UNDERLIE PHENOTYPIC POLYPHENISM IN SPEA MULTIPLICATA
TADPOLES, WHICH SUGGESTS MODULARITY

Storz, B.L. and Travis, J. (2007) Temporallydissociated, trait-sgecific modifications
underlie phenotypic polyphenism inSpea multiplicatatadpoles, which suggests
modularity. TSW Development & Embryology, 60—71. DOI 10.1100/tswde.2007.118.

Introduction

Developmental plasticity, the abilitp produce multiple phenotypes from one
genotype, has long been of interesbi@ogists (Mayr 1963Bradshaw 1965). Its
adaptive importance lies in the organism’sighbto perceive characteristics of the
environment and, in response, to switcka tdevelopmental patray that will yield a
phenotype better suited to that environtm@horan 1992). Developmental plasticity
should be favored in fluctuating environmemisvhich a reliable cue signals approaching
change (Via and Lande 1985; Moran 19%dfto 2000). Some of the best-known
examples include plant shade avoidance spaoase to high density (Schmitt et al. 1995);
alternate caterpillar morphology induced leasonal diet differences (Greene 1989); and
tadpole plasticity for larval period, mahology, and behavior in response to pond
duration, temperature, food level, and preafatisk (Travis 1984; Travis and Trexler
1986; Newman 1987, 1994, 1998; Skelly &ddrner 1990; Pfennig 1992; Leips and
Travis 1994; Van Buskirk and McCollum 199%00; Leips et al. 2000; Relyea 2001).

Studies of plasticity have shown thavegl traits are usllg modified in a
correlative manner in response to an emvinental cue. For exnple, male sailfin
mollies (Poeciliidae:Poecilia latipinng that experience higher temperatures have a
lower visceral mass for their size but a higtestis mass (McManus and Travis 1998);
individual Daphnia pulexespond to predation risk by aiteg several aspects of their
morphology and life history (Spitze 1992)janges in tadpole tail morphology in
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response to predators usuaftyolve changes in severaldividual traits (Alford 1999;

Van Buskirk and McCollum 2000; Relyea 200Y¥yhen several traits change in response
to an environmental cue, each individual tradgdification may be beneficial, neutral, or
deleterious in any particular environmemnigddhe organism's total fitness is the sum of
these effects (Travis 1994; Tiawet al. 1999). Plasticity rstitherefore be understood as
alteration of entire developmehteajectories and not just as putatively adaptive shifts in
a few traits (Smith-Gill 1983). If this i®sthen it is importanto understand how many
developmental trajectories are involved - flsato understand iflkof the traits have

been molded to respond independentlysblection for plasticity, whether there are
interconnected units that change relativialyependently of other interconnected units
(Bolker 2000; Raff and Raff 200@y whether the individudraits are so tightly
constrained by shared controtarsuites that they exhtbiery few possible discrete
plastic responses.

New World spadefoot toadse an especially saible system for studying
developmental integration pfasticity and its consequencelsarvae of at least two
species $pea multiplicataandSpea bombifronshow a striking polyphenism between
“typical” filter-feeding omnivores and canuores (Figure 2.1) that actively prey on
microcrustaceans and conspecifics. The phenotypes are so dissimilar that they were
originally classified as different subspesi(Turner 1952). This polyphenism is thought
to have evolved as an adaptation for suahvin temporary pond environments (Pfennig
1990, 1992). In these environments survigbends on the ability to develop and
metamorphose rapidly. Caworous individuals have beshown to have a competitive
advantage in rapidly drying ponds becausy ttmetamorphose sooner than omnivores
(Pomeroy 1981), thereby avoiding desitton. Conversely, in long-lived ponds,
omnivores have higher survival at metamorphbgcause of their greater fat reserves
(Pfennig 1990, 1992).

Spea multiplicataadpoles hatch as omnivores, but upon exposure to an
environmental cue (Pfennig 1992a), individualay shift their ontogenies to become
carnivores. Carnivores akeown to have enlarged heads, enlarged jaw musculature,
shortened intestines, and increhkeratinization of the moutio form a beak, relative to
omnivores (Figures. 2A-C, Pomeroy 1981; Pfennig 1990, 1992a). However, it is not
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Omnivore

Figure 2.1. Spea multiplicatgphenotypes shown are at$per stage 36 (middle hind-
limb development), at which phenotypes shbeir biggest difference in size and
morphology. Size and shape differencesvieen the phenotypes are apparent in
intestines, jaw musculature, and beak phatogy; (a) carnivores have wider and shorter
intestines than do omnivores; (b) daore orbitohyoideus jaw muscles show
hypertrophy relative to those omnivores; and (c) carnivorésve more sharply pointed
beaks than do omnivores.
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known whether these traits c¢lge independently or aswddopmental modules, whether
the change from omnivore to carnivore représarshift in total somatic growth or only
in specific traits, or whether developmdritait modification has additional, as yet
unknown, consequences.

In this study we address these questama first step toward investigating the
developmental trajectories that producesth strikingly different morphs. We ask
whether the change from omnieoio carnivore represents a shift in total somatic growth
or only in specific traits, whher these traits chge independently or concordantly, and
whether we can identify inherent trade-adf®ong traits assatied with becoming a
carnivore. We present a nphological analysis of delopmental polyphenism iBpea
multiplicatashowing that the omnivore developmental program is broken up and
modified in a trait-specific manner psoduce the carnivore phenotype and trait
modifications are grouped and occur at défeg developmental stages, suggesting trait
modularity and at leasivo levels of shared developmental control.

Methods

Naturally developingp. multiplicataomnivores and carnivores were collected in
July and August 2002 over a period of 2yglat developmental stages 27—42 from
Dearing Pond, approximately 1.6 km northPafrtal Road, Cochise County, Arizona (see
Table 2.1 for sample sizes of each morphaghestage). Only one breeding aggregation
occurred at this pond; all eggs were laicdtlom same evening, and the cohort of tadpoles
could be followed throughout developmentimatural setting. Tadpoles were collected
by dip net or seine and sorted accordinghenotype and Gosner stage (Gosner 1960).
Phenotype was easily determined by ewjon of the beak morphology (Figure @)1
Larvae were euthanized wiém overdose of MS-222 and peeged in 10% formalin. All
morphological measurements were taken, in méters, with an ocular micrometer or by
digital image analysis (Image J NIH version 1.29X).

In addition to snout-to-vent length (Hall al. 2002), we recorded averaged width
of the two orbitohyoideus jaw muscles,otwmeasures of the interhyoideus width
(measured at the widest point, as byniafg 1990, 1992), averaged width of the two
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Table 2.1. Number of carnivores and omnivores at each Gosner developmental stage
measured for analyses.

Gosner developmental stage
27 28 29 30 31 32 34 35 36 38 39 40 41 42

Carnivore 3 12 10 11 10 9 6 9 11 10 11 8 10 9
Omnivore 17 9 9 9 7 0O 10 7 10 13 10 10 10 11
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hyoangularis muscles, mouth width, head Wigs a straight-line measurement of
interhyoideus length), head length (as aightaline measurement from snout to mid-
eye), tail length (from cloaca to the posterior tip of themaikcle), tail-fin height (just
posterior to the cloaca), taituscle height (just posterity the cloaca), hind-limb length
(from point of attachment to terminal endfobtpad), and intestinength (the distance,
measured on intestines dissected from tadpbi@s the beginning of the mid-gut to the
end of the rectum, at point of attachmenmthe cloaca). Omnivore and carnivore
phenotypes show radically different trgrowth curves when untransformed
measurements are plotted agasreout-to-vent lengttthus, to standardize growth curves
for purposes of direct compson, all trait measurements sedog (base 10) transformed
for all analyses.

We used Gosner stages 27-42 for carm\aord omnivore trait disparity analysis
but only stages 27—-40 in linear allometry amtriminant funcon analyses. Later
developmental stages were excluded froes¢hanalyses because metamorphic climax
begins just after Gosner stage 40, anddiaphenotype differences due to polyphenism
could be confused with those due to matgphic climax. Hind-limb length was also
excluded from discriminant function analky®ecause the relatively large mean and
variance may obscure the importance of pthats in distinguishing omnivore and
carnivore phenotypes, and no significalidmetric difference was found between
carnivore and omnivore phenotypes.

We determined the developmental stagehich trait disparity between the
phenotypes originated and how long it wiagintained during larval ontogeny byest of
log (base 10) transformed trait measuretsi@m the two phenotypes at each Gosner
developmental stage (27-42). Although skegge analyses were based on somd-143
tests, we deemed Bonferroni correctionsagassary because the results at each stage are
independent; they are based on different atsrtindependent collaonhs). We used
simple, linear allometry of thlog-transformed trait measurements against snout-to-vent
length to investigate trait gwth differences between tplenotypes and analysis of
covariance to test for significance of slapterence. We used discriminant function
(DF) step-down analysis (Timm 1975) to detarenwhich trait(s) contributed the most to
the differences between the two phenotydaeghe DF analysis, we calculated a test
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statistic for the multivariate differences (Wilks’ lambda) using all carnivore and
omnivore traits; we calculated an F-statistr each trait (F-to-remove) to determine
whether the phenotypes differedaach trait, allowing for thefiects of the other traits.

We removed the trait with tHewest F-statistic and recalculated the Wilks’ lambda using
the remaining traits. This iterative procedure retains those traits that provide the best
discrimination between the phenotypes. We usgdlata rather than size-adjusted data
in the DF analysis because one of the tjoes we sought to answer was “how do the
phenotypes differ?”; size is an element in @mglysis and the DF analysis examines the

role of each trait independently thfe other traits, including size.

Results

Developmental Timing
All tadpoles hatch with the omrore phenotype, and phenotypes are

indistinguishable at posthatcig stages 25 and 26. Traiffdrences between the morphs
emerged at two distinct times in demginent (Table 2.2, Figure 2.2). Carnivores
exhibited larger jaw musculature, larger heasigl shorter intestines at the earliest stage
we examined (Gosner stage 27, approximaedpys after hatchingand the difference
persisted throughout larvedevelopment. The magnitudetbe difference increased only
slowly during subsequent development. The larger tails of carnivores did not appear until
later in development (Gosner stage 34, apipnately 10 days after hatching), and the
discrepancy between the morphs increasdistantially as development progressed.
Carnivore and omnivore phenotypes later cogeeluring metamorphic climax and are
indistinguishable upon emergence fropihnemeral ponds; the beginning of convergence
is graphically illustrated by the shift toves zero of the intestine length and jaw
musculature in figure 2.2.
Allometry

With the exception of intestine lengthdahind-limb length, all omnivore traits showed
negative allometry with body length. In contrdgtits in carnivores showed a mixture of

positive and negative allometry and isometrgifle 2.3). Traits involved in the trophic
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Table 2.2. T-test of log (base 10) transformed tragasurements at each Gosner developrhstaige. Carnivoreshow significantly
larger jaw muscles and head traits andlnantestines just after hatching, whereait traits and sout-to-vent length areot
significantly larger in carnivores uhmid-development. *significant atl0.05 and **significantit < 0.0001 level.

Gosner developmental stage

Trait 27 28 29 30 31 34 35 36 38 39 40 41 42
Jaw Muscles

Interhyoideus  T1579.48 T15=7.23 T1776.72 T15~11.03 T15=9.12 Ty=7.66 T1=11.29 T1=28.99 T»=17.42 T1523.04 Ty~25.49 T.~21.76 T;1=10.18
W|dth *% *% *% *% *% *% *% *% *% *% *% *% *%

Orbitohyoideus Ti=9.62 Ti=7.24 T;=6.75 T1=10.81 Ti=8.51 T1=9.88 T1=15.10 T1=49.47 T»=17.36 Ti=17.74 T1=18.98 T1=19.15 T;=12.62
Width *% *% *% *% *% *% *% *% *% *% *% *%
Hyoangularis ~ Ti=5.80 Ti=6.97 Ti=7.89 Ti=11.32 T1=9.32 T1~9.43 Ty,=1151 T.=40.36 T,=17.63 Ti=16.21 T1=21.51 T1=17.11 T.=7.204
Width *% *% *% *% *% *% *% *% *% *% *%* *%

Intestine length T15=6.36 T15=5.41 T,=9.04 T1=23.66 T1=18.75 T176.83 T15=9.71 T15=24.32 Ty;=17.50 T,=23.56 T,72256 T1,=22.56 T.=9.89
*% *% *% *% *% *% *% *% *% *% *% *%

Head Traits

Head width T1=1.79  T154.72 T,74.18 T15=7.58 T156.45 T,.=5.54 T1,~10.84 T,,=39.95 T,,=18.82 T,5~17.69 T,~20.86 T15=17.75 T15=11.58
ns * * ** ** *%* ** *%* *%* ** *%*
Head length T15=2.40 T355.12 T,7=3.93 T15=7.35 T1576.15 T.14=6.73 T14~13.49 T,5~31.87 T,=14.43 T,5~18.99 T,.~=23.42 T,517.56 T;5=8.20
* *% * *%* *%* *% ** *% *% *% *%

Mouth width Ti=1.23 Ti=4.10 Ti=2.41 T1=3.26 Ti=2.10 T1=2.52 T=5.12 T.1=13.40 T=6.52 Ti=7.79 T:=11.68 T:1=6.29 T.=6.88
* * * * * * *% *%

ns *% *% *% *%
Tail Traits
Tall |ength T13:1.57 T13:4.06 T14:0.63 T13:046 T12:120 T11:2.48 T15:5.91 T16:8.90 T15:9.77 T17:1283 T15:12.31 T15:7.64 T16:4-44
ns * ns ns ns * o *k o o *k o *
Tail-fin he|ght T15=0.13 T1=0.23 T14~=1.53 T1=1.85 T15=1.01 T14=2.79 T.14=4.83 T15=5.60 T,=5.78 T1=9.78 T16=9.53 T15=7.42 T154.62
ns ns ns ns ns * * *x *k *k *k *k *
Tail muscle T1g=1.24 T1572.05 T16=0.76 T1g=0.25 T.5=1.87 T14~3.44 T.,~6.14 T.15=8.07 T,=13.19 T1~=14.63 T.1,=9.41 T.15=11.62 T,5=8.92
he|ght ns * ns ns ns * *% *% *% *% *% *% *%

Snout-to-vent T15=0.045 T1=1.69 T,7/=0.08 Tig&=1.73 T.:5=0.13 T14~=1.91 T.=5.99 T.1=13.73 T,=9.67 T1=13.19 T.,,=16.52 T.5=11.80 T,5=9.73
Iength ns ns ns ns ns ns *% *% ** ** *k *% *%
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Figure 2.2. Log (carnivore trait/omnivore traigys a function of Gosner developmental
stage. Means are represented. Jawsculature (upper panel: hyoangularis, open
squares; orbitohyoideus, open triangles; mgerdeus, open circles), head shape (upper
panel: head length, filled triangle; head widilled square; mouth width, filled circle),
and intestines (upper panel: x symbol) show divergence at the earliest developmental
stages, whereas tail shape (lower panel:ldadth, open triangles; tail muscle height,
open circles; tail fin heighgpen squares) and snout-to-viargth (lower panel: open
diamonds) show divergence at mid-larval period.
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Table 2.3. Linear regressions of log-transfordngaits on log snouwtvent length and
results of ANCOVA comparing sl@s of traits plotted againshout-to-vent length in the
carnivore and omnivore phenotypisspadefoot toads. *significant at 0.05 level with
Dunn-Sidak correction for multiple comparisons.

ANCOVA
Slope+S.E. R  Fratio P value
Jaw musculature

Interhyoideus width 18.77 <0.0001*
Carnivore 0.97 £ 0.001 0.94
Omnivore 0.75 = 0.004 0.74

Orbitohyoideus width 75.11 <0.0001*
Carnivore 1.07 £ 0.001 0.94
Omnivore 0.69 + 0.003 0.80

Hyoangularis width 49.45 <0.0001*
Carnivore 1.15 + 0.003 0.89
Omnivore 0.71 £ 0.005 0.68

Head shape

Head width 1.78 0.18
Carnivore 0.96 + 0.0008 0.95
Omnivore 0.92 + 0.0006 0.97

Head length 4.02 0.05
Carnivore 0.92 + 0.0006 0.96
Omnivore 0.97 £ 0.0009 0.96

Mouth width 9.38 0.002*
Carnivore 0.85 £ 0.001 0.91
Omnivore 0.69 + 0.004 0.71

Tail structure

Tail length 14.27 0.0002*
Carnivore 0.99 + 0.0006 0.96
Omnivore 0.79 + 0.005 0.76

Tail-fin height 60.61 <0.0001*
Carnivore 0.92 + 0.002 0.85
Omnivore 0.51 £ 0.003 0.64

Tail muscle height 20.66 <0.0001*
Carnivore 0.93 £ 0.001 0.91
Omnivore 0.70 + 0.004 0.72

Other

Hind-limb length 0.39 0.53
Carnivore 3.01+0.01 0.91
Omnivore 2.86 = 0.07 0.60

Intestine length 11.99 0.0006*
Carnivore 1.24 + 0.006 0.80
Omnivore 1.60 £ 0.02 0.79

Note: All regressios are significant @ < 0.0001 and ANCOVA (*) at 0.05.
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apparatus (mouth width and jaw musculatas measured by interhyoideus width,
orbitohyoideus width, and hyoangutawidth) and tail strucire (tail length, tail-fin
height, tail-muscle height) hateeper slopes when plotted aghisnout-to-vent length in
carnivores than in omnivores. Two traliead length and inteése length, had steeper
slopes in omnivores than in carnivores, &itiér we applied Dunisidak correction to
adjust for multiple slope tests, the diffecerin the slope of head length was no longer
significant. Finally, in twdraits, head width and hindafib length, the phenotypes did
not differ (Figures 2.8-D, Table 2.3). Because these data are drawn from a
developmental series, steeper slopes represatstitnat are growintaster relative to
body length (SVL) in one or the other phenotypgéerefore, traits tightly connected to
the mode of tadpole feedingé&locomotion grew faster itarnivores than in omnivores,
whereas some traits grew more slowly atiters grew at the same rates in the two
phenotypes.
Discriminant Function Analysis

Discriminant function analysis iden#f intestine length (F-to-remove = 97.86,
Wilks’ lambdaF, = 2293.55P = 0.00) and interhyoidewsidth (F-to-remove = 40.59,
Wilks’ lambdaF;, = 2293.55P = 0.00) as the traits thatdtediscriminate between the
phenotypes. The prominence of these tiaithie to 3—4 folddnger intestines in
omnivores and massive hypertrophy of carndvjaw musculature relative to omnivores,
even at the earliest stages of developni@osner stage 27, presence of hind limb buds).
These trait differences can be visualized igraph of log intéme length against log
interhyoideus width, including measuremetitsing metamorphic climax, although these
measurements were not inclade the discriminant funatn analysis (see methods).
Figure 2.4 clearly shows that the phenotypesuped different regins of morphospace

during larval ontogeny but converge at metamorphic climax.
Discussion
Carnivore and omnivore phenotypesrevéundamentally dissimilar and

demonstrated differences in size, shape, and multivariate trait organization. The
omnivore developmental program was maalifio produce the carnivore phenotype by
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Figure 2.3. Simple linear regression of log-transhed traits on log snout-to-vent length
(SVL) for carnivores (open symbols) and omnivores (filled symbadis)aw-

musculature measuremenBs;head measurements; tail measurementf, intestine
length and hind-limb length. Large differen@s apparent in jaw musculature, tail
morphology, and intestine developme@HW, orbitohyoideus width; HAW,
hyoangularis width; IHW, interhyoideus widthL, interhyoideus length; SME, head
length; MW, mouth width; TL, talength; TFH, tail-fin height; TMH, tail muscle height;
IL, intestine length; HL, hind-limb length.
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distinctly different until convegence at metamorphic climax.
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trait-specific heterochronic changes, afitiough most traits in omnivores were
negatively allometric, carnivores showed a mixture of negative allometry, positive
allometry, and isometry. This finding ismarkable because it suggests that the larval
developmental program can be broken up andifieal at individualtissues but that the
developmental program is still coordiad enough to produce a postmetamorphic,
juvenile toad.

Also striking is that these traits are mioeli, at least statistically, as two distinct
groups, suggesting trait modularity. Resbars have argued for the existence of
developmental modules on the basis of multippees of evidence, including genetic and
phenotypic trait covariance acdnservation of developmental series (Nunn and Smith
1998; Beldade et al. 2002; Poe 2004). In the study reported here, we suggest the
existence of modularity because of differenicesming of correlated trait shifts. For
example, carnivore trophic structure diverdeuh that of omnivoes at the earliest
stages of development, whereas carnivorertiiis were modified at mid-larval period.
This study provides preliminary evidence foe existence of trait modules underlying
carnivore development but faer investigations are necessary to substantiate trait
modularity.

The developmental patterns suggeat the two phenotypes make different
allocation decisions during the growth procesgsich inevitably reslis in developmental
trade-offs. Carnivores shift growth frontéstines to trophic structure, relative to
omnivores, from the earliest stages of develogm&he intestine-length effect is striking
because of its association with diet (lehi and Koshida 1989). Long intestines are
necessary to acquire resources from plant niahind detritus (thgypical tadpole diet),
whereas shorter intestines are correlatgld more carnivorous diets (Horiuchi and
Koshida 1989; Alford 1999). According to feg (1992b), carnivores have shifted to a
more carnivorous, proteinaceous diet in otdeaccelerate devgbment, but although a
higher-protein diet may speed developinercreasing the chances of completing
development in rapidly drying ephemeral paritie acceleration comes at the cost of
reduced fat storage and smaller sizenetamorphosis (Pfennig 1990, 1992b).

Metamorphosis is energetically tagi, and Pfennig (1992b) has shown that

omnivores are more likely than carniesrto survive tlough metamorphosis,
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presumably because of their greater fat stoBsall size at metamghosis is correlated
with many factors that may decrease f# @ postmetamorphic juvenile anurans,
including increased risks giredation and desiccatioregsdiscussion in Morey and
Reznick 2001) and reduced oxygen consuomptendurance, hematocrit level, and heart
size (Pough and Kamel 1984). These factors nsyla part of the cost of becoming a
carnivore in spadefoot toads and dddee addressed in future studies.
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CHAPTER 3

PROXIMATE REGULATION OF CAR NIVORE MUSCLE ENLARGEMENT;
HISTOLOGICAL COMPARISONS OF SPADEFOOT CARNIVORE AND
OMNIVORE PHENOTYPES

Introduction

One of the most important features etbming a carnivore, in terms of behavior
and phenotype, is the massive enlargeroéttte jaw and tail musculature, and
understanding the regulation of pphenism in this system at the proximate level is to
understand the mechanisms underlying this migzgement. Myosatellite cells are the
underlying precursors for postnatal musgplewth, and understanding the regulation of
the myosatellite cell system is of great et to researchers working to understand
muscle development and the effects of thémanic, fetal, and pasatal environments
(Dauncey and Gilmour 1996Myosatellite cell poliferation and differentiation is also
essential for maintaining healthy myotissaed healthy myotissue essential for many
physiological and locomotor functions, including thermoregulatieulin activity, and
respiration. Thus, understanding myosatellite e is of great interest to researchers
working to develop methods to counteractdffects of many diseases including cancer,
cardiomyopathies and muscular dystropliiasi and Sartorelli 2000; Hawke and Garry
2001; Koleva et al. 2005). In order to fuyploit the myosatellite cell system for use
against these diseases, a detailed unatisig of the factorsegulating quiescence,
proliferation, and differentiation, theim vivo levels, and the factor interactions is
necessary. The majority of studies have useadtro myosatellite cell assays to
investigate the effects oaétors hypothesized to regulag@iescence, proliferation, and
differentiation; h vivoassays have also been used but to a much lesser degree (Hawke
and Garry 2001; Dhawan and Rando 2005; Holterman and Rudnicki 2005; Wozniak et al.
2005).

The biggest difference between sefmbt toad carnivore and omnivore

phenotypes is due to trait-speciincreases in muscle growfkigure 3.1), which is most
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likely due to proliferatig myosatellite cells. Spadefoot tsatherefore, give us a unique
opportunity to study myosatellite cell regtiten in a naturally-evolved system in which
tadpoles have the ability to increase their stelmuscle growth rates in response to an
environmental cue(s) (Pomeroy 1981eiftiig 1992a). The factors regulating
myosatellite cell quiescence, proliferation, differentiatior #eir appropriate levels
have been subject to the process of evatully natural selection ithe spadefoot system
for the past 20-29 million years (Garcia-Baet al. 2003), giving these animals the
ability to up-regulate musclgrowth without the corresponaj maladies, such as tumor
formation, found in other studies (Morgan et2002). Hence, rather than attempting to
recreate a perfect systemthe lab in which muscle gwth can be stimulated without
repercussions, as many labse aurrently attempting to do via vitro andin vivo
myosatellite cell assays, it is valuabldutly exhaust the spadefoot toad system to
understand myosatellite cell regutatiin spadefoot larvae.

As a first step towards developing the spadefoot toad system as a model for
understanding the regulation wfyosatellite cells, myofiber number, diameter, and
myosatellite cell proliferation were quaiid for both the orbithyoideus jaw (OH) and
tail muscle (TL), for both carnivore amannivore phenotypes, and for multiple tadpole
ages. The jaw and tail muscle were bqulantified because cawuaire trait growth-rate
modification occurs as two temporallysdociated modules, relative to omnivores,
primarily consisting of an increase in grilwate of the jaw musculature just after
hatching and an increase in the growth ddt&il musculature at mid-development (see
chapter two/Storz and Travis 2007). This pemal dissociation of jaw and tail myofiber
enlargement in carnivores may be due ttedent underlying molecular mechanisms, and
understanding whether carnivareiscle enlargement occurg way of hypertrophy (an
increase in myofiber diameter), hyperplasia increase in myofdr number), or both,
relative to omnivores, may @vide insights for the underlyg molecular mechanisms
responsible for myosatellite ¢groliferation in both tk jaw and tail muscle.

The data show that both hyperptaand hypertrophy undes carnivore
myoenlargement for both the OH and TL, relatio omnivores. Carnivores had more
OH and TL myofibers than omnivores at all aas showed rate diffences for rate of
induction of myofibers (myofiber numbergtled against days old), which was
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Orbitohyoideus jaw muscle

Figure 3.1. Phenotype comparison of carore and omnivore larvae showing
myoenlargement of the orbitohigeus (OH) jaw muscle (a) and tail (TL) muscle (b).
Larvae are developmental stage 36—mid-tgraent, fully formed but non-functional
hindlimbs.
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approximately 9 and 17 myofibers per daytfte OH and TL respectively. Carnivores
also had larger OH and TL myofibers for manytteé ages tested, relative to omnivores,
and the rate of myofiber diameter increasgdfier diameter plotted against days old)
was significantly greater for carnivores relatteeomnivores in two different regions of
the OH muscle but only one region of thie. Finally, contrary to expectations,
omnivores showed more newly synthesizegmsatellite daughtearuclei for both the OH
and TL for some ages and no significant défeces for others (both total number and

myofiber number coreted ratios).

Methods

Muscle enlargement analysis

Ten carnivores and 10 omnivores were at#td each at four different age groups,
4, 6, 8, and 14 days old from Ro€knk pond (N 31.944783, W109.1173333, elevation
1364 meters), Hutchinson Co., Arizona. Haeliest collection age (4 days old) was
determined because it was the youngestagéhich phenotypes were distinguishable,
using beak morphology and OH jaw muscle ddééan for initial determination, while the
final collection was determined based on developmental stage—the average day 14
developmental stage was 36, at which carnwared omnivores showed the largest trait
disparity. Larvae were immediately euthanizéth an overdose of MS-222 and fixed in
4% paraformaldehyde.

The OH jaw muscle (Figure 3.1a) was rentbi®m larvae and cut in half at the
muscle midline, perpendicular to the muscle fibers. A section of tail tissue was removed
from the base of the tail (Figure 3.1b), jpssterior to the larval vent. Tissues were
placed in 30% sucrose and left until tiskiael transferred to éhbottom of eppendorf
tubes. After which, tissues were cut into 20 sections using a cryostat set at —20°C and
immediately placed in —4 °Cdezer. All larval muscles wesectioned in a standardized
region, muscle midline for OH and anterior-most edge for TL, regardless of morphology.
Spadefoot tadpole myofibers are extrenmlgceptible to dehydration (personal
observation), and to minimize myofiber dehydrat sections were @ined and fixed in a
simple two-step process. Slides wereaeead from the freezer, immediately coated with
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Harris Hematoxylin (EMS #26108-01), excétsrris Hematoxylin was removed, and
slides were mounted/cover-slippedngShur/mount xylene-based liquid mounting
medium (EMS #17991-01). Slides were allovte dry over night and were imaged the
following day in Florida State University By Department’s imaging facility using a
Nikon microscope with Axio cam attachmesatt at 10X magnificaan. Multiple images
were usually taken for each section, and the images were photomerged (Adobe
Photoshop Elements version 2.0) into one reconstruction of the complete section.
Myofiber number was qudfied using Image J (Nlhmage J version 1.35s).

Orbitohyoideus (OH) myofiber number srguantified by simple counts of the
entire midline cross-sections; tail musolgofiber number was quantified by simple
counts of either the left orgit side of cross-sectionsgde was determined by staining
and sectioning quality). Tail (TL) cross-sects show little to no gofiber diameter or
number asymmetry between laftd right regions, and threguantification methods have
been used in other spadet myofiber studies (Arendt and Hoang 2005). Myofiber
diameter was quantified three specific regions for each section for both OH and TL
(peripheral, intermediate, medial, Figsi®2a,b). Myofibers were chosen based on
staining and shape—acceptable myofiberssgextions are symmetrically circular or
oblong. Myofibers were traced and the amees quantified using the software package
Image J (NIH version 1.35s); measorents were standardized to7msing an ocular
micrometer.

Myofiber number and diameter was fiessessed for carnivores and omnivores
separately using ANOVA and post-hoc multipamparisons with Bonferroni correction
for multiple comparisons (Systat version 9) to test whether myofiber number and
diameter increased with age for eachmaigpe. Next, two-group comparison t-tests
were used to test for myofiber number amimeter differences between carnivore and
omnivore phenotypes at each age group. Ilyinayofiber number and diameter were
plotted against tadpole age (days old), anedr regression was used to determine the
slopes (or recruitment rate) and Y-intercepsalysis of covariance was used to test
whether phenotypes showed recruitment or ¢ginaate differences for myofiber number
and diameter when plotted against age.
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Figure 3.2. Cross-sections of jaw muscle (OH) énd tail muscle (TL) (b) used for
myofiber number and diameter analysis. Mlyef diameter was ongally quantified at
peripheral, central, and medial regions.
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Myosatellite Proliferation Assay

Ten carnivores and 10 omnivores werexted each at three different age
groups, 4 and 8-day-old larva®imn Rock Tank pond (N 31.944783, W109.1173333) and
6-day-old larvae from Ava Ranch pond (N &%'445,W 109§8'452), Hutchinson Co.
Arizona. The earliest age (4 days old) wlagermined for the same reasons discussed
above, while the final collection was determiremtause it was the earliest age at which
carnivores showed both enlargeg and tail muscle (see apter two for discussion of
OH and TL temporal dissociation of myoargement). Larvae were subjected to
bromodeoxyuridine (BrdU) lalieg. BrdU replaces thymide during DNA replication,
and cells undergoing mitotic pifdration can be identifiedy BrdU incorporation into
daughter DNA. Larvae were immersed live for 24 hours in 4mg/ml 10% BrdU
Steinberg’s solution (Katbamna et al. 2Q0Bgcause larval anurans have porous
epithelium and use gills for oxygen import,dBris readily taken in via immersion, and
researchers commonly use BrdU immersiomifidotic labeling in other anuran larvae
(Katbamna et al. 2004). Euthanasia, tissxation, and sectioning were done in the same
manner as described above, with the etioaghat tissues were sectioned at 10 s
an initial test to determine whetherd®f incorporation was successful, fluorescent
antibody labeling of BrdU was conducted (Figure 3.3a) and compared to sections from
the same tissue stained with DAPI (4',&sdidino-2-phenylindole) (Figure 3.3b). DAPI
is a fluorescent general stain for nuckeid conformation of BrdU labeling success can
be determined by overlapping BrdU antibodip¢led section images with DAPI-stained
section images and analysis of ovppad labeled nuclei (Figure 3.3c). BrdU
incorporation was deemed successful (Figure 388t all sections used this analysis
were labeled with a primary monodial anti-BrdU antibody developedfus (Sigma
B8434) and a secondary anti- mouse repgréintibody conjugated with peroxidase
(Sigma A-4416). After labeling, mountingnd cover slipping, sections were dried
overnight and immediately imaged and photomerged the following day using the same
procedures discussed above. Labeled nuadee quantified in a similar manner as
described above, by simple counts of all labdewuclei in OH and simple counts of only

one side of TL cross-sections. BrdU-ladlmehuclei number was first assessed for

52



Figure 3.3. Newly synthesized myosatellite ddugr nuclei labeled by BrdU-specific
antibodies (white circles) (a), all nucleiymand old, labeled by DARWhite circles) (b),
and overlap of image a and b (white circleg) Panel c. confirms that BrdU was
incorporated into new nuclei because BtHU-specific antibodies and DAPI identify

the same nuclei.
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carnivores and omnivores separately using ANOVA and post-hoc multiple comparisons
with bonferroni correction fomultiple comparisons (Systatrggon 9) to test whether
proliferation increases with age for egatenotype and each muscle type. Secondly,
two-group comparison t-test was used to fishuclei proliferation differences between

carnivore and omnivore phenotype®ath age group.

Results

Myofiber number and diameter

Carnivores and omnivores both increh§H and TL myofiber numbers as they
aged, and carnivores clearly had more OH Hndnyofibers than omivores at all ages
tested (Figures 3.4a, 3.5a, Tables 3.1, 3.2 a,m@restingly, carnivores and omnivores
showed no significant recruitment rate diffeces for OH or TL myofiber number when
plotted against days olé£0.17,p=0.68,F=0.76,p=0.39, respectively) and both
phenotypes are adding approximately @@+ and 17 new TL myofibers each day.
The Y-intercept estimate, on the other hand, was higher for carnivore OH and TL,
relative to omnivores. This suggests a bafshyosatellite celproliferation and new
myotube formation in carnivores befdre first collection age (day 4).

Orbitohyoideus myofiber diameter imased for both carnivores and omnivores
as they age, but myofibers in different regigperipheral, centramedial) of the OH and
TL showed different patterns of growth. Réweral myofibers of the OH were larger for
carnivores at all days tested (Figure 3ahles 3.3a,b,c) and showed a growth rate 7.5
times higher than that of omnivores whmeripheral myofiber daimeter was plotted
against days old (Figure 3.6b)he central and medial mybérs showed no significant
differences within both carnivores and omnesrthus central and medial fibers were
grouped together into one metric termedénnal” myofibers. Carnivores had larger
internal OH myofibers at all days test@dgure 3.7a, Tables 3.4a,b,c), and these
myofibers grew at 38 times the rate ofruwore internal myofibers (Figure 3.7b).

Tail myofibers showed different pattexr of growth relative to OH when
carnivores and omnivores were compar@eripheral TL myofibers were not

significantly different between aaivores and omnivores at dagsnd 6, but carnivores
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Figure 3.4. OH myofiber number as a function ofeagMeans and standard deviations
are represented (a). Carnivores show sigaiily higher number ddH myofibers at all
days. *significant atd0.05. Regression of OH myofibeumbers on age with a linear
model (b). Slopes of carnivore and omnivorgofiber proliferation are not significantly
different (ANCOVAF=0.17,p=0.68). Averages in (a) are from data in (b).
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Table 3.1

a. Carnivore OH mydber number ANOVAF=4.60,p=0.008 and table of post-hoc,
bonferroni-corrected, pairwise comparisonlmbilities. Carnivore OH myofiber number
increases over time. *significant d0.05

4 day old 6 day old 8 day old
4 day old - - -
6 day old 1.000 - -
8 day old 0.876 1.000 -
14 day old 0.014 * 0.023 * 1.000

b Omnivore OH myofiber number ANOVR=5.05,p=0.005 and table of post-hoc,
bonferroni-corrected, pairwise compaiisprobabilities. Omivore OH myofiber
number increases over time. *significantdfl.05

4 day old 6 day old 8 day old
4 day old - - -
6 day old 1.000 - -
8 day old 0.059 0.206 -
14 day old 0.017 * 0.065 1.000

c. T-test of OH myofiber number at each day. Carnivores show significantly more OH
myofibers at all days except day 8. *significantd&05

4 day old carnivore 6 day old carnivore 8 day old carnivore 14 day old carnivore

t=2.47, df=18 t=2.87, df=18 t=2.04, df=18 t=2.92, df=18
p=0.024 * p=0.01 * p=0.056 p=0.009 *

4 day old omnivore 6 day old omnivore 8 day old omnivore 14 day old omnivore
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are represented (a). Carnivores show ficantly higher numbey of TL myofibers on
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Averages in (a) are from data in (b).
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Table 3.2

a. Carnivore TL myofiber number ANOVR=12.20,p=0.000 and table of post-hoc,
bonferroni-corrected, pairwise comparisoplmbilities. Carnivore TL myofiber number
increases over time. *significant d0.05

4 day old 6 day old 8 day old
4 day old - - -
6 day old 0.729 - -
8 day old 0.001 * 0.072 -
14 day old 0.000 * 0.003 * 1.000

b. Omnivore TL myofiber number ANOVA=12.45,p=0.000 and table of post-hoc,
bonferroni-corrected, pairwise comparisoolgabilities. Omnivae TL myofiber number
increases over time. *significant d0.05

4 day old 6 day old 8 day old
4 day old - - -
6 day old 0.248 - -
8 day old 0.412 1.000 -
14 day old 0.000 * 0.003 * 0.001 *

c. T-test of TL myofiber number at each dagarnivores show significantly more TL
myofibers at days 4 and 8 but ndfelience 6 and 14. *significant a0.05

4 day old carnivore 6 day old carnivore 8 day old carnivore 14 day old carnivore

t=2.88, df=18 t=1.66, df=18 t=6.03, df=17 t=1.81, df=18
p=0.01 * p=0.115 p=0.000 * p=0.088

4 day old omnivore 6 day old omnivore 8 day old omnivore 14 day old omnivore

58



=
=
§ a
GE) 3000 - @® Carnivore
-_‘55 O Omnivore *
o 2500 - T
Q
S 2000 - *
e
B 1500 - °
2
2 1000 - *
g i
500 - *
T
O @ @
0 T é T T T T T 1
4

6 8 10 12 14 16
Age (days)

4000 1 @ Carnivore y = 120.04x - 261.41, R* = 0.38
3500 1 O Omnivorey = 16.29x + 21.38, R%=0.65

OH peripheral myofiber diameter (um?)

16

Age (days)

Figure 3.6. OH peripheral myofiber diameter afuaction of age. Means and standard
deviations are represented (a). Carmegoshow significantarger peripheral OH
myofibers at all days. *significant at0.05. Regression of OH peripheral myofiber
diameter on age with a linear model (I®arnivores show agificantly higher slope
than omnivores (ANCOVA=16.62,p=0.000). Averages in (a) are from data in (b).
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Table 3.3

a. Carnivore OH peripheral myofiber diameter ANOW¥A6.54,p=0.001 and table of
post-hoc, bonferroni-corrected, pairwise comparison probabilities. Carnivore OH
peripheral myofiber diameter inciess over time. *significant ad0.05

4 day old 6 day old 8 day old
4 day old - - -
6 day old 1.000 - -
8 day old 0.024 * 0.161 -
14 day old 0.003 * 0.028 * 1.000

b. Omnivore OH peripheral myofiber diameter ANOWA25.32,p=0.000 and table of
post-hoc, bonferroni-corrected, pairwsemparison probabilities. Omnivore OH
peripheral myofiber diameter incigss over time. *significant ai0.05

4 day old 6 day old 8 day old
4 day old - - -
6 day old 0.008 * - -
8 day old 0.001 * 1.000 -
14 day old 0.000 * 0.000 * 0.001 *

c. T-test of OH peripheral myofiber diameteregich day. Carnivores show significantly
larger OH peripheral myofibers all days. *significant atd0.05

4 day old carnivore 6 day old carnivore 8 day old carnivore 14 day old carnivore

t=7.81, df=18 t=2.90, df=18 t=4.69, df=18 t=3.10, df=18
p=0.000 * p=0.010 * p=0.000 * p=0.006 *

4 day old omnivore 6 day old omnivore 8 day old omnivore 14 day old omnivore
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Figure 3.7. OH internal myofiber diameter agumction of age. Means and standard
deviations are represented (a). Carregahow significantarger internal OH
myofibers at all days. *significant at0.05. Regression of OH internal myofiber
diameter on age with a linear model (I®arnivores show agificantly higher slope
than omnivores (ANCOVA=98.59,p=0.000). Averages in (a) are from data in (b).
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Table 3.4

a. Carnivore OH internal myofiber diameter ANOWA34.99,p=0.000 and table of
post-hoc, bonferroni-corrected, pairwise comparison probabilities. Carnivore OH internal
myofiber diameter increases over time. *significand@t05

4 day old 6 day old 8 day old
4 day old - - -
6 day old 1.000 - -
8 day old 0.009 * 0.066 -
14 day old 0.000 * 0.000 * 0.000 *

b. Omnivore OH internal myofiber diameter ANOVFA57.68,p=0.000 and table of
post-hoc, bonferroni-corrected, pairwisemgarison probabilities. Omnivore OH internal
myofiber diameter increases over time. *significantd@t05

4 day old 6 day old 8 day old
4 day old - - -
6 day old 0.000 * - -
8 day old 0.000 * 0.041 * -
14 day old 0.000 * 0.000 * 0.000 *

c. T-test of OH internal myofiber diameteredch day. Carnivores show significantly
larger OH internal myofibers all days. *significant ad0.05

4 day old carnivore 6 day old carnivore 8 day old carnivore 14 day old carnivore

t=11.26, df=38 t=3.68, df=38 t=5.90, df=38 t=7.29, df=38
p=0.000 * p=0.001 * p=0.000 * p=0.000 *

4 day old omnivore 6 day old omnivore 8 day old omnivore 14 day old omnivore
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showed larger peripheral myofibers for latays, day 8 and 14 (Figure 3.8a, Tables
3.5a,b,c). In addition, carnivores and omnassshowed no growth rate differences for
peripheral TL myofiber growth when ptetl against days old, and both increased
myofiber diameter at approximately 52 tifigure 3.8b). Central and medial myofibers
again did not differ significantly within canores and omnivores (the same “internal”
myofiber metric was used as OH). CarnivasBewed larger inteat myofibers at all

ages tested (Figure 3.9a, Tables 3.6a,lmd)showed a significantly higher myofiber
growth rate (2.5 times) when TL internayaiiber diameter was plotted against age
(Figure 3.9b).

Myosatellite prdiferation analysis

Carnivores and omnivores showed slaene pattern of daughter nuclei (BrdU-
labeled nuclei) recruitment (myosatellitefiferation) for uncorrected values and
myofiber-number-corrected daughter nuclende only uncorrectedata are reported.
Omnivores showed higher numbers of daughterei in the OH at day 4 and 6 but not
day 8 (Figure 3.10a, Tables 3.7a,b,c). Thewoatm@rnivore daughteruclei recruitment
in the OH was significant and was approxieia 6 nuclei per day. Omnivores, on the
other hand, showed a recruitmerterthat was not significantlyr€0.03,p=0.86)
different from zero (Figure 3.10b). If d&8ydata is removed from the sample for
omnivores, focusing only on the increaselafighter nuclei, onmvores showed a
significantly (F=6.46,p=0.02) positive prolération rate, 12.52 nuclei added per day
from day 4 to day 6.

Tail muscle daughter nuclei recruitmean the other hand, showed a different
pattern from that of OH when phenotypesre compared. Omnivores showed a
significantly higher number of daughter nu@giday 6, but no sigficant difference at
earlier (day 4) or later ¢ga (day 8) (Figure 3.11a, bkes 3.8a,b,c). Additionally,
carnivores and omnivores showedproliferation rate differencd=£0.71,p=0.40) when
TL daughter nuclei were plotted againsyslald, and both phenotypes showed a
daughter nuclei recruitmentteaof approximately 44 per gdFigure 3.11b). Lastly, the
majority of daughter nucleire located among the periphamajofibers in both the OH
and TL in both carnivores and omnivores, alijio far fewer daughter nuclei are found in
the OH relative to the TL (Figures 3.10a,b, 3.11a,b, 3.12a,b).
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Figure 3.8. TL peripheral myofiber diameter asunttion of age. Means and standard
deviations are represented (a). Carregasshow significantarger peripheral TL
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diameter on age with a linear model (®arnivores and omnivoretow no significant
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Table 3.5

a. Carnivore TL peripheral myofiber diameter ANOW¥A3.44,p=0.027 and table of
post-hoc, bonferroni-corrected, pairwisemparison probabilities. Carnivore TL
peripheral myofiber diameter inciess over time. *significant ai0.05

4 day old 6 day old 8 day old
4 day old - - -
6 day old 1.000 - -
8 day old 1.000 1.000 -
14 day old 0.04 * 0.076 0.902

b. Omnivore TL peripheral myofiber diameter ANOV23.86,p=0.000 and table of
post-hoc, bonferroni-corrected, pairwisemparison probabilities. Omnivore TL
peripheral myofiber diameter incigss over time. *significant al0.05

4 day old 6 day old 8 day old
4 day old - - -
6 day old 1.000 - -
8 day old 0.678 1.000 -
14 day old 0.000 * 0.000 * 0.000 *

c. T-test of TL peripheral myofiber diameteresich day. Carnivores show significantly
larger TL peripheral myofibemsnly on day 8. *significant atl0.05

4 day old carnivore 6 day old carnivore 8 day old carnivore 14 day old carnivore

t=1.27, df=18 t=0.56, df=18 t=2.37 , df=16 t=1.04, df=18
p=0.221 p=0.586 p=0.031 * p=0.312

4 day old omnivore 6 day old omnivore 8 day old omnivore 14 day old omnivore
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Figure 3.9. TL internal myofiber diameter asfanction of age. Means and standard
deviations are represented (a). Carregasshow significantarger internal TL
myofibers at all days. *significant at0.05. Regression of TL internal myofiber
diameter on age with a linear model (I®arnivores show agificantly higher slope
than omnivore$ANCOVA F=62.98,p=0.000). Averages in (a) are from data in (b).
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Table 3.6

a. Carnivore TL internahyofiber diameter ANOVA=63.93,p=0.000 and table of post-
hoc, bonferroni-corrected, paitse comparison probabilitie€arnivore TL internal
myofiber diameter increases over time. *significantd@t05

4 day old 6 day old 8 day old
4 day old - - -
6 day old 1.000 - -
8 day old 0.011 * 0.003 * -
14 day old 0.000 * 0.000 * 0.000 *

b. Omnivore TL internal yofiber diameter ANOVAF=81.67,p=0.000 and table of
post-hoc, bonferroni-corrected, pairwisengarison probabilities. Omnivore TL internal
myofiber diameter increases over time. *significantd@t05

4 day old 6 day old 8 day old
4 day old - - -
6 day old 1.000 - -
8 day old 0.016 * 0.464 -
14 day old 0.000 * 0.000 * 0.000 *

c. T-test of TL internal myofiber diameter @ach day. Carnivores show significantly
larger TL internal myofibers atll days. *significant atd0.05

4 day old carnivore 6 day old carnivore 8 day old carnivore 14 day old carnivore

t=4.13, df=38 t=2.10, df=38 t=6.54, df=36 t=5.63, df=38
p=0.000 * p=0.042 * p=0.000 * p=0.000 *

4 day old omnivore 6 day old omnivore 8 day old omnivore 14 day old omnivore
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Figure 3.10. OH BrdU-labeled nuclei as a function of age. Means and standard
deviations are represented (a). Omnivotesissignificantly more laeled nuclei at days
4 and 6 but no significant differemee at day 8. *significant ai0.05. Regression of OH
BrdU-labeled nuclei on age withlinear model (b). Carnivores show a significantly
higher slope than omnivores (ANCOMWA=5.90,p=0.019). Averages in (a) are from
data in (b).
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Table 3.7

a. Carnivore OH BrdU-labeled nuclei number ANOY¥A9.96,p=0.001 and table of
post-hoc, bonferroni-corrected, pairwisemgarison probabilities. Carnivore OH BrdU-
labeled nuclei number increase over time. *significard@05

4 day old 6 day old
4 day old - -
6 day old 0.56 -
8 day old 0.001 * 0.065

b. Omnivore OH BrdU-labeled nuclei number ANOWA6.25,p=0.007 and table of
post-hoc, bonferroni-corrected, pairwisemgarison probabilities. Omnivore OH BrdU-
labeled nuclei number increase over time. *significard@05

4 day old 6 day old
4 day old - -
6 day old 0.017 * -
8 day old 1.000 0.01%

c. T-test of OH BrdU-labeled nudlaumber at each day. Onwores show significantly
more OH BrdU-labeled nuclei at day 4 anddu no difference at ¢ga8. *significant atd
0.05

4 day old carnivore 6 day otwhrnivore 8 day old carnivore

t=3.67, df=17 t=2.64, df=11 t=1.75, df=18
p=0.002 * p=0.023 * p=0.097

4 day old omnivore 6 day olmmnivore 8 day old omnivore
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Figure 3.11. TL BrdU-labeled nuclei as a function of age. Means and standard
deviations are represented (a). Omnivate®v significantly moréabeled nuclei at day

6, but no difference at days 4 and 8. *significantd@t05. Regression of TL BrdU-

labeled nuclei on age with a linear model (b). Carnivores and omnivores show no slope
difference (ANCOVAF=0.71,p=0.403). Averages in (a) are from data in (b).
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Table 3.8

a. Carnivore TL BrdU-labeled nuclei number ANOWA86.27,p=0.000 and table of
post-hoc, bonferroni-corrected, pairwisemgarison probabilities. Carnivore TL BrdU-
labeled nuclei number increase over time. *significard@05

4 day old 6 day old
4 day old - -
6 day old 0.001 * -
8 day old 0.000 * 0.000 *

b. Omnivore TL BrdU-labeled nuclei number ANO\FA78.52,p=0.000 and table of
post-hoc, bonferroni-corrected, pairwise comparison probabilities. Omnivore TL BrdU-
labeled nuclei number increase over time. *significard@05

4 day old 6 day old
4 day old - -
6 day old 0.000 * -
8 day old 0.000 * 0.006 *

c. T-test of TL BrdU-labeled nudl@umber at each day. OGriwvores show significantly

more TL BrdU-labeled nuclei alay 6 but no differences day 4 or 8. *significant ad
0.05

4 day old carnivore 6 day otshrnivore 8 day old carnivore

t=0.29,df=18 t=241,df=10 t=0.93, df=15
p=0.776 p =0.036 * p = 0.368

4 day old omnivore 6 day olmmnivore 8 day old omnivore
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Figure 3.12. Cross-sections of jaw muscle (OH) énd tail muscle (D) (b) with newly
synthesized daughter nuclebkded with anti-BrdU antibods (brown spots). Most
daughter nuclei are locatednong the peripheral myo#bs for both the OH and TL.
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Discussion

Clear differences exist between carnesand omnivores for myofiber number,
myofiber diameter and myosatellite pferation in both OH and TL muscles. The
characteristic carnivonghenotype is due to bo®H and TL hyperplasia and
hypertrophy, which underlies the massivgo@nlargement, creating the carnivore
phenotype. Although both hyperplasia and hypetty seem to be important, the timing
of each process and differences betweenvatiin the phenotypes suggest there may be
some level of difference in the regulatiohcarnivore myoenlargement for the OH and
TL.

The OH muscle is part of the troplapparatus (jaw mustature and beak
together) and is associatetith the carnivores new trophiole, that of predacious
carnivore and cannibal (Pomeroy 1981erifig 1992Db; Storz and Travis 2007).
Considering the importance of the OH muscléh®new trophic role of the carnivore, it
is not surprising that it is one of the firsiits to show allometric disparity between the
carnivore and omnivore (3 to 5 days post haig, see chapter two). But, in fact, the
current study suggests that the OH jaw neisbows phenotypic disparity much before
the 3-5 day estimate pointed out in chapaey and other studies (Pomeroy 1981; Pfennig
1992a), estimated by the OH carnivore andhimore Y-intercepts. Carnivores have
approximately 1.19 times (60) the numb&OH myofibers relative to omnivores
immediately post-hatching, which is basedtom Y-intercept estimate. After which,
carnivores and omnivores add OH myofiberthatsame rate, approximately 9 per day.
At the same time carnivores are adding/i@@H myofibers, they are also rapidly
increasing the diameter bbth the peripheral and internal myofibers relative to
omnivores, 7.5 times and 38 times the omrevaryofiber growth rate respectively.
These differences in OH myofiber number a@mimeter suggest that there may be a cap
on the initial burst ohew myofibers that can be creaestly in carnivore development.
This cap is quickly reached within tearnivores’ first few days, and afterwards
carnivores are limited to the same recra@itthnumber as omnivores, approximately 9 per
day. This cap on initial hyperplasia mayregulated by nervous system maturation.
Hypertrophy and hyperplasia may be aated in the same upstream manner but
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downstream regulators, such as degreaménvation, may dictatéirect differentiation

or fusion to existing myofibers. T@ntinue their massive OH myoenlargement,
carnivores begin to rely more on periphemadl internal myofiber hypertrophy. Figures
3.6a and 3.7a clearly show that hypertrophy istmmore of an important factor for older
carnivores than younger. For examgia;nivore internal OH myofibers are
approximately 5 times the diametertbbse in omnivores at day 4, but reach
approximately 27 times the diametertbbse in omnivores at day 14.

It is important to remember that the miaores’ prey items, mostly anastrocan
shrimp and other tadpoles, (Pomeroy 1®fennig 1990, 1992a) are also growing
rapidly. To continue feeding on their pregrnivores cannot demited by a potential
developmental cap on the process of OH hgiasia and are rapidly shifting to the
process of OH hypertrophy in order to ntain their new carnivorous, cannibalistic
trophic role.

The TL, on the other hand, has a différecological importance and therefore
potentially a different developmentalgmess regulating its myoenlargement in
carnivores. Chapter two showed a cleargeral dissociation between the OH and the
TL; the OH is larger in carnivores earlydevelopment while the TL is not noticeably
larger in carnivores until mid-devgdment (Storz and Travis 2007). This TL
enlargement lag time in carnivores may bectional response tocreased use rather
than a direct effect of an environmental owbich is predicted for the OH. Carnivores
are chasing after prey itemartinually after they hatch, arnlde TL, in response to this
increased demand, may be signaled to irs@eayofiber number/diameter to keep up
with demand. Hence, there may be atiage between the demand and a quantifiable TL
response at mid-development (Storz and ira@07). Furthermore, as a pond becomes
depleted of prey items over time (persamiaservation), which occurs as carnivores
continue to feed, carnivores most likely hawechase prey items further distances and
more frequently, and the demand/myefilbesponse should be exacerbated.

Some of the histological tain the current study doest, while other data does,
support the above model. Similar to OHe L shows an initial hyperplastic burst
immediately after hatching in carnivores,ialihdoes not support the above TL “lag time”
model. This TL hyperplastic burst in carnigee may be part of the same developmental
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phenomenon as the initial hyp&stic burst found in the OH. Carnivores had 1.27 times
(92) the TL myofibers relative to omnivoresmediately post-hatching, but the same rate
of myofiber number increase was approxirafe per day for both phenotypes after the
initial burst. Carnivores may experieresimilar cap in TL hyperplasia early in
development and shift to hypertrophy later, both similarécctrnivore OH. The shift to
TL hypertrophy, on the other hand, differs from Gétause it occurs at a slower rate and
at less of a magnitude, which both may supgiee TL “lag time” model described above.
Peripheral TL myofibers are not significantlydar in carnivores than omnivores at both
days 4 and 6 and reach only 1.8 times those of omnivores by day 14. Internal TL
myofibers are significantly ftger in carnivores but only 1.6 times on day 4 and 1.8 times
those of omnivores on day 6, attaining a dianef 2.4 times those of omnivores by day
14.

Although both the OH and TL show hyp#asia and hypertrophy early in
development, the differences in hypeptiny magnitude between OH and TL may explain
why OH allometric disparity was found eartydevelopment bheveen carnivores and
omnivores but not for TL (Storz and Travis 2007). For example, at day four the
carnivore OH peripheral myofiber is 3 timawdahe internal myofiber diameter is 5 times
that of omnivores; the carnivore TL, on thier hand, is not sigigantly different at
day 4 for the peripheral myofibers and only 1m6es that of the omnivore for the internal
myofiber. This minor amount of TL hypesphy in young tadpoles, even with additional
hyperplasia, may not be detectable witilimeter calipers or an ocular micrometer,
which were the methods used in chapiey (Storz and Travis 2007).

Little is known about spadoot toad myodevelopmenthich limits discussion to
that known forXenopusand fish. This immediately poses a problem because spadefoot
toads differ fromXenopusn a least one myodevelopmental aspgetjopus laevis
develop uninucleate primary myofibers thdaefdbecome the scaffolding for development
of multinucleate secondary mfjbers during metamorphosighile the spadefoot toad
(Pelobates fusclglevelops multinucleate primary wijbers from the beginning (see
review Kacperczyk and Daczewska 2006). Relgas of potential differences, there
should be some similarities between spadefoot tadppusand fish myodevelopment,

which warrant a discussion.
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Xenopusmyogenesis consist of two wavef myoblast proliferation and
differentiation, the first wave occurring diog the larval stage and the second at
metamorphosis. This larval wave conspgtisnarily of myotubes dierentiating into fast
type 1l fibers and a small number differentiatintp slow type | fibes. The slow type |
fibers are terminally located peripheral te ttore of fast type Il fibers (see review
Chanoine and Hardy 2003). Fish, similaXenopudadpoles, show a peripheral ring of
slow type I fibers and a core of fast tyjpéibers during larval ad adult stages (Johnston
2006). Devoto et al. (1996) showed that fiber patterning in fish occurs by way of
differentiation and migration of slow type bérs. They found that the muscle precursors
could be divided into two subsets, adaxial cells and lateral presomitic cells depending on
fiber type and locality fate. The adaxial sedire found next to the notochord originally;
these cells differentiate into slow typebdrs, elongate to therigth of the somite, and
migrate radially to the periphery of thek musculature. The lateral presomitic cells,
on the other hand, are originally locateddak¢o the adaxial dis; these cells do not
migrate, elongate the length of the somated differentiate into fast type Il fibers.

Hence, the different activities of theseafiper precursors established the myofiber
patterns observed in larval aadult fish. This same patteng process may explain the
similar myofiber patterning iXXenopudarvae, and the fiber differentiation and migration
of adaxial cells is most likely induced bgme regulatory factor secreted from the
notochord tissue, such as sonic hedggkeg reviews TeKronnie and Reggiani 2002;
Yamane 2005). This muscle patterningeefs the functional demands of fish life
history; many fish show continuous amte movement, driven by small lateral
movements of the tail, and peripheratigae-resistant, slow, oxidative muscles
presumably drive the majorityf this movement. Fish, on the other hand, must be able to
show sporadic bursts of movement to cataymr avoid predators, which occurs by way
of increased lateral motion of the tail asdnost likely driven by the core of fast,
glycolytic fibers.

Spadefoot larvae in the current study steosuperficial similarity, in morphology
and behavior, to this same pattern; thepgyerial myofibers are smaller and tend to be
darker colored while the internal myofiberg #arger and tend to bighter colored in

fresh tissue cross-seati® (current study and personal observation). Also similar to fish,
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spadefoot tadpoles are contously moving, which most likely is driven by similar
lateral tail motions and slowxidative peripheral myofiber Carnivores are also
bursting after prey items, which may be dril®na core of fast, glycolytic internal
myofibers. Thus, the periphéfBL myofibers are predicted toe slow, oxidative type |
fibers, while the internal TL myofibers are piadd to be fast, ghalytic type Il fibers,
and the OH may show the same patterriib@r-typing analysisusing antibody-labeling
methods, is needed to confirm this pattieah unfortunately thse antibodies are not
available. In addition to the potential fittgpe differences between the peripheral and
internal myofibers, the peripheral myadits show a higher level of myosatellite
proliferation than the internal fiberas shown by BrdU antibody labeling. These
peripheral myofibers seem to be a myosaéetiource, in which myosatellite cells are
proliferating and then radiating out to formwner fuse to existing myofibers.

A number of factors may be driving hyp®phy of the internainyofibers. The
carnivore TL muscle adds approximatlyy and the OH approximdyed new myofibers
per day, but the BrdU study showed thdtnew TL and 6 new OH daughter myonuclei
are created per day. The new daughter nackeenough to account for the creation of
the newly formed myofibers, at least iretbarnivore TL, while the remaining daughter
nuclei fuse to existing myofibers. Additiaf new daughter nucléo existing myofibers
correlates with an increase in sarcoeneamber, mitochondria and other supporting
organelles, triglyceride and/glycogen, and a capillary volume, all of which contribute
to myofiber hypertrophy. Additionally, &man et al. (2004) have shown that
differential myosin isoform expssion is correlated with myofiber diameter differences.
An alternative explanation is that hypertrophy of internal myofibers in carnivores may be
occurring due to differentiasoform expression, which wouldean a larger sarcomeric
structure.

Carnivores have an enlarged OH and fdlative to omnivores, and it was
predicted that carnivores walshow more labeled daughterclei. Omnivores, in fact,
showed significantly more dghter nuclei (uncorrectechd myofiber-number-corrected)
or no significant difference from carnivoreBor the TL, omnivores showed a marginally
significant (=2.41,p=0.04) higher number of daughtauclei for only one day and the
phenotypes did not show a signént proliferation rate diffence, which suggests that
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the TL myosatellite proliferation rate is estially the same between the two phenotypes.
This suggests that the TL hypertrophy maybeurring by some other means other than
addition of daughter nuclei, and the correlative effects as discussed above, because
although proliferation rate is consistent tbe two phenotypes, carnivores increase the
internal myofiber diameter from 1.6 times on day 4 to 3.8 times on day 8.
Orbitohyoideus jaw muscle, on the othentiashows no consistent pattern between
carnivores and omnivores. In OH analyses wittomplete data searnivores show a
positive proliferation rate and omnivores show a proliferation rate not significantly
different from zero, which is mostly driven by 8 data. If we remove day 8 data, both
phenotypes show a positive pferation rate, but omnivoreshow an OH proliferation

rate approximately 2 times that of canmies. This suggests that the omnivore
proliferation rate covers the number ofinmyofibers added per day and the remaining
nuclei may fuse to existing myofibers, ahe carnivore rate is an underestimate for
carnivores because the new fibers added to the OH per day (9) is not matched by the

myosatellite cell prolifertgon rate (6 per day).
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CONCLUSIONS

This study has provided a tremendou®ant of new information regarding the
regulation of spadefoot developmental polypkm, and at the same time has challenged
some of the oldest dogma.

In the first study, a series of experiments and behavioral assays were designed to
elucidate the ultimate mechanisms that may regulate development of the carnivore
phenotype, but the data, in fact, suggeststthatdevelopmental polyphenism may not be
a polyphenism after all but rather a polymorphism. Polyphenism is the production of
multiple, discrete phenotypes from one genotgpé a predictable phenotype should be
produced after exposure to one, or a comlmnadf, environmental cue(s). Rather than
the carnivore phenotype developing in resgaiosone treatment, a few carnivores
developed in 17 (out of 30 total) differtetreatments, regardless of food type,
temperature, density, or substrate. Weduhe most conservative estimate currently
possible to characterize the carnivorous amehivorous phenotypes and have the utmost
confidence that laboratory-reared aninedgegorized as “carnivores” are indeed the
carnivore phenotype when compared todfiebllected animals. Polymorphism, on the
other hand, is the development of multjplescrete phenotypes due to genetic
differences. The data from the ultimate regioh study suggest that the polymorphism
model may be more suitable for the spadefoot system because the carnivore phenotype
developed in multiple treatments regardlessrofironmental cue. Lastly, muscle use
differences were investigated betweemoaires and omnivores, suggesting that
increased muscle use by the carnivore phenagypet a causal mechanism of jaw or talil
enlargement.

In the second study allometric and mutilate analyses were used to fully
characterize growth and development of spedifiits and determine which traits were
the most important for distinguishing phenotypdrait growth differences occur as two
temporally dissociated events. Earlydievelopment (Gosner stage 27, approximately 3
days old) carnivores show langjaw musculature, larger &ds, and shorter intestines,
and later in development (Gosner stage ppraximately 10 days old) carnivores show
larger tail musculature and tail fin. Additidlyathe allometric anglses suggest that the
growth regulation of different traits occuastonomously from one another because some
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traits grew faster while other grew slowercarnivores relativéo omnivores. Finally,
intestine length and interhyaus jaw muscle width modistinguished the phenotypes
from one another.

In the third and last study myofibeumber, diameter, and myosatellite cell
proliferation was characterized for the oobiyoideus jaw and tail muscle from both the
carnivores and omnivores. This analysiggested at least three different
myodevelopmental events underling carnivorgenlargement, relat to omnivores.
The first is an initial bursdf hyperplasia immediately aftbatching in both the OH and
TL muscle. After which, both the OH afd show hypertrophy but the hypertrophy is
temporally dissociated between the tmascles; OH peripheral myofibers show
hypertrophy at day 4, relative to omnivoresile TL peripheral myofibers do not show
hypertrophy until day 8. This temporal dissdmn corresponds to similar findings for
the jaw and tail muscle in chapter two, and taken together suggest developmental
modularity at some level for the jaw and taiisculature. Finally, it was predicted that
carnivores would show higher ldgeof myosatellite prolifeation, but omnivores, in fact,
show the same or greater numbers of daarghiclei, which does not account for the

extensive hypertrophy shavby carnivores at these same ages.

80



REFERENCES

Alford R.A. 1999. Ecology: resource usempetition, and predation. In McDiarmid
RW, Altig R, editors. Tadpoles: The Biology Ahuran Larvae. University of Chicago
Press, Chicago

Arendt J. and L. Hoang. 200%&ffect of food level and rearing temperature on burst
speed and muscle composition of Western Spadefoot Bmedh (hammondii
Functional Ecology 19:982-987.

Beldade P., Koops K., and P.M. Brakdfiel2002. Modularity, individuality, and evo-
devo in butterfly wings. Proceedingstbe National Academy of Science, USA
99:14262-14267.

Bolker J.A. 2000. Modularity in dev@yment and why it matters to evo-devo.
American Zoologist 40:770-776.

Bradshaw A.D. 1965. Evolutionary si§ijnance of phenotypic pkticity in plants.
Advance in Genetics 13:115-155.

Brakefield, P. M. and V. Mazzotta. 199Blatching field and laboratory environments-
effects of neglecting daily temperature-vadaton insect reaction norms. Journal of
Evolutionary Biology 8:559-573.

Brakefield, P.M., F. Kesbeke, and PKhch. 1998. The regulation of phenotypic
plasticity of eyespots in éhbutterfly Bicyclus anynanaAmerican Naturalist 152:853-
860.

Brakefield, P.M. and V. French. 1999. Buftiewings: the evolutn of development of
colour patterns. Bioessays 21:391-401.

Brakefield, P.M., V. French, and B.J. Zwaa2003. Development and the genetics of
evolutionary change within insect species. Annual &ewf Ecology, Evolution, and
Systematics 34:633—-660.

Brandon, R.A. 1976. Spontaneous amiliced metamorphosis of Ambystoma
durmerilii (Duges), a paedogenetic Mexicatassnder, under laboratory conditions.
Herpetologica 32:429-438.

Buchholz, D.R. and T.B. Hayes. 2000. Larperiod comparison for the spadefoot toads
Scaphiopus couché@ndSpea multiplicatgPelobatidae: Anura)Herpetologica 56:455—
468.

Chanoine C. and S. Hardy. 2008enopusnuscle development: from primary to
secondary myogenesis. Déwygmental Dynamics 226:12-23.

81



Dauncey M.J. and R.S. Gilmour. 1996. Reguy factors in the control of muscle
development. Proceedings of the Nutrition Society 55:543-559.

Devoto S.H., Melancon E., Eisen J.S. andWksterfield. 1996. Identification of
separate slow and fast muscle precucgtls in vivo, prior to somite formation.
Development 122:3371-3380.

Dhawan J. and T.A. Rando. 2005. Stelitsde postnatal myogenesis: molecular
mechanisms of satellite cell quiescence, atitm and replenishment. Trends in Cell
Biology 15:666—673.

Emlen, D.J. 1994. Environmental control of horn length dimorphism in the beetle
Onthophagus acuminat€oleoptera: Scarabaeidae).o€redings of the Royal Society
of London B 256:131-136.

Emlen, D.J. and H.F. Nijhout. 2001. Hormboantrol of male horn length dimorphism
in Onthophagus Tauru&Coleoptera: Scarabaeidae)eg@nd critical period of sensitivity
to juvenile hormone. Journaf Insect Physiology 47:1045-1054.

Felix, M., DeLey P., Sommer R.J., FrisseMadler S.A., Thomas W.K., Vanfleteren J.,
and P.W. Sternberg. 2000. Evolutiornvafva development in the Cephalobina
(Nematoda). Developmental Biology 221:68-86.

Fluck M. and H. Hoppeler. 2003. Moleculzasis of skeletal nacle plasticity-from
gene to form and function. Reviewlfiysiology Biochemistry and Pharmacology
146:159-216.

Fluck M. 2006. Functional, structural amsblecular plasticity of mammalian skeletal
muscle in response to exercise stimulaurnal of Experimental Biology 209:2239-2248.

Garcia-Paris, M., D.R. Buchholz, and GridaOlea. 2003. Phylogenetic relationships
of Pelobatoidea re-examined using mtDNMolecular Phylogenetics and Evolution
28:12-23.

Gibson G. and E. Honeycutt. 2002. dwolution of developmental regulatory
pathways. Current Opinion @enetics and Development 12:695-700.

Gilbert, S.F. 2001. Ecological developrtarbiology: developmental biology meets the
real world. Developmeal Biology 233: 1-12.

Gosner K.L. 1960. A simplified table for staging anuran embayaslarvae with notes
on identification. Herpetologica 16:183-190.

Greene E. 1989. A diet-induced developmigmtéymorphism in a caterpillar. Science
243:643-646.

82



Hall, J.A. and J.H., Jr. Larsen. 1998.stmnbryonic ontogeny of the spadefoot toad,
Scaphiopus intermontan8nura: Pelobatidae): skethl morphology. Journal of
Morphology 238:179-244.

Hall J.A., Larsen J.H., Jr. and R.E. Fitzn@002. Morphology of the prometamorphic
larva of the spadefoot toaB¢aphiopus intermontan@&nura: Pelobatidae), with an
emphasis on the lateral line system aralthparts. Journal of Morphology 252:114—
130.

Hawke T.J. and D.J. Garry. 2001. Myogesatellite cells: physiology to molecular
biology. Journal of Applied Physiology 91:534-551.

Heinze, J. 1998. Intercastes, intermor@ml ergatoid queens: who is who in ant
reproduction? Insectes Sociaux 45:113-124.

Herrero, A., C. Prada, and S. Pajar@02. Gametophyte morphology and gametangial
ontogeny ofAsplenium foreziensend related taxa (Aspleniaceae: Pteridophyta).
Botanical Journal of theinnean Society 139:87-98.

Hoffman, E.A. and D.W. Pfennig. 1999. Proximate causesnwiilgalistic polyphenism
in larval tiger salamanders. Ecology 80:1076-1080.

Holtermann C.E. and M. Rudnicki. 2005. Mcular regulation oatellite cell function.
Seminars in Cell and Developmental Biology 16:575-584.

Horiuchi S. and Y. Koshida. 1989. Effectsfobdstuffs on intestinal length in larvae of
Rhacophorus arboreuyg\nura: Rhacophoridae)oological Science 6:321-328.

Johnston I.A. 2006. Environment and plastiotynyogenesis in teleost fish. Journal of
Experimental Biology 209:2249-2264.

Kacperczyk A. and M. Daczewska. 2006.xktli mesodermal and mesenchymal origin
of myotomal muscles in piké&e6ox lucius Teleostei). Anatomia histologia
embryologia-journal of veterinampedicine series ¢ 35:57—-65.

Katbamna B., Jelaso A.M., and C.F. I®004. Connexin 43 expressionglial cells of
developing rhombomeres Benopus laevisInternational Joual of Developmental
Neuroscience 22:47-55.

Koleva M., Kappler R., Vogler M., Herwi§., Fulda S., and H. Hahn. 2005. Pleiotropic
effects of sonic hedgehog on migssatellite cells. Cellular and Molecular Life Sciences.
62:1863-1870.

Leips J. and J. Travis. 1994. Metamorptasponses to changing food levels in two
species of hylid frogs. Ecology 75:1345-1356.

83



Leips J., McManus M.G., and J. Travid000. Response of treefrog larvae to drying
ponds: comparing temporary andmanent pond breeders. Ecology 81:2997-3008.

Liem K.F., Bemis W.E., Walker W.F., Jrn@dL. Grande. 2001. Functional anatomy of
the vertebrates. Brooks/Cole—Theon Learning, Belmont. Calif., pp. 118-176.

Lloyd D.G. 1984. Variation sttegies of plants in erogeneous environments.
Biological Journal of th&innean Society 21: 357-385.

Mayr E. 1963. Animal Species and Evoluti@ambridge, Harvard University Press,
Massachusetts.

McManus M.G. and J. Travis. 1998. Effecf temperature and salinity on the life
history of the sailfin molly{Pisces: Poeciliidae): lipid storage and reproductive
allocation. Oecologia 114:317-325.

Michimae, H., and M.A. Wakahara. 2002. A tadpole-induced polyphenism in the
salamandeHynobius retardatus Evolution 56:2029-2038.

Moczek A.P. and D.J. Emlen. 1999. Proxim@d¢ermination of male horn dimorphism
in the beetl®©nthophagus Tauru&oleoptera: Scarabaeidae)ournal of Evolutionary
Biology 12: 27-37.

Moran N.A. 1992. The evolutionary mainteca of alternative phenotypes. American
Naturalist 139:971-989.

Morey S. and D. Reznick. 2001. Effects of larval density otnpetamorphic spadefoot
toads Spea hammondii Ecology 82:510-522.

Morgan J.E., Gross J.G., Pagel C.N., Beangh J.R., Fassati A., Thrasher A.J., DiSanto
J.P., Fisher I.B., Shiwen X., Abraham Dadd T.A. Partridge. 2002. Myogenic cell
proliferation and generation of a revetsibumorigenic phenotype are triggered by
preirradiation of the recipienite. Journal of Cell Biology 157:693—-702.

Newman R.A. 1987. Effects of density and predatioScaphiopus couchiadpoles in
desert ponds. Oecologia 71:301-307.

Newman R.A. 1994. Effects of changing dgnand food levels on metamorphosis of a
desert amphibiar§caphiopus couchiiEcology 75:1085-1096.

Newman R.A. 1998. Ecological constraintsamphibian metamorphosis: interactions
of temperature and larval density witlspenses to changing food levels. Oecologia
115:9-16.

Nijhout H.F. 1999. Control mechanisms of polyphonic development in insects.
BioScience 49:181-192.

84



Nunn C.L. and K.K. Smith. 1998. Statistiealalyses of developmental sequences: the
craniofacial region of maupial and placental mammals. American Naturalist 152:82—
101.

Pfennig D.W. 1990. The adaptivgsificance of an mvironmentally-cued
developmental switch in an amurtadpole. Oecologia 85:101-107.

Pfennig, D.W. 1992a. Proximate and fuantl causes of polyphenism in an anuran
tadpole. Functional Ecology 6:167-174.

Pfennig D.W. 1992b. Polyphenism in spadetoat tadpoles as a locally adjusted
evolutionary stable strategy. Evolution 46:1408-1420.

Pfennig D.W. and J.P. Collins. 1993. nkhip affects morphogenesis in cannibalistic
salamanders. Nature 362:836—838.

Pfennig, D.W. and P.J. Murphy. 200Bow fluctuating competition and phenotypic
plasticity mediate species divergence. Evolution 56:1217-1228.

Pfennig D.W., Rice A.M., and R.A. Mamt 2006. Ecological opportunity and
phenotypic plasticity interact fgromote character displacemamnid species coexistence.
Ecology 87:769—779.

Pfennig D.W., Rice A.M., and R.A. Martin. 2007. Fieldlaxperimental evidence for
competition’s role in phenotypicvirgence. Evolution 61:257-271.

Poe S. 2004. A test for patterns of modularitgequences of developmental events.
Evolution 58:1852-1855.

Pomeroy L.V. 1981. Developmental polymbism in the tadpoles of the spadefoot
toad Scaphiopus multiplicataPh.D. Dissertation, Universigf California, Riverside,
CA

Pough F.H. and S. Kamel. 1984. Post-metgiic change in activity metabolism of
anurans in relation to Bfhistory. Oecologia 65:138-144.

Puri P.L. and V. Sartorelli. 2000. Regulation of muscleleggry factors by DNA-
binding, interacting proteinsnd post-transcriptional modifications. Journal of Cellular
Physiology 185:155-173.

Raff E.C. and R.A. Raff2000. Dissociability, modularitgvolvability. Evolution and
Development 2:235-237.

Relyea R.A. 2001 Morphological and behavigialsticity of larval anurans in response
to different predairs. Ecology 82:523-540.

85



Relyea R.A. 2001b. The lasting effects of adaptive plasticity: predator-induced tadpoles
become long-legged frogs. Ecology 82:1947-1955.

Rice A.M. and D.W. Pfennig. Analysis cdnge expansion in two species undergoing
character displacement: why might inveslgenerally ‘'win' during character
displacement? Journal Bolutionary Biology 21:696—704.

Rudel D. and R.J. Sommer. 2003. Theletion of developmental mechanisms.
Developmental Biology 264:15-37.

Seger J. and J. Brockmann. 1987. Wédket-hedging? Oxford Surveys in
Evolutionary Biology 4:181-211.

Shapiro M.D. 2002. Developmental morphology of limb reductidAe@miergis
(Squamata: Scincidae): chondrogenesisogsieesis, and heterochrony. Journal of
Morphology 254:211-231.

Schlichting C.D. and H. Smith. 2002. Phenotypic plasticity: linking molecular
mechanisms with evolutionary outcomes. Evolutionary Ecology 16:189-211.

Schmitt J., McCormac A.C., and H. Smith995. A test of the adaptive plasticity
hypothesis using transgenic and mutanttglaisabled in phytochrome-mediated
elongation responses to neighbofsnerican Naturalist 146:937—-953.

Skelly D.K. and E.E. Werner. 1990. Behawiaand life-historical responses of larval
American toads to an odaeapredator. Ecology 71:2313-2322.

Smith-Gill S.J. 1983. Developmental plasticity: developmental conversion versus
phenotypic modulation. Amiean Zoologist 23:47-55.

Spitze K. 1992. Predator-mediated plastiof prey life history and morphology:
Chaoborus americanysredation orDaphnia pulex.American Naturalis140:229-247.

Stedman H.H., Kozyak B.W., Nelson A.,dsier D.M., Su L.T., Low D.W., Bridges
C.R., Shrager J.B., Minugh-Purvis N., andAVMitchell. 2004. Myosin gene mutation
correlates with anatomical changes in the human lineage. Nature 428: 415-418.

Storz B.L. 2004. Reassessment of the environmental mechanisms controlling
developmental polyphenism in spadefoot toad tadpd@esologia 141: 402—-410.

Storz B. L. and J. Travis. 2007. Trait-specénd temporally dissociated developmental
program modification irspea multiplicatdadpoles suggests modularity. TSW
Development and Embryology715—726.

Systat Software Inc. 1997. Systat versioisystat Software Inc., Point Richmond, CA.

86



TeKronnie G. and C. Reggiani. 2002. Skaletuscle fibre typspecification during
embryonic development. Journal of Muscle Research and Cell Motility 23:65-69.

Timm N.H. 1975. Multivariate Analysisith Applications in Education and
Psychology. Monterey, ditornia: Brooks/Cole

Travis J. 1980. Phenotypic variation ahd outcome of interspecific competition in
hylid tadpoles. Evolution 34:40-50.

Travis J. 1984. Anuran size at metamordicexperimental test of a model based on
intraspecific competition. Ecology 65:1155-1160.

Travis J. and J.C. Trexler. 1986. Iatetions among factors affecting growth,
development, and survival 8xperimental populations 8ufo terrestrigAnura,
Bufonidae). Oecologia 69:110-116.

Travis J. 1994. Evaluating the adaptive role of morphological plasticity. In Wainwright
PC, Reilly SM editors. Ecological Morphologyniversity of Chicago Press, Chicago

Travis J., McManus M.G. and C.F. Badr999. Sources of variation in physiological
phenotypes and their evolutionary siggance. American Zoologist 39:422—-433.

Tufto J. 2000. The evolution of plasticand nonplastic spatial and temporal
adaptations in the presence of imperfesiremmental cues. American Naturalist
156:121-130.

Turner F.B. 1952. The mouth paofstadpoles of the spadefoot to&taphiopus
hammondi Copeia 3:172-175.

Van Buskirk J. and S.A. McCollum. 1999.aBlicity and selection explain variation in
tadpole phenotype between ponds with diffémredator composition. Oikos 85:31-39.

Van Buskirk J. and S.A. McCollum. 2006unctional mechanisms of an inducible
defence in tadpoles: morphology and behaviofluence mortality risk from predation.
Journal of Evolutionary Biology 13:336—347.

Via S. and R. Lande. 1985. Genotype-emwinent interactionral the evolution of
phenotypic plasticity. Evolution 39:505-522.

Voss S.R. and J.J. Smith. 2005. Evolunbsalamander life jes: a major-effect
guantitative trait locusontributes to discte and continuous vation for metamorphic
timing. Genetics 170: 275-281.

Whiteman H.H. 1994. Evolution of facultagiypaedomorphosis in salamanders. The
Quarterly Review of Biology 69:205-221.

87



Wozniak A.C., Kong J., Bock E., Pilipowi€., and J.E. Anderson. 2005. Signalling
satellite-cell activation in skeletal muscle: markers, models, stretch, and potential
alternate pathways. Muscle and Nerve 31:283-300.

Wray G.A. and C.J. Lowe. 2000. Despimental regulatory genes and echinoderm
evolution. Systematic Biology 49:28-51.

Yamane A. 2005. Embryonic and postnad&relopment of masticatory and tongue
muscles. Cell and Tissue Research 322:183-189.

88



BIOGRAPHICAL SKETCH

BRIAN LEE STORZ

Academic Background

Graduate Degree

Doctorate of Philosophy, Biology, Environmental and Developmental Regulation
of Spadefoot Toad Larval Polyphenism, Florida State University, 2009

Masters of Science, Biology, The Role of Thyroxine in Spadefoot Toad
Development, Florida State University, 2003

Undergraduate Degree

Bachelors of Science, Evolution and Ecology, Departmental Citation Award
University of California, Davis, 1999

Publications

Storz, B. L., Palacio, G. and M. Buchmann. (In preparation) The density-
independent effect of tadpole number on development in Spea bombifrons and
Spea multiplicata.

Shaffer, H. B., Storz, B. L., Starky, D., Engstrom, T. and A. Georges. (In
preparation) Phylogeography of the australian chelid turtle Emydura macquarii.

Arendt, J. and B. L. Storz. (In preparation) Nonlethal effects of confamilial
predators on habitat use in spadefoot tadpoles (Spea multiplicata and
Scaphiopus couchii).

Storz, B. L ., Donandt, S. and S. Fitzgerald. (In preparation) Induced spadefoot
tadpole color variation is not transferred to post-metamorphic juvenile toads.

Storz, B. L ., Nitzberg, B. and T. S. Moerland. (In revision) Not everything is
bigger in Texas: intestinal growth differences highlight the correlation between
Spea bombifrons microevolution and thyroid hormone axis maturation.

Storz, B. L., Heinrichs, J., Yazdani, A., Phillips, R. D., Mulvey, B. B., Arendt, J.
D., Moerland, T. S. and J. Travis. (In review) Reassessment of the
environmental model of developmental polyphenism in spadefoot toad tadpoles
part Il. Oecologia.

89



Storz, B.L.and T. S. Moerland. Accepted. Spadefoot-Tadpole Polyphenism:
Histological Analysis of Differential Muscle Growth in Carnivores and Omnivores.
Journal of Morphology.

Storz, B. L. and J. Travis. 2007. Trait-specific and temporally dissociated
developmental program modification in Spea multiplicata tadpoles suggests
modularity. TSW Development and Embryology 7: 715-726.

Weisrock, D. W., Shaffer, H. B., Storz, B. L., Storz, S. R., and S. R. Voss. 2006.
Multiple nuclear gene sequences identify phylogenetic species boundaries in the
rapidly radiating clade of Mexican ambystomatid salamanders. Molecular
Ecology 15(9): 2489-2503.

Storz, B. L. 2004. Reassessment of the environmental mechanisms controlling
developmental polyphenism in spadefoot toad tadpoles. Oecologia 141(3): 402—
410.

Steppan, S. J., Storz, B. L . and R. S. Hoffman. 2004. Nuclear DNA phylogeny

of the squirrels (Mammalia: Rodentia) and the evolution of arboreality from c-myc
and RAG1. Molecular Phylogenetics and Evolution 30: 703-719.

Academic Research Grants and Fellowships

American Heart Association, 2007-2009 ($45,400.00)
Dissertation Research Grant, 2007 ($750.00)

American Museum of Natural History, 2007 ($2400.00)
Robert B. Short Scholarship in Zoology, 2002 ($2000.00)
American Museum of Natural History, 2001 ($1126.00)
Sigma Xi, 2001 ($500.00)

Presidents Undergraduate Fellowship, 1998 ($2000.00)

Codoni Family Scholarship Award, 1996 ($1000.00)
Academic Honors and Awards

Outstanding Teaching Assistant Award, 2004

Outstanding Teaching Assistant Award Nomination, 2003

UC Davis Department of Evolution and Ecology Citation Award, 1998

90



Teaching Experience

Primary Instructor

Animal Development, Florida State University (Spring 2007)

Human Anatomy and Physiology for non-biology majors, Florida State University
(Summer 2002, Summer 2003, Summer 2004, Summer 2007)

Cell Biology, Molecular Biology, and Genetics for non-biology majors, Florida
State University (Summer 2006)

Animal Diversity and Behavior for non-biology majors, Florida State University
(Summer 2005)

Teaching Assistant

Anatomy and Physiology, Florida State University (Fall 2004, Spring 2005, Fall
2005, Spring 2006, Fall 2006)

Anatomy and Physiology Laboratory, Tallahassee Community College (Spring
2006)

Anatomy and Physiology Laboratory, Florida State University (Fall 2004)

Comparative Vertebrate Anatomy Laboratory, Florida State University (Spring
2004)

Evolutionary Biology, Florida State University (Fall 2003)

Molecular Biology Laboratory, Florida State University (Fall 2000, Spring 2002)

Animal Development Laboratory, Florida State University (Spring 2001, Spring
2003)

Animal Diversity Laboratory, Florida State University (Fall 2001)

Herpetology Laboratory, University of California, Davis (Spring 1999)

Assistant Instructor

Saturday-at-the-Sea, Florida State University (Fall 2000, Spring 2001)

91



Professional Development

Teaching: Active Learning 1: Inquiry Approaches, Florida State University, 2003
(Cheryl B. Stratton)

Planning: Communicating Expectations, Florida State University, 2003 (Cadence
Kidwell)

Biology Teaching and Learning Workshop, Florida State University, 1999 (Ann S.
Lumsden)

Scholarly Presentations

Poster Presentation. Hypertrophy and hyperplasia underlie myoenlargement in
the spadefoot tadpole carnivore phenotype. The Society of Integrative and
Comparative Biology (SICB) Annual Meeting. Phoenix, AZ January (2007).

Seminar Presentation. Developmental Modification over Evolutionary and
Ecological Timescales: are there conserved means by which developmental
programs are modified? Seminars in Ecology and Evolution, Florida State
University, Tallahassee, FL March (2006).

Seminar Presentation. Developmental Modification Over Evolutionary and
Ecological Timescales: are there conserved means by which developmental
programmes are modified? The Society of Integrative and Comparative Biology
(SICB) Annual Meeting. Orlando, FL January (2006)

Seminar Presentation. Are Carnivorous Tadpoles Driving Anuran Community
Structure in the Southwest Desert? Seminars in Ecology and Evolution, Florida
State University, Tallahassee, FL November (2004)

Seminar Presentation. Reassessment of the Proximate Mechanisms of
Developmental Polyphenism in Spadefoot Toad Tadpoles. The Society of
Integrative and Comparative Biology (SICB) Annual Meeting. New Orleans, LA
January (2004)

Seminar Presentation. Character Specific Heterochrony Drives Developmental
Polyphenism in the Spadefoot Toad Spea multiplicata. The Society for the Study
of Evolution Annual Meeting. Chico, CA June (2003)

Seminar Presentation. The Proximate and Mechanistic Control of

Developmental Polyphenism in an Anuran Tadpole. Howard Baker Lecture
Series, Florida State University, Tallahassee, FL April (2003)

92



Seminar Presentation. The Proximate and Mechanistic Control of
Developmental Polyphenism in an Anuran Tadpole. Seminars in Ecology and
Evolution, Florida State University, Tallahassee, FL November (2002)

Poster Presentation. Will the Real Carnivore Please Stand Up? Thyroxine
induction assays to investigate the evolution of developmental polyphenism in
spadefoot toads. The Society of Integrative and Comparative Biology (SICB)
Annual Meeting. Anaheim, CA January (2002)

Seminar Presentation. Analysis of the RAG1 gene complex; a comparative study

of RAGL1 evolution in Sciurid and Murid rodents. Florida Ecology and Evolution
Symposium Annual Meeting. Archbold Biological Station, FL March (2001)

Community Qutreach

Science Fair Judge: Leon County Regional Science Fair, Florida State
University, Tallahassee, FL (Spring 2000, 2001, 2002, 2003, 2004, 2005, 2006,
2007)

Science Fair Judge: Holy Comforter Episcopal School Science Fair, Tallahassee,
FL (Fall 2007)

Academic Volunteer Positions

Member of the Scientific Advisory Panel for the American Museum of Natural
History Southwestern Research Station (2002)

Treasurer for Ecology and Evolutionary Biology Group, Florida State University
(2001)

Professional Memberships

Society of Integrative and Comparative Biology

93



	The Florida State University
	DigiNole Commons
	6-30-2008


