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Understanding the origins of phenotypic diversity is fundamental to the study of 

evolution. While much is known about the role of selection in sorting variation, 

relatively less is known about how phenotypic variation is produced. In this thesis I 

investigate the genetic and developmental sources of craniofacial phenotype in a 

radiation of three ecologically diverse species of pupfishes (genus Cyprinodon) 

endemic to San Salvador Island, Bahamas. Species differ primarily in oral jaw 

morphology, and phenotypic differences arise during post-hatching growth resulting 

from modifications to the relative growth rates of oral jaw bones (Chapter 1). I provide 

an embryonic staging series for Cyprinodon (Chapter 2), and use RNA-seq to screen 

for genes differentially expressed between species at 4 developmental stages (Chapter 

3). Fully understanding how modifications at the level of gene expression (Chapter 3) 

may influence modifications to growth rates at an organismal level (Chapter 2) 

requires study of the processes operating at the cellular and tissue levels of biological 

organization. Patterns of cell proliferation differ between species of pupfishes and may 

be a way that genetic changes have phenotypic consequences on craniofacial 

morphology (Chapter 4). Taken together, these studies show how understanding the 

evolution of phenotypic diversity requires investigating the generative processes 

responsible for producing phenotypic variation at multiple levels of biological 

organization.  
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Chapter 1 

 
Changes in growth rates of oral jaw elements produce evolutionary novelty in 

Bahamian pupfish1 

  

                                                
1 Lencer, E. S., Riccio, M. L. and McCune, A. R. (2016), Changes in growth rates of 
oral jaw elements produce evolutionary novelty in bahamian pupfish. Journal of 
Morphology, 277: 935-947. doi:10.1002/jmor.20547 
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Abstract 

To understand the origins of novelty and the evolution of biological diversity, it is 

important to investigate the processes that generate phenotypic variation from 

genotypic variation. A number of path-breaking studies have revealed the genetic 

basis for phenotypic differences between distantly related taxa, but how qualitative 

change is produced during the early stages of divergence is largely unexplored. Here, I 

focus on striking differences in jaw morphology exhibited by three very closely 

related sympatric pupfish species (genus Cyprinodon) from San Salvador Island, 

Bahamas as a basis for investigating the genetic sources of morphological variation in 

recently diverged species. San Salvador Island pupfish are trophically diverse and 

display derived jaw morphologies distinct from any other species in the genus. I 

illustrate these qualitative morphological differences between species with 3D 

reconstructed CT images and camera lucida drawings of the skulls of wild-caught fish. 

Quantitative data representing the size of individual bony skull elements in wild fish 

show how qualitatively novel morphologies arise as a consequence of changes to the 

size and shape of individual skull elements, particularly the dentary, pre-maxilla, and 

maxilla bones associated with the oral jaws. Consistent with these comparative data is 

that the growth rate of individual bony skull elements, measured on a developmental 

time series of lab-reared fish, differs between species. These data provide a critical 

foundation for future studies developing San Salvador Cyprinodon pupfishes as a 

model system to understand the evolution and development of novel morphologies at 

the species level.  
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Introduction 

In the last thirty years evolutionary developmental biology has largely targeted 

comparisons among distantly related taxa to understand the evolution of major 

transformations like the origins of limbs (Schneider and Shubin, 2013). Fewer have 

addressed how phenotypic novelty arises during the early stages of divergence. Thus 

in contrast to a wealth of studies on the role of selection in driving phenotypic change 

(e.g., Reznick and Endler, 1982; Schluter, 1994; Losos, 1998), our understanding of 

how phenotypic variation is produced during the early stages of diversification is still 

limited. Notable exceptions include eye loss in cave fishes (Jeffery, 2001), pelvic fin 

loss in stickleback fishes (Chan et al., 2010), coloration patterns in mice and 

butterflies (Manceau et al., 2011; Reed et al., 2011), and skull variation in Galapagos 

finches (Abzhanov et al., 2004; 2006) and Cichlid fishes (Albertson and Kocher, 

2006). Many of these studies have focused on qualitative traits with a relatively simple 

genetic basis (e.g. Chan et al., 2010; Manceau et al., 2011; Reed et al., 2011). Thus 

understanding how novelty arises during the early stages of divergence in both 

quantitative traits and traits with a more complex genetic basis continues to represent a 

major frontier in evolutionary developmental biology. 

Investigating how variation is produced in ecologically important traits is of 

particular interest as these traits are likely to play roles in facilitating reproduction and 

affecting the persistence of new species through time. Vertebrate jaw morphology is 

an excellent example of an ecologically important complex trait that varies 

enormously across vertebrate lineages. Within the teleost fishes, jaw morphology has 

reached a pinnacle of morphological complexity in both form and function (Westneat, 
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2004). Unlike tetrapods where many jaw elements are fused to the cranium, teleost 

fishes have mobile jaw and skull elements that function to protrude the oral jaws and 

expand the opercular gill cavity during feeding and respiration. Teleost fishes include 

species with ventrally oriented mouths, upturned mouths with underslung jaws, jaws 

that protrude out half the length of a fish’s body, and immobile jaw extensions as in 

pipefishes or elephant fishes.  

Our understanding of how skull variation is produced in closely-related wild 

species is still largely limited to studies on Galapagos finches and African Cichlids 

(Abzhanov et al., 2004; 2006; Albertson and Kocher, 2006; Mallarino et al., 2011; 

Roberts et al., 2011). Despite the many examples of genes or gene networks being co-

opted independently or shared at phylogenetically deep levels, developmental sources 

of variation can be unique. For example, the developmental mechanisms of beak 

variation in Galapagos finches and closely related clades of finches are produced by 

different mechanisms (Campas et al., 2010; Mallarino et al., 2012). Thus there is much 

need to develop additional wild systems, such as recent work in stickleback fishes 

(Erickson et al., 2014) and anolis lizards (Sanger et al., 2014), in order to fully 

understand the relative roles of plasticity, epigenetics, gene expression divergence, and 

sequence divergence in producing the enormous phenotypic diversity of skull forms. 

This paper describes the skull morphology of three sympatric pupfish species 

(genus Cyprinodon), two endemic to the interior lakes of San Salvador Island, 

Bahamas (Figures 1.1 and 1.2; Martin and Wainwright, 2013a). Species differ 

primarily in skull shape, exhibiting enlarged or reduced oral jaws associated with 

distinct trophic ecologies (Martin and Wainwright, 2011).   
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Figure 1.1—Wild-caught Cyprinodon from San Salvador, Bahamas. A. C. brontotheroides, 
B. C. variegatus, and C. C. desquamator from Crescent Pond. All three fish are male and were 
photographed immediately after euthanizing. Melanophores are typically retracted in live male 
C. brontotheroides resulting in a more milky white color, while melanophores in live male C. 
desquamator are often expanded resulting in a uniform dark black coloration. Note the arrow 
in A pointing to the fleshy snout overlapping the upper jaw of C. brontotheroides, the deep 
body of C. variegatus, and the upturned mouth of C. desquamator. Scale bars are 1cm. 
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Derived pupfish species on San Salvador Island have evolved to specialize on 

eating either hard shelled prey or the slime and scales of other fish. Prior studies of 

San Salvador pupfish have used geometric-morphometrics to study variation in whole-

body shape among F1 lab-reared fish (Holtmeier, 2001) and linear skeletal traits 

among wild-caught pupfish species (Martin and Wainwright, 2011). However, it is 

difficult to extract from these studies how individual skull elements differ in size and 

shape. To study how changes in development correspond to skull variation among 

Bahamian pupfish it is critical to first understand how the three San Salvador species 

differ in morphology at the level of individual skull elements. 

 This paper builds upon previous work and provides both a qualitative and quantitative 

description of pupfish skull morphology in each of the three San Salvador species. I 

use alizarin stain prepared wild specimens as well as CT scans to describe the skulls of 

each species with reference to bony elements most diverged among forms. I then 

further describe the ontogeny of ossified skull elements using a lab-reared 

developmental series sampling through both larval and juvenile growth for all three 

species. These data show how changes to the size and shape of individual skull 

elements result in derived morphologies qualitatively unlike those exhibited by any 

other pupfish species. San Salvador pupfish are estimated to be geologically young 

(~6000-8000ybp; Turner et al., 2008; Martin and Feinstein, 2014), and thus these data 

furthermore provide insight into the origins of morphological novelty during the early 

stages of diversification.   
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Figure 1.2—Skull images for three species of Cyprinodon from San Salvador Island, 
Bahamas. A-C. CT images, in lateral view of the skulls of C. brontotheroides (eats hard prey), 
C. variegatus (omnivore), and C. desquamator (scale-biter), respectively. D-F. CT images, in 
dorsal view of the skulls of C. brontotheroides, C. variegatus, and C. desquamator, 
respectively. G-I. Cleared and alizarin stained specimen of C. brontotheroides, C. variegatus, 
and C. desquamator, respectively in lateral view. Scale bars are 1mm. Note how the upper jaw 
is nested under the dorsal maxillary process and nasal bones in C. brontotheroides A and D, 
and how the enlarged jaws contributing to an upturned mouth in C. desquamator in C and I. 

 
 

 
  



 

 8 

Material and Methods 

Background on Study System 

Morphological, biogeographic, and genetic evidence support the hypothesis 

that San Salvador Island pupfish species evolved from an ancestral population of 

Cyprinodon variegatus, a widespread Atlantic species common to estuaries and inland 

lakes across much of Eastern North America and the Caribbean (Echelle et al., 2006; 

Haney et al., 2007; Turner et al., 2008; Martin and Feinstein, 2014). While C. 

variegatus populations are found on numerous Bahamian islands, San Salvador Island 

is the only island where multiple sympatric forms are known to co-occur. Sympatry of 

closely related pupfish is rare; there is one other small clade of pupfishes 

sympatrically distributed in Chichancanab, Mexico (Humphries and Miller, 1981). 

Like San Salvador pupfish, the Chichancanab pupfish display a diversity of skull and 

jaw morphologies associated with trophic differentiation (Humphries and Miller, 

1981; Horstkotte and Strecker, 2005; Martin and Wainwright, 2011). Sadly, most of 

the endemic Chichancanab species are extinct in the wild. 

Two endemic San Salvador pupfish have recently been described as separate 

species, C. brontotheroides and C. desquamator (Martin and Wainwright, 2013a). The 

third species found on San Salvador is regarded as a population of the putatively 

ancestral C. variegatus. Prior to 2013 some authors considered all three species of San 

Salvador pupfish to be morphs of C. variegatus or possible incipient species 

(Holtmeier, 2001; Turner et al., 2008), and the diversity of names used to describe 

these pupfish in the literature reflects this ambiguity (Holtmeier, 2001; Turner et al., 

2008; Martin and Wainwright, 2011). For reference, C. desquamator refers to the form 
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that previous authors have termed either the scale-biter pupfish (Martin and 

Wainwright, 2011) or bulldog morph (Holtmeier, 2001; Turner et al., 2008). C. 

brontotheroides refers to the form that has previously been termed the hard prey 

specialist, durophage pupfish (Martin and Wainwright, 2011; Martin and Feinstein, 

2014), or bozo morph (Holtmeier, 2001; Turner et al., 2008). In this paper, I follow 

Martin and Wainwright (2013a) in treating San Salvador pupfish forms as three 

distinct species. To provide clarity for readers and continuity across the literature, I 

will hereafter refer to C. variegatus as the omnivore pupfish, C. desquamator as the 

scale-biter pupfish, and C. brontotheroides as the hard prey specialist. 

 

Wild fish collections 

Wild fish were collected from San Salvador Island, Bahamas in 2013 using 

hand nets and minnow traps baited with cat food. San Salvador Island contains 

numerous inland hypersaline lakes that are hydrostatically connected to the ocean 

through conduits and a porous limestone karst bedrock (Titus, 1986; Hagey and 

Mylroie, 1995; Teeter, 1995; Turner et al., 2008; Rothfus, 2012). While the omnivore 

pupfish, C. variegatus, can be found in all habitable lakes on the island, the scale-biter, 

C. desquamator, and the hard prey specialist, C. brontotheroides, occur in a subset of 

these same lakes (Turner et al., 2008; Martin and Feinstein, 2014). I focused collecting 

efforts along shallow areas where most individuals are found associated with algae 

and benthic fauna that provide food and nesting habitat (West and Kodric-Brown, 

2015; personal observation). I only sampled from lakes where all three species are 

known to co-occur. 
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Sampling locations on San Salvador Island included Crescent Pond (CP; 

N24.11219 W074.45800), Little Lake (LL; N24.05042 W074.51935), Oyster Pond 

(OY; N24.11020 W074.46243), and Osprey Pond (OS; N24.11004 W074.46738). Fish 

were euthanized with clove oil, photographed, and placed in 10% formaldehyde within 

one hour after capture. After fixing for 3-7 days at 4°C specimens were stepped up to 

70% ethanol for long-term storage. Species sampled included the omnivore, 

Cyprinodon variegatus Lacépède (1803), the scale-biter, C. desquamator Martin and 

Wainwright (2013a), and the hard prey specialist, C. brontotheroides Martin and 

Wainwright (2013a) from all four lakes. Sample sizes of each species from each lake 

are as follows: omnivore (CP = 6; LL = 3; OY = 5; OS = 2 ), scale-biter (CP = 5; LL = 

4; OY = 3; OS = 2), hard prey specialist species (CP = 7; LL = 3; OY = 3; OS = 1). 

All collection and euthanizing procedures of Cyprinodon fishes were approved by 

Cornell IACUC, protocol number 2011-0045, and the Bahamian Government, BEST 

permit issued November 10, 2012 and Export Permit 23/2013 issued on February 4, 

2013. All wild-caught specimens were deposited in the Cornell Museum of 

Vertebrates (CUMV, CU 98669-98660) 

 

Lab-reared growth series 

A growth series of lab-reared fish from each species was produced to measure 

relative growth rates of bony elements identified to be divergent among wild-caught 

fish (see below). F2 fish were generated as follows. 

Lab-reared F1 fish from wild-caught parents were obtained as eggs from Chris 

Martin at University of California, Davis. All these F1 fish were sourced from 



 

 11 

laboratory breedings among wild-caught fish from Crescent Pond on San Salvador 

Island, Bahamas. Male-female pairs of each F1 lab reared species (4 omnivore pairs; 5 

scale-biter pairs; 5 hard prey specialist pairs) were maintained separately in five gallon 

tanks using breathable plastic tank dividers. Fish were fed a combination of flake food, 

brine shrimp, bloodworms, and flake food fortified with fish oil. To create F2 lines, 

tank dividers were removed and yarn spawning mops were added to the tanks. 

Breedings typically lasted for 1-2 hours and between ~10-50 eggs were obtained per 

successful breeding. Eggs were collected from spawning mops, cleaned of debris, and 

reared at 26.7°C in petri dishes with daily water changes until hatching (between 6 and 

8 days post fertilization).   

At hatching, F2 full sibs that had been fertilized on the same day (e.g. broods) 

were moved into 3 liter tanks on a zebrafish rack (Aquatic Habitats) and stocked at a 

density of 8-12 fish. Species and broods were pseudo-randomized across a single 

zebrafish rack. Broods were fed a combination of live brine shrimp for two weeks and 

then switched to flake food for the remainder of the study. Water was changed 

manually every other day for the first two weeks before connecting tanks to the 

centralized filtration system and constant flow of water through the tank on the 

zebrafish rack system. 

Developing F2 young were sampled through time to generate growth series for 

each species. A single fish from each tank was destructively sampled at 17 days post 

fertilization (dpf), and then every five days until 37 dpf, after which fish were sampled 

every ten days until 107 dpf. A separate sample of fish was taken at hatching (7 dpf or 

8 dpf). Due to mortality, tanks differed in stocking density throughout the study and 
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not all tanks were sampled on all days. For analyses, only hatchling fish (7 dpf and 8 

dpf), 17 dpf, 22 dpf, 27 dpf, 37 dpf, and 87 dpf samples were used as these time points 

spanned the period during which species differences emerge and had the largest 

sample sizes. Lab-reared fish used in this study were submitted to the CUMV (CU 

98681–98698). 

 

Morphological measurements 

Wild fish specimens were cleared and stained with alcian blue and alizarin red 

stains following Taylor and Van Dyke (1985). Lab reared fish specimens were fixed in 

10% buffered formaldehyde for 24 hours and then stepped up to 70% ethanol. Lab-

reared fish were then stained with alcian blue and alizarin red using a non-acid 

staining method for larval fish following Walker and Kimmel (2007) in order to avoid 

de-ossifying the early anlages of bony structures.  

Measurements were taken on cleared and stained wild fish and lab-reared fish 

specimens in 75% or 50% glycerol using a DP25 camera affixed to an Olympus 

SZX16 microscope, supported by the program cellSens (Olympus). All measures were 

made on both the left and right side of each fish in lateral view, as follows (see also 

Figure 1.3). (1) Body length was measured as the distance from the center of the 

hypural at its most posterior extent to the most anterior tip of the maxilla. This 

measure of length differs from the customary measure of standard length taken from 

the middle of the hypural to the tip of the lower jaw. Bahamian Cyprinodon, differ 

most in lower jaw length (see below) and because my goal was to use body length as a 

measure of size without confounding it with variation among species I opted to take   



 

 13 

 
 

Figure 1.3—Camera lucida drawings of cleared and alizarin stained wild-caught C. variegatus 
in lateral view, with nasal bones and lacrimal removed to expose the dorsal maxillary process 
and palatine articulations. A. Major skull bones relevant to this study are labeled, with 
abbreviations as follows: d = dentary, pmx =  pre-maxilla, mx = maxilla, pal = palatine, ang = 
angular-articular, qu = quadrate, io = inter-opercle, sym = symplectic. B, C. show 
measurements taken. Scale bar is 1mm. 
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a length  measurement to the tip of the maxilla which does not extend during jaw 

protrusion. Performing this analysis using the customary measure of standard length 

does not affect analyses in a substantive way. (2) Lower jaw length was measured as 

the length from angular-quadrate articulation to the most anterior extent of the lower 

jaw. (3) Pre-maxilla length was measured as the length from the posterior ventral tip 

of the pre-maxilla to the anterior dorsal tip at the location of teeth insertion. (4) 

Maxilla length was measured as the length from the most ventral tip to the most dorsal 

tip of the maxilla. (5) Palatine length was defined as the length from the quadrate-

articular insertion to the dorsal tip of the palatine. This measure thus includes the 

quadrate, which is fused to the palatine in Cyprinodon fishes. (6) Head length was 

defined as the length from the posterior limit of the operculum to the anterior of the 

lateral ethmoid. (7) Orbit length was defined as the length from the anterior of the 

lateral ethmoid to the border of the posterior orbital. Finally, the shape of the dentary 

bone was estimated as the (8) dentary angle with vertex positioned at the anterior point 

of the dentary (site of teeth insertion) and one line running through the center of the 

angular-articular bone while another line runs to the posterior dorsal edge of the 

dentary. 

 A camera lucida attached to a WILD M5A dissection microscope was used to make 

lateral and dorsal drawings of cleared and stained fish specimens for illustrations. 

Drawings were subsequently scanned and digitized using Adobe Illustrator. 

 A single wild-caught individual from each species was CT scanned using a ZEISS 

Xradia Versa 520, voxel range = 9-12µM, exposure = 4-6s, number of projections = 

3,000. Final images were processed using Osirix for publication. 
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Statistical Analyses 

 Analyses were performed separately on wild-caught fish and lab-reared fish. All 

analyses were performed on the mean of the left and right measurements for each fish. 

Interspecific differences in skull element sizes were investigated using analysis of 

covariance (ANCOVA) with body length as a covariate. Fully factorial mixed effects 

models with body length and species as fixed effects were built in R to test for 

differences in the size of skull elements among species using the R package lme4 

(Bates et al., 2015). For wild-caught fish, I included the pond that samples were 

caught in as a random effect. For lab-reared fish, both parental pair and tank location 

on the rack were included as random effects in the model. For wild fish comparisons, 

if the interaction term between standard length and species was not significant then 

this term was removed and only the main effects of size and species are reported. 

Distributions of variables and the residuals from linear models were assessed for 

departures from normality. For wild-caught fish no transformations were found to be 

necessary and I thus tested for differences among species using the raw data directly. 

Log transforming the data did not affect the significance of terms in the analyses in 

any way. 

 For lab-reared fish I first built models on the raw data. These models relate directly to 

wild-caught fish analyses and regression slopes from these models indicate the simple 

relationship between the growth of each skull element and body length. To further test 

for an allometric or isometric relationship between the growth of each skull element 

relative to body size I performed an ANCOVA on log transformed variables, with the 

log of body size as a covariate. Slope coefficients describe allometric scaling in these 
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analyses. Only the lab-reared fish were investigated to test for scaling in this way as 

these samples represent a growth series for each species. I built each model 

substituting each of the three species as a dummy variable in order to calculate the 

standard error (SE) for the slope of each element for each species. The effect and 

significance of species as a factor in models on the growth rates of each skull element 

was concordant across models built with the raw data and log transformed data (e.g. 

interaction term), with only minor differences in whether fitting separate intercepts for 

each species was found to be significance or not. 

 

Results 

Morphological differences among wild-caught fish 

San Salvador Island pupfish species differ in the relative length of all oral jaw 

elements including lower jaw length (F = 380.14, df = 2,41, P < 0.01; Table 1.1, 

Figures 1.4 and 1.5a,g), pre-maxilla length (F = 197.35, df = 2,41, P < 0.01; Table 1.1, 

Figure 1.5b,h), maxilla length (F = 380.14, df = 2,41, P < 0.01; Table 1.1, Figure 

1.5c,i), and palatine length (F = 113.21, df = 2,41, P < 0.01; Table 1.1, Figure 1.5d,j). 

Head length measures and orbit length measures differ significantly among species of 

pupfish (head length: F = 24.68, df = 2,41, P < 0.01; orbit length: F = 3.37, df = 2,41, 

P = 0.045), but this effect is driven entirely by measures of these traits in the hard prey 

specialist species. Hard prey specialist pupfish have shorter head length measures than 

either of the other two species (LSmeans contrasts P < 0.01 for both comparisons), and 

shorter orbit length measures than the omnivore species (LSmeans contrasts P = 

0.047). The omnivore pupfish and the scale-biter pupfish do not differ from each other 
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in measures of either head length nor orbit length. Thus, the apparent differences in 

skull shape among species are largely attributable to changes to the allometric 

relationships of oral jaw skull elements relative to body size, with additional 

differences in head dimensions in the hard-prey specialist relative to the other two 

species. 

Species differ most in the relative length of the lower jaw, this measure alone 

being enough to differentiate the three species into groups (Figure 1.5a,g). Scale-biter 

pupfish have longer lower jaws for their size than either of the other two species 

(Table 1.1). Similarly, the lower jaws of the hard prey specialist are shorter than either 

of the other two species (Figure 1.5a,g). Oral jaw elements differ not only in size but 

also shape, likely as a result of allometric scaling. For instance, scale-biter pupfish 

have slim dentary bones with elongate posterior processes that extend caudally (Figure 

1.2 and 1.4). In contrast, the dentary of the hard prey specialist is robust and 

rectangular with short blunt caudal extensions. The lower jaw of the omnivore species 

is intermediate in size and shape. 

Maxilla shape differs dramatically among species (Martin and Wainwright, 

2013a; Figures 1.2 and 1.4). In the hard prey specialist, a prominent dorsal maxillary 

process projects anteriorly overlapping the pre-maxilla during jaw closure. 

Furthermore, the nasal bones and associated fleshy nasal tissue, sit above the maxilla 

and protrude further anteriorly over the pre-maxilla forming a characteristic nasal 

projection unique to the hard prey specialist pupfish (Figure 1.2; nasal bones removed 

in Figure 1.4). In contrast, the dorsal maxillary process of the scale-biter is both 

reduced in size and oriented dorsally such that it does not overlap the pre-maxilla 
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(Figures 1.2 and 1.4). This potentially frees the space anterior to the maxilla where the 

enlarged pre-maxilla is positioned during jaw closure. 

Cyprinodon fishes have slightly protruding lower jaws. This trait is 

exaggerated in the Bahamian scale-biter species. Scale-biter pupfish are readily 

identified in the wild by a characteristic upward oriented lower jaw that earned this 

species the colloquial name ‘Cyprinodon bulldog’ (Holtmeier, 2001; Figure 1.1). Both 

elongation of the lower jaw and modification to the shape of the dentary contribute to 

this underslung jaw morphology. In most species of pupfish the dorsal edge of the 

dentary angles downwards from posterior to anterior (Figure 1.4d,e: hard prey 

specialist and omnivore species). In the scale-biter species, however, the dorsal edge 

of the dentary forms a sharply acute angle at the jaw tip (Figure 1.4f: scale-biter). I 

quantified this change in shape by measurements of dentary angle. Scale-biter pupfish 

have significantly more acute dentary angles than either of the other species (Table 

1.1, P < 0.01). Combined with a longer lower jaw, and possibly as a consequence of it, 

a change to dentary shape positions the tip of the lower jaw at a steep upturned angle 

in the scale-biter species when the jaws are retracted. I confirmed results from other 

studies that tooth number varies among pupfish species (Martin and Wainwright, 

2011; Martin and Wainwright, 2013a), likely as a result of changes in oral jaw element 

size (Omnivore: !  = 35.13 sd = 3.64 N = 8; Hard Prey: !  = 23.5, sd = 2.78, N = 8; 

Scale-biter: !  = 50.0, sd = 4.0, N = 7).   
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Figure 1.4: Camera lucida drawings of cleared and stained wild-caught pupfish species in 
lateral view A-F and dorsal view G-I. Shown are C. brontotheroides A, D, G, C. variegatus 
B, E, H, and C. desquamator C., F, I. Dentary angle measurements are overlaid on camera 
lucida drawing in panels D-F to illustrate changes to dentary shape. Nasal bones and lacrimal 
were removed to expose the dorsal maxillary process and palatine articulations. Scale bars are 
1mm. 
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Figure 1.5—Allometric relationships of jaw elements to body length in all three species of 
pupfish. Scatterplots A-F show data for both lab-reared fish (small dots) and wild-caught fish 
(circled dots). Lines are model regression lines for only the lab reared fish showing faster 
growth rates of oral jaw elements in scale-biter pupfish and slower growth rates of these same 
elements in hard prey pupfish. Boxplots G-L show the ratio of each skull element to body 
length for wild and lab-reared individuals of different ages for each species. Allometric 
relationships of oral jaw elements typically continue to increase slowly through growth in the 
scale-biter pupfish, while allometric relationships of these same elements in the omnivore and 
hard prey pupfish either level off after 17 dpf, or decrease slightly during juvenile growth in 
the hard prey pupfish. Colors correspond to species and are the same in scatterplots and 
boxplots (hard prey is red, omnivore is green, scale-biter is blue).  



 

 21 

TABLE 1.1: LS Means for skull element traits from mixed effects linear models from wild-caught fish1,2 

Species Lower Jaw Length 
Pre-Maxilla 

Length 
Maxilla 
Length Palatine Length Head Length Orbit Length Jaw Angle 

Hard Prey 2.12 2.42 2.12 2.5 6.41 3.21 34.39 
 (2.01-2.23) (2.28-2.55) (2.01-2.23) (2.4-2.6) (6.15-6.68) (3.1-3.23) (31.72-37.06) 

Omnivore 2.7 2.9 2.7 2.78 6.98 3.37 30.67 
 (2.6-2.8) (2.78-3.02) (2.61-2.79) (2.7-2.87) (6.73-7.24) (3.23-3.48) (28.33-33.02) 

Scale-biter 3.92 4.04 3.92 3.44 7.17 3.25 16.76 
 (3.82-4.03) (3.91-4.17) (3.82-4.03) (3.34-3.54) (6.91-7.43) (3.14-3.36) (14.13-19.38) 
1Sizes are in mm 
295% confidence intervals are in parentheses 
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Lab-reared time series 

I investigated growth rates of skull elements among Bahamian pupfish species 

using a lab-reared growth series of F2 fish. Pupfish skulls at hatching are little ossified 

(Figure 1.6a,b). Close inspection reveals that the early anlages of the dentary, pre-

maxilla, and maxilla are present. Meckel’s cartilage is the dominant structure in the 

lower jaw of hatchling fish. At hatching, measures of Meckel’s cartilage (e.g. lower 

jaw length) are not different among pupfish species (F = 3.3, df = 2,85, P = 0.08; 

Figure 1.5a,g). Similarly, at hatching, Bahamian pupfish do not differ in any other 

measures of skull morphology (pre-maxilla: F = 0.1, df = 2,53, P = 0.9; maxilla: F = 

0.08, df =2,52, P = 0.9; palatine: F = 0.15, df = 2,72, P = 0.86). 

I first built full factorial linear models on the raw data with body length and 

species as fixed effects in order to test for differences in the growth rates of skull 

elements among species through juvenile growth. Species differed in the relative 

growth rates (e.g. interaction of body length and species in the model) of all oral jaw 

elements including lower jaw length, pre-maxilla length, maxilla length, and palatine 

length (Table 1.2). In all cases, growth of these elements was fastest in the scale-biter 

and slowest in the hard prey specialist (Figure 1.5a-d; Table 1.3). To identify how 

skull elements scale on body length I then built full factorial linear models on log 

transformed data with the log of body length as a covariate (Tables 1.2 and 1.4). A 

slope of one on log-log transformed data indicates that an element is scaling 

isometrically on body size, while a slope of greater than one or less than one would 

indicate positive or negative allometric scaling respectively. I found that traits scaled 

by slight positive allometry or isometry in the scale-biter and omnivore species.  
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TABLE 1.2: Analysis of covariance model results for lab-reared fish on raw data and log transformed data. For raw data analyses body 
length was included as a covariate. For analyses on log transformed data the log of body length was included as a covariate. 

ANCOVA results on raw data 

  Lower Jaw  Pre-maxilla  Maxilla  Palatine  Head Length  Orbit Length 
  F P  F P  F P  F P  F P  F P 
Length  17396 <0.001  11099 <0.001  15723 <0.001  167941.1 <0.001  11224 <0.001  8225.4 <0.001 
Species  35.9 <0.001  32.1 <0.001  9 <0.01  5.3 <0.01  0.1 0.92  0.4 0.66 
Interaction  290.1 <0.001  178.2 <0.001  81 <0.001  68.6 <0.001  1.3 0.27  1.4 0.26 

ANCOVA results on log transformed data 

 
 Log Lower Jaw  Log Pre-

maxilla  Log Maxilla  Log Palatine  Log Head  Log Orbit 

  F P  F P  F P  F P  F P  F P 
Log-
Length 

 8495.8 <0.0001  6728 <0.001  8222.9 <0.001  8167.6 <0.001  11665 <0.001  8843.9 <0.001 

Species  2.2 0.11  4.7 <0.01  0.6 0.54  0.1 0.89  0.5 0.62  0.9 0.43 
Interaction  18.8 <0.0001  17.3 <0.001  4.9 <0.01  3.5 0.03  0.8 0.44  1.5 0.22 
Sample sizes are omnivore = 121, scale-biter = 125, hard prey specialist = 91 
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TABLE 1.3: Regression slopes1 and intercepts for each species from ANCOVA models2 built on raw data for each skull measurement 
 Hard Prey Specialist  Omnivore  Scale-biter 

 Slope SE slope Intercept  Slope SE slope Intercept  Slope SE slope Intercept 

Lower Jaw Length 0.08 0.001 0.06  0.09 0.001 0.01  0.11 0.001 -0.07 

Pre-maxilla Length 0.08 0.002 0.05  0.10 0.001 -0.02  0.12 0.001 -0.12 

Maxilla length 0.10 0.002 -0.04  0.11 0.001 -0.07  0.13 0.001 -0.13 

Palatine Length 0.09 0.001 0.06  0.09 0.001 0.04  0.10 0.001 0.00 

Head Length3 0.24 0.004 0.03  0.24 0.003 0.02  0.25 0.003 0.01 

Orbit Length3 0.10 0.002 0.15  0.10 0.002 0.18  0.10 0.002 0.17 
1Slope and standard error (SE) calculated by rerunning models and swapping in each species as the dummy variable. Slopes reported here 
correspond to regression lines in Figure 1.5. 
2ANCOVA performed on raw data for just lab-reared fish. See table 2 for ANCOVA model results. 
3Effect of species in ANCOVA was not significant and coefficients for each species are not significantly different from each other. 
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TABLE 1.4: Regression slopes1 and intercepts for each species from ANCOVA models2 built on log transformed skull measurement data 
with log body length included as a covariate the model. 
 Hard Prey Specialist  Omnivore  Scale-biter 

 Slope SE slope Intercept  Slope SE slope Intercept  Slope SE slope Intercept 

Lower Jaw Length 0.96 0.018 -2.40  1.03 0.017 -2.49  1.09 0.015 -2.49 

Pre-maxilla Length 0.99 0.021 -2.42  1.08 0.021 -2.55  1.14 0.018 -2.59 

Maxilla length 1.07 0.020 -2.50  1.12 0.020 -2.55  1.15 0.017 -2.55 

Palatine Length 1.00 0.019 -2.41  1.03 0.018 -2.43  1.06 0.015 -2.42 

Head Length3 1.01 0.017 -1.46  1.04 0.015 -1.50  1.02 0.014 -1.46 

Orbit Length3 0.90 0.016 -1.92  0.94 0.015 -1.98  0.92 0.013 -1.95 
1Slope and standard error (SE) calculated by rerunning model with each species as the dummy variable 
2ANCOVA performed on log transformed data for just lab-reared fish. See table 1.2 for ANCOVA model results. 
3Effect of species in ANCOVA was not significant and coefficients for each species are not significantly different from each other. 
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In contrast these same traits tended to scale by isometry or slight negative allometry in 

the hard prey specialist species (Figure 1.5g-l; Table 1.4). These results can be seen in 

figure 5g-l where after 17 dpf the relative length of each skull element tends to 

increase more for the scale-biter and omnivore pupfish than for the hard prey specialist 

pupfish. Furthermore, by 17 dpf scale-biter juveniles have longer lower jaws for their 

size than either of the other two species (Figure 1.5a,g), and by 27 dpf the relative 

lengths of the pre-maxilla, maxilla, and palatine are longer in the scale-biter than in 

either of the other two species (Figure 1.5). The omnivore and hard prey specialist 

begin to diverge from each other in measures of oral jaw morphology by 27 dpf to 37 

dpf, often slightly later than when these same measures of oral jaw morphology begin 

to differ between comparisons with the scale-biter (Figure 1.5g-j). Head length and 

orbit length growth rates did not differ among species (Table 1.2; Figure 1.5e,f,k,l) in 

concordance with results from wild-caught fish. Head length and orbit length do not 

significantly differ among lab-reared fish species even when the interaction term is 

removed from the model. 

Emergence of morphological differences coincides with a major period of bone 

deposition and growth. Within the first week of larval growth the oral jaw bones 

become ossified and their adult shapes are largely discernable (Figure 1.6; note 

difference in dentary, pre-maxilla, and maxilla between hatchling and 17 dpf fish). 

Additional bone deposition and remodeling occur as differences among species 

become further exaggerated through time. By 87 dpf many fish had reached sizes 

approaching those obtained by adult wild-caught fish. At these sizes, lab-reared 

omnivore and hard prey specialist pupfish resemble wild-caught fish. In contrast, lab-
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reared scale-biter fish in this study never achieved morphologies as extreme as wild-

caught scale-biter fish (Figure 1.5).  

 

Discussion 

Morphological variation in wild fish 

Species differences in skull morphology among Bahamian pupfishes emerge 

largely as a result of differential growth of oral jaw elements. Scale-biter pupfish have 

longer oral jaw elements than either of the other two species, and hard prey specialist 

pupfish have consistently shorter oral jaw elements relative to their size. Changes to 

the size and shape of individual oral jaw elements in the skull (but less so to other 

aspects of the skull) have consequently led to changes in the relative positioning of 

skull elements leading to a qualitatively novel jaw orientation and snout morphology 

in the two derived species. For example, shortening of the oral jaw elements in the 

hard prey specialist and modification of the maxilla shape is associated with a change 

in the relative placement of the pre-maxilla to being nested under the dorsal maxilla 

process and nasal bones contributing to this species’ novel protruding snout (Figures 

1.1, 1.2, and 1.4). Similarly, elongation of the lower jaw and curvature of the dorsal 

maxilla process upwards is associated with an upturned lower jaw in the scale-biter 

species.   

Morphological variation among Bahamian pupfish is associated with trophic 

diversification (Martin and Wainwright, 2011; 2013b). San Salvador pupfish species 

eat similar food items, but at different frequencies (Martin and Wainwright, 2013b). 

Omnivorous C. variegatus eats predominantly detritus and algae in addition to   
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Figure 1.6: Ossification in a growth series of C. variegatus . A. hatchling 8 dpf larval fish, B. 
camera lucida drawing of 8 dpf larval fish with cartilage elements shaded and relevant bones 
labeled. C. juvenile fish sampled at 17 dpf, D. individual at 22 dpf, E. individual at 37 dpf, 
with the lacrimal and nasal bones removed for visibility. All illustrated individuals are F2 lab-
reared fish. Red alizarin stains bone, alcian blue stains cartilage. Note that different San 
Salvador species do not differ in the timing of ossification (see text). Scale bars in all panels 
are 500µm. Abbreviations are as follows: ch = ceratohyal cartilage, d = dentary, hs = hyoid-
symplectic cartilage, mc = meckel’s cartilage, mx = maxilla, pm = pre-maxilla, pq = 
palatoquadrate cartilage. 
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opportunistically preying upon an assortment of invertebrate taxa (and in some cases 

fish). The hard prey specialist C. brontotheroides eats snails and ostracods more 

frequently than either of the other two species in addition to eating detritus and algal 

material (Turner et al., 2008; Martin and Wainwright, 2013b). The scale-biter C. 

desquamator eats slime and scales from predominantly sympatric C. variegatus as 

well as detritus and algae. While all three pupfish species were observed in the wild to 

nip aggressively at each other, only the scale-biter C. desquamator was ever observed 

to actively hunt and feed upon the scales and slime of other pupfish. 

Most Cyprinodon species utilize a picking behavior that is conserved in the 

omnivorous San Salvador C. variegatus species (Ferry-Graham et al., 2008; 

Hernandez et al., 2008; 2009; personal observation). In Cyprinodon fishes, the 

protrusible jaws include the lower jaw (dentary and angular-articular) and pre-maxilla. 

Unlike most teleost fish, where the ventral process of the pre-maxilla rotates outwards 

during jaw extension (Westneat, 2004), the ventral process of the pre-maxilla in 

Cyprinodontiformes is attached to the lower jaw by a ligament (Ferry-Graham et al., 

2008; Hernandez et al., 2009). The result of this attachment is that the ventral process 

of the pre-maxilla is pulled caudally and dorsally during jaw extension. As a 

consequence, the tip of the pre-maxilla moves downward in Cyprinodontiformes to 

meet the tip of the extending lower jaw. The jaws have thus been described to act like 

forceps, facilitating precise picking of food items with both sets of teeth (Ferry-

Graham et al., 2008; Hernandez et al., 2008; 2009). 

Picking behavior depends critically on the coordination of the upper and lower 

jaws making it likely that interspecific differences in jaw morphology described here 
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for Bahamian Cyprinodon have functional consequences. For example, scale-biter 

species can be observed in the wild feeding by striking the sides of other pupfish. An 

enlarged lower jaw may facilitate scraping slime, scales, and tissue from prey in this 

species, but perhaps at a tradeoff to feeding on other types of food items. Little is 

known about the feeding ecology of the hard prey specialist other than some dietary 

information (Martin and Wainwright, 2013b), and no functional work has been done 

on any of the Bahamian pupfishes. Thus, despite striking morphological differences, it 

is unclear how feeding performance on different food resources is affected or what 

other costs and benefits may be associated with these derived morphologies. 

I sampled all three species of pupfish from four inland lakes on San Salvador 

Island. Connectivity among these lakes is unknown. Surface water in a central ‘Great 

Lake’ basin is disconnected from a number of peripheral lake basins by low hills (the 

highest point on San Salvador Island is only ~37m). Fish may disperse regularly 

among some lakes through underground cave systems, or erratically assisted by major 

storms. That pupfish populations show genetic structure among lakes (Turner et al., 

2008; Martin and Feinstein, 2014), and that salinity and biotic community structure 

vary among lakes (Godfrey et al., 1994; Edwards, 2001; Rothfus, 2012), suggests that 

many of these peripheral lakes are currently somewhat isolated from each other.  

The hard prey specialist, C. brontotheroides, does exhibit noticeable 

phenotypic variation among the lakes, suggesting at least some isolation. Populations 

of C. brontotheroides in Little Lake have more pronounced fleshy nasal protrusions 

than do populations of C. brontotheroides in other lakes, such as Crescent Pond 

(Appendix Figure A1; see also Martin and Feinstein, 2014). These morphological 
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differences are partially maintained in F1 lab reared fish and thus may be genetically 

based (personal observation, data not shown). However, differences in the bony 

elements among these populations are not qualitatively different, and while 

populations of C. brontotheroides occurring in Little Lake are somewhat 

distinguishable from populations in Crescent Pond, patterns of morphological 

variation among lakes within each of the three pupfish species on the island is small 

enough that species are easily differentiated by eye from each lake that they occur. 

Detailed morphological variation among lakes within each of the three species was not 

investigated in this paper.  

 

Growth and development of species differences 

 Morphological differences among species could first emerge during embryonic 

development and be apparent at hatching, or they could predominantly derive from 

differences in bone remodeling and deposition during larval and juvenile growth. In 

Bahamian Cyprinodon, I found that morphological differences emerge as a result of 

differences in the relative growth rates of jaw elements during the juvenile growth 

period. This result is consistent with Holtmier’s (2001) earlier study. Hatchling fish of 

all three species are similar in skull morphology and there are no apparent differences 

in the timing of ossification. Scale-biter hatchling fish do have slightly larger Meckel’s 

cartilage elements, though the difference is not significant. While these data do not 

rule out a role for changes during embryonic development in producing adult 

morphological differences, they do establish a major role for post hatching bone 

growth and remodeling processes underlying the evolution of skull phenotypes in 
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Cyprinodon.  

I found that during post-hatching growth skull elements tended to scale by 

greater positive allometry (higher slopes) in scale-biter pupfish than in the hard prey 

specialist pupfish (Table 1.3 and 1.4). For example, lower jaw length shows negative 

allometric scaling (slope less than one in Table 1.4) to body length in the hard prey 

specialist, but isometric or positive allometric scaling in the omnivore and scale-biter 

pupfishes (slope greater than one in Table 1.4). 

 Worth comment is that scale-biter F2 fish begin to diverge in morphology from 

omnivore F2 fish earlier than hard prey specialist F2 fish do (Figure 1.5g-j), 

suggesting that the mechanisms leading to the scale-biter morphology may have an 

earlier onset than those operating in the hard prey specialist. Along these lines, in the 

hard-prey pupfish the allometric relationships of each oral jaw element to size may 

level off by 22 dpf, and for lower jaw length likely even decrease subsequently as seen 

in figure 5g-l. In contrast, these same relationships continue to increase in the scale-

biter pupfish during the entirety of the experiment (Figure 1.5g-j).  

 

A possible role for plasticity? 

 Lab-reared scale-biter fish never achieve skull phenotypes as extreme as wild-caught 

fish suggesting a role for plasticity. This pattern was not observed in the other two 

species. A few possible scenarios could explain the pattern observed for F2 scale-biter 

fish. In one scenario, the wild scale-biter morphology could be affected by the feeding 

mode of these fish. Bone growth is known to be responsive to pressure and mechanical 

forces, and fish skull morphology is known to be plastic and responsive to food type ( 
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Wainwright et al., 1991; Wimberger, 1991). In the wild, scale-biter pupfish feed by 

ramming their jaws into the sides of larger fish (usually omnivore pupfish). In the 

experiment, F2 scale-biter broods were housed with conspecifics of similar size and 

did not have the opportunity to feed on larger fish like they may do in the wild. 

Development of the exaggerated scale-biter morphology may depend on mechanical 

forces being sustained during feeding, which in turn would affect bone remodeling and 

growth.  

Alternatively, lab-reared fish were fed ad libitum on brineshrimp and flake 

food, and thus had access to large amounts of high quality food that may be 

unrepresentative of diets in the wild. Growth rates of fish in the experiment might 

have been higher than what wild fish experience, with consequences for adult 

morphology. For instance, environments that produce slower growth rates in Western 

North American desert pupfish, C. nevadensis, affect adult body shape and can even 

result in the reduction of pelvic fins (Lema, 2006; Collyer et al., 2007; Lema, 2008; 

2014). Pupfish reared in these suboptimal environments partially phenocopy the 

closely related Devils Hole pupfish (C. diabolis) suggesting a major role for plasticity 

in producing interspecific differences among some pupfish species. A final option is 

that because the lab-reared fish used in the study were F2 laboratory reared fish, 

maternal effects or some other trans-generational epigenetic effect, may be altered by 

two generations in a laboratory environment.  
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Summary 

Endemic San Salvador Island pupfish species exhibit novel jaw phenotypes 

associated with trophic specializations for feeding on scales or hard shelled prey. 

Derived scale-biter pupfish have enlarged oral jaw elements associated with a novel 

upturned mouth orientation, and hard-prey pupfish have strikingly short oral jaw 

elements and a derived fleshy snout that protrudes over the upper jaw. I provide 

qualitative and quantitative data on the morphological differences distinguishing the 

skulls of three sympatric species, two of them endemic. This work describes the skulls 

of each species at the level of skull elements, and thus provides a foundational 

understanding of the morphology of each species necessary for further developmental 

and genetic research. I furthermore show that characteristic morphological differences 

emerge during larval and juvenile growth. These data indicate that bone growth and 

morphogenesis processes occurring during the larval and juvenile life history period 

play a significant role in the evolution of derived phenotypes in these fishes. Future 

work will elucidate how differences in gene expression and cellular-developmental 

processes produce qualitatively novel jaw phenotypes in these recently diversified 

species. 
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Chapter 2 

 
An embryonic staging series to hatching for Cyprinodon variegatus: An emerging fish 

model for developmental, evolutionary, and ecological research2 

 

 

 
  

                                                
2 Lencer, E.S. and Amy McCune. (In Press) An embryonic staging series to hatching 
for Cyprinodon variegatus: An emerging fish model for developmental, evolutionary, 
and ecological research. Journal of Morphology 
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Abstract 

Using multiple taxa to research development is necessary for making general 

conclusions about developmental patterns and mechanisms. I present a staging series 

for Cyprinodon variegatus as a basis for further study of the developmental biology of 

fishes in the genus Cyprinodon and for comparative work on teleost fishes beyond the 

standard models. Cyprinodon are small, euryhaline fishes, widely distributed in fresh, 

brackish and hypersaline waters of southern and eastern North America. 

Cyprinodontids are closely related to fundulids, providing a comparative reference 

point to the embryological model, Fundulus heteroclitus. Ecologists and evolutionary 

biologists commonly study Cyprinodon, and I have been using Cyprinodon to study 

skull variation and its genetic basis among closely related species. I divided embryonic 

development of C. variegatus into 34 morphologically identifiable stages. I reference 

this staging series to that already defined for a related model species, Oryzias latipes 

(medaka) which is studied by a large community of researchers. I provide a 

description of the early chondrogenesis and ossification of skull and caudal fin bones 

during the latter stages of embryonic development. I show that Cyprinodon are 

tractable for studying development. Eggs can be obtained easily from breeding pairs 

and this study provides a staging system to facilitate future developmental studies. 
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Introduction 

Study of the development of multiple taxa can illuminate our understanding of 

developmental patterns and mechanisms. Among teleost fishes, there are a number of 

species that have been developed as models (e.g. zebrafish, sticklebacks, medaka, 

cichlids), but these species do not begin to encompass the diversity of phenotypes 

represented by fishes (De Jong, Witte, & Richardson, 2009; Fujimura & Okada, 2007; 

Iwamatsu, 2004; Kimmel, Ballard, Kimmel, Ullmann, & Schilling, 1995; Swarup, 

1958). For instance, skull morphology is an ecologically critical trait that varies 

enormously across teleost fishes, but among the currently established teleost models 

only cichlids have evolved substantial skull morphological diversity (Albertson & 

Kocher, 2006; Liem, 1973). Many other clades of teleost fishes, such as closely related 

species of pupfishes in the genus Cyprinodon from San Salvador Island Bahamas 

(Hernandez et al., 2017; Lencer, Riccio, & McCune, 2016), exhibit skull 

morphological diversity in ways both similar and unique to that seen in cichlids and 

can provide useful comparisons necessary to evaluate how conserved craniofacial 

developmental programs are tweaked in similar and different ways across different 

groups of fishes. I am developing Cyprinodon as a model for studying the evolution 

and development of skull variation and its genetic basis among closely related, but 

morphologically and ecologically distinct species (Lencer et al., 2016; Lencer, 

Warren, Harrison, & McCune, 2017). In this study I provide a staging series for 

Cyprinodon. 

Cyprinodon comprises ~49 species of small, typically euryhaline, fishes well 

known for their ability to thrive in extreme environments (Miller, 1948). 
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Cyprinodontids are closely related to fundulids, and more distantly to medaka, 

providing a comparison for embryological work in these better established 

developmental models. Many species of Cyprinodon occur in desert water systems, 

where allopatrically distributed species isolated in different desert springs exhibit a 

wide range of morphological and physiological diversity (Miller, 1950). The genus 

includes species with some of the most restricted geographic distributions among 

vertebrates, exemplified by the Devil’s Hole pupfish (C. diabolis), a species entirely 

confined to a single aquifer pool in Ash Meadows, Nevada (Martin, Crawford, Turner, 

& Simons, 2016; Sağlam et al., 2016). However, other species of Cyprinodon are 

widely distributed, such as C. variegatus that occurs in estuaries and brackish ponds 

along the Atlantic coastline from Massachusetts to the Gulf of Mexico and throughout 

the Caribbean.  

Research on Cyprinodon spans an array of disciplines including phylogenetic 

inferences of North American paleoenvironments (Echelle, 2008; Echelle et al., 2005), 

use as models to understanding how organisms adapt and tolerate stressful 

environments (Naiman, Gerking, & Ratcliff, 1973; Naiman, Gerking, & Stuart, 1976; 

Plath & Strecker, 2008), as ecotoxicology models and biological indicators of 

estuarine health (Bowman, Kroll, Hemmer, Folmar, & Denslow, 2000; Raimondo et 

al., 2015), and as conservation models to understand the dynamics of small population 

size (Martin et al., 2016; Sağlam et al., 2016). Furthermore, evolutionary biologists 

study fishes in the genus Cyprinodon to understand mating behavior (Kodric-Brown, 

1977; West & Kodric-Brown, 2015), speciation and hybridization (Martin, 2016; 

Martin & Feinstein, 2014; McGirr & Martin, 2016; Richards & Martin, 2017; 
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Rosenfield & Brown, 2003; Turner, Duvernell, Bunt, & Barton, 2008), and the role of 

developmental plasticity in morphological evolution (Lema, 2006; 2008; 2014). My 

own research is developing Cyprinodon as an evolutionary developmental model to 

understand the genetic sources of skull morphological variation (Lencer et al., 2016; 

2017). Draft genome sequences are available for both C. variegatus (Lencer et al., 

2017) and C. diabolis (GenBank: JSUU00000000.1) bringing research on Cyprinodon 

into the genomics era.  

Despite the wealth of research on Cyprinodon, there is as yet no published 

normal table of developmental for the genus. The only resource available for 

embryonic development of Cyprinodon are notes on the development of C. variegatus 

from a 1916 Bulletin of the United States Fish Commission (Kuntz, 1915). The lack of 

a published reference staging series for Cyprinodon hampers comparisons across eggs 

fertilized at different times and across different studies. Here I present a staging series 

through hatching to facilitate ongoing research using Cyprinodon as a model for 

developmental, ecotoxicological, ecological, and evolutionary research.  

 This developmental staging series for Cyprinodon variegatus (Figure 2.1a) divides 

embryonic development into 34 stages up to hatching and provides notes on post-

hatching larval development. This early staging complements a recently published 

description of the post-hatching development of Cyprinodon variegatus (Schnitzler, 

Dussenne, Frédérich, & Das, 2016). I then use this staging series to present data on the 

development of skull and caudal fin skeletal elements during embryonic to juvenile 

development as a foundation for further work on the morphology of fishes in this 

group. 
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 Developmental staging series exist for several other actinopterygian fishes (Table 2.1). 

Most pertinent to this study is staging for other atherinomorph fishes, including 

medaka Oryzias latipes (Iwamatsu, 2004), mummichog Fundulus heteroclitus 

(Armstrong & Child, 1965), two species of Aphanius (Masoudi, Esmaeili, & 

Ebrahimi, 2018; Sanjarani Vahed, Esmaeili, Masoudi, & Ebrahimi, 2018), and the 

mangrove killifish Kryptolebias marmoratus (Mourabit, Edenbrow, Croft, & Kudoh, 

2011). As expected, Cyprinodon variegatus is developmentally similar to these other 

atherinomorph fishes, especially so for the first few days of development. As 

development proceeds, embryos of Cyprinodon diverge enough in qualitative 

morphology that it is infeasible to use staging series for other taxa to assign stages for 

Cyprinodon. To make a staging series of Cyprinodon most useful in comparison to 

these other species, I use stage names and numbers previously published for medaka 

where appropriate (Iwamatsu 2004). 

 

Materials & Methods 

Fish stock maintenance and egg rearing: 

 Adult Cyprinodon variegatus (Figure 2.1a) used in this study are wild-caught fish and 

F1 lab reared fish from San Salvador Island, Bahamas. Adult fish were maintained in 

the lab in brackish water (5 parts per thousand, ppt) at 27°C, and kept on a 14-hour 

light 10-hour dark schedule. Adults were fed a combination of brineshrimp, blood 

worms, and flake food supplemented with fish oil. Breeding pairs were set up in tanks 

with a yarn spawning mop, and left undisturbed for a minimum of 30 minutes and as 

long as overnight. In general, a breeding pair would lay between 10 and 30   
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Table 2.1: A partial list of developmental staging series for actinopterygian fishes. 
Species Common Name Reference 

Polypteriformes   
     Polypteridae   
           Polypterus senegalus Senegal bichir (Budgett, 1907) 

Acipenseriformes   
     Polyodontidae   
           Polyodon spathula American paddlefish (Bemis & Grande, 1992) 

Lepisosteiformes   
     Lepisosteidae   
           Lepisosteus osseus Longnose gar (Long & Ballard, 2001) 

Amiiformes   
     Amiidae   
           Amia calva Bowfin (Ballard, 1986) 

Osteoglossiformes   
     Gymnarchidae   
           Gymnarchus niloticus African knifefish (Budgett, 1907) 

Cypriniformes   
     Cyprinidae   
           Danio rerio Zebrafish (Kimmel et al., 1995) 
           Carassius auratus Goldfish (Tsai et al., 2013) 
     Cobitidae   
           Misgurnus anguillicaudatus (Fujimoto et al., 2006) 

Siluriformes   
     Heptapteridae   
           Rhamdia quelen  (Rodrigues-Galdino et al., 

2009) 
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Table 2.1: Continued… 
Salmoniformes   
     Salmonidae   
           Salmo gairdneri & Salvelinus fontinalis (Ballard, 1973) 
           Coregonus clupeaformis Lake whitefish (Sreetharan et al., 2015) 

Cichliformes   
     Cichlidae   
           Oreochromis niloticus Nile tilapia (Fujimura & Okada, 2007) 
           Haplochromis piceatus  (De Jong et al., 2009) 

Cyprinodontiformes   
     Cynolebiidae   
           Kryptolebias marmoratus  Mangrove killifish (Mourabit et al., 2011) 
     Fundulidae   
           Fundulus heteroclitus Mummichog (Armstrong & Child, 1965) 
     Aphaniidae   
           Aphanius vladykovi Zagros pupfish (Sanjarani Vahed et al., 2018) 
           Aphanius sophiae  (Masoudi et al., 2018) 
     Cyprinodontidae   
           Cyprinodon variegatus Sheepshead minnow This Chapter 

Beloniformes   
     Adrianichthyidae   
           Oryzias latipes Medaka (Iwamatsu, 2004) 

Tetraodontiformes   
     Tetraodontidae   
           Takifugu rubripes Fugu (Uji et al., 2011) 

Perciformes   
     Gasterosteidae   
           Gasterosteus aculeatus Three-spine stickleback (Swarup, 1958) 
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Figure 2.1: Adult morphology and development of Cyprinodon variegatus reared at 27°C. A 
Photo of adult male Cyprinodon variegatus. Scale bar is 1 mm. B Stage plotted as a function 
of hour-post- fertilization shows approximate rate at which Cyprinodon embryos progress 
through development at 27°C. Points are raw data from multiple individual embryos sampled 
from 12 clutches. Not all clutches were followed from fertilization through hatching. 
Fertilization times are estimated for some individuals based on the developmental stage at 
which eggs were collected (see text). C Spline curve shows developmental trajectory for 
Cyprinodon based on data shown in B, marked by major developmental events. Dotted lines 
indicate variation in the timing of each developmental event. Boxes at bottom of figure show 
approximate timing of four broad developmental periods highlighted in text: P1 = Blastodisc 
period; P2 = Gastrula to neurula period; P3 = Somitogenesis period; P4 = Late embryogenesis 
period. For larval/juvenile growth see Schnitzler et al. (2016).  
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eggs per successful breeding. All animal collections, rearing procedures, and 

maintenance of fish stocks were approved by Cornell IACUC (protocol number 2011-

0045) and Bahamian BEST permit issued November 2012 and export permit 23/2013 

issued February 2013. 

Unlike zebrafish, which are broadcast spawners and spawn at a single time 

each day, Cyprinodon variegatus lay serially, with as few as 1 - 2 eggs per breeding 

bout, and pairs may spawn over a period of time. Thus eggs from the same parents 

may be fertilized at slightly different times. I therefore only allowed males access to 

females for a short period of time (30 - 120 minutes) for most spawning events. This 

allowed us to ensure that all eggs from a breeding pair were fertilized within 1 - 2 

hours of each other. This technique was used alongside back dating other clutches 

where the exact fertilization time was unknown in order to generate a general outline 

of the rate at which Cyprinodon progress through developmental stages over time at 

27°C (Figure 2.1b,c). In all cases, eggs were staged immediately after collection. Even 

in those spawnings where breeding pairs were left overnight to spawn, most eggs were 

approximately the same stage when collected, leading us to conclude that spawning 

and fertilization generally occurred over a period of 1 - 3 hours in the lab. 

To monitor development, eggs were kept at 27°C in glass finger bowls or petri 

dishes filled with fresh 5 ppt brackish water, changed daily and observed regularly. 

For early stages, eggs were observed every 30 - 60 minutes, for later stages eggs were 

observed every 6 - 24 hours. Some individuals were left at room temperature in order 

to capture transient stages. 

A staging series was built by following spawnings from multiple crosses 
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through development, and stages were chosen as time points when embryos across 

multiple spawnings could be reliably identified to be at approximately the same 

developmental point based on morphology alone.  

 

Naming of stages: 

I reference stages closely to that of medaka (Iwamatsu, 2004) and Fundulus 

(Armstrong & Child, 1965). Where possible, I use the same names and numbering 

scheme as those presented for medaka in order to facilitate comparisons across taxa 

(Iwamatsu, 2004).  

 

Photographs and drawings: 

Eggs and larva were photographed using a DP25 camera fitted to an Olympus 

SZX16 dissection microscope. The eggs of Cyprinodon are covered with a sticky 

protein layer that facilitates adhesion of eggs onto substrate surfaces. This outer 

protein layer obscures viewing of the embryo and needs to be removed prior to 

imaging. Removal of the outer protein layer was accomplished by carefully rolling 5 - 

10 eggs on 2000 grit waterproof sandpaper (Porazinski, Wang, & Furutani-Seiki, 

2010). 

Eggs were photographed on agar in petri dishes filled with 5 ppt brackish 

water. Depressions in the agar allowed manipulation and stabilization of eggs to 

desired positions for imaging. All photographs were taken using transmitted light. In 

some cases embryos were dechorionated manually with forceps.  

Drawings of fish were produced by tracing photographs in Adobe Illustrator to 
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highlight the diagnostic morphological characteristics at each developmental stage. 

 

Bone and Cartilage staining: 

To visualize cartilage and bone development, I used a non-acid clearing and 

staining method developed for larval zebrafish (Walker & Kimmel, 2007). Embryonic 

fish were fixed in neutral buffered 4% paraformaldehyde solution for 24 hours and 

then moved to 70% ethanol. A solution of 90mM MgCl, 50% ethanol, 0.02% alcian 

blue, and 0.5% alizarin red was made following (Walker & Kimmel, 2007). Fish were 

stained in this solution for 6 - 24 hours, and then moved to 50% glycerol in 0.25% 

KOH to remove excess alizarin stain from the body (usually 24 - 48 hours). Embryos 

were not bleached with peroxide. Fish were stored in 70% glycerol and imaged in 50% 

or 70% glycerol. 

 

Results & Discussion 

 The eggs of Cyprinodon hatch between 6 - 8 days of embryonic development at 27°C 

(Figure 2.1b,c). I divide this period of embryonic development into 34 

morphologically identifiable developmental stages (Table 2.2, Figure 2.2), grouped 

into four broad developmental periods: (1) the formation of a blastodisc, (2) 

gastrulation and neurulation, (3) somitogenesis and differentiation of major organs, 

and (4) a late embryogenesis period characterized by growth. Below I provide an 

overview of each broad developmental period followed by the staging within that 

period.   
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Table 2.2: Stages to hatching for Cyprinodon variegatus 

Stage Approx. Hours Post 
Fertilization (hpf) 27°C Diagnostic Morphology 

Stage 1 0 hpf Activated Egg 

Stage 2 0.5 hpf 1-cell 

Stage 3 1 hpf 2-cells 

Stage 4 1.5 hpf 4-cells 

Stage 5 2 hpf 8-cells 

Stage 6 2.5 hpf 16-cells 

Stage 7 3 hpf 32-cells 

Stage 8 4 hpf 64-cells. Small circular blastodisc. 

Stage 9 5 hpf 128 – 256 cells. Lipid droplets migrated to vegetal 
pole.  

Stage 10 6 hpf Flattened blastodisc. Formation of periblast nuclei. 

Stage 11 7 hpf Increased number of periblast nuclei that extend ~ 
1/4 way over yolk. Decreased cell size and more 
flattened blastodisc. 

Stage 12 8 hpf Circular blastodisc expanded over yolk.  

Stage 13 10 - 12 hpf Epiboly commenced and blastodisc covers ~ 1/4 of 
the yolk circumference. Presumptive embryonic 
shield present. 

Stage 14 12 -15 hpf Well-developed embryonic shield. Germ ring 
extends ~ 1/4 – 1/3 way down yolk. 

Stage 15 14 - 19 hpf Germ ring extends approximately 1/2 way down the 
yolk. 

Stage 16 18 - 23 hpf Germ ring extends approximately three quarters of 
the way down the yolk. Embryonic shield elongated 
along AP axis and thickens at midline. 

Stage 17 23 - 26 hpf Embryonic body present. 

Stage 18 24 - 27 hpf Anterior of the embryo is enlarged, and earliest 
indications of the optic lobes appear as slight 
bulges. 

Stage 19 25 - 28 hpf Formation of optic lobes as distinct structures. 
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Table 2.2: Continued… 

Stage 20 28 – 30 hpf First appearance of somites. Initial indications of 
otic organs. 

Stage 21 29 – 34 hpf Appearance of leucophores on body and yolk. 
Visible neurocoele. 

Stage 22 32 – 40 hpf Formation of optic cup. Erythrophores present 
around presumptive heart. 

Stage 23 40 - 48 hpf Formation of tubular heart. Melanophores dot yolk. 

Stage 24 48 – 53 hpf Earliest heart beats. 

Stage 25 49 – 64 hpf Onset of blood circulation in yolk and body.  

Stage 26 60 – 75 hpf Heart projects anterior to snout and forms an S-
shape. Melanophores and Xanthophores on dorsal 
nape of embryo. Pectoral fin buds present. 

Stage 27 70 – 80 hpf Increased body length relative to previous stage. 
Presence of irridiphores in eyes. 

Stage 28 77 – 84 hpf Circular caudal fin, pale dusky hue to eye, 
diamond- to oval-shaped pectoral fins, and 
curvature of the body over the yolk. 

Stage 29 90 – 100 hpf Body is longer and caudal fin almost overlaps the 
eye. Eye pigmentation is greater than at previous 
stage. 

Stage 30 100 – 130 hpf Tip of caudal fin overlaps eye and snout begins to 
lift off yolk. Presence of stomodeum-like oral 
cavity. 

Stage 31 120 – 140 hpf Prominent lower jaw visible and level with anterior 
forebrain. Noticeable yolk shrinkage commences. 

Stage 32 130 -170 hpf Lower jaw extends beyond snout; oral cavity is 
open. Mouth movements and opercular movements. 

Stage 33 160 – 200 hpf Buccal pumping regular. Caudal fin overlaps hind 
brain. Noticeable reduction of yolk size.  

Stage 34 168 – 220 hpf Hatched larvae with fully resorbed yolk. Fish lie 
upright (rest on ventral portion of body) on 
substrate. 
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Blastodisc Period (stages 1 - 11) 

 The first ~10 hours of development are characterized by an increase in cell number 

and morphological identification of stages during this period appear similar across 

teleost fishes (Armstrong & Child, 1965; Iwamatsu, 2004; Kimmel et al., 1995). 

Unfertilized eggs of Cyprinodon (not shown) can be stripped from ripe females by 

pushing gently on the abdomen. Eggs emerge from an oviduct anterior to the anal fin, 

and rapid, spasmodic anal-fin movements are observed in association with egg 

stripping. Unfertilized eggs are small (approx. 1 - 2 mm in diameter), and the chorion 

is coated with sticky adhesive fibers that function to attach eggs to a breeding 

substrate. Similar to both Fundulus and medaka, the micropyle is identified by a 

characteristic funnel-shape and lipid droplets (ld) are present throughout the yolk.  

 Soon after fertilization the egg undergoes a series of movements that lifts the chorion 

away from the zygote to create an observable perivitelline space at the site of the 

future blastodisc. The release of cytoplasmic calcium stores immediately precedes the 

formation of the perivitelline space in other teleost fishes and is likely activated in 

Cyprinodon as well (Iwamatsu, 2004; McMillan, 2007). Whereas unfertilized and 

recently fertilized eggs of Cyprinodon are delicate and easily damaged, the chorion 

hardens during the first 30 minutes after activation such that eggs become resistant to 

externally applied pressure and can be easily picked off of a breeding substrate.  

In total, the process of egg activation, including formation of a perivitelline 

space and hardening of the chorion, takes approximately 30 - 45 minutes at 27°C. Like 

other teleost fishes, over the next few hours the one cell zygote undergoes a series of 

coordinated meroblast cleavages to form a multicellular blastodisc. The first seven 
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stages are defined by the number of cells observable in the zygote. After the 32-cell 

stage, the cells are too small and loosely organized in the zygote to make counting 

cells a reasonable method for staging. Instead, after the 32-cell stage, subsequent 

stages of development are based on overall morphology of blastodisc shape. 

Development in Cyprinodon is similar to medaka during this period, and I use the 

stage names and numbering used for medaka to draw comparisons across taxa 

(Iwamatsu, 2004). Following Iwamatsu (2004) I consider the end of the blastodisc 

period to coincide with the initiation of epiboly.  

 

Stage 1 (Activated Egg): 

Stage 1 is defined as the activated egg, consistent with the staging series provided for 

Fundulus and for medaka (Armstrong & Child, 1965; Iwamatsu, 2004). Like other 

atherinomorph fishes, large lipid droplets (ld) can be observed in the yolk. 

 

Stage 2 (1-cell Stage): 

A single cell at the future site of the blastodisc located near the micropyle (Figure 2.2). 

Similar to other cyprinodontiformes (Armstrong & Child, 1965; Iwamatsu, 2004), the 

shape of this cell is initially flat (lens-shaped) visible in lateral view, becoming taller 

and more defined on the yolk over time. In Cyprinodon spawned at 27°C, this occurs 

at approximately 30 minutes after fertilization. 

 

Stage 3 (2-cell stage): 

Two equal size cells from a meroblastic cleavage.   
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Figure 2.2: Cyprinodon variegatus developmental stages to hatching. For each stage, 
photographs in either animal pole or dorsal view (top) and lateral view (bottom) are paired 
with drawings to highlight morphology. Stages 29 – 33 are additionally included from a face 
view perspective to show curvature of caudal fin over the head. See text for descriptions of 
each stage. Scale bars are 0.5 mm. Note that at stage 16 the top image switches from an animal 
pole view to a dorsal view to better show embryo morphology. Asterisk in stage 22 marks 
aggregation of cells at future site of heart. Arrows at stages 14 – 16 mark progression of germ 
ring lip during epiboly. Abbreviations are as follows: ba, branchial arches; cf, caudal fin; es, 
embryonic shield; fb, forebrain; h, heart; hb, hindbrain; l, lens; ld, lipid droplets; leuc, 
leucophores; lj, lower jaw; mb, midbrain; nc, neurocoele; no, notochord; np, neural plate; oc, 
optic cup; op, optic lobes; ot, otic organ; pf, pectoral fin; pn, periblast nuclei; sto, stomodeum. 
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Figure 2.2 
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Figure 2.2 (Continued) 
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Figure 2.2 (Continued) 
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Figure 2.2 (Continued) 
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Figure 2.2 (Continued) 
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Figure 2.2 (Continued) 
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Stage 4 (4-cell stage): 

Four equal size cells following the second cleavage. 

 

Stage 5 (8-cell stage): 

Eight equal size cells in a single layer of two symmetrical rows of four cells. Some 

irregularities in cell size and spacing were observed among embryos of Cyprinodon. 

 

Stage 6 (16-cell stage): 

Sixteen cells arranged as a single layer of four loosely organized rows each of four 

cells. This arrangement, produced by the fourth cleavage consists of twelve exterior 

cells and four interior cells that are typically larger and more columnar in shape than 

the outer cells. The blastodisc often forms a rounded shape at this stage, though there 

appear to be irregularities among zygotes in the arrangement and relative size of cells 

at this stage.  

 

Stage 7 (32-cell stage): 

Multiple cell layers first occur at the 32-cell stage. A ring of outer cells form the 

periphery of the blastodisc, while two vertical layers of irregularly shaped cells 

populate the interior of the blastodisc. In medaka, the arrangement of cells at this stage 

has been attributed to horizontal cleavage of the interior four cells from the previous 

stage and rearrangement of peripheral cells to the interior of the blastodisc following 

the fifth cleavage (Iwamatsu, 2004). In Cyprinodon there are many irregularities 

among zygotes in the relative placement of cells and the evenness of size among cells 
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at this stage. Small lipid droplets that previously were located throughout the yolk 

begin to migrate to the vegetal pole (Figure 2.2). Larger lipid droplets do not appear to 

move. 

 

Stage 8 (Early morula; 64 cell stage): 

The 64 cell stage is characterized by changes to overall blastodisc morphology 

resulting from an increase in the number of cells and a decrease in cell size. Cells at 

this stage are noticeably smaller than at the 32-cell stage. The blastodisc is 

prominently positioned on top of the yolk and appears circular in form when viewed 

from an animal pole perspective. A ring of outer cells defining the circumference of 

the blastodisc is noticeable at this stage though less apparent then at the 32-cell stage. 

Lipid droplets are continuing to migrate to the vegetal pole. 

 

Stage 9 (Late morula; 128+ cell stage): 

This stage is differentiated from the previous stage by a doubling of cell number to 

128, decrease in cell size, and slight increase in the size of the blastodisc. As in the 

previous stage there is a sharp boundary between the cells making up the blastodisc 

and the yolk. Small lipid droplets have migrated to the vegetal pole (Figure 2.2).  

 

Stage 10 (Early blastula): 

Similar to development in medaka (Iwamatsu, 2004), the blastodisc begins to flatten 

on the surface of the yolk as cell number continues to increase and cell size continues 

to decrease. Periblast nuclei (pn) are observed on the yolk around the periphery of the 
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blastodisc at this stage. Small lipid droplets in the yolk are now fully localized at the 

vegetal pole of the yolk while large lipid may be positioned throughout the yolk 

(Figure 2.2). 

 

Stage 11 (Late blastula): 

This stage may be differentiated from the preceding stage by a larger blastodisc that is 

further flattened over the yolk. There is a noticeable increase in the number of 

periblast nuclei that are dispersed over the yolk around the periphery of the blastodisc 

at this stage. These periblast nuclei extend approximately ¼ of the way down the yolk, 

and are most prominently observed by viewing the blastodisc from the animal pole. 

 

Gastrula to Neurula Period (stages 12-19) 

Stage 12 (Pre-epiboly): 

The circular blastodisc is noticeably larger than at the previous stage, and has 

continued to flatten and expand over the yolk (Figure 2.2). This stage is transitional 

between the preceding blastula stages and the onset of epiboly. Relative to blastula 

stages, individual cells in the blastodisc are difficult to discern and periblast nuclei are 

increasingly visible. 

 

Stage 13 (Pre-early gastrula): 

Epiboly has commenced at this stage, and the blastodisc extends approximately 1/4 of 

the way down the yolk from the animal pole. The earliest indications of the 

presumptive embryonic shield (es) are observable as a very slight thickening of cells 
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along the border of the blastodisc in lateral view marking the site of gastrulation.  

 

Stage 14 (Early gastrula): 

At this stage the germ ring extends approximately 1/4 to 1/3 of the way down the yolk 

(arrow in Figure 2.2). The embryonic shield is visible as a thickening of cells along 

one edge of the border of the germ ring indicating that gastrulation has commenced.  

 

Stage 15: (Mid gastrula): 

The germ ring extends approximately half way down the yolk (arrow in Figure 2.2).  

 

Stage 16 (Late gastrula): 

The germ ring extends approximately three quarters of the way down the yolk (arrow 

in Figure 2.2). The embryonic shield elongates along the anterior-posterior axis to 

form a neural plate (np) observable as a thickening of cells along the midline of the 

embryonic shield on dorsal and lateral view. Note that the orientation of the embryo in 

Figure 2.2 is adjusted from this point onward to show the developing embryo in dorsal 

and lateral view. 

 

Stage 17 (Early neurula): 

The developing embryo is first identifiable as a smooth rod-shaped depression. The 

germ ring has extended to entirely, or almost entirely, cover the yolk. Lipid droplets in 

the yolk have moved to the posterior-ventral end of the embryonic axis. The anterior 

of the embryo (that point furthest from the germ ring lip, Figure 2.2) is slightly wider 
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than the posterior, however the embryonic body remains rod shaped and does not 

bulge where the optic lobes (op) will form (see next stage). 

 

Stage 18 (Late neurula): 

The anterior of the embryo is enlarged, and the earliest indications of the future optic 

lobes appear as slight bulges. On lateral view the embryonic body is seen to grow over 

the yolk to a greater degree than in the previous stage. As in Fundulus and medaka, 

there is a thin layer of cells observable along the lateral sides of the embryo. 

 

Stage 19 (Optic lobes): 

Formation of optic lobes as distinct structures differentiates this stage from the 

preceding one. An additional distinctive morphological feature of this stage is the 

extension of the forebrain (fb) anterior to the body, a feature described previously in 

both medaka and Fundulus (Armstrong & Child, 1965; Iwamatsu, 2004). 

 

Somitogenesis period (stages 20-27) 

I identified the next series of stages as the period during which somites form, followed 

by formation of the branchial arches and muscle segmentation. The embryo increases 

in size considerably and most of the major organs differentiate and become visible 

including the notochord (no), eyes, otic organs (ot), heart (h), pectoral fin buds (pf), 

and major regions of the hindbrain (hb), midbrain (mb), and forebrain (fb). Pigment 

cells appear and rapidly expand in number across both the yolk and embryo. By the 

end of this period the embryo has a functioning circulatory system, and makes 
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sporadic body movements indicating differentiation of body musculature.  

 

Stage 20 (Somites; 2-4 somites): 

This stage is marked by the first appearance of somites along the mid-body. The future 

sites of the otic organs are visible as slight indentations beside the hind-brain most 

easily observable on dorsal view. The initial markings of a differentiating lens and 

optic cup are first seen as a textured surface in the optic lobes at this stage. The body 

has increased in size and sits taller above the yolk than at previous stages. In 

subsequent stages the embryo continues to grow in size and relative size can be used 

as a general marker of developmental stage alongside diagnostic features. 

 

Stage 21 (Leucophores; 5-9 somites): 

This stage is marked by the first appearance of pigment cells (leucophores) on the 

body and yolk. These early leucophores are a pale dusky red-brown color when 

illuminated from above, taking on a characteristic white pastel color at subsequent 

stages. The otic organs appear as circular rings beside the hindbrain. The body and 

especially the brain are larger than in previous stages. The neurocoele (nc) is visible as 

a medial cavity in the forebrain. Visible signs of a developing lens and optic cup are 

present in individuals of this stage. Later in this stage an indentation may be seen in 

one eye indicating further development of the optic cup. 

 

Stage 22 (Optic cup; 12-13 somites): 

This stage is defined by the formation of the optic cup (oc) in both eyes. A visible 
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aggregation of cells ventral to the head marks the site where the future heart will form 

(asterisk in Figure 2.2). Scattered pale-colored erythrophores can be seen lining this 

pre-cardiac tissue. The formation of a number of furrows and folds in the brain adds 

definition to the boundaries of the forebrain, midbrain, and hindbrain regions. A 

circular lumen forms in the otic organs giving them more definition. Leucophores on 

the body and yolk are larger and more visible than at the previous stage. 

 

Stage 23 (Tubular heart; ~15-17 somites): 

As in medaka and Fundulus, this stage is defined by the formation of a tubular heart 

anlage located ventral to the midbrain. At this stage the heart does not pulsate. In 

addition to these defining characteristics, the lens (l) and optic cup (oc) of both eyes 

are further developed at this stage, and the brain regions are increasingly well defined. 

The body is larger, curving around approximately 1/2 to 2/3 of the yolk circumference. 

Scattered leucophores and small melanophores dot the yolk, however only 

leucophores are found on the body. 

 

Stage 24 (Early heart beats; 17-20 somites): 

This stage is marked by the earliest heart-beats, and over the course of this stage heart-

beats become more frequent and regular. There is no blood flow, but erythrocytes are 

visible in the yolk. The forebrain enlarges and expands medially forming a diamond 

shaped ventricle at its center.  

 

Stage 25 (Blood circulation; ~21-25 somites): 
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This stage is defined by the onset of blood circulation in the yolk and body. Blood 

flows out of the body and through the yolk at approximately the 4th somite anterior of 

the tail. Later in this stage some of the more anterior somites may be chevron shaped. 

The entirety of the heart is ventral to the midbrain at this stage. In the next few hours 

the heart will extend anteriorly, and the venous portion of the heart becomes 

positioned anterior to the snout. Pigment granules in melanophores on the yolk are 

dispersed throughout the cell (e.g. disaggregated). The first muscular contractions and 

body movements are observed at this stage. Interestingly, the onset of blood 

circulation and first somatic muscle movements have also been noted to coincide in 

Fundulus as well (Armstrong & Child, 1965). The branchial arches (ba) of the head 

are present as segmented pouches of cells ventral to the head. 

 

Stage 26 (S-shaped heart): 

The heart makes a slight bend under the head to take on an S-shape. Furthermore, two 

distinct portions of the heart beat slightly out of phase indicating physiological 

differentiation of the heart (Armstrong & Child, 1965; Iwamatsu, 2004). The venous 

portion of the tubular heart, initially positioned under the midbrain in stage 25 is now 

extended anterior to the snout. Movement of the heart anterior to the head is a 

continuous process such that intermediate stages where the heart is located under the 

forebrain or partially projecting anterior to the snout are observed, and there appears to 

be some variation in the timing at which the heart is fully extended among individuals 

fertilized at similar times. Anterior muscle segments are chevron shaped. Early 

formation of the pectoral fin buds occurs at this stage. Small paired otoliths are 
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observed in the otic organs. Xanthophores and melanophores are present along the 

dorsal portion of the hindbrain. As this stage progresses scattered irridophores can be 

observed in the eyes using overhead illumination. Similar to the previous stage, the 

branchial arches are visible as segmented pouches of cells. 

 

Stage 27: 

This stage is distinguished from the previous stage by an increase in body length and 

the formation of a dusky hue to the eyes resulting from a further increase to 

pigmentation of the eye. The body, which has grown in size, begins to curl slightly off 

of the yolk producing what looks like a small kink in the body. The caudal fin (cf) 

may be noticeably enlarged, but is not yet circular. Body movements become common 

during this stage. Xanthophores and melanophores form prominent patches along the 

dorsal surface of the embryo. The pectoral fin buds have grown in size from the 

previous stage, but are still bud shaped.  

 

Late embryogenesis period (stages 28-34) 

The later stages of embryonic development in Cyprinodon are characterized by a 

continued increase in body size as well as formation of the neurocranium, bony 

rudiments of the jaws, fins (including pectoral, caudal, and fin fold), axial skeleton, 

and larval pigmentation pattern (Figures 2.2 & 2.3). As the embryo elongates it is 

constricted by the chorion such that the posterior of the body curves upwards towards 

the head until the caudal fin eventually overlaps the hindbrain. During this phase, 

embryos show a progression of caudal fin curvature over the head. Pigment cells 
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proliferate across the body during this period. Clusters of melanophores form along 

the lateral sides of the embryo in a pre-pattern of the vertical barring typical of 

juvenile and adult Cyprinodon (Figure 2.3). Larvae hatch with ossified vertebrae, and 

a mostly cartilaginous skull (Figure 2.4). The jaw and skull cartilages, the early 

ossified anlagen of the premaxilla and maxilla, the formation of ossifying vertebrae, 

lepidotrichia, and portions of the appendicular skeleton all form during this time 

(Figures 2.3 & 2.4). Prior to hatching, Cyprinodon are observed buccal pumping 

within the chorion. Yolk absorption occurs rapidly during the final stages of 

embryonic development, and larvae of Cyprinodon are observed eating brine shrimp 

within the first 24 hours of hatching. I refer readers to Schnitzler et al. (2016) for a 

further description of larval and juvenile growth. 

 

Stage 28: 

This stage is distinguished by an enlarged circular caudal fin, diamond- to oval-shaped 

pectoral fins, and curvature of the body over the yolk (Figure 2.2). As the body grows 

inside the chorion, the tail curves up towards the head and reaches approximately 1/4 

to 1/2 way up the yolk to the eye. Pigmentation in the pigment epithelium of the eyes 

has increased considerably relative to previous stages and the eyes are a dusky pale 

color.  

 

Stage 29: 

This stage is defined by further curvature of the body such that the caudal fin almost 

overlaps the eye (Figure 2.2). There is a further darkening of the pigment epithelium 
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to the eye such that the eyes appear black. The caudal fin has increased in size, but still 

lacks any sign of fin rays. The pectoral fins are circular in shape. There is a further 

noticeable increase in the size of the head and eyes. Over the course of this period, and 

the next few stages, the gut, eyes, and head continue to grow in size. The snout 

remains attached to the yolk at this time. Body length of dechorionated individuals are 

2.5 - 2.7 mm (Figure 2.3a,b). Cyprinodon stained for cartilage and bone show positive 

alcian blue staining in the otic capsules (ot), notochord (no), and light staining at the 

site of the future trabeculae (tr) (Figure 2.4). Fish at this stage do not stain positive for 

alizarin indicating that bone has not yet formed. 

 

Stage 30: 

Body size increases such that the tip of the caudal fin overlaps the eye, and during this 

stage the caudal fin will start to overlap the head. The snout begins to lift off of the 

yolk as the lower jaw (lj) extends anteriorly. At this stage the oral region may be 

described as a stomodeum (sto), or indentation of the developing oral cavity, as 

externally visible jaw structures are largely lacking. The gut is increasingly pigmented, 

and a dark melanophore pattern is present along the wall of the developing gut. Late in 

this stage the lip of the lower jaw may be just visible, positioned along the ventral 

portion of the oral cavity at the level of the fore-brain. The cartilaginous 

neurocranium, including the skull trabeculae, stain positive for alcian blue (Figure 

2.4). Also at this stage, the hyosymplectic cartilages (hs), the gill arches (ga), palatine 

cartilage (p), and Meckel’s cartilage (m) stain positive for alcian blue, though the 

latter, incompletely formed, are slightly stained. Alizarin staining indicates that the 
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cleithrum (cl) has begun to ossify (Figure 2.4). Caudal fin rays become visible as 3-4 

slight thickenings (Figures 2.2 to 2.4). The eyes are noticeably darker and the fin fold 

is visible as a thin layer of cells. Dechorionated individuals are 2.8 - 3.1 mm (Fig. 

3a,b). 

 

Stage 31: 

The lower jaw is visible, and unlike transitional stage 30 individuals, the lip of 

the lower jaw is level with anterior of the forebrain. Melanophores have expanded 

relative to previous stages and begin to form a web-like pigmentation pattern on the 

yolk. The yolk begins to shrink noticeably in size. Body length continues to increase 

during this time; this is observed among fish still in the chorion as a further overlap of 

the caudal fin over the midbrain and hindbrain regions. Dechorionated individuals are 

3.2 - 3.5 mm (Figure 2.3a,b).  

Cyprinodon stained for cartilage and bone reveal that the cartilages of the skull 

are more robust and defined than in previous stages (Figure 2.4). The paired elements 

of Meckel’s cartilage stain strongly for alcian blue and meet at the anterior midline to 

form the larval lower jaw. The coronoid and angular processes of Meckel’s cartilage 

have formed. The palatine arch is clearly present as a small cartilage dorsal to the 

hyosymplectic cartilage. Some additional sites of ossification are present including the 

operculum (op), pharyngeal teeth (pt), and branchiostegal rays (br). Vertebrae have 

begun to ossify (Figure 2.4). 
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Figure 2.3: Late embryogenesis period. A Dechorionated series of stage 29 to 34 fish shows 
body lengthening and development of the larval pigmentation pattern. Note how the head lifts 
off of the yolk as the jaws form. Also visible is the rapid reduction in yolk size from stage 31 
to 33 and the expansion of a web-like melanophore pattern over the yolk in stages 32 and 33. 
Stage 34 is equivalent to the first stage in Schnitzler et al. (2016). B Plots of body length for 
stage 29 to 34 fish shows rapid growth during late embryogenesis. Note that body length may 
be used to stage fish as both hours post fertilization and developmental stage are good 
predictors of body length as shown in B. Variation in body length among stage 34 fish is 
partly due to pooling fish of slightly different ages due to substantive variation in hatching 
time. Larval staging is treated elsewhere (see text). C Development of the dorsal fin begins as 
a slight aggregation of cells in the fin fold (arrow) and dorsal fin rays emerge very soon after 
(stages 2 – 5 in Schnitzler et al. 2016). As the fin fold degenerates it leaves behind a dorsal fin 
as seen here in a juvenile 10 days post-hatch (dph) fish (stage 9 in Schnitzler et al. 2016). 
Scale bars are 0.5 mm, unless noted. dph = Days post hatch. 
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Figure 2.3 
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Figure 2.4: Embryonic fish stained with alcian blue (cartilage) and alizarin red (bone) 
show the progression of chondrogenesis and ossification, respectively. Shown are 
lateral and ventral views of the skull, and lateral view of the caudal fin. Note that the 
cartilaginous neurocranium forms at stage 30 embryos, followed by progressive 
ossification of skull elements. A fully functioning jaw is formed prior to hatching, but 
even at stage 34 the skull is still mostly cartilaginous. The caudal fin develops rapidly 
once it begins to form. Note that lepidotrichia are added in pairs, and that the hypural 
plate initially forms as a single structure and subsequently ossifies from proximal to 
distal. Abbreviations are as follows: br, branchiostegal rays; ch, ceratohyal; cl, 
cleithrum; d, dentary; ep, ethmoid plate; epur, epurals; ga, gill arch; haes, haemal 
spine; hs, hyosymplectic cartilage; hyp, hypural; lep, lepidotrichia; m, Meckel’s 
cartilage; mx, maxilla; no, notochord; ns, neural spine; op, opercle; ot, otic organ; pf, 
pectoral fin; pmx, premaxilla; pq, palatoquadrate cartilage; ps, parasphenoid; pt 
pharyngeal teeth; tr, trabecular cartilage. 
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Figure 2.4 
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Stage 32: 

The lower jaw extends beyond the snout and is freed from the yolk. The oral cavity is 

open. Lower jaw movements begin as irregular and infrequent twitches, and become 

more regular with time. The pectoral fins may move, though infrequently. The yolk 

has further decreased in size. Dechorionated individuals may propel themselves if 

stimulated. Dechorionated individuals are 3.5 - 3.7 mm (Figure 2.3a,b). 

 Beginning during stage 32 and continuing through the following stage (stage 33) the 

early anlagen of the premaxilla (pmx) and maxilla (mx) are sufficiently ossified to 

stain positive for alizarin red (Figure 2.4). Alizarin staining also shows the earliest 

indications of an ossified dentary (d) visible as slight wisps of bone along the exterior 

of Meckel’s cartilage. The paired trabecular cartilages, stained by alcian blue, have 

expanded at their anterior extent and meet at the midline to form the ethmoid plate 

(ep). The parasphenoid (ps) begins to ossify. Pharyngeal teeth stain strongly for 

alizarin even though the gill arches themselves remain un-ossified. Paired 

cartilaginous ceratohyal arches (ch) meet at the ventral midline.  

 

Stage 33: 

There has been a considerable lengthening of the body. The tip of the caudal fin 

reaches to the posterior of the hindbrain. Mouth movements are frequent. The embryo 

begins to buccal pump within the chorion at this stage. Pectoral fins move 

continuously. The yolk is noticeably diminished, and there has been an expansion of 

melanophores over the yolk to form a continuous web-like pattern. Dechorionated 

individuals can propel themselves at this stage, but movements are not sustained and 
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individuals rest on their sides between movements. The initial breakdown of the 

interior membrane of the chorion is indicated by ‘crater-like’ depressions and texture 

on the chorion surface (Armstrong & Child, 1965; Iwamatsu, 2004). Fish may hatch at 

this stage. Recently hatched stage 33 fish are free swimming but immobile unless 

disturbed. These hatched stage 33 fish lie on their sides at the bottom of the tank. 

Hatched larvae at this stage retain an enlarged yolk. Individuals quickly absorb 

remaining yolk and are streamlined and active larvae within 24 hours. Dechorionated 

individuals are 3.7 - 4.0 mm (Figure 2.3a,b). 

 Skull ossification and chondrogenesis is similar to stage 32, though ossified elements 

are typically larger and more robust (Figure 2.4). There is a further expansion of 

ossified branchiostegal rays. The fifth gill arch begins to ossify in stage 33. Most skull 

elements have formed by the end of stage 33, and the post-hatching period is 

characterized by further ossification and growth. 

 

Stage 34: 

This stage is defined as the hatched larva and is equivalent to the first described larval 

stage of Schnitzler et al. (2016). There is quite a bit of variation in when individuals 

hatch, though a general rule is that fish hatch 6 - 8 days post fertilization (dpf) at 27°C 

(Schnitzler et al., 2016). Thus, other than hatching, the distinction between stage 33 

and stage 34 fish is subtle. Good indications of a fish near hatching is vigorous buccal 

pumping with coordinated opercular movements and almost completely depleted yolk. 

Dechorionated individuals of this stage remain upright and propel themselves. The 

yolk at this stage is noticeably smaller than in stage 33. The head is freed from the 
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yolk and the body is straight. However there is variation in the timing of the head 

straightening relative to the body; this process seems to be dependent on hatching. 

Dechorionated individuals at this stage are often still slightly bent around a small 

circular yolk, but they straighten out within a few hours. Streamlining and yolk 

resorption may be partly due to morphogenetic or metabolic processes initiated by 

hatching. Individuals dechorionated before hatching tend to reach full yolk resorption 

and streamlined morphology sooner than individuals of the same age that have not 

been dechorionated prior to hatching. At this point, fish are free swimming larvae and 

begin to feed within the first 24 hours of hatching. Stage 34 larval fish have pectoral 

fins, caudal fins, and a larval fin fold. Stage 34 fish are typically longer than 4.3 mm 

(Figure 2.3a,b). 

At stage 34, all five gill arches have started to ossify as shown by alizarin 

staining. The symplectic begins to show signs of ossification at its middle and 

ossification progresses from the center outwards, as observed by comparing the 

ossified symplectic of a stage 33 to stage 34 fish (Figure 2.4). Despite ossification in 

many cranial elements prior to hatching, the skull remains largely cartilaginous at 

stage 34, and the dermatocranial bones of the skull roof are yet to form.  

Beginning at around 10 - 12 dpf (3 - 5 days post hatch, dph) condensations of 

cells can be observed in the fin fold near the body at the future sites of the dorsal and 

anal fins (Fig. 3c; stage 2 in Schnitzler et al. 2016). This is soon followed by 

development of ~3 fin rays in the developing dorsal and anal fins (stage 5 in Schnitzler 

et al. 2016). Subsequent regression of the fin fold marks the transition from the larval 

to juvenile life history stage (Figure 2.3d; stages 9 - 15 in Schnitzler et al. 2016).  
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Notes on caudal fin development 

 Caudal fin skeletons vary dramatically among actinopterygian fishes (Desvignes, 

Carey, & Postlethwait, 2018). Even within the cyprinodontiformes, a notable degree 

of caudal fin skeletal diversity is found, including modifications to the shape of epural 

bones and variation in the fusion of hypural elements into bony plates (Costa, 2012; 

Gosline, 1963; Parenti, 1981). Cyprinodontoidei, the group that includes Fundulus and 

Cyprinodon, are notable for a derived fusion of the hypural bones into a single plate 

(Costa, 2012; Gosline, 1963; Parenti, 1981). These data show this fused hypural fan 

(Goslin 1963) initially developing as a single cartilaginous plate beginning at stage 30 

(Figure 2.4). The cartilaginous hypural plate grows in size and the epural elements can 

be seen by stage 31 (Figure 2.4). The fused hypural plate ossifies from proximal to 

distal starting at stage 33 and appears almost fully ossified by stage 34. Thus in 

Cyprinodon, the derived fused hypural condition develops directly as a single structure 

during embryogenesis, as opposed to a model where individual hypural elements form 

and then subsequently fuse. 

 

Conclusion 

 To provide a normal table of embryonic development for Cyprinodon variegatus as a 

resource for further research on Cyprinodon pupfishes, I divided the embryonic period 

into 34 stages, identifiable by morphology alone. Development of C. variegatus is 

similar to that of medaka and Fundulus, especially so during early embryonic 

development, and I referenced those staging series in my definitions of Cyprinodon 

stages to facilitate comparative study. At later stages of embryonic development, 
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Cyprinodon diverges enough in qualitative morphology that it becomes difficult to use 

medaka to assign stages for Cyprinodon. 

I provide data on the chondrogenesis and ossification of cranial skeletal 

elements during embryonic development. The jaws, branchial arches, and 

neurocranium form during embryonic development beginning at ~4 days post 

fertilization at 27°C. By hatching, these cartilaginous scaffolds are beginning to ossify 

or degenerate, and recently hatched Cyprinodon variegatus have a mostly 

cartilaginous skull with a partially ossified neurocranium and dermal jaw bones. The 

fused hypural bone of Cyprinodon develops directly as single structure during 

embryogenesis. This work adds to a growing set of developmental resources for fishes 

in the genus Cyprinodon including a post-hatching staging reference for C. variegatus 

larva (Schnitzler et al., 2016) and genome sequences for both C. variegatus (Lencer et 

al., 2017) and C. diabolis (GenBank: JSUU00000000.1). 
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Chapter 3 

 
The Cyprinodon variegatus genome reveals gene expression changes underlying 

differences in skull morphology among closely related species3 

 

 

  

                                                
3 Lencer, E.S., Warren, W.C., Harrison, R. and McCune, A.R. (2017), The Cyprinodon 
variegatus genome reveals gene expression changes underlying differences in skull 
morphology among closely related species. BMC Genomics, 18:424. 
doi:10.1186/s12864-017-3810-7 
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Abstract 

Understanding the genetic and developmental origins of phenotypic novelty is central 

to the study of biological diversity. In this study I identify modifications to the 

expression of genes at four developmental stages that may underlie jaw morphological 

differences among three closely related species of pupfish (genus Cyprinodon) from 

San Salvador Island, Bahamas. Pupfishes on San Salvador Island are trophically 

differentiated and include two endemic species that have evolved jaw morphologies 

unlike that of any other species in the genus Cyprinodon. I find that gene expression 

differs significantly across recently diverged species of pupfish. Genes such as Bmp4 

and calmodulin, previously implicated in jaw diversification in African cichlid fishes 

and Galapagos finches, were not found to be differentially expressed among species of 

pupfish. Instead I find multiple growth factors and cytokine/chemokine genes to be 

differentially expressed among these pupfish taxa. These include both genes and 

pathways known to affect craniofacial development, such as Wnt signaling, as well as 

novel genes and pathways not previously implicated in craniofacial development. 

These data highlight both shared and potentially unique sources of jaw diversity in 

pupfish and those identified in other evolutionary model systems such as Galapagos 

finches and African cichlids. I identify modifications to the expression of genes 

involved in Wnt signaling, Igf signaling, and the inflammation response as promising 

avenues for future research. This project provides insight into the magnitude of gene 

expression changes contributing to the evolution of morphological novelties, such as 

jaw structure, in recently diverged pupfish species. 
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Introduction 

A central goal of evolutionary biology is to understand the origins of 

phenotypic diversity. Critical to this task is elucidating how new phenotypic variation 

is produced during the early stages of species diversification. It is now widely 

appreciated that modified gene expression often underlies the origins of new variation 

at both deep and shallow phylogenetic scales (Averof and Patel, 1997; Shapiro et al., 

2004; Shubin et al., 2009; Reed et al., 2011; Nakamura et al., 2016). Studies have 

largely focused on identifying how the expression of conserved genes are modified in 

different taxa. However, until recently, a challenge has been to identify additional sets 

of genes that may contribute to variation in phenotypes of interest. This is especially 

important for complex traits where phenotypic variation available to selection may be 

produced through interactions of multiple genes as well as environmental factors.   

Skull morphology is an ecologically critical complex trait that varies widely 

across vertebrate taxa, and fishes offer a great diversity of skull and jaw morphology 

that are both functionally important and relatively accessible to study (Liem, 1973; 

Ferry-Graham and Lauder, 2001; Wainwright et al., 2004; Hulsey et al., 2005; Powder 

and Albertson, 2016). Model organisms such as zebrafish or medaka lack the 

phenotypic diversity of interest, but non-model organisms like cichlid fishes or 

pupfishes display this diversity and are also easy to rear in the lab (Albertson et al., 

2005; Martin and Wainwright, 2013; Lencer et al., 2016; Powder and Albertson, 

2016). From a developmental perspective, specification and differentiation of skeletal 

head elements depends on complex interactions between the brain, facial epithelium, 

neural crest derived mesenchyme, and head endoderm during embryonic development 
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(Noden, 1983; Hu et al., 2003; Wada et al., 2005; Szabo-Rogers et al., 2010). Given 

the complexity of skull development, it is often thought that the enormous diversity of 

vertebrate skull forms could be produced through tweaking a conserved skull 

developmental program in different ways (Albertson et al., 2005; Hulsey et al., 2005; 

Kuratani, 2005; Mallarino et al., 2012). Our understanding of how skull morphological 

diversity is produced in wild taxa is still largely limited to work on Galapagos finches 

and African cichlids. Amazingly, early work in both finches and cichlids showed that 

differences in jaw morphology is associated with altered expression of the same genes, 

Bmp4 and calmodulin (Abzhanov et al., 2004; Albertson et al., 2005; Abzhanov et al., 

2006; Parsons and Albertson, 2009). However, sources of jaw phenotypic variation 

can be unique. Ongoing work in Caribbean bullfinches, close relatives of Galapagos 

finches, indicated that modification to the expression of different genes underlie jaw 

diversity among these taxa (Mallarino et al., 2012). Other mechanisms, including roles 

for hedgehog signaling and Wnt signaling, have been proposed in different taxa 

(Heisenberg et al., 1996; Wada et al., 2005; Eberhart et al., 2006; Brugmann et al., 

2007; 2010; Fish et al., 2014; Parsons et al., 2014; Bhullar et al., 2015). Thus a major 

next step is to both understand how and in what ways the genetic sources of 

phenotypic diversity in skull form vary across clades, as well as to identify additional 

genes and potential regulatory interactions that link gene expression to alterations in 

cell behavior that ultimately produce morphological variation.   

Here, I use RNA-seq to identify a set of genes that may contribute to striking 

differences in jaw morphology among three ecologically differentiated pupfish species 

(genus Cyprinodon) from San Salvador Island Bahamas (Figure 3.1). One of these 
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island species is a population of the widespread C. variegatus, believed to have the 

pleisiomorphic jaw morphology for the group, while the other two species are endemic 

to San Salvador Island and exhibit unique jaw morphologies among the ~50 species of 

Cyprinodon (Martin and Wainwright, 2011; 2013; Martin and Feinstein, 2014a; 

Lencer et al., 2016).  

Previous research indicates that species differ in the relative growth rates of 

individual bones of the skull during larval and juvenile growth (Lencer et al., 2016). 

Modifications to growth rates have long been proposed as a mechanism by which 

morphological diversity may be produced (D'Arcy, 1942; Alberch et al., 1979), 

however, there is little known about how growth is modified at a molecular level, 

especially among wild taxa.  

 In pupfishes, altered growth of jaw bones might be due to altered gene expression 

during embryonic development as occurs in cichlids and finches, or it could be due 

largely to altered morphogenetic growth processes during post-hatching development. 

To investigate, I characterize gene expression among species at four developmental 

stages corresponding to major periods of skull differentiation and growth during both 

embryonic and post-hatching life stages. I sequenced and assembled the genome of the 

pupfish, C. variegatus, to serve as a reference in these studies. These data identify a 

number of transcription factors, growth factors, and bone cell stimulatory molecules 

differentially expressed at embryonic and larval periods that may be related to 

differences in skull morphology among species of San Salvador pupfishes. Here I 

report on the Cyprinodon genome and the results from the RNA-seq study, revealing 

potential sources of skull morphological variation in pupfishes.  
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Figure 3.1—Morphology and sampling locations of San Salvador Island pupfishes. A. Map of 
San Salvador Island indicating sites where wild parental fish used in the experiment were 
sourced. Wild fish of two endemic species, C. brontotheroides and C. desquamator, were 
collected from Crescent Pond at the north end of the island (inset). Two distinct populations of 
a third species, C. variegatus, were sourced from both Crescent Pond and a marine lagoon at 
the south end of the island. B. Representative images illustrate the phenotypes of these 3 wild-
caught species. Shown are adult male fish in lateral view and the accompanying images of the 
skulls of these same fish stained with alizarin to visualize bone (red). Camera lucida drawings 
of cleared and stained fish highlight species differences in jaw morphology. Note the 
elongation of the jaws in the scale-biter, C. desquamator, the robust short jaws of the 
durophage, C. brontotheroides, and the similar jaw morphology of the inland and marine 
forms of the omnivore, C. variegatus. Scale bars = 1 mm unless noted. Map of San Salvador is 
based on (Robinson and Davis, 1999). 
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Methods 

Study system 

 San Salvador pupfish species differ dramatically in cranial morphology and trophic 

ecology (Martin and Wainwright, 2013; Lencer et al., 2016). One species, considered 

a population of the widespread C. variegatus, is an omnivore that exhibits the likely 

ancestral morphology (Holtmeier, 2001; Turner et al., 2008; Martin and Wainwright, 

2013). The two other species on the island are endemic and exhibit unique jaw 

morphologies relative to all other Cyprinodon (Martin and Wainwright, 2011; Lencer 

et al., 2016; Martin, 2016a). A scale-biter, C. desquamator, uses its enlarged upturned 

jaws to feed on the scales and body slime of other pupfishes (Figure 3.1). The 

durophage, C. brontotheroides, feeds on hard-shelled prey such as snails, and has 

small robust jaws that are nested underneath maxilla and nasal bone extensions 

(Figure 3.1). All three species occur in sympatry in a number of inland saltwater lakes 

on San Salvador Island. These inland lakes are not connected with the ocean. A 

population of C. variegatus also occurs in a mangrove estuary on the southern end of 

the island, and this hardy species is widespread on the North Atlantic coast from 

Massachusetts to Florida (Finne, 2001; Haney et al., 2009). Previous phylogenetic 

studies have suggested the mangrove estuarine population of C. variegatus and the 

inland lacustrine populations are genetically distinct despite their morphological 

similarity and taxonomic identity (Martin and Feinstein, 2014a; Martin, 2016b). For 

simplicity, in this paper, I will use informal names for these taxa descriptive by trophic 

ecology and/or habitat. I thus refer to C. desquamator as the scale-biter and C. 

brontotheroides as the durophage. Sympatric with these two species are the inland C. 
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variegatus or the “inland omnivore.” The marine estuarine population of C. variegatus 

is simply the “marine omnivore.” 

 Morphological differences among species of pupfishes arise from differential growth 

rates of individual bones (Lencer et al., 2016). Oral jaw bones in the scale-biter grow 

at significantly faster rates during post-hatching growth than either of the other two 

species. In contrast, oral jaw bones of the durophage increase in size at significantly 

slower rates than either of the other two species during this same period. Changes to 

the relative growth rates of these individual jaw bones affect not only the adult size 

and shape of the bones, but also the overall skull shape, through the relative placement 

and interconnections of individual bones. For example the relatively small robust jaws 

of the durophage means that the jaws are positioned underneath the maxilla and nasal 

bones, giving the skull a very different appearance than in other species (Figure 3.1). 

Measurable morphological differences emerge through juvenile growth, and by 17 

days post fertilization (dpf), juvenile fish of each species have measurable differences 

in relative jaw size. However, these differences in growth rates during post-hatching 

stages could arise from either embryonic specification of jaw structures prior to 

hatching or from modifications solely to post-hatching growth.  

 

Genome Sequencing and Annotation 

I sequenced and annotated the genome of C. variegatus. DNA used for 

sequencing the C. variegatus genome was obtained from a tissue sample of a single 

female identified as N-32, collected in 2010 at Navarre, FL, USA and provided to us 

by Diane Nacci at the EPA. Sequences of 100 bp length were generated on an Illumina 
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HiSeq2500 instrument. Sequences were assembled according to default parameter 

recommendations provided in the AllPaths-LG assembler (Gnerre et al., 2011). This 

model requires ~40x sequence coverage from each of overlapping (200 bp fragment 

size) and 3 kb Illumina paired-end (PE) reads and 10x of 8 kb PE Illumina reads. In 

the C_variegatus-1.0 assembly (NCBI) I removed contaminating contigs, trimmed 

vector sequence in the form of X's, and ambiguous bases in the form of N's in the 

sequence data. All scaffolds (singletons) and contigs within scaffolds that were 200bp 

and less in length were removed from the assembly. 

Gene annotation of the C. variegatus reference genome (C._variegatus-1.0) 

was completed according to previously established NCBI procedures 

(https://www.ncbi.nlm.nih.gov/genome/annotation_euk/process/).  

 

Animal husbandry and breeding for RNA-seq study 

 Wild-caught Cyprinodon pupfishes from San Salvador Island, Bahamas, were 

maintained at Cornell University in 5 parts per thousand (ppt) brackish water at a 

constant temperature of 27°C and a 14 hour light/10 hour dark schedule. Male-female 

pairs of wild-caught fish were allowed to breed undisturbed for 1 hour, after which 

clutches of eggs were collected and reared in petri-dishes with daily water changes. 

Larvae were transferred to 3 gallon zebrafish rack tanks after hatching, which typically 

occurred between 7 to 8 days post fertilization (dpf). Hatched fish were fed daily live 

brine shrimp ad libitum beginning on 8 dpf, and water was changed every other day. 

All wild collections, animal husbandry, and procedures were approved by Cornell 

IACUC, protocol number 2011-0045 to ESL and ARM. Field research was conducted 



 

 102 

under Bahamas Environment, Science & Technology permit issued on November 10, 

2012 and Export Permit 23/2013 issued on February 4, 2013.  

 

Sampling and dissections for RNA-seq 

 Full-sib clutches were sampled at 48 hours post fertilization (hpf) corresponding to 

medaka embryonic stage 26-27 (Cyprinodon stage 26 from Chapter 2 this thesis.; head 

development similar to approx. early Pharyngula Period of zebrafish) (Iwamatsu, 

2004), 96 hpf corresponding to medaka embryonic stage 34-35 (Cyprinodon stage 30 

from Chapter 2 this thesis; head development similar to approx. early Hatching Period 

of zebrafish) (Iwamatsu, 2004), 8 dpf (hatching larvae), and 15 dpf (juvenile fish). The 

stages sampled here cover a wide span of developmental time during which cell types 

and organs are differentiating. To account for this and to make samples as comparable 

across stages as possible I performed slightly different dissections at each stage. For 

example, I excluded eye and brain tissue from latter stages in order to remove these 

transcriptionally active organs. Dissections were performed similarly for all species, 

and I focus comparisons among different taxa sampled at the same stage (see below). 

Fish were euthanized with an overdose of MS-222. For embryonic stages, head tissue 

was dissected away from the body and placed in RNAlater (Thermo Fisher Scientific) 

for long term storage. The 48 hpf samples were dissected by removing the body away 

from the yolk and heart using forceps, and then by removing the entire head just 

posterior to the developing otic capsule. For 96 hpf fish, the body was dissected from 

the yolk and heart and the eyes were removed using forceps. The entire head of 96 hpf 

fish was then removed from the body just anterior to the pectoral fin buds.  
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Larval and juvenile fish (8 dpf and 15 dpf) were stored in RNAlater 

immediately after euthanizing, and dissections were conducted in RNAlater at a 

subsequent date. The eyes and brain of larval fish were gently removed with forceps. 

The head was then removed from the body anterior to the pectoral girdle by gently 

pulling the heart posteriorly away from the head to separate the pharyngeal arches 

from the yolk, and by pulling gently along the pectoral girdle anterior edge to fully 

separate the head. 

 

RNA-seq library preparation 

 Four biological replicates were included for each species at each stage, where each 

biological replicate was produced from pools of the dissected heads of 10 full siblings 

sampled at the same stage. I used a different parental pair for each biological replicate 

of a given species at a given stage (total number of parental pairs across all stages are: 

durophage = 5, scale-biter = 6; inland omnivore = 4, marine omnivore = 5). 

Total RNA was extracted using the TRIzol Plus RNA Purification Kit (Thermo 

Fisher Scientific) and checked for quality by running on an agarose gel. A subset of 

samples were quality checked for RNA integrity using an Agilent bioanalyzer.   

Total RNA was treated with TURBO DNase (Thermo Fisher Scientific) 

followed by mRNA purification by processing through the NEBNext Poly(A) mRNA 

Magnetic Isolation Module twice (NEB). Isolated mRNA was used as library 

preparation material for Illumina sequencing using the NEBNext Ultra directional kit 

and NEBNext Multiplex Oligos for Illumina (NEB) as follows: fragmentation time 

was reduced to 4 minutes at 96°C based on empirical results, final libraries were 
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amplified using 15 PCR cycles, and final libraries post PCR were size selected using a 

two step AMPure bead isolation procedure (0.65x/0.15x, NEB manual). All libraries 

were quality checked by running on a 1.2% agarose gel. A subset of libraries were size 

checked on a Agilent bioanalyzer. All libraries showed a single peak of approximately 

360-380 bp, indicating an insert size of around 240-260 bp.  

 Eight individually barcoded libraries (each lane had 2 libraries of a single species from 

each of the 4 taxa) were pooled and sequenced on a single Illumina lane (single end 

150 bp sequencing Illumina HiSeq2500) for a total of 8 lanes and 64 samples (4 

biological replicates for each of 4 taxa at each of 4 stages). A machine malfunction 

during the flow cell annealing step led to sequence quality dropping off after 60-100 

bp in the final sequences. This machine was fixed and all libraries were re-sequenced 

(again single end 150 bp sequencing Illumina HiSeq2500). This second sequencing 

reaction produced 150 bp reads of high quality throughout the majority of reads. 

Running analyses separately on each sequencing run indicated that there were no 

major differences in results between the first and second sequencing runs, so reads 

from both sequencing runs were pooled and used for downstream analyses.  

 

Bioinformatic Analysis of RNA-seq data 

 Reads were trimmed of adapter sequences and low quality regions using Trimmomatic 

(Bolger et al., 2014), and all reads trimmed to a size shorter than 36 bp were 

discarded. Reads were aligned to the Cyprinodon variegatus genome (C. cyprinodon-

1.0) using STAR aligner (version 2.5.1b), mapping only to annotated splicing 

junctions with a maximum mismatch of 3 bp per read (Dobin et al., 2013). Read 
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counts per gene were generated using STAR quant mode, which is identical to the 

HTSeq union method of counting reads (personal observation; STAR manual). I 

observed no differences in mapping rates across taxa (Appendix Table A1). 

 I built generalized linear models (GLM) in edgeR to analyze gene expression 

differences among pupfish taxa at each stage. Mitochondrial genes and genes 

annotated as pseudogenes were removed prior to analysis. I filtered low expressed 

genes to include only genes expressed at a level of at least 1 count per million (cpm; 

approx. 15-20 reads) in half of the samples of a given stage across all taxa, or at a 

level of 2 cpm in a quarter of the samples of a given stage across all taxa. With this 

filtering criteria, genes expressed in only a single taxon were maintained in the dataset. 

Changing the stringency of these filtering criteria has negligible consequences on 

analyses and does not affect major conclusions. 

 

Enrichment Analyses 

 I identified 1-to-1 pupfish orthologs as the reciprocal best blast to zebrafish (NCBI, 

GRCz10). Gene names used in this paper correspond to ortholog assignments to 

zebrafish using this method. In cases where pupfish genes could not be assigned to a 

zebrafish ortholog I use the annotated pupfish gene identifier. Inspection of these 

genes indicated that many were paralogs of known genes. Teleosts, including pupfish 

and zebrafish, have undergone a whole genome duplication and I suspect that some 

paralogous gene copies could not be assigned as 1-to-1 orthologs using a reciprocal 

best blast approach. Orthology tables obtained from Zebrafish Model Organism 

(ZFIN) and Mouse Genome Informatics (MGI) databases were used to identify 
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pupfish orthology relationships to mice and human genes. 

I performed gene set enrichment analysis (GSEA, version 2-2.24) as 

implemented in the Broad Institute’s java command line program (Subramanian et al., 

2005). Genes were pre-ranked by either the log2-fold difference in expression values 

based on edgeR results, or in a separate series of analyses by each gene’s loadings on 

the first 3-4 principal component axes (see results). I tested for enrichment of gene sets 

in the GSEA hallmark sets v6 (50 gene sets) and the canonical pathways set v6 (1,329 

gene sets; not shown) using the classic scoring scheme and conducted 1000 

permutations to determine significance. Genes without human identifiers were 

excluded from the analysis. These results are similar when ranking genes by the mean 

log2 fold difference across all pairwise comparisons to a focal taxon, or by ranking 

genes based on significance. 

For overrepresentation analysis, I used Blast2GO software to extract gene 

ontology (GO) annotations for genes based on BLAST similarity to UniProtKB/Swiss-

Prot protein sequences. The package GOstats, as implemented in R, was used to 

perform enrichment analyses (Falcon and Gentleman, 2007). I additionally used 

DAVID and WebGestalt software to perform enrichment analyses using either the 

zebrafish reciprocal best blast gene ids (DAVID) or Human gene symbols 

(WebGestalt) as gene inputs (Zhang et al., 2005; Huang et al., 2008). Results from 

these analyses were used heuristically to manually curate genes into functional 

categories (Huang et al., 2008; 2009). 

 

Phylogenetic Analysis 
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 SNPs were called from RNA-seq reads using the GATK haplotype caller following 

the recommended “Best Practices” for RNA-seq data. Reads were mapped to the C. 

variegatus genome using STAR aligner in a two pass method that uses the predicted 

splicing junctions from the first pass as the annotated splicing junctions for the second 

mapping pass. Duplicate reads were marked using Picard Tools, spiced reads were 

split using the GATK splitNcigar tool, and SNPs were called using the GATK 

haplotype caller including all libraries and excluding soft clipped bases. SNPs were 

filtered using the GATK Variant Filtration Tool (Fischer Strand > 30, > 3 SNPs per 

35bp window, Quality by depth < 2). I used vcftools to further filter all indels, SNPs 

with a depth less than 10, and any missing data. I used bcftools to extract the 

consensus sequence for each replicate, and used bedtools to extract only those regions 

that had a coverage of at least 10 reads at all bases and a contiguous length of between 

50bp to 1kb. These regions were concatenated to produce ~36Mb of both variant and 

invariant exonic sequence (Figure 3.2a,b). 

 I used RAxML to infer phylogenetic relationships among species. Tips in the 

phylogeny refer to parental pairs used in the experiment. A single durophage pair was 

excluded because I only had data for one stage. Sequence alignments were divided 

into 14 partitions using the k means algorithm as implemented in PartitionFinder 

(Frandsen et al., 2015). I applied a GTR+ gamma model, and conducted 500 

bootstraps to estimate node support. I found similar tree topologies when running 

these data as a single partition and when applying a GTRCAT model in RAxML 

indicating that phylogenetic estimation from these data is robust to different models. 

Results 
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Genome assembly and gene annotation 

Total assembled sequence coverage of Illumina sequences for genome 

assembly were ~81x using a genome size estimate of 1.0 Gb. The C._variegatus-1.0 

assembly (GCA_000732505.1 accession number) comprises a total of 9,259 scaffolds 

with an N50 scaffold length over 835 Kb (N50 contig length was 20.8 Kb). The total 

assembled size is 899 Mb excluding gaps.  

Gene annotation of the C._variegatus-1.0 reference utilizing the NCBI pipeline 

generated 23,373 protein-coding genes and 1,010 non-coding genes. A full report of 

this predicted gene set is given at 

https://www.ncbi.nlm.nih.gov/genome/annotation_euk/Cyprinodon_variegatus/100/.   

 

Phylogenetic relationships among San Salvador pupfishes 

Phylogenetic relationships among species of pupfishes were determined using 

SNPs from the RNA-seq dataset called via the GATK pipeline and alignment of reads 

to the C._variegatus-1.0 reference. Of 267,263 variable sites, 202,778 were variable 

among the Bahamian taxa. The other 64,485 sites were only variable between the San 

Salvador Island samples in the study and the reference genome sequence reflecting the 

outgroup status of the Florida population from which the reference is derived. From 

these data I concatenated ~36 Mb of both variant and invariant expressed exonic 

sequence data that was used for phylogenetic inference (Figure 3.2a,b). 

A maximum likelihood (ML) tree estimated from the concatenated dataset 

using RAxML placed the marine omnivore population as an outgroup to a 

monophyletic San Salvador clade (Figure 3.2c; Appendix Figure A2). This agrees with 
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previous studies based on anonymous genomic loci identified from a RAD-seq dataset 

(Figure 3.2d) (Martin and Feinstein, 2014b; 2014a; Martin, 2016b). Thus, despite the 

marine omnivore and inland omnivore being morphologically similar and sharing 

taxonomic identity, mounting evidence indicates that the marine omnivore is an 

outgroup to an endemic San Salvador clade, which includes all three trophic forms. 

Among the three inland trophic forms of pupfish (scale-biter, durophage, and 

inland omnivore), I resolved the durophage and scale-biter as monophyletic in 

concordance with previous studies (Martin and Feinstein, 2014a; Martin, 2016b). 

However the inland omnivore is paraphyletic in the ML tree, and bootstrap support for 

nodes resolving inland omnivore samples tend to be low. The durophage and scale 

biter comprise less than 10% of all fish in any given lake (personal observation) 

(Turner et al., 2008; Martin and Wainwright, 2013), and demographic processes may 

partially account for why I resolve these taxa as monophyletic. Paraphyly of the inland 

omnivore may reflect both incomplete lineage sorting and ongoing introgression 

among inland taxa (Martin and Feinstein, 2014a; Martin, 2016b), or simply that the 

durophage and scale biter were derived from different populations of the inland 

omnivore. Low bootstrap support at inland omnivore nodes may also suggest the 

presence of a hard polytomy at the root of the San Salvador Island clade.  
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Figure 3.2—Phylogenetic relationships among species of pupfish from San Salvador Island. 
A. Overview of bioinformatic methods to generate sequence data for phylogenetic analysis. 
Consensus genome sequences were generated for each parental pair by substituting SNP (red 
bars) allele assignments. Genomic intervals for use in phylogenetic analysis were selected 
based on contiguous regions that had a minimum coverage of 10 reads at every nucleotide 
position. I then further selected intervals across all parental pairs such that there was no 
missing data in the dataset. B. The length distribution of genomic intervals used for 
phylogenetic reconstruction (from A.). Inset shows intervals exceeding 1kb in length. Many 
intervals are less than 10 bp long and some intervals are over 1 kb in length. I restricted the 
final interval set to regions that were longer than 50 bp and less than 1 kb. C. A maximum 
likelihood tree built from expressed exonic sequence data produced from the current study, 
and D. a maximum likelihood tree built from RAD-seq data, reproduced here from Martin and 
Feinstein (2014). Note the overall congruence in the inferred phylogenetic relationships 
among taxa from both studies. In particular, both studies find a monophyletic San Salvador 
Island clade and that the marine omnivore population diverges prior to the speciation of 
endemic San Salvador taxa. Stars in D. indicate samples from the same populations as those of 
the current study.  
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Gene Expression Divergence Among Taxa 

 Using RNA-seq, I measured gene expression in the heads of each of the four taxa at 

the following four developmental stages: (1) 48 hours post fertilization (hpf) 

analogous to the zebrafish pharyngula period, (2) 96 hpf corresponding to an 

embryonic period when jaw and neurocranial cartilages are forming, (3) 8 days post 

fertilization (dpf) corresponding to larval hatching when jaw elements are similar 

between species, and (4) 15 dpf during a period of juvenile growth when measurable 

differences in jaw size among species emerge as a consequence of differential growth 

of individual bony elements (Figure 3.3a; Lencer et al., 2016). 

 Sequencing produced 2.7 billion reads total after filtering (24.3-54.4 million reads per 

sample). Mapping rates to the C. variegatus genome using STAR aligner exceeded 

90% of reads being uniquely mapped for all samples, and I observed no differences in 

mapping rates among taxa (Appendix Table A1).  

 Gene expression varied dramatically across developmental stage owing to true 

differences in tissue development and slightly different method of dissections at 

different stages in an attempt to make the tissue samples as comparable as possible 

(Appendix Figure A3). Within a stage, as expected, expression levels among libraries 

derived from all four taxa were highly correlated (Pearson’s r > 0.9). Because my 

primary interest is to understand differences among taxa, I restrict all subsequent 

analyses of differential expression to comparisons among taxa at the same 

developmental stage. 

 Gene expression patterns clearly show separation by taxon along the first 3 principal 

component axes (PC) for all stages (Figure 3.3b; Appendix Figure A4). Nearly half of 
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the total variance in gene expression levels among samples at each stage is attributable 

to differences among taxa. Inland omnivore samples grouped at all four stages with 

the durophage samples rather than with the taxonomically and morphologically similar 

marine omnivore samples. At each stage, a single PC axis separates the marine 

omnivore population from all three inland San Salvador taxa mirroring the inferred 

phylogenetic relationships from the ML tree. Thus morphological similarity and gene 

expression divergence at a transcriptomic scale appear to be decoupled. This pattern 

would fit a model where either only slight modifications and/or modifications to the 

expression of only a small proportion of genes contribute to morphological 

differentiation. This pattern may also reflect ongoing introgression among the inland 

omnivore and the durophage taxa (Martin and Feinstein, 2014a; Martin, 2016b), as 

well as the accumulation of gene expression differences with time since common 

ancestry.  

 

Gene Set Enrichment Suggests Modifications to Conserved Cellular Processes 

I used GSEA to test for enrichment of conserved cellular processes among the 

genes differentially expressed among taxa. Conclusions are largely congruent across 

analyses conducted on the hallmark collection and canonical pathways collection, and 

so I confine my discussion to results from enrichment of hallmark gene sets.  

I first tested for enrichment of conserved cellular processes along each of the 

PC axes at each stage by ranking genes based on each gene’s loadings on a PC axis 

(Table 3.1). As an example, PC1 at 48 hpf largely distinguishes the marine omnivore 

samples from all three of the inland taxa (Figure 3.3b). Genes with positive loadings 
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on this axis were enriched for cell cycle related processes such as E2F Targets and 

Myc Targets, while genes with negative loadings on this axis were enriched for genes 

involved in the epithelial to mesenchymal transition and KRAS signaling (Table 3.1). 

The first several PC axes that distinguish taxa at each stage (see Figure 3.3b) show 

repeated evidence for enrichment of genes related to cell cycle control, myogenesis, 

protein secretion, metabolism, the estrogen response, the inflammation response, and 

genes involved in the epithelial to mesenchymal transition. I observed enrichment for 

a number of signaling processes including TNF alpha/NF-kB, Interferon alpha and 

gamma responses, IL-6/Jak/Stat signaling, KRAS signaling, Myc signaling, and to a 

lesser extent Wnt, Tgf-B, and hedgehog signaling. Results from GSEA enrichment 

analysis of canonical pathways were congruent with results based on the hallmark 

gene sets. 

 I next used GSEA to test for enrichment of gene sets in the genes over- or 

underexpressed in either the durophage or the scale-biter at each developmental stage 

relative to all other taxa by ranking genes based on the estimated log2 fold difference. 

Perhaps not surprisingly I found many of the same gene sets enriched when ranking 

genes by over- or underexpression as I found enriched when ranking genes by 

loadings onto the PC axes that distinguish samples by taxa (Table 3.2 and 3.3). I 

observed enrichment at every stage for gene sets suggesting modification to cell cycle 

regulation. In particular, genes underexpressed in the scale-biter at 48 hpf and 8 dpf 

are greatly enriched for functions related to cell cycle regulation and progression.  
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Figure 3.3—Gene expression patterns differ among species at all sampled stages. A. 
Overview of pupfish development. The four developmental stages sampled in the current 
study are outlined with orange boxes. Camera lucida drawings and photos of fish stained for 
cartilage (blue) and bone (red) show head morphology at each of the sampled stages. At 48 
hpf, fish resemble the pharyngula stage of zebrafish with migratory neural crest cells 
aggregated in the undifferentiated pharyngeal arches. By 96 hpf, the neurocranium and jaws 
first stain positive for cartilage (blue). Hatching 8 dpf larval fish have a mostly cartilaginous 
skull, but note the early ossification of dermal jaw bones that are highlighted in the camera 
lucida drawing. Morphological differences among pupfish jaws can be first measured in 15 
dpf juvenile fish during a period of growth and increased bone deposition. B. Species are 
separated by gene expression patterns along the first 2-3 principal component axes indicating a 
major effect of species in the dataset. A single PC axis typically separates the marine 
population from all three San Salvador taxa mirroring phylogenetic relationships from Figure 
3.2, while the inland omnivore samples tend to be more similar to the durophage samples than 
to samples from the morphologically similar marine omnivore population. 
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Table 3.1: Enrichment (GSEA) of top Hallmark Gene Sets ordered by PC axes for each stage. 
48 Hours Post Fertilization  96 Hours Post Fertilization 

PC1 (Separates marine from inland taxa)  PC1 (Separates marine from inland taxa) 

 Name NES   Name NES 
Positive Loadings:   Positive Loadings:  
 E2F Targets 2.84   Interferon Gamma Resp. 2.81 
 G2M Checkpoint 2.73   Interferon Alpha Response 2.14 
 Mitotic Spindle 2.17   Xenobiotic Metabolism 2.14 
 Protein Secretion 2.14   Bile Acid Metabolism 1.98 
 Myc Targets V1 1.86   Protein Secretion 1.82 
 Dna Repair 1.74   Oxidative Phosphorylation 1.80 
 Xenobiotic Metabolism 1.54   E2F Targets 1.73 
 Interferon Alpha Response 1.51   Glycolysis 1.66 
 Estrogen Response Late 1.50   Il6 Jak Stat3 Signaling 1.66 
Negative Loadings:   Negative Loadings:  
 Epith. Mesench. Trans. -3.07   Epith. Mesench. Trans. -3.07 
 Coagulation -2.12   Coagulation -2.12 
 Kras Signaling Dn -1.80   Kras Signaling Dn -1.80 
 Oxidative Phosphorylation -1.63   Oxidative Phosphorylation -1.63 
 Peroxisome -1.61   Peroxisome -1.61 
 Inflammatory Response -1.53   Inflammatory Response -1.53 
 Il2 Stat5 Signaling -1.29   Il2 Stat5 Signaling -1.29 
 Myc Targets V2 -1.25   Myc Targets V2 -1.25 
 Pancreas Beta Cells -1.25   Pancreas Beta Cells -1.25 
 PC2 (Separates taxa by morphology)   PC2 (Separates taxa by morphology) 

 Name NES   Name NES 

Positive Loadings:   Positive Loadings:  
 Myc Targets V1 3.98   Myogenesis 2.92 

 Oxidative Phosph. 3.10   Kras Signaling Up 2.27 

 Dna Repair 2.83   Interferon Gamma Resp. 2.21 

 E2F Targets 2.50   Coagulation 1.90 

 Myc Targets V2 2.48   Protein Secretion 1.83 

 G2M Checkpoint 2.03   Apical Junction 1.82 

 Mitotic Spindle 1.87   Uv Response Dn 1.79 

 Bile Acid Metabolism 1.66   Epith. Mesench. Trans. 1.79 

Negative Loadings:   Negative Loadings:  
 Hypoxia -2.76   G2M Checkpoint -3.33 

 Epith. Mesench. Trans. -2.69   Myc Targets V1 -2.96 

 Estrogen Response Early -2.28   E2F Targets -2.75 

 Pi3K/Akt/mTOR Sig. -1.87   Oxidative Phosphorylation -1.99 

 Protein Secretion -1.76   Myc Targets V2 -1.95 

 Tnfa Signaling Via Nfkb -1.73   Dna Repair -1.85 

 P53 Pathway -1.63   Wnt B-Catenin Signaling -1.72 

 Kras Signaling Up -1.60   Unfolded Protein Response -1.68 

 Myogenesis -1.57   mTORc1 Signaling -1.52 
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Table 3.1 Continued… 
8 Days Post Fertilization  15 Days Post Fertilization 

PC1 (Separates scale-biter other taxa)  PC1 (Separates marine from inland taxa) 

 Name NES   Name NES 
Positive Loadings:   Positive Loadings:  
 Uv Response Dn 2.53   Myogenesis 2.99 
 Il2 Stat5 Signaling 2.36   Il2 Stat5 Signaling 2.88 
 Tnfa Signaling Via Nfkb 2.35   Uv Response Dn 2.86 
 Kras Signaling Dn 2.29   Inflammatory Response 2.64 
 Allograft Rejection 2.18   Allograft Rejection 2.57 
 P53 Pathway 2.10   Kras Signaling Dn 2.54 
 Inflammatory Response 1.99   Hedgehog Signaling 2.05 
 Apical Junction 1.94   Apical Junction 2.04 
 Kras Signaling Up 1.83   Coagulation 2.01 
Negative Loadings:   Negative Loadings:  
 E2F Targets -8.13   Myc Targets V1 -5.97 
 G2M Checkpoint -6.50   E2F Targets -5.78 
 Myc Targets V1 -5.56   G2M Checkpoint -4.91 
 mTORc1 Signaling -4.51   Oxidative Phosph. -4.38 
 Oxidative Phosph. -3.06   Myc Targets V2 -4.03 
 Dna Repair -2.87   mTORc1 Signaling -3.59 
 Myc Targets V2 -2.84   Dna Repair -3.55 
 Unfolded Protein Resp. -2.54   Fatty Acid Metabolism -2.91 
 Mitotic Spindle -2.50   Unfolded Protein Resp. -2.44 
 PC2 (Separates marine from inland taxa)   PC2 (Separates taxa by morphology) 

 Name NES   Name NES 

Positive Loadings:   Positive Loadings:  
 E2F Targets 6.93   Kras Signaling Dn 2.86 

 Myc Targets V1 5.41   Uv Response Dn 2.64 

 G2M Checkpoint 4.95   Myogenesis 2.60 

 Myc Targets V2 3.80   Epith. Mesench. Trans. 2.55 

 Dna Repair 3.07   Tgf Beta Signaling 2.11 

 mTORc1 Signaling 3.04   Hedgehog Signaling 2.06 

 Unfolded Protein Response 2.86   Apical Junction 2.00 

 Oxidative Phosphorylation 1.96   Bile Acid Metabolism 1.96 

Negative Loadings:   Negative Loadings:  
 Myogenesis -3.90   E2F Targets -5.20 

 Tnfa Signaling Via Nfkb -3.54   mTORc1 Signaling -5.05 

 Hypoxia -3.07   Myc Targets V1 -4.85 

 Interferon Gamma Resp. -2.86   G2M Checkpoint -4.03 

 Il6 Jak Stat3 Signaling -2.82   Myc Targets V2 -3.76 

 Epith. Mesench. Trans. -2.74   Dna Repair -3.50 

 Uv Response Dn -2.66   Unfolded Protein Resp. -2.77 

 Kras Signaling Up -2.62   Oxidative Phosph. -2.29 

 P53 Pathway -2.57   Cholesterol Homeostasis -2.19 
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Table 3.2: Enrichment (GSEA) of top Hallmark Gene Sets for genes over- or underexpressed in the scale-biter 
relative to all other taxa. Genes were pre-ranked by log2 fold change prior to analysis. 

48 Hours Post Fertilization 
Overexpressed in scale-biter:  Underexpressed in scale-biter: 
Name NES Pvalue FDR  Name NES Pvalue FDR 
Epith. Mesench. 
Trans. 2.80 0.00 0.00  E2F Targets -3.60 0.00 0.00 
Hypoxia 2.27 2.0E-03 0.01  Myc Targets V1 -3.23 0.00 0.00 
Kras Signaling Dn 2.08 2.1E-03 0.02  Dna Repair -3.06 0.00 0.00 
Estrogen Resp. 
Early 1.87 0.01 0.07  G2M Checkpoint -2.94 0.00 2.4E-04 
Coagulation 1.86 0.01 0.06  Oxidative Phosph. -2.60 0.00 8.8E-04 
Tnfa Sig. via Nfkb 1.81 0.02 0.07  Myc Targets V2 -2.53 0.00 1.1E-03 
Angiogenesis 1.64 0.04 0.14  Mitotic Spindle -2.29 1.9E-03 3.6E-03 
Myogenesis 1.64 0.03 0.12  Interferon Alpha 

Resp. -1.83 0.01 0.04 
P53 Pathway 1.58 0.06 0.14  Mtorc1 Signaling -1.70 0.03 0.07 
Kras Signaling Up 1.54 0.05 0.15  Fatty Acid 

Metabolism -1.65 0.03 0.08 
96 Hours Post Fertilization 

Overexpressed in scale-biter:  Underexpressed in scale-biter: 
Name NES Pvalue FDR  Name NES Pvalue FDR 
Myc Targets V1 2.69 0.00 1.2E-03  Bile Acid 

Metabolism -2.59 0.00 2.0E-03 
G2M Checkpoint 1.99 2.0E-03 0.07  Myogenesis -2.44 0.00 3.8E-03 
Androgen Response 1.69 0.03 0.21  Interferon Gamma 

Resp. -2.01 0.01 0.05 

E2F Targets 1.69 0.03 0.16  Interferon Alpha 
Resp. -1.75 0.02 0.15 

Myc Targets V2 1.68 0.03 0.13  Inflammatory 
Response -1.68 0.03 0.18 

Unfolded Protein 
Resp. 1.47 0.07 0.29  Adipogenesis -1.66 0.03 0.16 
Notch Signaling 1.44 0.10 0.28  Protein Secretion -1.54 0.06 0.24 
Heme Metabolism 1.40 0.11 0.29  Xenobiotic 

Metabolism -1.51 0.07 0.24 

Mtorc1 Signaling 1.25 0.18 0.47  Oxidative 
Phosphorylation -1.43 0.10 0.30 

Tnfa Signaling Via 
Nfkb 1.11 0.32 0.69  Kras Signaling Up -1.41 0.10 0.28 
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Table 3.2. Continued… 
8 Days Post Fertilization 

Overexpressed in scale-biter:  Underexpressed in scale-biter: 
Name NES Pvalue FDR  Name Nes Pvalue FDR 
Uv Response Dn 2.25 0.00 0.02  E2F Targets -5.90 0.00 0.00 
Il2 Stat5 Signaling 2.14 0.01 0.02  G2M Checkpoint -4.88 0.00 0.00 
Kras Signaling Dn 2.12 0.00 0.01  Myc Targets V1 -4.18 0.00 0.00 
Tnfa Signaling Via 
Nfkb 

1.80 0.02 0.07  Oxidative Phosph. -3.54 0.00 0.00 

Angiogenesis 1.59 0.05 0.17  Mtorc1 Signaling -3.42 0.00 0.00 
Estrogen Response 
Early 

1.58 0.04 0.15  Mitotic Spindle -2.59 0.00 1.7E-04 

Notch Signaling 1.54 0.06 0.16  Fatty Acid 
Metabolism 

-2.37 0.00 2.3E-03 

P53 Pathway 1.45 0.09 0.21  Dna Repair -2.22 0.00 0.01 
Apical Junction 1.45 0.09 0.18  Interferon Alpha 

Resp. 
-1.82 0.02 0.05 

Inflammatory 
Response 

1.42 0.10 0.19  Glycolysis -1.79 0.02 0.06 

15 Days Post Fertilization 
Overexpressed in scale-biter:  Underexpressed in scale-biter: 
Name NES Pvalue FDR  Name NES Pvalue FDR 
Inflammatory 
Response 

2.25 2.0E-03 0.02  Oxidative Phosph. -5.63 0.00 0.00 

Cholesterol 
Homeostasis 

2.13 2.1E-03 0.02  Myc Targets V1 -3.70 0.00 0.00 

Wnt B-Catenin 
Signaling 

2.02 3.9E-03 0.03  Fatty Acid 
Metabolism 

-2.52 0.00 0.00 

Hedgehog Signaling 1.94 0.01 0.04  Adipogenesis -2.50 0.00 2.3E-04 
Pi3K Akt Mtor 
Signaling 

1.94 0.01 0.03  Dna Repair -2.46 0.00 1.9E-04 

Allograft Rejection 1.83 0.02 0.05  E2F Targets -2.32 0.00 2.6E-03 
Uv Response Dn 1.72 0.02 0.08  Bile Acid 

Metabolism 
-2.19 1.9E-03 0.01 

Complement 1.70 0.03 0.07  Tnfa Signaling Via 
Nfkb 

-1.71 0.02 0.09 

Estrogen Response 
Early 

1.50 0.08 0.16  Xenobiotic 
Metabolism 

-1.55 0.06 0.17 

Apical Junction 1.41 0.10 0.23  Spermatogenesis -1.51 0.07 0.19 
Shown are the top 10 gene sets shown for each analysis. Gene sets significant at FDR ≤ 0.25 shown in bold. 
NES = Normalized Enrichment; Pvalue = Nominal P value; FDR = False Discover Rate (Q value) 
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Table 3.3: Enrichment (GSEA) of top Hallmark Gene Sets for genes over- or underexpressed in the durophage 
relative to all other taxa. Genes were pre-ranked by log2 fold change prior to analysis. 

48 Hours Post Fertilization 
Overexpressed in durophage:  Underexpressed in durophage: 
Name NES Pvalue FDR  Name NES Pvalue FDR 
Inflammatory 
Response 1.74 0.02 0.39  

E2F Targets -2.77 0.00 0 
Pancreas Beta Cells 1.65 0.04 0.31  Myc Targets V1 -2.42 0.00 2.74E-03 
Uv Response Dn 1.62 0.04 0.23  G2M Checkpoint -2.35 2.0E-03 0.01 
Mitotic Spindle 

1.53 0.05 0.27  Oxidative 
Phosphory. -2.30 0 4.76E-03 

Epith.Mesench.Trans. 1.43 0.10 0.34  Hypoxia -2.15 2.0E-03 0.01 
Myogenesis 1.43 0.08 0.29  Adipogenesis -1.85 0.01 0.06 
Hedgehog Signaling 1.31 0.16 0.38  Protein Secretion -1.73 0.02 0.11 
Kras Signaling Up 

1.17 0.26 0.57  Pi3K/Akt/mTOR 
Sig. -1.72 0.02 0.10 

Il2 Stat5 Signaling 
1.12 0.30 0.59  Fatty Acid 

Metabolism -1.67 0.04 0.11 
Apical Junction 0.94 0.53 0.93  Myc Targets V2 -1.64 0.04 0.12 

96 Hours Post Fertilization 
Overexpressed in durophage:  Underexpressed in durophage: 
Name NES Pvalue FDR  Name NES Pvalue FDR 
E2F Targets 2.01 0.01 0.12  Hypoxia -2.42 0.00 0.01 

Mitotic Spindle 1.95 0.01 0.08  Tnfa Signaling Via 
Nfkb -1.94 0.01 0.09 

Myogenesis 1.83 0.01 0.11  Protein Secretion -1.77 0.01 0.15 
Bile Acid 
Metabolism 1.73 0.03 0.15  Oxidative 

Phosphorylation -1.55 0.06 0.31 
Inflammatory 
Response 1.71 0.02 0.13  Epith. 

Mesench.Trans. -1.45 0.09 0.40 
Interferon Alpha 
Resp. 1.70 0.02 0.12  Cholesterol 

Homeostasis -1.34 0.14 0.53 

Myc Targets V1 1.54 0.06 0.22  Il6 Jak Stat3 
Signaling -1.33 0.13 0.46 

Dna Repair 1.53 0.06 0.20  Estrogen Response 
Late -1.32 0.15 0.42 

Uv Response Dn 1.51 0.06 0.20  Kras Signaling Up -1.31 0.14 0.39 

Pi3K/Akt/mTOR Sig. 1.39 0.12 0.30  Estrogen Early 
Resp. -1.30 0.16 0.36 
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Table 3.3 Continued… 
8 Days Post Fertilization 

Overexpressed in scale-biter:  Underexpressed in Scale-biter: 
Name NES Pvalue FDR  Name Nes Pvalue FDR 
Myc Targets V1 3.23 0.00 0.00  Protein Secretion -2.34 2.1E-03 0.01 
E2F Targets 3.16 0.00 0.00  Coagulation -2.16 1.9E-03 0.02 
Allograft Rejection 2.89 0.00 0.00  Uv Response Dn -1.83 0.02 0.11 

Oxidative Phosph. 2.85 0.00 0.00  Estrogen Response 
Early -1.80 0.03 0.10 

Dna Repair 2.31 0.00 4.3E-03  Estrogen Response 
Late -1.78 0.02 0.09 

Myc Targets V2 1.90 4.1E-03 0.04  Hypoxia -1.65 0.04 0.15 
G2M Checkpoint 1.82 0.02 0.05  Kras Signaling Dn -1.58 0.05 0.17 
Mitotic Spindle 1.67 0.04 0.10  Notch Signaling -1.57 0.05 0.16 

ROS Pathway 1.61 0.04 0.12  Cholesterol 
Homeostasis -1.40 0.09 0.30 

Interferon Gamma 
Resp. 

1.40 0.11 0.26  Hedgehog Signaling -1.38 0.11 0.28 

15 Days Post Fertilization 
Overexpressed in scale-biter:  Underexpressed in Scale-biter: 
Name NES Pvalue FDR  Name NES Pvalue FDR 
Myogenesis 3.59 0.00 0.00  G2M Checkpoint -4.25 0.00 0.00 
Allograft Rejection 3.54 0.00 0.00  E2F Targets -4.05 0.00 0.00 
Interferon Gamma 
Resp. 2.31 4.0E-03 0.01  

Mtorc1 Signaling -2.97 0.00 0.00 
Inflammatory 
Response 2.16 0 0.01  Cholesterol 

Homeostasis -2.69 0.00 2.2E-04 
Bile Acid 
Metabolism 2.06 2.0E-03 0.01  

Myc Targets V1 -2.31 0.00 3.5E-03 

Il2 Stat5 Signaling 1.94 0.01 0.03  Oxidative 
Phosphory. -2.31 0.00 2.9E-03 

Interferon Alpha 
Resp. 1.85 0.01 0.04  

Mitotic Spindle -2.17 1.9E-03 0.01 

P53 Pathway 1.82 0.01 0.04  Estrogen Response 
Late -1.65 0.04 0.11 

Uv Response Dn 1.74 0.02 0.06  Adipogenesis -1.51 0.06 0.18 

Kras Signaling Up 1.73 0.02 0.06  Fatty Acid 
Metabolism -1.50 0.06 0.17 

Shown are the top 10 gene sets shown for each analysis. Gene sets significant at FDR ≤ 0.25 shown in bold. 
NES = Normalized Enrichment; Pvalue = Nominal P value; FDR = False Discover Rate (Q value) 
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I found enriched categories related to Myc signaling, KRAS signaling, fatty acid 

metabolism, adipogenesis, myogenesis, the epithelial to mesenchymal transition. 

Genes related to the extracellular matrix (e.g. matrisome) were significantly enriched 

in multiple comparisons. 

 Other enriched categories of note include Wnt/B-catenin signaling, hedgehog 

signaling, and terms suggestive of modifications to cytokine signaling such as the 

inflammatory response, TNF alpha signaling, as well as both Interferon alpha and 

gamma responses. Genes overexpressed in the scale-biter at stages 48 hpf, 8 dpf, and 

15 dpf were enriched for functions related to the estrogen response, while genes 

underexpressed in the durophage at 8 dpf and 15 dpf were enriched for functions 

related to the estrogen response.  

Also of note is that I observed enrichment for pathways related to neuronal 

development and functioning at 48 hpf and 96 hpf as well as melanogenesis at 8 dpf, 

thereby highlighting both that brain tissue was included in the embryonic stage 

samples and that these data likely reflect species differences in addition to skull 

morphology such as behavior and pigmentation. 

 

Identification of a set of genes that may contribute to jaw morphological variation in 

pupfishes 

To identify genes in the dataset that might be contributing to skull 

morphological variation, I found the intersection set of genes at each stage that were 

differentially expressed (DE; FDR ≤ 0.1 and log2 fold change ≥ 0.2) in all three 

possible comparisons to either the scale-biter or durophage, the two morphologically 
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extreme species (Figure 3.4a; Appendix Figure A4). In this study, genes called DE by 

edgeR in any pairwise comparison were typically differentially expressed by between 

1.2 fold to 1.5 fold at an FDR cutoff of 0.1 (median ranged from 1.3 - 1.8 fold 

difference across all comparisons). Selecting genes by a more stringent 1.5-fold or 2-

fold change does not affect major conclusions, though several genes would not be 

identified (see discussion). Intersection sets identified in this way include ~50-600 

genes that are over or underexpressed in either the scale-biter or durophage species at 

a particular stage (Figure 3.4b). Below, I refer to these as intersection sets. 

Differentially expressed genes in intersection sets were typically either over or 

underexpressed in just one taxon relative to the other three (Figure 3.4c; Appendix 

Figure A5). Only between 5-18 genes were found to be DE in both the scale-biter and 

durophage sets at a given stage. For example, bbs12 was overexpressed in the scale-

biter and underexpressed in the durophage at 48 hpf. This contrasts to a hypothesized 

scenario where most differentially expressed genes are alternately up or down 

regulated in the scale-biter and durophage, with the two omnivore populations being 

intermediate. Further investigation of differentially expressed genes in the scale-biter 

and durophage confirm that different sets of DE genes characterize these extreme 

phenotypes relative to the omnivores. 

Genes in the intersection sets have varied functional roles: growth factor 

signaling molecules, cell cycle regulators, apoptosis related molecules, extracellular 

matrix molecules, solute carriers, cytokine/chemokine molecules, and transcription 

factors known to be involved in bone development and remodeling (Tables 3.4 - 3.7). I 

find a number of molecules which function in metabolism, fatty acid synthesis and 
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lipid transport, and protein sorting. I find members of five growth factor/paracrine 

signaling pathways that play roles in bone growth and remodeling including multiple 

Wnt ligands and the Wnt receptor fzd9, Igf binding proteins igfbp2 and igfbp5-like, 

Bmp receptor bmpr1b among other Tgf-β related molecules, hedgehog antagonist 

hhip1, and a number of cytokine/chemokine ligands and receptors (Tables 3.4 - 3.7).  

Overrepresentation analysis indicated that intersection sets were generally not 

significantly enriched for GO terms at an FDR threshold of ≤0.1. Notable exceptions 

were that the intersection set for the scale-biter at 48 hpf was significantly enriched for 

genes related to cilium and plasma membrane, and the intersection set for the scale-

biter at 8 dpf was enriched for carboxylic acid and oxoacid metabolic processes. 

 To further investigate whether genes known to affect bony skull elements are within 

the intersection sets, I curated a list of over 1,700 genes from databases and from 

literature searches. I downloaded lists of genes that have known craniofacial 

phenotypes from the Zebrafish Model Organism Database (ZFIN), the Mouse Genome 

Informatics Database (MGI), and NCBI Phenotype-Genotype Integrator (PheGenI) 

using the search terms “Cranial Cartilage”, “Cranium”, “Pharyngeal Arch Cartilage”, 

“Ventral Mandibular Arch”, “Craniofacial Development” (ZFIN), “Jaw”, “Maxilla”, 

“Skull”, “Craniofacial” (MGI), and “Face”, “Jaw Abnormalities”, “Cleft Lip”, “Cleft 

Palate” (PheGenI). I also downloaded genes annotated by the Gene Ontology 

Consortium with functions related to craniofacial morphology or bone.  

 More than 95% of the genes discovered through intersection sets have not been 

previously annotated with functions directly related to craniofacial morphology or 

bone (Figure 3.4b,c). Of the genes in the intersection sets that are annotated to affect 
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bone, most are also annotated to have craniofacial phenotypes indicating that my 

literature and database searches were likely to have been fairly comprehensive (Figure 

3.4b,c). To assess whether I identified a greater number of annotated genes in the 

intersection sets than would be expected by chance, I calculated a probability 

distribution by identifying the number of curated genes in 1000 randomly drawn sets 

of equal size to each of the intersection sets. I found that none of the sets contained 

significantly more genes with previously researched craniofacial phenotypes than 

would be expected by chance alone suggesting that the intersection sets are not 

statistically enriched for genes already known, largely from biomedical research, to 

affect skull morphology.  

 The lack of statistically detected enrichment does not necessarily eliminate curated 

genes as being important. For example, if morphological differences are produced by 

modified expression of only a few genes then this would not be detected by 

overrepresentation analyses. Thus, I also consider potentially relevant annotated genes 

found to be DE in the dataset (Figure 3.4c). I find multiple Wnt ligands either 

overexpressed in the scale-biter (wnt11), or underexpressed in in the durophage (wnt1, 

wnt10b) at 48 hpf. Wnt signaling is well known to affect craniofacial morphology 

(Heisenberg et al., 2000; Brugmann et al., 2007; 2010; Parsons et al., 2014; Bhullar et 

al., 2015). While I note that Wnt ligands were typically DE by less than 1.5 fold, these 

data along with GSEA results (Tables 3.1 - 3.3), suggest that Wnt signaling may be 

differentially activated in the two species with extreme jaw morphologies at an early 

stage of development.  
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Figure 3.4: Differentially expressed (DE) genes for four developmental stages of cranial 
development in four pupfish taxa. These DE genes include genes which may be contributing 
to jaw morphological differences among taxa. A. Genes associated with the development of 
distinctive skull morphologies were selected as the intersection of genes differentially 
expressed in all pairwise comparisons at a given stage to either the scale-biter or durophage, 
the two species with extreme morphologies. B. Histograms show number of genes in each 
intersection. White portion of bars correspond to the number of genes in each set that are 
annotated to affect bone. Numbers to right of bars give number of genes annotated to affect 
bone and total numbers of genes in each intersection set. C. Relative expression of genes 
annotated to affect skull bones (black) or simply bone (purple) at each stage in the dataset 
highlight the relative over- and underexpression of wnt ligands in the scale-biter and 
durophage respectively at 48 hpf, and that a number of genes are differentially expressed at 
multiple stages. Genes in bold are highlighted in the text.  
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Figure 3.4 
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Figure 3.5: Relative expression of differentially expressed genes shows that many genes are 
differentially expressed in all four stages. Heatmap shows relative expression at each stage for 
genes represented in two or more durophage or scale-biter intersection sets. The overall 
pattern of relative expression trends to be similar at all four stages for this set of genes 
indicating constitutive differential expression. For instance, genes over- or underexpressed in 
the scale-biter tend to also be over- or underexpressed at other stages as well. Boxplots show 
expression patterns for three representative genes that may also be relevant to skull 
morphology based on function. Note how the pattern of expression for igfbp2, igfbp5 is 
similar across all four stages even when the species-wide mean expression changes across 
stages, while the interleukin 12 receptor paralog, il12rb2-like, is greatly overexpressed in the 
scale-biter at embryonic stages, but not at post-hatching stages.  
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Table 3.4: Select genes from all four intersection sets that are underexpressed in the scale-biter 

Gene Group Gene Name Intersection Set 
Apoptosis      
 api5 apoptosis inhibitor 5 48hpf    
 LOC107081897 caspase-1-like    15dpf 
Bardet–Biedl syndrome     
 bbs2 Bardet-Biedl syndrome 2 48hpf 96hpf   
 bbs5 Bardet-Biedl syndrome 5 48hpf    
Calcium Signaling      
 LOC107088690 annexin A3-like 48hpf    
 capn5 calpain 5 48hpf    
 calu calumenin 48hpf    
Cell Adhesion      
 cdh20 cadherin 20, type 2 48hpf    
 cdh17 cadherin 17, LI cadherin (liver-intestine)   8dpf  
 cldn12 claudin 12 48hpf    
 LOC107103695 claudin-3-like 48hpf    
 LOC107103700 claudin-4-like 48hpf    
 LOC107084763 claudin-4-like   8dpf  
 LOC107100707 sialoadhesin-like    15dpf 
Cell Cycle      
 cdca7 cell division cycle associated 7 48hpf    
 ccny cyclin Y 48hpf 96hpf 8dpf  
Cytokine/Chemokine      
 il6st interleukin 6 signal transducer 48hpf 96hpf  15dpf 
 LOC107089554 interleukin-21 receptor-like   8dpf  
 LOC107096536 C-C motif chemokine 3-like   8dpf  
Chaperone/Heat Shock     
 LOC107082103 dnaJ homolog subfamily B member 9-like 48hpf 96hpf 8dpf 15dpf 
 LOC107091513 dnaJ homolog subfamily C member 16-like 48hpf  8dpf  
 LOC107095621 dnaJ homolog subfamily C member 3-like 48hpf    
 LOC107088964 dnaJ homolog subfamily B member 5-like  96hpf   
Lipid Transport      
 fabp6 fatty acid binding protein 6, ileal 48hpf    
 LOC107101094 fatty acid-binding protein 10-A, liver basic-like 48hpf    
 fabp3 fatty acid binding protein 3, muscle and heart  96hpf 8dpf  
 LOC107096181 fatty acid-binding protein, brain-like  96hpf 8dpf  
 LOC107081410 fatty acid-binding protein, heart-like  96hpf  15dpf 
 LOC107086290 fatty acid-binding protein, liver-type-like   8dpf  
 LOC107082973 apolipoprotein A-IV-like   8dpf  
 LOC107095516 apolipoprotein Eb-like   8dpf  
Growth Factor      
 sh2d3c SH2 domain containing 3C   8dpf  
BMP      
 LOC107089450 activin receptor type-2B-like 48hpf 96hpf   
Matrix      
 LOC107082466 cartilage acidic protein 1-like 48hpf 96hpf  15dpf 
 LOC107093562 collagen alpha-1(XXVIII) chain-like 48hpf    
 LOC107094934 collagen alpha-2(I) chain-like  96hpf   
 LOC107086858 collagen alpha-4(IV) chain-like   8dpf  
 LOC107097307 disintegrin and metalloproteinase domain-containing 

protein 10-like 
48hpf    

 fsd1 fibronectin type III and SPRY domain containing 1 48hpf    
 fbln2 fibulin 2 48hpf 96hpf 8dpf 15dpf 
 plekhg1 pleckstrin homology and RhoGEF domain containing 

G1 
48hpf    

 LOC107097201 integrin alpha-D-like  96hpf   
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Table 3.4 Continued… 
Muscle      
 myo7a myosin VIIA 48hpf    
 LOC107097407 myosin-7B-like 48hpf 96hpf   
 LOC107087696 myosin-11-like   8dpf  
Tgf-beta      
 tbrg4 transforming growth factor beta regulator 4 48hpf    
Transciption 
Factor 

     

 irx6 iroquois homeobox 6 48hpf    
 gata6 GATA binding protein 6   8dpf  
 LOC107090297 GATA zinc finger domain-containing protein 14-like    15dpf 
Wnt      
 fzd9 frizzled class receptor 9 48hpf    
 wnt2b wingless-type MMTV integration site family member 2B 48hpf    
 LOC107090002 dixin-A-like  96hpf 8dpf  
 LOC107098026 dickkopf-related protein 3-like    15dpf 
Other      
 LOC107101384 adipocyte plasma membrane-associated protein-like 48hpf    
 clptm1 cleft lip and palate associated transmembrane protein 1 48hpf    
 fkbp2 FK506 binding protein 2 48hpf    
 foxj3 forkhead box J3 48hpf    
 oraov1 oral cancer overexpressed 1 48hpf  8dpf 15dpf 
 smarcd2 SWI/SNF related, matrix associated, actin dependent 

regulator of chromatin, subfamily d, member 2 
48hpf    

 LOC107105123 syndecan-2-like 48hpf    
 LOC107087936 transcription regulator protein BACH1-like  96hpf   
 LOC107083667 alkaline phosphatase-like   8dpf  
 setd6 SET domain containing 6 48hpf 96hpf 8dpf 15dpf 
 ptgr2 prostaglandin reductase 2    15dpf 
 LOC107094401 kallikrein-7-like    15dpf 
Shown are pupfish gene names with zebrafish gene names in parentheses.  



 

 130 

Table 3.5: Select genes from all four intersection sets that are overexpressed in the scale-biter. 

Gene Group Gene Name Intersection Set 
Apoptosis      

 aifm3 apoptosis inducing factor, mitochondria associated 
3 48hpf  8dpf  

 aven apoptosis, caspase activation inhibitor 48hpf 96hpf   
 bnip3 BCL2/adenovirus E1B 19kDa interacting protein 3 48hpf    

 LOC107103375 caspase recruitment domain-containing protein 8-
like  96hpf   

Bardet–Biedl syndrome      
 bbs12 Bardet-Biedl syndrome 12 48hpf    
Calcium Signaling      
 anxa11 annexin A11 48hpf 96hpf   
 calb2 calbindin 2 48hpf    
 calcrl calcitonin receptor like receptor 48hpf    
 LOC107082646 calpain-1 catalytic subunit-like 48hpf    
 LOC107081484 calpain-1 catalytic subunit-like 48hpf    

 LOC107102261 
(capn1a) calpain-1 catalytic subunit-like 48hpf    

 LOC107092503 calpain-9-like 48hpf 96hpf 8dpf  
 LOC107099392 calpain-9-like  96hpf   
 clstn3 calsyntenin 3 48hpf    

 LOC107084037 
(s100s) protein S100-A1-like 48hpf 96hpf   

Cell Adhesion      
 ncam1 neural cell adhesion molecule 1 48hpf    
 LOC107088148 cadherin-like protein 26   8dpf  
 LOC107084761 claudin-9-like   8dpf  
Cell Cycle      
 bora bora, aurora kinase A activator 48hpf 96hpf   
Cytokine/Chemokine      

 LOC107100215 
(cxcr3.2) C-X-C chemokine receptor type 3-like 48hpf    

 LOC107100210 C-X-C chemokine receptor type 4-B-like 48hpf    

 LOC107091150 
(il12rb2l) interleukin-12 receptor subunit beta-2-like 48hpf 96hpf   

 il4r interleukin 4 receptor    15dpf 

 LOC107087156 
(il2rb) interleukin-2 receptor subunit beta-like    15dpf 

 LOC107092801 
(ngfr) 

tumor necrosis factor receptor superfamily 
member 16-like 48hpf    

 tnfrsf21 tumor necrosis factor receptor superfamily 
member 21 48hpf 96hpf   

 clcf1 cardiotrophin-like cytokine factor 1   8dpf  
Chaperone/Heat Shock      

 LOC107090055 
(dnaja3b) 

dnaJ homolog subfamily A member 3, 
mitochondrial-like  96hpf   

 LOC107081529 heat shock 70 kDa protein 12A-like    15dpf 
Lipid Transport      
 LOC107095514 apolipoprotein A-IV-like 48hpf    
 apof apolipoprotein F 48hpf    
Growth Factor      

 LOC107086851 
(ednrba) endothelin B receptor-like 48hpf    

 LOC107083579 
(epha6) ephrin type-A receptor 6-like 48hpf    

 LOC107084161 fibroblast growth factor 13-like 48hpf    
 flt1 fms-related tyrosine kinase 1 48hpf    
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Table 3.5 Continued… 
BMP      
 bambi BMP and activin membrane-bound inhibitor   8dpf  
 bmpr1b bone morphogenetic protein receptor type IB   8dpf  
IFG signaling      
 igfbp2 insulin like growth factor binding protein 2 48hpf 96hpf 8dpf 15dpf 
 LOC107084241 insulin-like growth factor-binding protein 5 48hpf 96hpf 8dpf 15dpf 
 igflr1 IGF like family receptor 1   8dpf  
Matrix      
 adam22 ADAM metallopeptidase domain 22 48hpf    
 crtap cartilage associated protein 48hpf 96hpf   
 LOC107101759 collagen alpha-1(XXVIII) chain-like 48hpf    
 col5a3 collagen, type V, alpha 3 48hpf    
 col16a1 collagen, type XVI, alpha 1 48hpf    

 LOC107098087 
(col8a1b) collagen alpha-1(VIII) chain-like  96hpf   

 LOC107101792 
(col15a1b) collagen alpha-1(XV) chain-like  96hpf   

 LOC107084752 integrin beta-3-like 48hpf    
 fstl3 follistatin-like 3 (secreted glycoprotein) 48hpf    

 LOC107092333 
(fndc7) 

fibronectin type III domain-containing protein 7-
like 48hpf    

 LOC107081663 
(mmp16b) matrix metalloproteinase-16-like 48hpf    

 otol1 otolin 1 48hpf    

 LOC107089461 
(phlda2) 

pleckstrin homology-like domain family A 
member 2 48hpf    

 plekhh2 pleckstrin homology, MyTH4 and FERM domain 
containing H2 48hpf 96hpf 8dpf 15dpf 

 plod1 procollagen-lysine, 2-oxoglutarate 5-dioxygenase 
1 48hpf    

 LOC107097692 
(sparcl1) SPARC-like protein 1 48hpf    

 smoc1 SPARC related modular calcium binding 1  96hpf   
 fstl4 follistatin-like 4   8dpf  

 LOC107101284 thrombospondin type-1 domain-containing protein 
7A-like   8dpf  

 LOC107101285 thrombospondin type-1 domain-containing protein 
7A-like   8dpf  

Muscle      
 LOC107095331 myosin-16-like 48hpf    

 LOC107082773 
(tpm1) tropomyosin alpha-1 chain-like 48hpf    

 LOC107089161 troponin I, slow skeletal muscle-like 48hpf 96hpf   
Tgf-beta      
 tgfbi transforming growth factor beta induced 48hpf    
Transciption Factor      
 evx1 even-skipped homeobox 1 48hpf    
 meox1 mesenchyme homeobox 1 48hpf    
 sp4 Sp4 transcription factor 48hpf 96hpf 8dpf  
 LOC107087726 sal-like protein 1  96hpf   

 LOC107093901 
(ncoa3) nuclear receptor coactivator 3-like  96hpf 8dpf  

 sall4 spalt-like transcription factor 4   8dpf  

 LOC107084340 
(mafb) transcription factor Maf-like   8dpf  

Wnt      

 wnt11 wingless-type MMTV integration site family 
member 11 48hpf    

 ilkap ILK associated serine/threonine phosphatase  96hpf   
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Table 3.5 Continued… 
Other      
 lbh limb bud and heart development 48hpf    

 LOC107088691 
(npdc1a) 

neural proliferation differentiation and control protein 1-
like 48hpf    

 rps6kl1 ribosomal protein S6 kinase like 1 48hpf 96hpf   
 LOC107087452 ribosomal protein S6 kinase beta-1-like   8dpf 15dpf 
 LOC107095875 sex comb on midleg-like protein 4 48hpf    
 LOC107102698 tissue factor-like 48hpf    

 slc24a4 solute carrier family 24 (sodium/potassium/calcium 
exchanger), member 4 48hpf 96hpf 8dpf  

 acp7 acid phosphatase 7, tartrate resistant (putative)   8dpf  
 vwa1 von Willebrand factor A domain containing 1   8dpf  
 vwde von Willebrand factor D and EGF domains   8dpf  
 LOC107081298 von Willebrand factor-like   8dpf  

 c1galt1 core 1 synthase, glycoprotein-N-acetylgalactosamine 3-
beta-galactosyltransferase 1    15dpf 

 mpeg1 macrophage expressed 1    15dpf 
Shown are pupfish gene names with zebrafish gene names in parentheses.  
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Table 3.6: Select genes from all four intersection sets that are overexpressed in the durophage.  

 Gene Group Gene Name Intersection Set 
Apoptosis      

 LOC107095016 
(aifm4) apoptosis-inducing factor 3-like 48hpf 96hpf 8dpf 15dpf 

 LOC107104525 apoptosis-stimulating of p53 protein 2-like   8dpf  
 bag1 BCL2 associated athanogene 1 48hpf    
 LOC107103519 caspase recruitment domain-containing protein 8-like    15dpf 
Calcium Signaling      
 anxa1 annexin A1 48hpf    
 capn3 calpain 3 48hpf    
 capn5 calpain 5 48hpf    
Cell Adhesion      

 LOC107095872 
(cdh4) cadherin-4-like 48hpf    

 LOC107093297 claudin-4-like 96hpf    
Cytokine/Chemokine      
 tnfaip3 TNF alpha induced protein 3 48hpf 96hpf 8dpf  
Chaperone/Heat Shock      
 dnajc27 Hsp40 48hpf  8dpf  

 LOC107099519 
(dnajc11) dnaJ homolog subfamily C member 11-like 48hpf    

Growth Factor      

 LOC107091872 
(epha4b) ephrin type-A receptor 3-like 48hpf    

 LOC107090696 ephrin type-B receptor 2-like 48hpf    
 LOC107086153 platelet-derived growth factor receptor-like protein   8dpf  
Extracellular Matrix      
 LOC107102808 integrin beta-2-like 48hpf    
 LOC107088257 integumentary mucin A.1-like 48hpf    
 col16a1 collagen, type XVI, alpha 1   8dpf  
 thsd1 thrombospondin type 1 domain containing 1  96hpf   
 LOC107083667 alkaline phosphatase-like    15dpf 
Muscle      
 myoz3 myozenin3    15dpf 
Transcription Factors     
 atoh8 atonal bHLH transcription factor 8 48hpf    
 gatad2b GATA zinc finger domain containing 2B 48hpf    
 ncoa1 nuclear receptor coactivator 1 48hpf 96hpf 8dpf  
 LOC107081391 nuclear receptor coactivator 1-like 48hpf 96hpf 8dpf 15dpf 
 six1 SIX homeobox 1 48hpf    
 six4 SIX homeobox 4 48hpf    
Other      

 LOC107098473 von Willebrand factor A domain-containing protein 7-
like 

48hpf    

 LOC107084756 toll-like receptor 2 type-2    15dpf 
Shown are pupfish gene names with zebrafish gene names in parentheses.  



 

 134 

Table 3.7: Select genes from all four intersection sets that are underexpressed in the durophage. 

Gene Group Gene Name Intersection Set 
Apoptosis      
 bag2 BCL2 associated athanogene 2 48 hpf    

 LOC107082055 
(casp8l2) caspase-8-like 48 hpf    

Bardet–Biedl syndrome     
 bbs12 Bardet-Biedl syndrome 12 48 hpf 96 hpf   
Calcium Signaling      
 anxa10 annexin A10 48 hpf    

 LOC107089898 
(camkk1a) 

calcium/calmodulin-dependent protein kinase kinase 1-
like  96 hpf  15 dpf 

Cell Adhesion      
 cd302 CD302 molecule 48 hpf 96 hpf   

 LOC107104323 
(bub1) 

mitotic checkpoint serine/threonine-protein kinase 
BUB1-like 48 hpf    

 LOC107097627 protocadherin beta-16-like  96 hpf   

 LOC107100986 
(pcdh10b) protocadherin-10-like  96 hpf   

 LOC107105174 cell adhesion molecule 2-like   8dpf  
Cell Cycle      

 LOC107092486 
(aunip) aurora kinase A and ninein-interacting protein-like 48 hpf    

 cdc20 cell division cycle 20 48 hpf    
 cdca7l cell division cycle associated 7-like 48 hpf 96 hpf   
Cytokine/Chemokine     
 LOC107085925 C-C motif chemokine 25-like 48 hpf    
 traf4 TNF receptor associated factor 4  96 hpf   

 LOC107095001 
(csf1ra) macrophage colony-stimulating factor 1 receptor 1-like   8dpf  

 LOC107090375 
(csf1b) 

uncharacterized (macrophage colony stimulating factor 
1b)  96 hpf   

Chaperone/Heat Shock     
 LOC107086201 heat shock 70 kDa protein 12A-like 48 hpf    
Growth Factor      
 LOC107082400 endothelin B receptor-like 48 hpf    
 LOC107086153 platelet-derived growth factor receptor-like protein 48 hpf    
 flt1 fms-related tyrosine kinase 1  96 hpf   
IFG signaling      

 LOC107082691 
(igfbp7) insulin-like growth factor-binding protein 7  96 hpf   

Matrix      
 LOC107101414 FRAS1-related extracellular matrix protein 2-like 48 hpf    
 LOC107103703 FRAS1-related extracellular matrix protein 2-like 48 hpf    
 LOC107094308 integrin beta-1-like 48 hpf    
 pcolce2 procollagen C-endopeptidase enhancer 2 48 hpf    
 otol1 otolin 1  96 hpf 8dpf  
Muscle      

 LOC107103762 
(mybpha) myosin-binding protein H-like   8dpf 15 dpf 

BMP/Tgf-beta      
 twsg1 twisted gastrulation BMP signaling modulator 1 48 hpf    
Transciption Factors     
 dbx2 developing brain homeobox 2 48 hpf    
 hes3 hes family bHLH transcription factor 3 48 hpf    
 sall4 spalt-like transcription factor 4 48 hpf    
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Table 3.7 Continued…     
Wnt      

 LOC107099028 
(tmem88b) transmembrane protein 88-like 48 hpf    

 wnt1 wingless-type MMTV integration site family member 1 48 hpf    
 wnt10b wingless-type MMTV integration site family member 10b 48 hpf    
Other      
 sipa1l3 signal-induced proliferation-associated 1 like 3 48 hpf  8dpf  
 tfpi2 tissue factor pathway inhibitor 2 48 hpf    
 LOC107100889 myeloid-associated differentiation marker homolog   8dpf  
 LOC107104594 TRPM8 channel-associated factor homolog   8dpf  
 mos v-mos Moloney murine sarcoma viral oncogene homolog    15 dpf 
Shown are pupfish gene names with zebrafish gene names in parentheses. 
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A number of transcription factors are within the intersection sets, including 

six1, twsg1, sall4 at 48 hpf, fosab, ncoa3 at 96 hpf, and gata1, sall4, ncoa3, and maf at 

8 dpf (Figure 3.4c). I found cytokine/chemokine signaling molecules with known 

craniofacial phenotypes including a putative macrophage colony stimulating factor 1 

(csf1b) at 96 hpf, and its receptor csf1r at 8 dpf. Both csf1b and csf1r, are known to 

play important roles in osteoclast differentiation (Cappellen et al., 2002; Väänänen and 

Laitala-Leinonen, 2008; Bilezikian et al., 2016). Other genes of note include slc24a4 

(associated with enamel formation in human) (Parry et al., 2013), smoc1 (associated 

with craniofacial morphology in human) (Abouzeid et al., 2011; Rainger et al., 2011), 

lbh (craniofacial evolution in cichlids) (Powder et al., 2014), ednrb (endothelin 

signaling) (Shin et al., 1999; Miller et al., 2000), bambi (Bmp signaling and 

differential expression during bone remodeling) (Mantila Roosa et al., 2010), and 

dkk3b (craniofacial evolution in finches) (Mallarino et al., 2011). 

 

Constitutive differential expression of genes in the scale-biter and durophage taxa 

 Gene expression is dynamic, and it is possible that genes will be differentially 

expressed at only critical periods of time during development. Alternatively, many 

genes are constitutively expressed and may be differentially expressed over relatively 

long blocks of developmental time. At a transcriptomic level different genes could 

follow either of these patterns. I asked what percentage of genes in the intersection 

sets follow a pattern of being differentially expressed at a single time point versus 

what percentage are differentially expressed over more than one time point. 

 Of the genes in all four scale-biter intersection sets, 227 (22.0%) occur in an 
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intersection set at two or more stages. Similarly, 79 (18.5%) of all durophage genes 

occur in an intersection set at two or more stages. In fact, most of these genes may be 

differentially expressed over the entire course of developmental stages sampled if I 

relax the criterion of statistical significance (Figure 3.5). Genes that were 

overexpressed or underexpressed at one stage tended to be overexpressed or 

underexpressed respectively at all other stages as well, even if not sufficiently so to be 

deemed statistically significant at an FDR ≤ 0.1. However, I recognize that there can 

be important functional impact of even slight differential expression (Young et al., 

2010). Therefore, when differential expression is in the same direction (over- or 

underexpressed) in all four developmental stages sampled, I refer to these genes as 

constitutively differentially expressed.  

This pattern holds even when the level at which a gene is expressed changes 

through development as seen in the representative gene boxplots (e.g. igfbp5-like in 

Figure 3.5). Other genes, however, did not follow this pattern throughout the 

experiment. For instance, an interleukin 12b receptor paralog is expressed in the scale-

biter at levels typical for larval pupfish of all 4 taxa, but this gene is not differentially 

expressed at post-hatching stages (Figure 3.5). These results suggest that while ~80% 

of genes in the intersection sets are differentially expressed at only a single time point 

during development, approximately 20% of the genes in the scale-biter and durophage 

intersection sets are constitutively differentially expressed during the period of 

development I sampled. This may be an underestimate of constitutive expression and I 

suspect that a much greater proportion of genes are constitutively differentially 

expressed (see discussion).  
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Figure 3.6—Expression of several candidate genes associated with jaw morphological 
variation. A. Boxplots show gene expression levels for each species at all four stages of 
development. Gene expression values were measured as log2 transformed reads per kilobase 
per million reads (RPKM) for a set of candidate genes known to affect skull or cranial 
morphology in other wild vertebrates. These genes are not differentially expressed among 
different species of pupfish, with the exception of shh that tends to be slightly overexpressed 
in the scale-biter, and dkk3b which is underexpressed in the scale-biter. B. Expression of four 
genes identified from a zebrafish mutagenesis screen that may contribute to jaw 
morphological differences among species of pupfish. Note that while edn1 is not differentially 
expressed, two endothelin receptors are. Letters indicate significant differential expression 
(FDR ≤ 0.1) in pairwise comparisons at each stage. Letters are omitted from stages where no 
pairwise comparisons are significant.   
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Figure 3.6 
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Expression of previously identified candidate genes in pupfishes 

A fundamental question in evolutionary biology concerns the extent to which 

the genetic sources of phenotypic diversity are shared across taxa. Early work 

identified modifications to Bmp4 and calmodulin associated with jaw diversification in 

both African cichlids and Galapagos finches (Abzhanov et al., 2004; 2006; Albertson 

and Kocher, 2006), as well as modification to Bmp4 contributing to beak differences 

in ducks and chickens (Wu, 2004). Given the great divergence time between cichlids 

and finches, these studies raised the possibility that modifications to the expression of 

Bmp4 and calmodulin might be responsible for jaw diversity in other taxa, or at least 

across all vertebrates.  

I asked whether candidate genes known to produce jaw diversity in other 

vertebrates were also differentially expressed at any stage among distinct jaw 

phenotypes of pupfishes. I also explored whether genes affecting cranial cartilages 

identified from a zebrafish mutagenesis screen were differentially expressed among 

species of pupfishes with different jaw phenotypes (Piotrowski et al., 1996; Schilling 

et al., 1996). In contrast to the intersection sets, here I am interested in genes that may 

be differentially expressed in even a single pairwise comparison. 

Expression levels of bmp4, bmp2, calmodulin, ptch1, β-catenin and tgfr2, 

genes associated with changes to jaw shape (bmp4, calmodulin, tgfr2, ptch1) or size 

(bmp2) in finches or cichlids, are expressed at similar levels among pupfishes at all 

four stages (Figure 3.6a; data for some genes not plotted). In contrast, however, there 

are several genes differentially expressed among pupfishes as well as cichlids and 

finches. Paralogs to camkII and other calmodulin dependent kinases are differentially 
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expressed among pupfish taxa, and shh tends to be slightly overexpressed in the scale-

biter (Figure 3.6a). The Wnt signaling antagonist dkk3b, but not dkk3a, is 

underexpressed in the scale-biter at 15 dpf. The transcriptional activator, lbh, is 

overexpressed in the scale-biter at 48 hpf (Figure 3.6a) (Powder et al., 2014). 

Three candidate genes emerging from a zebrafish mutagenesis screen, wnt11, 

ednra, and ednrb (Piotrowski et al., 1996; Schilling et al., 1996; Miller et al., 2000), 

are overexpressed in the scale-biter, and may contribute to the extreme jaw 

morphology of this species. Wnt11 function is absent or reduced in zebrafish 

Silberblick (wnt11/slb) mutants that exhibit dramatic abnormalities to the anterior 

portions of the skull (Heisenberg et al., 1996; Piotrowski et al., 1996; Heisenberg et 

al., 2000) reminiscent of the differences in anterior skull bone morphology between 

the scale-biters and other species of pupfishes (e.g. oral jaw bone length). I also find 

that ednra and ednrb, receptors for Edn1 signaling, are differentially expressed across 

species of pupfishes (Figure 3.6b). Edn1 was identified as the zebrafish Sucker 

(edn1/suc) mutant, and work in mouse and chicken has indicated that disrupting the 

expression of Ednra also results in abnormal jaw morphologies (Clouthier et al., 1998; 

Kempf et al., 1998; Miller et al., 2000; Kimmel et al., 2001).  

 

Expression in pupfishes of osteoblast and osteoclast marker genes 

 Genes found to be differentially expressed among pupfishes contained a number of 

molecules known to affect osteoblast and osteoclast differentiation, proliferation, and 

apoptosis. I am thus interested in whether genes commonly used as genetic markers of 

osteoblast and osteoclast activity were differentially expressed. I investigated more 
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closely the expression patterns of four osteoblast marker genes runx2, rankl, csf1b, 

and alkaline phosphatase, as well as six osteoclast expressing genes including rank, 

calcitonin receptors calcrl and calcr, cathepsin K, and acp5 (tartrate resistant acid 

phosphatase) in order to determine whether there was a signal of cell types being more 

or less active or abundant in some species relative to others.  

 Genes associated with osteoblast activity were typically not differentially expressed 

among species of pupfishes (Figure 3.7). The one exception was a putative ortholog of 

the zebrafish macrophage colony stimulating factor 1b (csf1b), a gene also identified 

in the intersection sets, that tended to be constitutively underexpressed in the 

durophage at all developmental stages. Mammalian osteoblast/stromal cells are known 

to express Csf1 as a molecule that affects osteoclast differentiation, recruitment, and 

activity (Cappellen et al., 2002; Väänänen and Laitala-Leinonen, 2008; Bilezikian et 

al., 2016).  

A number of osteoclast expressing genes were differentially expressed in the 

dataset. Calcitonin receptors and cathepsin K were slightly overexpressed in the scale-

biter at embryonic stages of development, and both rank and acp5 were overexpressed 

in the scale-biter at 15 dpf, during a period of larval growth. These data suggest that 

osteoclast activity or number may differ among species of pupfishes, with perhaps 

osteoclast activity lower in the durophage and relatively higher in the scale-biter. 

Intriguingly, osteoclast marker genes were not differentially expressed in all pairwise 

comparisons and genes that were differentially expressed tended to be DE at different 

stages.  
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Figure 3.7—Expression of genes commonly used as molecular markers of osteoblast 
and osteoclast cells indicate that genes functioning in osteoblast differentiation are 
typically not differentially expressed among species of pupfish, while a number of 
osteoclast expressed genes tend to be overexpressed in the scale-biter and 
underexpressed in the durophage. Gene expression values were measured as log2 
transformed RPKM similar to Figure 3.6. Letters indicate significant differential 
expression (FDR ≤ 0.1) in pairwise comparisons at each stage. Letters are omitted 
from stages where no pairwise comparisons are significant. 
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Figure 3.7 
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Discussion 

 This paper presents foundational data as a first step towards addressing the 

fundamental question of how phenotypic variation is produced during the early stages 

of diversification, here among three closely related species. I use RNA-seq to study 

gene expression divergence associated with ecological and morphological 

diversification in three species of Cyprinodon pupfishes that are estimated to have 

diverged in only the last 6,000 - 10,000 years (Turner et al., 2008; Martin and 

Wainwright, 2013). RNA-seq reveals the amount of mRNA transcription, and may 

detect both changes to spatial location of genes as well as altered onset or offset of 

expression across species.  

Gene expression divergence is known to accumulate with time since common 

ancestry (Khaitovich et al., 2004; Brawand et al., 2011; Coolon et al., 2014). Even at 

the shallow divergence time studied here, patterns of gene expression divergence 

appear to reflect phylogenetic estimates of time since common ancestry, at least 

partially. These data support other studies placing the marine omnivore population as 

the sister group to a clade of San Salvador pupfishes (Martin and Feinstein, 2014a; 

Martin, 2016b), suggesting that the durophage and scale-biter species evolved from 

one or multiple inland omnivore population(s) present in the salt water lakes of San 

Salvador Island. I find that the marine omnivore differs from the inland taxa by a 

single PC axis at each stage, possibly reflecting the divergence of the inland forms 

following colonization of San Salvador by the marine lineage. Interestingly, in 

contrast to an expected scenario where morphologically similar omnivore populations 

are also most similar in gene expression patterns, principal component analyses of 
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gene expression variance grouped the inland omnivore with the endemic inland 

durophage rather than the morphologically similar marine omnivore. This unexpected 

result could reflect time since common ancestry or ongoing introgression among these 

two taxa (Martin and Feinstein, 2014a; Martin, 2016b) or both.  

 Gene set enrichment analysis suggested that a number of conserved cellular processes 

may be differentially regulated among species of pupfishes including Wnt signaling, 

hedgehog signaling, myogenesis, adipogenesis, the inflammation response, and fatty 

acid metabolism. Many of the gene sets identified as enriched are related to cell cycle 

regulation, perhaps indicating differences in rates of cell proliferation among species. 

Of particular note was enrichment for targets of Myc transcription factor activity. Myc 

is an immediate early response transcription factor that among other roles mediates a 

cellular response to growth factors. Previous work on transcriptional responses to diet 

in cichlid fishes and bone loading in mouse have both implicated gene expression 

modifications to immediate early response genes (Mantila Roosa et al., 2010; Gunter 

et al., 2013).   

GSEA suggested that the expression of genes functioning in the epithelial to 

mesenchymal transition, as well as the estrogen response, may be differentially 

modified in pupfish species. Both craniofacial morphology and pigmentation differ 

among pupfish species, and both of these traits are derived from neural crest cells that 

undergo an epithelial to mesenchymal transition prior to migration. Estrogen signaling 

is known to affect bone and has been shown to underlie skull sexual dimorphism in 

Anolis carolinensis (Sanger et al., 2014). 

 



 

 147 

Identification of genes of interest 

To identify specific genes of interest, I focused on the intersection sets of 

genes differentially expressed in all three comparisons to either the durophage or 

scale-biter, the two species with extreme morphologies. The rationale for this 

approach is that if a set of genes is differentially expressed in all three comparisons 

with an extreme phenotype, these expression differences are likely to be biologically 

meaningful. 

Genes identified by intersection sets were typically over or underexpressed in 

only a single taxon (Appendix Figure A5). While I cannot rule out that jaw 

morphological differences among these species of pupfishes are produced by fine-

tuning the activity of the same upstream regulators, if this were the case I would have 

expected to see extensive sharing of differential expression of downstream target 

genes. It is intriguing to consider that differences appearing as opposite ends of a 

morphological spectrum (e.g. short jaws vs. long jaws) may be produced by tweaking 

different aspects of a jaw developmental program. 

This study compares closely related wild taxa, diverged as recently as 10,000 

years. As such, I would not expect large-fold differential gene expression and I am 

keenly aware that subtle changes in gene expression can have significant phenotypic 

consequences. For instance, small changes to the quantitative amount of Shh 

expression in the developing head of chickens has substantive phenotypic 

consequences for craniofacial morphology (Young et al., 2010; Powder and Albertson, 

2016). Evolution operates by tinkering with existing genetic/developmental processes, 

and the striking morphological differences among species of pupfishes may be 
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produced by slight modifications to gene expression. Despite a number of RNA-seq or 

microarray studies on closely related species there is still no expectation for the 

magnitude of biologically relevant gene expression divergence between species. An 

RNA-seq study of cichlid pharyngeal jaws found modest expression changes among 

morphs within the range of what I find among species of pupfishes (Gunter et al., 

2013). Rather than arbitrarily discarding everything except the most dramatically over 

or underexpressed genes, I opted to use a lower threshold of differential expression but 

leveraged the fact that I have three comparisons for each focal taxon in order to limit 

this set of DE genes to those most likely to be biologically meaningful.  

I applied a log2 0.2 fold change threshold to label genes as DE, in contrast to 

many other gene expression studies targeting larger expression differences among 

treatments by using a 1.5- or 2-fold change threshold to identify genes of interest. 

Applying this higher threshold to these data does not substantially change my 

conclusions. However, using the higher threshold, wnt ligands would not have been 

identified (wnt ligands were DE by 1.2–1.48 fold in any pairwise comparison). 

Additionally, a number of genes in the intersection sets would be excluded with a 

higher threshold simply because a single comparison was slightly below the threshold, 

although even at the higher threshold, the two other comparisons categorized them as 

DE. Requiring genes to be DE in all three comparisons, even with a lower threshold, is 

already a stringent criterion. A threshold of 1.5 or 2 fold is arbitrary, but detecting a 

difference in all three comparisons suggests biological meaning. 

While the main focus of this project was to identify genes differentially 

expressed among species of pupfishes, these data are also interesting for those genes 
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not differentially expressed. Genes, such as Bmp4 and calmodulin, which are thought 

to be key determinants of jaw morphology in African cichlids and Galapagos finches 

are notably not differentially expressed in  pupfishes with distinctive jaw phenotypes 

(Figure 3.6). While it is very possible that these genes could be differentially 

expressed at time points not sampled, these data suggest that the sources of skull 

diversity in pupfishes differs from what has been shown for these other vertebrate 

taxa. I cannot rule out the possibility that RNA-seq is either not sensitive enough to 

pick up a very slight change in the expression of these genes, or that these genes are 

post-transcriptionally modified. 

 Among the genes that were identified by RNA-seq as possibly related to jaw 

diversification in pupfishes are several that code for molecules functioning in growth 

factor signaling and cytokine signaling. These functional groups are particularly 

interesting because they point to genes of interest as well as possible cellular-

developmental processes underlying the origins of jaw morphological diversity. Below 

I outline three hypotheses that emerge from these RNA-seq data. 

 

Wnt signaling: 

 I found multiple wnt ligands to be differentially expressed among pupfish taxa at 48 

hpf. I note that these genes would not have been identified had I applied a 1.5 fold 

change threshold, though GSEA analysis did identify enrichment of Wnt signaling in 

some comparisons. At 48 hpf, neural crest cells contributing to jaw development are 

relatively undifferentiated and aggregated in the pharyngeal pouches of the pupfish 

head. After this stage, embryos experience a period of rapid growth and formation of 
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cranial cartilages.  

 Wnt signaling plays an established role in bone development, regulating the growth, 

differentiation, and functioning of bone remodeling cells such as osteoblasts (Krishnan 

et al., 2006; Bilezikian et al., 2016). Modifications to Wnt signaling have been shown 

to affect bone mass and homeostasis in general (Krishnan et al., 2006), and to affect 

craniofacial development in particular (Heisenberg et al., 2000; Brugmann et al., 2007; 

2010; Reid et al., 2011; Parsons et al., 2014; Bhullar et al., 2015). Chief among genes I 

identified as overexpressed in the scale-biter is wnt11, which is identified as the gene 

affected in zebrafish silberblick mutants (Heisenberg et al., 2000). Zebrafish lacking 

functional Wnt11 show dramatic reductions to the anterior skull elements, the same 

bony skull elements most different among species of pupfishes. Interestingly, the 

phenotypic effect of the Wnt11 gene in zebrafish is modified by the transmembrane 

protein Tmem88 (Musso et al., 2013). Zebrafish double morpholino knockdowns 

targeting both wnt11 and tmem88 expression have more extreme phenotypes. In 

pupfishes, tmem88 is underexpressed in the durophage at the same stage that wnt11 is 

overexpressed in the scale-biter. 

 Wnt signaling has been shown to be associated with jaw diversification in African 

cichlids (Parsons et al., 2014; Powder et al., 2015), with the evolution of a fused 

maxilla in the bird beak (Bhullar et al., 2015), and with the specification and 

morphogenesis of jaw structures in mice (Brugmann et al., 2007; Reid et al., 2011). 

Thus Wnt signaling is emerging as an important source of craniofacial variation in 

wild taxa. With the exception of wnt2b, Wnt ligands were consistently overexpressed 

in the scale-biter and underexpressed in the durophage (Figure 3.4). This raises the 
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hypothesis of whether Wnt signaling is differentially regulated in the scale-biter and 

durophage taxa at early embryonic stages, a result further supported by GSEA results. 

That I find multiple Wnt ligands all differentially expressed at the same stage suggests 

that a process upstream of Wnt may be differentially regulated. Hedgehog signaling 

often regulates and is co-regulated by Wnt ligand production in other systems, and is 

thus an obvious candidate. In the head, Wnt signaling is known to interact with a 

frontal nasal cell proliferative zone (FEZ) marked by adjacent shh/fgf8 expression 

domains (Hu et al., 2003; Hu and Marcucio, 2009; Bhullar et al., 2015). Thus multiple 

avenues are available for future work experimentally manipulating Wnt ligands and 

exploring how Wnt interactions with shh/fgf8 expression are modified (or not) among 

species of pupfishes. 

Insulin-like growth factor signaling: 

Insulin-like growth factors (IGF-1 and IGF-2) are two of the most abundant 

growth factors in bone, inducing a number of transcriptional responses in myoblasts, 

chondrocytes, and osteoblasts that affect cellular differentiation, activity, and rates of 

bone deposition and homeostasis (Duan et al., 2010; Bilezikian et al., 2016). IGF-1 

has been associated with variation in dog breed size (Sutter et al., 2007), but a function 

for IGF-1 signaling in skull formation is less well understood (though see Ferguson et 

al., 1992; Fujita et al., 2013). In the extracellular matrix, Igf proteins bind to Igf 

binding proteins, and the cellular responses to Igf proteins are strongly dependent on 

the presence of different Igf binding proteins (Bilezikian et al., 2016). I found two 

binding proteins, igfbp2 and igfbp5-like (most probably one of two igfbp5 paralogs), to 

be greatly overexpressed in the scale-biter at all stages. Transcript abundance of igfbp2 
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in the scale-biter was more than 2-fold that of other species indicating substantial up-

regulation and both genes would have been identified with a higher DE threshold, 

highlighting the extreme overexpression of these genes in the scale-biter. Further 

supporting a potential role for Igf signaling is that GSEA identified enrichment of Igf 

signaling in genes overexpressed in the scale-biter. The effects of Igf binding proteins 

on bone growth and homeostasis are typically complex and depend on numerous 

factors (Bilezikian et al., 2016). In mammalian systems igfbp2 has been associated 

with both negative regulation of bone mass (Eckstein et al., 2002; Fisher et al., 2005) 

and positive stimulation of osteoblast differentiation and activity (Hamidouche et al., 

2010), while igfbp5 has typically been associated with increased bone deposition 

(Bilezikian et al., 2016). Interestingly, I also found a number of genes related to 

metabolism and lipid transport that would be concordant with altered cellular 

responses in response to modified Igf signaling among species. Given the critical role 

Igf signaling plays in bone development and remodeling, and the dramatic 

overexpression of these two Igf binding proteins in the scale-biter, this is an obvious 

candidate for further study. 

 

Cytokine and Chemokine signaling: 

The observation that multiple cytokine/chemokine-related signaling molecules 

are differentially expressed among species of pupfishes is interesting because it 

provides a potential link between the cellular inflammation response and bone 

homeostasis such as occurs during pathologies like osteoporosis (Takayanagi, 2007). 

In the dataset, genes linked to inflammation included tumor necrosis factor family 
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members, cytokines, interleukins and other immune cell stimulatory molecules, as 

well as inflammation activated intracellular molecules such as a number of Nod-like 

receptor paralogs (Tables 3.4 - 3.7).  

In addition to roles in immune function and inflammation, cytokine signaling 

plays a critical role during non-pathological bone homeostasis (Bilezikian et al., 

2016). Tumor necrosis factor and interleukin molecules mediate signaling among 

osteoblasts and osteoclasts, and play established roles affecting osteoclast 

differentiation and functioning (Theill et al., 2002; Takayanagi, 2007; Bilezikian et al., 

2016). I found many cytokine genes to be DE at 48 and 96 hpf, prior to bone 

formation, perhaps suggesting modifications to osteoclast differentiation. These data 

further showed that a number of genes expressed by osteoclasts including calcitonin 

receptors (calcr and calcrl) and tartrate resistant acid phosphatase (acp5) tended to be 

overexpressed in the scale-biter further lending support to the idea that either 

osteoclast number or functioning may vary among species of pupfishes. The central 

role osteoclasts play in bone remodeling makes this an intriguing new avenue for 

research. 

Studies of transcriptomic responses to bone loading following exercise have 

also implicated a dominant role for cytokine signaling in bone homeostasis (Xing et 

al., 2005; Mantila Roosa et al., 2010; Gunter et al., 2013). Many of the genes 

identified as differentially expressed in the dataset are orthologs and gene family 

members of genes that have also been found to be differentially expressed in the 

pharyngeal jaws of adult cichlid fishes feeding on hard-shelled prey or soft food, and 

in the bones of adult mice undergoing bone remodeling following exercise (Mantila 
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Roosa et al., 2010; Gunter et al., 2013; Sontam et al., 2015). Thus, differential 

expression of a number of cytokine signaling genes among pupfishes might suggest a 

connection between the cellular mechanisms of developmental plasticity and the 

cellular mechanisms underlying evolutionary divergence.  

 

Constitutive differential expression of genes 

Careful consideration of developmental stage is commonly believed to be 

critical for identifying modifications to gene expression associated with phenotypic 

change. This can provide a dilemma for researchers deciding how fine to sample 

across development (a concern especially relevant to research on non-model genetic 

organisms since samples are often relatively labor intensive to obtain). An alternative 

model considers that once a gene is expressed in an organ, it may continue to be 

expressed in that organ for a long period of time (e.g. constitutive expression). I 

investigated this by identifying genes DE at more than one stage and found that while 

approximately 80% of the genes in the intersection sets were DE at only a single stage, 

a sizeable percentage of genes (~20%) tended towards being over- or under-expressed 

in either the scale-biter or durophage at multiple stages (Figure 3.6). 

Periods between sampled stages were as few as two days and as much as a 

week. I reasoned, therefore, that when a gene was differentially expressed at more 

than one stage, this was good evidence that that gene was differentially expressed 

among species for a long block of time. I refer to these genes as constitutively 

differentially expressed genes since they followed a pattern of being over- or 

underexpressed among species through embryogenesis and juvenile growth. The 
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presence of these constitutively DE genes would suggest that in some instances fine 

sampling of developmental time may be unnecessary to identify a non-negligible 

percentage of genes as DE. Furthermore, the true percentage of constitutively 

differentially expressed genes is almost certainly higher than what I report here since I 

highlight in this paper patterns from only those genes that appeared in two or more of 

the intersection sets, but I noted that many additional genes also showed this pattern of 

constitutive expression in the dataset. I suspect that this pattern of constitutive 

differential expression may be a dominant pattern for many of the genes identified by 

us to be differentially expressed among closely related pupfish taxa.  

I want to stress that while many genes appear to be constitutively differentially 

expressed, a much greater percentage (~80%) of genes were DE at only 1 or 2 stages. 

Gene expression is known to be dynamic during embryonic development when body 

plans and organs are being patterned. Thus different classes of genes may be more or 

less likely to be constitutively differentially expressed, and some genes, DE at only a 

single stage, may be evolutionarily important. 

 

Other traits 

 The pupfishes in this study differ not only in jaw morphology, but also traits such as  

behavior and coloration (Kodric-Brown and West, 2013; Martin and Wainwright, 

2013; West and Kodric-Brown, 2015; Lencer et al., 2016). Undoubtedly some of the 

transcriptional differences that I identified are related to these and other traits. For 

example, GSEA identified enrichment of neuronal pathways at embryonic stages (and 

presumptive brain tissue was necessarily included in these early embryonic samples) 
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highlighting to us that not every expression difference identified is related to jaw 

morphology. Determining which genes are related to jaw morphology, however, is 

complicated by interactions among different tissues. For instance, signaling centers 

located in the developing brain are known to play a role in craniofacial development 

(Wada et al., 2005). 

As a further example, the inland species differ dramatically in coloration in 

both wild and laboratory conditions. Adult male scale-biters are uniformly black, 

while durophage males and females have a milky white body coloration. Vertebrate 

jaws and pigment cells both develop from migratory neural crest cells, and two genes 

differentially expressed in these data, endothelin receptor b (ednrb) and macrophage 

colony stimulating factor 1 (csf1b), are implicated to affect both jaw/bone 

development and melanophore number in zebrafish (Miller et al., 2000; Parichy, 

2006). All three pupfishes have melanophore cells (black) and leucophore cells 

(white), but whether these coloration differences result from changes to cell number, 

distribution, or by some other mechanism is unknown. These same genes may or may 

not play a role in color differences among species of pupfishes (or jaws for that 

matter); I mention these only to emphasize that some transcriptional variation in the 

dataset may affect traits other than jaws or have pleiotropic effects on multiple traits 

that differ among pupfishes. 

 

Conclusions 

 I used RNA-seq to identify differentially expressed genes that may affect jaw 

development in pupfishes. These data indicated that a number of molecules related to 
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cell proliferation and differentiation, growth, bone development, and craniofacial form 

were differentially expressed prior to the appearance of morphological differences 

among species. In particular I identified a number of growth factor genes that are 

strong candidates for future research into the origins of jaw diversity in this group. 

These findings are concordant with recent work in birds, fishes, and mammals 

that have shown diverse mechanisms contributing to skull variation in different clades 

(Abzhanov et al., 2004; Albertson et al., 2005; Roberts et al., 2011; Mallarino et al., 

2012; Fish et al., 2014; Parsons et al., 2014; Bhullar et al., 2015). For complex traits 

such as skull morphology, what I really want to know is how the evolutionary 

tinkering of conserved developmental processes can produce macroevolutionary 

patterns of phenotypic diversity. These data have identified a number of genes that 

play roles in modifying conserved developmental processes during skull development. 

Future work linking modifications of gene expression as shown here with changes in 

cellular-developmental processes such as cell proliferation, apoptosis, and 

differentiation will provide further insight into how a complex trait such as the 

vertebrate skull is modified during the early stages of speciation and ecological 

differentiation.  
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Chapter 4 

 
Modifications to cell proliferation explain differences in craniofacial phenotype 

between closely related species (genus: Cyprinodon) 
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Abstract 
 

Understanding the genetic basis for phenotypic differences is fundamental to the study 

of macroevolutionary patterns of biological diversity. While technological advances in 

DNA sequencing have made researching genetic variation in wild taxa routine, 

interpreting how these variants affect phenotype often requires taking the next step to 

investigate how genetic changes alter cell and tissue interactions that ultimately 

produce phenotypes. In this paper, I investigate a role for cell proliferation as a 

developmental source of craniofacial morphological diversity in a radiation of three 

species of Cyprinodon from San Salvador Island, Bahamas. Patterns of cell 

proliferation in the heads of hatching-age fish differ among species of Cyprinodon, 

and correlate with differences in allometric growth rate among the jaws of three 

distinct species. Regional patterns of cell proliferation in the head are complex 

resulting in an unintuitive mechanism by which lower levels of proliferation lead to 

growth of larger jaws. These data provide a mechanism that links genomic study of 

gene expression variation with classic morphological investigation. Data from genetic, 

cellular and organismal levels can be placed within a coherent hierarchical model to 

focus new hypotheses on the interactions between mechanisms operating at these 

different levels of biological organization. Only by integrating study of how cell and 

tissue level interactions are modified can a complete picture of the complexity of the 

genotype-phenotype map be achieved. I discuss the implications of integrating cell 

and tissue interactions into the study of evolution.  
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Introduction 

Understanding the genetic basis of phenotype is central to the study of biotic 

diversity. Studies of regulatory genes have re-oriented thinking about phenotypic 

evolution to focus on the ways conserved developmental processes are modified in 

different taxa (Averof and Patel 1997; Shapiro et al. 2004; Shubin et al. 2009). At the 

same time, advances in DNA sequencing have revealed an increasing number of 

genetic variants associated with phenotypes that distinguish species or populations 

during the early stages of diversification (Daane et al. 2015; Toews et al. 2016). 

However, association of genetic variation with different phenotypic states (e.g. 

segment identity), whether DNA-sequences or gene expression, still leaves a 

mechanistic gap in understanding. Genes do not directly produce traits, but rather 

affect the properties of cells, ultimately producing phenotypic consequences by 

modifying higher-level developmental processes (Wessells 1977; Oster and Alberch 

1982; Oster et al. 1988; Gawne et al. 2018). How does combinatorial control, for 

example, actually cause a change in segment identity? Such fundamental questions 

about the relationship between genotype and phenotype are at the heart of not only 

evolutionary biology, but also advances in medicine, agriculture, and conservation. 

In previous studies, I characterized morphological differences between three 

closely related species of Cyprindon, which have distinctly different skull 

morphologies, stemming mainly from differential growth rates of the oral jaws (Figure 

4.1; Lencer et al. 2016). Simple lengthening of the jaws and the consequent deformed 

connections between skull elements resulted in quite different overall skull 

morphology. At the level of gene expression, obvious candidate genes assayed for a 
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role in bone growth and remodeling did not appear to be involved in altering growth of 

jaw elements. A more comprehensive study using RNA-seq revealed a daunting 

number of genes that are variably expressed during jaw development in different 

species (Lencer et al. 2017), but how changes to gene expression might cause 

differences in jaw bone growth rates remains obscure. Changes in jaw growth must 

ultimately involve differential patterns of cell size and or cell number. Here I 

investigate cell proliferation in developing skulls of Cyprinodon in order to begin to 

understand the cellular processes by which the jaws in these species show differential 

growth. These data suggest a mechanism to explain how variation in gene expression, 

revealed by RNA-seq, alter growth of skeletal elements thus producing craniofacial 

differences between species (Lencer et al. 2016; 2017). 

 

Background on study system and previous work 

Three morphologically distinct species of Cypinodon are sympatrically distributed in 

salt water lakes on San Salvador Island, Bahamas (Figure 4.1a-c). These species differ 

in craniofacial morphology associated with trophic diversification (Martin and 

Wainwright 2013a; Lencer et al. 2016; Hernandez et al. 2017). One species, C. 

desquamator (hereafter scale-biter) has enlarged upturned oral jaws that it uses to feed 

on the slime and scales of the other two species (Turner et al. 2008; Martin and 

Wainwright 2013b). Another species, C. brontotheroides, has small robust jaws and 

an enlarged fleshy nasal region that protrudes over the upper jaw. Guts of C. 

brontotheroides (hereafter snail-eater) are often filled with the tiny shells of whole 

cerithioidea snails (Turner et al. 2008; Martin and Wainwright 2013b; McGirr and   
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Figure 4.1: Species of Cyprinodon from San Salvador Island. (A) Map of San Salvador Island 
shows series of inland saltwater lakes (dark blue) where Cyprinodon occurs. (B) Photos of 
representative males of each species are matched with (C) x-ray computed tomography 
images of skulls to show how species differ qualitatively in skull morphology. Note the large 
upturned jaws in the scale-biter, and the small robust jaws in the snail-eater. (D) Interspecific 
differences in skull morphology result from modifications to the size of oral jaw bones as 
highlighted here by camera lucida drawings of the articulated jaws for each species (Lencer et 
al. 2016). Bones that differ in size most among species are indicated on the omnivore. Labels: 
d = dentary, mx = maxilla, pmx = premaxilla. (E) Differences in skull morphology result from 
modifications to the allometric growth relationships of jaw bones for each of the three species 
as shown by log-log plots for the dentary and premaxilla (Lencer et al. 2016). Note the slight 
positive allometric growth (slope > 1) of these bones in the scale-biter and omnivore, and 
slight negative allometric growth (slope < 1) of these same bones in the snail-eater. (F) 
Analysis of gene expression patterns in the heads of hatching aged fish suggests that cell 
proliferation may be lower in long-jawed scale-biters (Lencer et al. 2017). Shown is a gene set 
enrichment analysis (GSEA) plot for the top enriched set of genes underexpressed in the heads 
of scale-biters at hatching. For analysis, genes are ordered from most overexpressed in scale-
biter on left, to most underexpressed in scale-biter on right. Location of genes in the Reactome 
Cell Cycle gene set are marked by black vertical lines. Green line shows running enrichment 
score for from left to right, where negative values reflect that genes in this set tend to be 
underexpressed in the scale-biter. (G) GSEA results for the top 7 sets of genes underexpressed 
in the scale-biter at hatching are all related to cell cycle (Lencer et al. 2017). ES = enrichment 
score. NES = normalized enrichment score for gene set size. All seven gene sets are 
significantly enriched at FDR < 0.001. 
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Figure 4.1 
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Martin 2016). The third species, C. variegatus (hereafter omnivore), has jaws 

intermediate in size between the other two species, which it uses to feed on detritus 

and macro invertebrates. Both the scale-biter and snail-eater are endemic to San 

Salvador Island. In contrast, the omnivore, C. variegatus, is widespread, with 

populations found in estuaries across the western Atlantic and Caribbean. 

I and others have previously shown that morphological variation in 

craniofacial morphology distinguishing species of Cyprinodon is the result of 

modifications to the relative size and shape of oral jaw bones and associated 

musculature (Figure 4.1b-d) (Martin and Wainwright 2011; Lencer et al. 2016; 

Hernandez et al. 2017). Changes in the size of jaw bones leads to changes in the 

relative positioning of bony elements of the skull giving each of the three species 

qualitatively different craniofacial morphologies and functions (Lencer et al. 2016; 

Hernandez et al. 2017). 

Morphological differences emerge during growth as a product of modifications 

to the growth rates of oral jaw bones in each of the three species of Cyprinodon 

(Figure 4.1e) (Holtmeier 2001; Lencer et al. 2016). Jaw bone derivatives of the 1st and 

2nd branchial arches grow at relatively fast rates in the scale-biter, slow rates in the 

snail-eater, and intermediate rates in the omnivore (Figure 4.1e). Thus at an 

organismal level it is modifications to the allometric growth relationships of oral jaw 

bones, but less so other bones of the skull, that produces striking craniofacial 

differences in pupfish taxa (Lencer et al. 2016). 

Insight into how jaw growth relationships in Cyprinodon are modified at a 

molecular level is provided by an RNA-seq study, which screened for gene expression 
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modifications in the dissected heads of all three species at multiple developmental 

stages (Lencer et al. 2017). These data suggested roles for a number of conserved 

signaling pathways in the production of craniofacial variation in Cyprinodon, 

including modifications to Igf and cytokine signaling, as well as slight modifications 

to Wnt signaling. How changes in gene expression ultimately cause changes in 

phenotype is unknown.  

One clue to how gene expression may affect phenotype is provided by gene set 

enrichment analyses (GSEA) reported previously (Lencer et al. 2017). These analyses 

indicated that cell proliferation in the heads of hatching-aged fish may vary across 

species of Cyprinodon (Figure 4.1f). Genes known to function in cell cycle 

progression tended to be underexpressed in the heads of hatching age scale-biters 

(Figure 4.1f,g; Lencer et al. 2017). This result suggests that cell proliferation is lower 

in the scale-biter, and that low levels of cell proliferation may be associated with 

growth of long jaws. Since growth is ultimately a function of cell number and size, 

changes to cell proliferation may be a mechanism that explains how altered gene 

expression can affect phenotype (Wu 2004; Kimmel et al. 2007; Sperber and Dawid 

2008; LaMonica et al. 2015). In addition, paracrine and growth factors such as those 

differentially expressed among species of Cyprinodon can exert effects on cell 

proliferation, and may be doing so here with consequences for organismal 

morphology.  

In this paper I use Phosph-Histone H3 (pH3) immunohistochemistry to label 

dividing cells in the heads of all three species in order to test whether cell proliferation 

is less or delayed in the scale-biter. These data indicate that cell proliferation in the 
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heads of hatching age Cyprinodon does vary across species, and that cell proliferation 

tends to be lower in the heads of scale-biters during the hatching period. Patterns of 

cell proliferation in different regions of the head are complex, and cell proliferation 

data suggest a mechanism linking gene expression and jaw allometric growth rates in 

Cyprinodon. I propose a model whereby a reduction to proliferation in the heads of 

Cyprinodon leads to growth of larger jaws.   

 

Methods 

Fish stocks and breeding 

Laboratory stocks of wild-caught fish and F1 purebred fish of all three species of 

Cyprinodon from San Salvador Island are maintained at Cornell. These laboratory 

populations were bred to produce F1 purebred progeny of all three species for the 

current study. All animal collections and procedures were approved by Cornell 

IACUC (protocol 2011-0045) and Bahamas Environment, Science & Technology 

permit issued on December 15, 2015 and Bahamian Export Permit issued on January 

7, 2016. 

 

Sample collection 

I collected eggs and staged them immediately to ensure that all eggs had been 

fertilized within 1-2 hours of each other (Lencer and McCune Accepted). Eggs were 

reared to hatching at 24°C in brackish water (10 parts per thousand, ppt) in petri dishes 

with daily water changes. I focused on measuring cell proliferation just before and just 

after hatching because previous work had shown that differences in growth rate 
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(Lencer et al. 2016) and possible variation in cell proliferation (Lencer et al. 2017) 

begin at hatching. At 24°C all three species typically hatch between 9 – 11 days post 

fertilization (dpf). I therefore sampled fish every 24 hours from 8 dpf to 11 dpf. Fish 

were euthanized with an overdose of Tricaine Methanesulfonate and fixed in neutral 

buffered 4% para-formaldehyde solution in phosphate buffer (PBS) at 4°C prior to 

storing in 100% methanol at -20°C until antibody staining. 

 

Phosph-Histone H3 (pH3) antibody staining 

To identify proliferating cells, I used Phosph-Histone H3 (pH3) labeling to mark cells 

in late G2/M phase. Cells were labeled for pH3 with primary rabbit anti-pH3 

polyclonal antibody (MyBioSource, MBS2517807), and secondary antibody Alexa 

Fluor 568 goat anti-Rabbit (Thermo Fisher, A11011). 

Whole mount immunohistochemistry was performed following GeneTex 

recommendations for zebrafish (www.genetex.com). Briefly, samples in methanol 

were re-hydrated in PBS plus Tween (PBST) at room temperature, and then incubated 

at 70°C in 150 mM Tris-HCl pH 9.0 for 15 minutes. Samples were permeabilized in 

100% pre-chilled Acetone at -20°C for 20 minutes, and then incubated in a pre-block 

solution (10% heat inactivated goat serum and 2% bovine serum albumin in PBST) at 

4°C for 4 hours. Primary anti-pH3 antibody was diluted 1:50 in blocking solution (2% 

heat inactivated goat serum and 2% bovine serum albumin in PBST) and samples were 

incubated at 4°C in this primary antibody solution overnight. Samples were incubated 

in a secondary antibody staining solution of 1:1000 anti-Rabbit plus 1:2000 DAPI in 

block for 3 hours at room temperature.  
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5-bromo-2’-deoxyuridine (BrdU) labelling 

To provide a positive control for pH3 labeling in Cyprinodon, I used 5-bromo-2’-

deoxyuridine (BrdU) to label proliferating cells (Verduzco and Amatruda 2011). Live 

fish were chilled in fresh 10 ppt tank water on ice for 15 minutes before incubating in 

a solution of pre-chilled 10 mM BrduU, 15% dimethylsulfoxide (DMSO) in 10 ppt 

tank water for 20 minutes on ice. Fish were then heat shocked for 5 minutes at 28°C, 

euthanized with an overdose of MS222, fixed in 4% PFA overnight at 4°C, and stored 

in 100% methanol at -20°C. 

I used primary mouse anti-BrdU monoclonal antibody obtained from the 

Developmental Studies Hybridoma Bank at University of Iowa (DSHB G3G4), and 

secondary antibody goat anti-mouse conjugated to horse radish peroxidase (Santa 

Cruz Sc-2005) to label BrdU positive cells (Verduzco and Amatruda 2011). 

Rehydrated samples were incubated in 2M HCL for 1 hour to denature labeled DNA, 

and then incubated in a pre-blocking solution of 2% Roche Blocking Reagent (Sigma-

Aldrich 11096176001), 10% heat inactivated goat serum, 1% DMSO in PBST for 3 

hours at room temperature. Primary anti-BrdU was diluted 1:10 in BrdU block (0.2% 

Roche Blocking Reagent, 10% heat inactivated goat serum, 1% DMSO in PBST) and 

incubated overnight at 4°C. Secondary antibody was diluted 1:1000 in Brdu block and 

incubated 3 hours at room temperature. BrdU positive cells were stained using 3,3'-

diaminobenzidine as substrate (ThermFisher 34065). 
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Clearing and mounting for light sheet imaging 

I optically cleared samples for light sheet imaging using a refractive index matching 

solution (92 mL 60% iodixanol, 40 g n-methyl-d-glucamine, 50 g diatrizoic acid, 2 

mL 2% sodium azid, 61 mL water). All samples were equilibrated in this clearing 

solution for a minimum of 24 hours prior to being mounted for imaging in a solution 

of 0.05% agarose dissolved in clearing solution and placed in microcuvettes (Bio-Rad 

VersaFluor, 1702416).  

 

Light sheet imaging 

I used a LaVision Biotech Ultramicroscope to perform fluorescent light sheet imaging 

(NIH S100D023466 to Cornell BRC Imaging Facility). Mounted samples were 

imaged at 6.4x magnification immersed in a solution of 60% 2,2’-thiodiethanol 

(TDE). All samples were imaged for pH3 staining (620 nm laser, dividing cells) and 

DAPI (460 nm, morphological context) to provide information on both number and 

location of proliferating cells in the head. For all scans I used a step size of 2 μm 

between images. This produced tiff zstack image series for each sample that were used 

in analyses below. 

 

Counting pH3 positive cells  

I used the ‘blob finder’ function provided in arivis Vision4D software 

(www.arivis.com) to count the number of pH3 positive cells (e.g. proliferating) in the 

heads of hatching age fish of all three species. Preliminary investigations found that a 

fixed set of parameters (Diameter = 8, Threshold = 5) worked well for most image 
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series. For each image series (e.g. sample), I first used this fixed parameter set to 

identify and count pH3 positive cells. After this had completed, I then identified pH3 

positive cells again, this time adjusting the diameter and threshold parameters in arivis 

for each image series to be as permissive as possible by eye. Thus for every sample I 

identified proliferating cells twice, once using a fixed set of parameters and once using 

a permissive set of unique parameters for each sample. Results from these two counts 

were similar and I limit my discussion to results for the fixed parameter counts. 

Results from the permissive counts are provided in the appendix (Appendix Tables 

A2-A4). 

 Identifiable morphological landmarks from DAPI staining were used to limit counting 

of proliferating cells to three defined regions of the head (Figure 4.2a): (1) I defined a 

‘head region’ as the entire portion of the head from tip of the jaws to the posterior 

limit of the orbit (Figure 4.2a). This ‘head region’ was divided into two sub-regions: 

(2) a ‘jaw subset’ as the portion of the head from the lower jaw joint to the tip of the 

jaws and (3) a ‘post-jaw subset’ as the portion of the head from the posterior limit of 

the orbit to the lower jaw joint (Figure 4.2a). Counts were computed for the jaw subset 

and post-jaw subset separately and then summed to provide counts for the head region. 

Volume and surface area measurements were taken for each region allowing us to 

standardize pH3 cell counts for the size of the sampled tissue in analyses as: 

 

!"#$%& !"#$%&'"()%#* (!"#$%&)  =  (!"#$%& !"  !"! !"#$%$&' !"##$ !" !"#$%&)
(!"#$%& !" !"#$%&)  

and 

 



 

 184 

!"#$%& !"#$%&'"()%#* (!"#$)  =  (!"#$%& !"  !"! !"#$%$&' !"##$ !" !"#$%&)
(!"#$%&' !"#$ !" !"#$%&)  

 

 To investigate amounts of cell proliferation in the jaws relative to the rest of the head I 

calculated an index of ‘relative jaw proliferation’ as the ratio of proliferating cells in 

the jaw subset to that in the post-jaw subset. This index was standardized for tissue 

size as: 

 

!"#.  !"# !"#$%&'"()%#* (!"#$%&)  

=  (!!"#$% !"  !"! !"#$%$&' !"##$ !" !"# !"#!$% !"#$%& !"# !"#!$%)
(!"#$%& !" !"! !"#$%$&' !"##$ !" !"#$!!"# !"#!$% !"#$%& !"#$!!"# !"#!$%) 

 

and 

 

!"#.  !"! !"#$%&'"()%#* (!"#$)  

=  (!"#$%& !"  !"! !"#$%$&' !"##$ !" !"# !"#!$% !"#$ !"# !"#!$%)
(!"#$%& !"  !"! !"#$%$&' !"##$ !" !"#$!!"# !"#!$% !"#$ !"#$!!"# !"#!$%) 

 

Statistical Analyses 

I built full factorial linear models in R using the package lme4 to test for the effect of 

species and age (e.g. dpf) on the number of pH3 positive cells in each of the three head 

regions (Bates et al. 2015). For each region I ran models on both volume standardized 

and surface area standardized proliferation measures. The date of the scan was 

included as a random effect in models to account for any batch effects associated with 

imaging. For permissive parameter pH3 counts, I additionally included parameter 
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values as random effects (Appendix Tables A2-A4).  Post-hoc analyses of estimated 

marginal means were computed from models using the package emmeans in R (Searle 

et al. 2012). Significance for pairwise comparisons between species was assessed 

using the Tukey HSD method for multiple comparisons.  

 

Results 

Cell proliferation is greater in ventral head structures 

pH3 stains actively proliferating cells. Positive pH3 staining in cells of the head was 

mostly restricted to ventral structures during the time period sampled for all three 

species (Figure 4.2b). Furthermore, most pH3 positive cells occurred within the 

epithelia or the mesenchyme surrounding cartilage elements, while cartilage cells and 

cells in the brain were less often pH3 positive (Figure 4.2c).  

 

Patterns of cell proliferation are similar with pH3 and BrdU labeling 

To confirm true positive staining of proliferating cells by pH3 immunohistochemistry, 

I compared Cyprinodon stained with anti-pH3 to the pattern of cell proliferation 

obtained by BrdU labeling cells in similarly aged fish (Appendix Figure A6). These 

two methods of labeling cell proliferation showed similar patterns confirming that pH3 

antibody staining was labeling proliferating cells and unlikely to be cross reactive with 

off-target epitopes (Appendix Figure A6). In both cases, labeled cells were largely 

confined to the same ventral regions of the head. 
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Figure 4.2: Immunofluorescence light sheet imaging visualizes number and location of 
mitotic cells as indicated by assay for pH3 in the heads of hatching age Cyprinodon. (A) 
Regions of the head assayed for proliferating cells. For each of these three regions, pH3-
positive cells were counted. (B) Shown are 3D reconstructions in lateral view of the head for 
the DAPI channel (grey, stains nuclei), the pH3 channel (red), and both channels merged. 
Note that pH3 positive cells (red dots) are mainly localized to ventral structures as shown in 
lateral view. (C-D) Single 2D images in (C) frontal view and (D) lateral view show pH3 cells 
(red dots) localizing to epithelial and mesenchyme tissues surrounding cartilage elements as 
exemplified by the ceratohyal. Cartilage cells are identifiable in the DAPI channel (grey) by 
their widely spaced nuclei indicative of large cuboidal cells. Cartilage elements can be 
identified by shape, and are outlined by the brightly labeled perichondrium, a dense layer of 
mesenchyme cells that surrounds cartilage elements. Inset shows region outlined by white box 
and green arrows point to pH3 positive cells in perichondrium. Note also the clusters of pH3 
positive cells in jaws (white arrow), especially around lateral edge of jaws as seen in panel C. 
Labels: bh, basihyal cartilage; br, brain; ch, ceratohyal cartilage; ey, eye; ga, gill arches; lj, 
lower jaw; pa, pharynx; pf, pectoral fin; uj, upper jaw 
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Cell proliferation does not vary by age  

I sampled fish of all three species at 4 time points (e.g. daily between 8 – 11 dpf). 

Number of pH3 positive cells did not, however, significantly vary by age of fish (dpf) 

in any of the models tested (Table 4.1; Appendix Table A1). Neither was there a 

significant interaction effect between species and age on amounts of cell proliferation 

in any model. As patterns of proliferation are similar within each species across the 

time period sampled here, I limit my discussion below to the effect of species, and plot 

patterns by lumping fish of different ages within a species. 

 

Head region proliferation levels are low in the scale-biter and high in the snail-eater  

Cell proliferation in the heads of Cyprinodon (e.g. head region) varied significantly by 

species when controlling for tissue size by area (P < 0.01, Table 4.1), but not when 

controlling for tissue size by volume (P = 0.16, Table 4.1). Though significance differs 

between models, I note that proliferation levels vary across species in the same 

direction in both analyses (Table 4.2-4.3, Figure 4.3). Proliferation in the head is 

relatively high in the snail-eater, low in the scale-biter, and intermediate in the 

omnivore (Figure 4.3, Table 4.2).  

For the model of proliferation standardized to surface area, pairwise post-hoc 

tests (Tukey; Table 4.3) indicate a significant difference between proliferation in the 

snail-eater and scale-biter heads (p < 0.05), and a near significant difference between 

proliferation in the snail-eater and omnivore heads (p = 0.058). I did not find a 

significant difference between the scale-biter and omnivore in head region 

proliferation levels (p = 0.83) despite the omnivore being intermediate between the 
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scale-biter and snail-eater in analyses (Figure 4.3, Tables 4.2-4.3). 

 

Cell proliferation levels vary among species in the post-jaw, but not jaw, subsets  

I next investigated how cell proliferation levels differ among species in the jaw and 

post-jaw subsets of the head respectively. The number of proliferating cells in the jaw 

subset does not vary by species when controlling for tissue size by area (p = 0.52, 

Table 4.1), nor when controlling for tissue size by volume (p = 0.69, Table 4.1). I note 

that levels of proliferation vary across species in the same direction as that of the head 

region (e.g. low in scale-biter and high in snail-eater), but the effect is slight and not 

significant. 

In contrast, cell proliferation in the post-jaw subset varied significantly by 

species when controlling for size of sampled tissue by area (P < 0.001, Table 4.1) and 

when controlling for size by volume (p < 0.001, Table 4.1). Similar to patterns in the 

head region, proliferation levels in the post-jaw subset are high in the snail-eater, low 

in the scale-biter, and intermediate in the omnivore (Figure 4.3, Table 4.2). This 

species effect for the number of proliferating cells in the post-jaw subset is greater 

than that found for the head region as evidenced by more of post-hoc contrasts 

resulting in significance (Figure 4.3, Table 4.3). Similar to analysis of the head region, 

however, post-hoc tests were not significant for comparisons between the scale-biter 

and omnivore in either model (Figure 4.3, Table 4.3). 
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Figure 4.3: Cell proliferation varies among species of Cyprinodon in different regions of the 
head at hatching. Shown are number of pH3 positive cells relative to either surface area of 
sampled tissue (A) or volume of sampled tissue (B) for the three regions of the head sampled 
plus the index of relative jaw proliferation. Boxplots show mean and quartiles for each 
species. Note that levels of proliferation vary among species when sampling the entire head 
(head region) or regions of the head posterior to the jaws (post-jaw subset), but proliferation 
does not vary in the jaws (jaw subset). Samples sizes are snail-eater N = 32, omnivore N = 32, 
scale-biter N = 20. Significance for all post-hoc pairwise comparisons (Tukey) is shown. ns: 
not significant; �: p < 0.1; *: p < 0.05; **: p < 0.01; ***: p < 0.001. 
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Table 4.1: ANOVA model results for pH3 counts using the fixed parameter set to identify pH3 positive cells. Counts were standardized for tissue 
size as either surface area or volume of tissue. Significant factors are in bold. 
 pH3 Counts Standardized By Surface Area 

  Head Region (Area)   Jaw (Area)   Post-Jaw (Area)   Rel. Jaw Prolif. (Area)  
 F P F P F P F P 
Species 4.20 0.019 0.66 0.52 7.87 <0.001 8.53 <0.001 
Age (dpf) 0.55 0.66 0.77 0.54 0.89 0.48 0.50 0.69 
Interaction 0.3 0.93 0.13 0.99 0.54 0.78 0.59 0.74 
         
 pH3 Counts Standardized By Volume 

  Head Region (Volume)   Jaw (Volume)   Post-Jaw (Volume)   Rel. Jaw Prolif. (Vol.)  
 F P F P F P F P 
Species 1.90 0.16 0.37 0.69 7.87 <0.001 5.51 0.006 
Age (dpf) 1.41 0.31 1.59 0.27 0.89 0.48 0.48 0.70 
Interaction 0.17 0.98 0.47 0.83 0.54 0.78 1.36 0.25 
  



 

 191 

Table 4.2: Estimated marginal means from models for number of pH3 positive cells in each head region using the fixed parameters set to 
identify pH3 positive cells. Counts were standardized for tissue size as either surface area or volume of tissue.  
 pH3 Counts Standardized By Surface Area 

  Head Region†   Jaw†   Post-Jaw†   Rel. Jaw Prolif (area)  
 Mean 95% CI Mean 95% CI Mean 95% CI Mean 95% CI 
Snail-eater 150.2 119.2 – 181.2 243.4 192.1 – 294.6 103.5 80.3 – 126.6 2.57 2.09 - 3.05 
Omnivore 126.7 95.6 – 157.8 223.6 172.2 – 275.1 75.0 51.8 – 98.2 3.15 2.66 - 3.63 
Scale-biter 119.8 87.7 – 151.9 220.0 165.3 – 274.7 64.5 40.5 – 88.5 3.72 3.18 - 4.27 
         
 pH3 Counts Standardized By Volume 

  Head Region‡   Jaw‡   Post-Jaw‡   Rel. Jaw Prolif (vol.)  
 Mean 95% CI Mean 95% CI Mean 95% CI Mean 95% CI 
Snail-eater 4684.6 3370.4 – 5998.7 8105.4 5913.3 – 10297.5 2905.3 2084.1 – 3726.4 2.79 2.22 – 3.36 
Omnivore 4199.5 2865.8 – 5533.1 7949.8 5750.6 – 10149.0 2381.2 1557.4 – 3204.9 3.39 2.82 – 3.96 
Scale-biter 3913.5 2594.7 – 5232.2 7323.6 5021.5 – 9625.7 2017.0 1179.9 – 2854.0 3.73 3.11 – 4.35 
† =  Counts per 1 mM2. ‡ = Counts per 1 mM3.  
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Table 4.3: Pairwise post-hoc comparisons for mean estimated differences in number of proliferating cells between species in each region of the 
head. Significance is assed using Tukey HSD for multiple comparisons. Data are counts using standard set of parameters to identify pH3 positive 
cells. Significant pair-wise comparisons are in bold and correspond to Figure 3. 
 pH3 Counts Standardized By Surface Area 

  Head Region (Area)   Jaw (Area)   Post-Jaw (Area)   Rel. Jaw Prolif. (Area)  
 Estimate† P Estimate† P Estimate† P Estimate† P 

snail-eater 
Vs. 

omnivore 
23.52 0.058 19.72 0.601 28.49 0.001 -0.58 0.0504 

snail-eater 
Vs. 

scale-biter 
30.37 0.034 23.39 0.597 38.98 < 0.001 -1.16 < 0.001 

scale-biter 
Vs. 

omnivore 
6.85 0.830 3.67 0.987 10.49 0.481 -0.58 0.109 

         
 pH3 Counts Standardized By Volume 

  Head Region (Volume)   Jaw (Volume)   Post-Jaw (Volume)   Rel. Jaw Prolif. (Vol.)  
 Estimate‡ P Estimate‡ P Estimate‡ P Estimate‡ P 

snail-eater 
Vs. 

omnivore 
485.14 0.369 155.62 0.979 524.08 0.077 -0.60 0.055 

snail-eater 
Vs. 

scale-biter 
771.15 0.167 781.77 0.684 888.30 0.006 -0.94 0.007 

scale-biter 
Vs. 

omnivore 
286.02 0.773 626.15 0.780 364.22 0.393 -0.34 0.498 
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Relative jaw proliferation levels differ among species 

I next asked whether species of Cyprinodon differ in the amount of proliferation 

occurring in the jaws relative to more posterior regions of the head as a consequence 

of variable levels of proliferation in the post-jaw subset, but similar levels in the jaw 

subset. To test for this, I calculated an index of relative jaw proliferation defined as the 

number of pH3 positive cells in the jaw subset divided by the number of pH3 positive 

cells in the post-jaw subset (see methods).  

Relative jaw proliferation varied significantly among species whether 

controlling for size of sampled tissue by area (p < 0.001, Table 4.1), or controlling for 

size of tissue by volume (P < 0.01, Table 4.1). In both models, relative jaw 

proliferation is highest in the scale-biter, lowest in the snail-eater, and intermediate in 

the omnivore (Figure 4.3).  

In post-hoc pairwise comparisons (Table 4.3), relative jaw proliferation is 

significantly lower in the snail-eater when compared to the scale-biter for both models 

(area: p < 0.001; volume: p < 0.01). Relative jaw proliferation does not significantly 

differ between the snail-eater and omnivore in either model, though I note this effect is 

nearly significant when controlling for tissue size by surface area (p = 0.0504) and 

volume (p = 0.055). Relative jaw proliferation does not differ between the scale-biter 

and omnivore in either model (Table 4.3). 

 

Discussion 

Understanding how phenotypic diversity is produced remains a fundamental issue in 

evolutionary biology. I previously have shown that modifications to gene expression 
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and differences in jaw allometric growth rates both correlate with craniofacial 

phenotype (Lencer et al. 2016; 2017). Here I argue that patterns of cell proliferation in 

the heads of Cyprinodon offer a mechanism by which to link gene expression to jaw 

growth and craniofacial phenotype. 

 

Differential cell proliferation provides a mechanism for differences in jaw growth  

Cell proliferation varies in a continuous manner among species and correlates with 

craniofacial phenotype (Figure 4.3). Unexpectedly, levels of cell proliferation in the 

jaw subset do not differ among species. Instead, differential cell proliferation among 

species is driven by modifications to cell division in the post-jaw subset of the head 

(Figure 4.3). While it may seem counter-intuitive that levels of cell proliferation in the 

head are low in the scale-biter with large jaws, it is the reduced cell proliferation in the 

posterior heads of the scale-biter that leads to an increase in relative jaw proliferation. 

Differences in relative jaw proliferation among species positively correlate with 

differences in jaw growth rates, and may explain why the jaws of the scale biter grow 

at a fast rate. Conversely, the jaws in the snail-eater are small because of the increased 

cell proliferation of the posterior head in that species resulting in a lower relative jaw 

proliferation level. Not surprisingly, the omnivore with intermediate sized jaws, has 

intermediate levels of cell proliferation in the posterior head region. Thus, it is relative 

jaw proliferation that offers a cellular mechanism for differences in craniofacial 

phenotype (Lencer et al. 2016). 

Ultimately, allometric growth of jaws in Cyprinodon is a process of differential 

growth of the jaws relative to the rest of the head. This could have occurred either by 
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modification of cell proliferation in the jaws or by modification of cell proliferation in 

other regions of the head. Surprisingly, it is the latter model that appears to best 

explain morphological diversity in Cyprinodon. These data suggest that evolutionary 

modifications to allometric growth and scaling of jaw bones in Cyprinodon is a result 

of modifications to cell proliferation in the post-jaw subset of the head that lead to 

species differences in relative jaw proliferation levels.  

 

Cell proliferation links gene expression patterns to phenotype 

Cell proliferation data are concordant with previously published RNA-seq data that 

showed cell cycle genes underexpressed in the heads of long-jawed scale-biters 

relative to other species at hatching (Figure 4.1; Lencer et al. 2017). For this RNA-seq 

experiment, I sampled entire heads, removing only eyes and brain (Lencer et al. 2017). 

Thus gene expression results from Lencer et al. (2017) are averaged over the head, and 

most similar to the head region data presented here. I interpret cell proliferation results 

for the head region, and post-jaw subset, as generally concordant with those gene 

expression analyses that predicted lower levels of cell proliferation in long-jawed 

scale-biters (Figures 4.1f,g & 4.3). Furthermore, unintuitive results from gene set 

enrichment analyses (scale-biters have large jaws, but cell cycle genes are 

underexpressed) now make sense in light of the current study: decreases to cell 

proliferation produce longer jaws. Thus these cell proliferation data link gene 

expression patterns from Lencer et al. (2017) to modified growth rates of jaw bones 

(Figure 4.1; Lencer et al. 2016; 2017). 

While I consider results from the current study as generally concordant with 
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those of a previous RNA-seq study (Lencer et al. 2017), there is at least one subtle 

difference that warrants consideration. Analyses of gene expression data found cell 

cycle gene sets were the top enriched sets in genes underexpressed in the scale-biter. 

However, I never found a significant difference between proliferation levels in the 

scale-biter and omnivore (Table 4.3; Appendix Table A4). Furthermore, it is the level 

of proliferation in the snail-eater that predominantly drives a significant species effect 

in analyses of cell proliferation (Figure 4.3). 

I interpret this discrepancy as partly due to what was measured: in Lencer et al. 

(2017) we measured relative transcript abundance, while here I measure pH3 positive 

cells. Thus part of the discrepancy could be a consequence of how gene expression 

relates to cell cycle progression, or the relative precision by which RNA-seq measures 

transcripts and immunofluorescence microscopy counts pH3 positive cells. 

Furthermore, to perform GSEA in Lencer et al. (2017) we compared expression in the 

scale-biter to that in both the snail-eater and omnivore. Thus gene set enrichment 

analyses for the scale-biter incorporate information on gene expression in the snail-

eater. I also note that cell cycle gene sets were enriched in genes overexpressed in the 

snail-eater, but showed a lower enrichment score in the snail-eater to that of the scale-

biter (Figure 4.1; Lencer et al. 2017). Most important is the general concordance 

between patterns in both studies. Gene expression data predicted that cell proliferation 

should be relatively low in the scale-biter, a result that I find in the data despite lack of 

significance in some comparisons.  

 

A model for the mechanisms generating craniofacial diversity 
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Craniofacial phenotype is a complex trait influenced by both genetic and environment 

factors, and multiple authors prior to us have argued that cellular developmental 

processes are likely to hold the key to understanding how the diversity of vertebrate 

craniofacial phenotypes are produced (Hall 1990; Hallgrimsson et al. 2014; Young et 

al. 2014). Genes modify cell and tissue level dynamics, which are ultimately the 

processes that produce phenotype (Wessells 1977; Oster and Alberch 1982; Gawne et 

al. 2018). With this in mind, I can begin piecing together how different processes 

affecting craniofacial phenotype in Cyprinodon fit into a coherent framework (Figure 

4.4).  

I propose a model for Cyprinodon whereby modifications to gene expression 

affect patterns of cell proliferation in the head that produce jaw allometric growth 

differences leading to the development of qualitatively different craniofacial 

phenotypes in each of the three species of Cyprinodon (Figure 4.4). Much is still left 

to discover, and intriguingly, this mechanism of evolutionary change seems to be 

driven by changes in relative cell proliferation levels in post-jaw regions of the head. 

Thus in addition to factors acting directly on jaw morphology, understanding the 

mechanisms affecting posterior skull regions as well as systemic factors influencing 

growth appears key to understanding craniofacial diversity in Cyprinodon. 

Lingering questions that still need answers are focused on the interactions 

between processes operating at different levels of biological organization. This point 

has similarly been made recently by Gawne et al. (2018). For example, what genes and 

gene expression modifications are causatively contributing to cell proliferation 

differences and how? I previously argued for important roles of Igf, Wnt, and cytokine 
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signaling in the production of craniofacial phenotypes in Cyprinodon (Lencer et al. 

2017), but whether these genes contribute to patterns of cell proliferation reported here 

is not known. Including information on patterns of DNA sequence variation to the 

patterns reported here promise to link causative mutational changes to mechanisms 

producing variation at other levels of biological organization (McGirr and Martin 

2016; Martin et al. 2017; Richards and Martin 2017).  

This model of craniofacial development furthermore offers a framework for 

integrating environmental and genetic factors affecting phenotype (Hallgrimsson et al. 

2014; Gawne et al. 2018). Craniofacial phenotypes are notoriously plastic in response 

to environmental factors such as diet (Wimberger 1991), and previous data have 

suggested that growth of long jaws in the scale-biter is partly affected by some 

unknown environmental factor (Lencer et al. 2016). The causes of phenotypic 

plasticity are the result of interactions between the environment and cellular-

developmental processes (Davidowitz and Nijhout 2004; Hallgrimsson et al. 2014). 

Understanding how developmental processes such as cell proliferation produce 

craniofacial phenotypes is necessary for understanding the interactions between 

genetic and environmental factors. 

Unknown is whether patterns of cell proliferation shown in this paper are 

driven by modifications to the proportion of cells dividing in the head (e.g. growth 

fraction) or to the rate at which cells progress through the cell cycle (e.g. cycle time) 

(Lui and Baron 2011). Both mechanisms may be at play. Furthermore, what 

mechanisms regulate whether cells in different regions of the head are more or less 

likely to proliferate are largely unknown. Bmp signaling is known to regulate cell   
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Figure 4.4: An heuristic model of genetic and developmental influences on craniofacial 
phenotype in Cyprinodon. The level of biological organization is given on the left, with 
common techniques associated with investigating mechanisms at that level included in 
parentheses. At the organismal level morphological study of jaw growth indicated that 
morphological diversity is produced by modifications to allometric growth of individual bones 
of the skull (Lencer et al. 2016). At a genetic level, RNA-seq revealed differential expression 
of conserved paracrine signaling genes such as Igf, Wnt, and cytokine related factors (Lencer 
et al. 2017). At the cellular-tissue level, cell proliferation translates differential gene 
expression into allometric growth of the jaws and head. At the DNA sequence level, variants 
are hypothesized to underlie differential gene expression (McGirr and Martin 2016; Richards 
and Martin 2017; Martin et al. 2017). Environmental factors may affect phenotype through 
interactions with processes operating at the cell-tissue and organismal levels of biological 
organization. 
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Figure 4.4 
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proliferation in the heads of birds (Wu 2004; Wu et al. 2006), but additional growth 

factors are likely to contribute to phenotypic diversity as well (Parsons et al. 2014; 

Bhullar et al. 2015; Lencer et al. 2017). While I use a marker for entry into mitosis as 

a proxy for cell proliferation, net proliferation of cells is the consequence of cell 

division and apoptosis (Wessells 1977; Conlon and Raff 1999). Gene expression 

patterns also suggest that apoptosis may be modified in these taxa (Lencer et al. 2017). 

In zebrafish, knockdown of activin receptors produces craniofacial defects that are 

mediated through altered apoptosis levels in the head (Albertson et al. 2005), further 

emphasizing that diverse cellular processes can contribute to development of complex 

phenotypes such as the vertebrate skull. There is much left to do, and what have 

presented in this paper is a road map for understanding how craniofacial variation is 

produced. Key to this map is incorporating cell and tissue interactions into 

evolutionary studies of genotype-phenotype correlations. 

 

Developmental bias and macroevolution 

The notion that study of the cellular-developmental mechanisms producing phenotype 

can tell us something about evolution is not new (Oster and Alberch 1982; Nijhout et 

al. 1986; Oster et al. 1988; Gerhart and Kirschner 1997). Many before us have 

promoted the idea of biological hierarchy, with developmental processes mediating 

genome-phenotype correlations (Oster and Alberch 1982; Gawne et al. 2018). The 

contribution of development to evolutionary theory is that phenotypic biases can 

emerge because of the complex cell and tissue interactions that occur during 

development (Oster and Alberch 1982; Oster et al. 1988; Economou et al. 2012; Green 
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and Sharpe 2015; Onimaru et al. 2016). At a cellular level, development can appear 

stochastic and unruly, governed by self-organizing mechanisms such as contact 

inhibition and exploratory behaviors (Gerhart and Kirschner 1997). Genes operate 

through effects on the parameters of these pattern-generating processes (Oster and 

Alberch 1982; Economou et al. 2012; Onimaru et al. 2016). Non-linear, or complex, 

relationships between genes and phenotype are common, highlighting the indirect 

nature by which genes affect phenotype (Young et al. 2010; Economou et al. 2012; 

Nichols et al. 2016). 

The complete picture of how developmental processes influence patterns of 

craniofacial morphology in Cyprinodon remains open as I have only begun to embark 

upon understanding the mechanisms producing phenotypic diversity in this system. 

However it is a particularly intriguing question in light of there being two, 

independent radiations of Cyprinodon that have both produced species exhibiting 

novel craniofacial morphologies associated with specializing on different prey 

(Humphries and Miller 1981; Plath and Strecker 2008; Martin and Wainwright 2011). 

While I studied three species of Cyprinodon from San Salvador Island Bahamas, an 

independent radiation of at least five species of Cyprinodon are endemic to lake 

Chichancanab, Mexico (Humphries and Miller 1981). The craniofacial phenotypes 

exhibited by species of Cyprinodon from Chichancanab are unique to those of the 

snail-eater and scale-biter studied by us, however, morphological diversity in both of 

these radiations is produced by modifications to the same oral jaw bones (Martin and 

Wainwright 2011). Whether similar processes are producing morphological diversity 

in both radiations is unknown, but answering this question will require not only 
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identifying gene sequence and expression changes associated with phenotypic 

diversity in both groups, but also understanding how those genetic changes modify 

shared developmental processes to produce morphological diversity.  

 For evolutionary biologists studying diversity, independent radiations varying 

in the same traits is a common occurrence. Mayr famously noted that groups of 

organisms often vary in characteristic ways (Mayr 1966). Historically such patterns 

have been attributed to either selection or the mechanisms generating phenotype, 

while in the modern view such patterns are often attributed to both (Goldschmidt 

1933; Simpson 1953; Arthur 2002). Natural selection, commonly viewed as the 

creative force building evolutionary novelty, is itself constrained by available variation 

present in a population. Thus, equally important for the study of biotic diversity is 

understanding the role of phenotype-generating processes that create new variation 

available to selection. I argue that a major gap in our knowledge of biologic diversity 

concerns understanding how cellular processes generate phenotype, lead to non-

linearity between genotype and phenotype, and bias the production of new variation at 

a mechanistic level.  

Many of the technological limitations for doing the type of developmental 

work necessary to answer these questions in non-model organisms have been 

eliminated. Advances in DNA sequencing, genome editing (e.g. CRISPR, TALEN, 

etc), and imaging now allow careful investigation of the mechanisms producing 

phenotypic diversity in evolutionarily informative systems at multiple levels of 

biological organization. Combining empirical data with mathematical models of 

development will allow researchers to test experimentally how genes affect 



 

 204 

developmental parameters thereby producing macroevolutionary patterns of 

phenotypic diversity (Economou and Green 2014; Green and Sharpe 2015). In the last 

century since the Origin was published, our picture of evolution by natural selection, 

with the gene as the ultimate source of new variation, has become more colorful and 

detailed through the interrogation of wild taxa. We stand at the beginning of a new 

frontier in evolutionary biology, to understand in an equally detailed way how the 

genome affects higher level developmental processes to produce the raw phenotypic 

material visible to selection. 
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Appendix Figure A1: Wild-caught C. brontotheroides from A. Crescent Pond and B. Little 
Lake on San Salvador Island, Bahamas. Individuals represent fleshy nasal protrusion 
morphology typical for each pond. 
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Appendix Figure A2: Phylogenetic relationships among San Salvador Island Cyprinodon 
taxa. Shown are maximum likelihood phylogenies built using RAxML under either a k-means 
partitioning scheme implemented by Partition Finder or a single partition scheme [49], and by 
applying either a GTRGAMMA or GTRCAT model. Note the general overall congruence 
across trees built using different assumptions, and that in each case the ML tree identifies the 
marine omnivore as and outgroup to a monophyletic San Salvador clade.  
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Appendix Figure A3: Principal component plots show separation of taxa by gene expression 
along the first 3-4 PC axes. Shown are the first 3 (48 hpf) or 4 (96 hpf, 8 dpf, 15 dpf) PC axes 
for each stage. Note how different PC axes separate taxa. For instance at 96 hpf PC2 largely 
distinguishes the scale-biter samples from the other taxa, while PC4 largely distinguishes the 
durophage and inland omnivore samples. 
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Appendix Figure A4: Venn diagrams showing the selection of intersection sets of genes 
differentially expressed in either the scale-biter (C. desquamator) or durophage (C. 
brontotheroides) at each stage. Numbers correspond to the number of genes in each set. Genes 
in the middle region are differentially expressed in all comparisons and are considered the 
intersection set of genes most likely to contribute to the derived skull morphology of the scale-
biter and durophage respectively. 
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Appendix Figure A5:  Differentially expressed genes are over- or underexpressed in a single 
taxon. Shown are heatmaps of all genes in both the scale-biter and durophage intersection sets 
at 48 hpf (A) and at 96 hpf, 8 dpf, and 15 dpf (B). Note how the data fall into four main 
clusters at each stage that are easily visualized by eye corresponding to genes over or 
underexpressed in either the scale-biter or durophage respectively. In contrast, genes are not 
typically differentially expressed in both the scale-biter and durophage taxa. For instance, the 
plot in A shows genes overexpressed in the scale-biter, and note that these same genes are 
similarly expressed among the other three taxa. 
  

-2
-1

0
1

2

Taxa

E
xp

re
ss

io
n 

(z
 s

co
re

)

Marine
Omnivore

Inland 
Omnivore

DurophageScalebiter

HigherLower
Relative Expression

Durophage
Inland om

nivore
Marine om

nivore

Scale-biter

48 hpf Intersection Set

Durophage

Inland om
nivore

Marine om
nivore

Scale-biter

96 hpf Intersection Set

Durophage
Inland om

nivore

Scale-biter

Marine om
nivore

8 dpf Intersection Set 15 dpf Intersection Set

Durophage

Inland om
nivore

Marine om
nivore

Scale-biter

A

B



 

 216 

 
 
 
 
 
 

 
 

Appendix Figure A6: Patterns of cell division (proliferation) identified by pH3 
immunohistochemistry and BrdU incorporation both label similar tissues in the head. Note 
that patterns of staining are similar for both methods, and broadly label epithelial and 
mesenchyme cells in ventral head regions. 
 



 

 217 

Appendix Table A1: Illumina sequencing and STAR mapping to genome statistics 
  

Library Size 
Mean read 

length 
Mean Mapped 

length Uniq. Mapped Reads1 
Mismatch 

rate 
Deletion 

rate 
Insertion 

Rate 
Num. Reads mapped 

to multiple loci 
48 hpf           
 Durophage Replicate 1 30623011 97 96.48 28551205 (96.48) 0.93 0.05 0.03 936657 (3.06) 
 Durophage Replicate 2 26343284 138 137 24549772 (93.19) 0.92 0.07 0.04 688702 (2.61) 
 Durophage Replicate 3 41567278 125 124.44 38685529 (93.07) 0.88 0.06 0.03 1133820 (2.73) 
 Durophage Replicate 4 24337107 138 137.44 22695691 (93.26) 0.91 0.07 0.04 634744 (2.61) 
 Inland Omnivore Replicate 1 39810934 97 96.98 37012044 (92.97) 0.95 0.05 0.03 1261913 (3.17) 
 Inland Omnivore Replicate 2 48591822 133 132.04 45504090 (93.65) 0.84 0.06 0.04 1268545 (2.61) 
 Inland Omnivore Replicate 3 39019101 114 114 36453719 (93.43) 1.02 0.06 0.03 1114942 (2.86) 
 Inland Omnivore Replicate 4 42813136 138 137.5 40056586 (93.56) 0.89 0.06 0.04 1092799 (2.55) 
 Marine Omnivore Replicate 1 43226250 116 115.77 40329252 (93.3) 1 0.06 0.04 1262367 (2.92) 
 Marine Omnivore Replicate 2 35557860 111 110.83 33153522 (93.24) 0.9 0.06 0.04 1060624 (2.98) 
 Marine Omnivore Replicate 3 42035564 108 107.64 39159934 (93.16) 0.98 0.06 0.03 1307777 (3.11) 
 Marine Omnivore Replicate 4 44330878 125 124.94 41487578 (93.59) 0.89 0.06 0.04 1209906 (2.73) 
 Scale-biter Replicate 1 54410403 116 115.38 50898745 (93.55) 1 0.06 0.03 1548615 (2.85) 
 Scale-biter Replicate 2 42104342 111 110.37 39336801 (93.43) 0.89 0.06 0.03 1234385 (2.93) 
 Scale-biter Replicate 3 38026040 131 130.05 35401223 (93.1) 0.89 0.08 0.05 1056825 (2.78) 
 Scale-biter Replicate 4 43277454 97 96.98 40480895 (93.54) 0.91 0.05 0.03 1316609 (3.04) 
96 hpf           
 Durophage Replicate 1 32220564 96 96.24 30044926 (93.25) 0.95 0.05 0.03 992672 (3.08) 
 Durophage Replicate 2 44262078 107 106.91 41116237 (92.89) 0.99 0.07 0.04 1382354 (3.12) 
 Durophage Replicate 3 28062508 131 130.03 26217343 (93.42) 0.91 0.07 0.04 757530 (2.7) 
 Durophage Replicate 4 44063213 115 114.84 41069411 (93.21) 1.01 0.07 0.04 1289087 (2.93) 
 Inland Omnivore Replicate 1 35895791 97 97.36 33452990 (93.19) 0.94 0.06 0.04 1121840 (3.13) 
 Inland Omnivore Replicate 2 48733723 123 122.88 45594950 (93.56) 0.9 0.07 0.04 1343135 (2.76) 
 Inland Omnivore Replicate 3 31535106 138 137.36 29529976 (93.64) 0.9 0.07 0.04 825050 (2.62) 
 Inland Omnivore Replicate 4 31367484 131 130.11 29306955 (93.43) 0.89 0.08 0.04 854449 (2.72) 
 Marine Omnivore Replicate 1 46027847 111 110.5 42893780 (93.19) 0.91 0.07 0.04 1424351 (3.09) 
 Marine Omnivore Replicate 2 40958156 130 129.82 38322127 (93.56) 0.88 0.07 0.04 1106436 (2.7) 
 Marine Omnivore Replicate 3 41997633 97 97.04 39255845 (93.47) 0.92 0.06 0.03 1289780 (3.07) 
 Marine Omnivore Replicate 4 40269810 116 115.5 37532004 (93.2) 1.02 0.07 0.04 1204128 (2.99) 
 Scale-biter Replicate 1 44731712 124 123.89 41846030 (93.55) 0.89 0.07 0.04 1218889 (2.72) 
 Scale-biter Replicate 2 31180817 105 105.2 29081701 (93.27) 0.99 0.06 0.04 958749 (3.07) 
 Scale-biter Replicate 3 44673757 98 98 41634168 (93.2) 0.93 0.07 0.04 1393852 (3.12) 
 Scale-biter Replicate 4 42538488 132 131.41 39823888 (93.62) 0.86 0.08 0.05 1145755 (2.69) 
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Appendix Table A1: Continued…. 
8 dpf           
 Durophage Replicate 1 51123118 133 132.12 47677926 (93.26) 0.83 0.05 0.04 1519069 (2.97) 
 Durophage Replicate 2 44632685 125 124.35 41548257 (93.09) 0.87 0.06 0.04 1345195 (3.01) 
 Durophage Replicate 3 34669935 113 112.92 32255420 (93.04) 1 0.05 0.03 1107081 (3.19) 
 Durophage Replicate 4 35014190 110 109.4 32534843 (92.92) 0.9 0.06 0.03 1130833 (3.23) 
 Inland Omnivore Replicate 1 45030595 116 115.33 41961637 (93.18) 0.99 0.06 0.03 1395033 (3.1) 
 Inland Omnivore Replicate 2 50418643 132 131.81 47087514 (93.39) 0.83 0.06 0.03 1462195 (2.9) 
 Inland Omnivore Replicate 3 46164423 125 124 42987120 (93.12) 0.88 0.06 0.04 1437520 (3.11) 
 Inland Omnivore Replicate 4 34509189 131 130.16 32190167 (93.28) 0.87 0.06 0.04 1035333 (3.00) 
 Marine Omnivore Replicate 1 38890897 138 137 36237121 (93.18) 0.88 0.06 0.04 1174386 (3.02) 
 Marine Omnivore Replicate 2 44011598 131 130.5 41036411 (93.24) 0.85 0.06 0.03 1331701 (3.03) 
 Marine Omnivore Replicate 3 33885365 98 97.73 31506340 (92.98) 0.91 0.05 0.03 1223152 (3.61) 
 Marine Omnivore Replicate 4 52503103 139 138.23 48920620 (93.18) 0.88 0.06 0.04 1516949 (2.89) 
 Scale-biter Replicate 1 43350595 139 138.24 40209168 (92.75) 0.87 0.07 0.04 1354147 (3.12) 
 Scale-biter Replicate 2 53031500 134 132.88 49242444 (92.86) 0.85 0.07 0.05 1660253 (3.13) 
 Scale-biter Replicate 3 52635872 138 137.73 49143827 (93.37) 0.85 0.06 0.04 1519565 (2.89) 
 Scale-biter Replicate 4 41208450 111 110.43 38297430 (92.94) 0.88 0.06 0.03 1399968 (3.40) 
15 dpf           
 Durophage Replicate 1 37084747 111 110.39 34202803 (92.23) 0.93 0.07 0.04 1317398 (3.55) 
 Durophage Replicate 2 46166499 108 107.74 42332988 (91.7) 1 0.06 0.04 1844816 (4.00) 
 Durophage Replicate 3 32377904 132 131.29 29927809 (92.43) 0.9 0.08 0.05 1098203 (3.39) 
 Durophage Replicate 4 48950909 134 133.42 45320338 (92.58) 0.86 0.07 0.05 1587475 (3.24) 
 Inland Omnivore Replicate 1 40763659 111 110.98 37680189 (92.44) 0.93 0.07 0.04 1407203 (3.45) 
 Inland Omnivore Replicate 2 33971482 110 109.6 31374005 (92.35) 0.91 0.06 0.04 1254366 (3.39) 
 Inland Omnivore Replicate 3 43834577 108 107.88 40495679 (92.38) 0.96 0.06 0.04 1642490 (3.75) 
 Inland Omnivore Replicate 4 48355935 109 108.53 44551341 (92.13) 0.99 0.07 0.04 1743411 (3.61) 
 Marine Omnivore Replicate 1 41311050 125 124.74 38177142 (92.41) 0.91 0.06 0.04 1331645 (3.22) 
 Marine Omnivore Replicate 2 47511808 108 107.68 43897034 (92.39) 0.99 0.06 0.04 1730771 (3.64) 
 Marine Omnivore Replicate 3 43103146 134 133.71 39910440 (92.59) 0.87 0.07 0.05 1360280 (3.16) 
 Marine Omnivore Replicate 4 49966400 134 133.53 46423945 (92.91) 0.86 0.07 0.04 1535893 (3.07) 
 Scale-biter Replicate 1 45778579 134 133.86 42234006 (92.26) 0.89 0.08 0.05 1532109 (3.35) 
 Scale-biter Replicate 2 45019262 126 125.43 41426563 (92.02) 0.92 0.08 0.05 1581401 (3.51) 
 Scale-biter Replicate 3 51064646 117 116.66 47108632 (92.25) 1.01 0.07 0.04 1855552 (3.63) 
 Scale-biter Replicate 4 40101073 108 107.4 36891255 (92) 1 0.06 0.03 1530757 (3.82) 
1Percentage of reads in parentheses 
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Appendix Table A2: ANOVA model results for pH3 counts using a permissive set of parameters unique to each sample to identify pH3 positive 
cells. Counts were standardized for tissue size as either surface area or volume of tissue. Significant factors are in bold. 
 pH3 Counts Standardized By Surface Area 

  Head Region (Area)   Jaw (Area)   Post-Jaw (Area)   Rel. Jaw Prolif. (Area)  
 F P F P F P F P 
Species 6.18 < 0.01 2.66 0.08 7.46 < 0.01 5.63 < 0.01 
Age (dpf) 0.23 0.87 0.85 0.50 0.17 0.92 0.54 0.67 
Interaction 1.36 0.24 0.88 0.51 0.93 0.48 0.43 0.85 
         
 pH3 Counts Standardized By Volume 

  Head Region (Volume)   Jaw (Volume)   Post-Jaw (Volume)   Rel. Jaw Prolif. (Vol.)  
 F P F P F P F P 
Species 3.62 < 0.05 1.43 0.24 6.30 < 0.01 4.33 < 0.05 
Age (dpf) 0.56 0.65 1.79 0.22 0.16 0.92 0.85 0.51 
Interaction 0.86 0.53 0.67 0.68 0.80 0.58 1.05 0.40 
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Appendix Table A3: Estimated marginal means from models for number of pH3 positive cells in each head region using a permissive set of 
parameters unique to each sample to identify pH3 positive cells. Counts were standardized for tissue size as either surface area or volume of 
tissue.  
 pH3 Counts Standardized By Surface Area 

  Head Region†   Jaw†   Post-Jaw†   Rel. Jaw Prolif (area)  
 Mean 95% CI Mean 95% CI Mean 95% CI Mean 95% CI 
Snail-eater 187.1 146.1 – 228.2 285.1 225.3 – 344.9 138.3 89.5 – 187.0 2.38 1.70 – 3.06 
Omnivore 153.6 112.5 – 194.8 251.0 191.0 – 310.9 103.2 54.3 – 152.0 2.97 2.29 – 3.65 
Scale-biter 139.6 96.4 – 182.9 237.8 175.1 – 300.6 85.8 35.4 – 136.3 3.23 2.49 – 3.97 
         
 pH3 Counts Standardized By Volume 

  Head Region‡   Jaw‡   Post-Jaw‡   Rel. Jaw Prolif (vol.)  
 Mean 95% CI Mean 95% CI Mean 95% CI Mean 95% CI 
Snail-eater 5880.4 4369.2 – 7391.6 9495.7 6976.6 – 12014.8 4235.1 2695.0 – 5775.2 2.60 1.85 – 3.36 
Omnivore 5072.2 3560.1 – 6584.3 8837.6 6315.3 – 11359.9 3273.2 1731.2 – 4815.3 3.22 2.47 – 3.98 
Scale-biter 4628.7 3050.5 – 6207.0 7963.7 5338.7 – 10588.7 2824.2 1230.5 – 4417.9 3.24 2.43 – 4.05 
† =  Counts per 1 mM2. ‡ = Counts per 1 mM3.  
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Appendix Table A4: Pairwise post-hoc comparisons for mean estimated differences in number of proliferating cells between species in each 
region of the head. Significance is assed using Tukey HSD for multiple comparisons. Data are counts using a permissive set of parameters unique 
to each sample to identify pH3 positive cells. Significant pair-wise comparisons are in bold and correspond to Figure ZZ. 
 pH3 Counts Standardized By Surface Area 

  Head Region (Area)   Jaw (Area)   Post-Jaw (Area)   Rel. Jaw Prolif. (Area)  
 Estimate† P Estimate† P Estimate† P Estimate† P 

snail-eater 
Vs. 

omnivore 
33.52 < 0.05 34.12 0.19 35.10 < 0.05 -0.59 < 0.05 

snail-eater 
Vs. 

scale-biter 
47.51 < 0.01 47.28 0.11 52.43 < 0.01 -0.85 < 0.01 

scale-biter 
Vs. 

omnivore 
13.99 0.62 13.16 0.84 17.34 0.47 -0.26 -.61 

         
 pH3 Counts Standardized By Volume 

  Head Region (Volume)   Jaw (Volume)   Post-Jaw (Volume)   Rel. Jaw Prolif. (Vol.)  
 Estimate‡ P Estimate‡ P Estimate‡ P Estimate‡ P 

snail-eater 
Vs. 

omnivore 
808.23 0.14 658.12 0.68 961.87 < 0.05 -0.62 < 0.05 

snail-eater 
Vs. 

scale-biter 
1251.68 < 0.05 1531.97 0.23 1410.89 < 0.01 -0.63 0.07 

scale-biter 
Vs. 

omnivore 
443.45 0.65 873.85 0.61 449.02 0.55 -0.02 1.00 

 
 
 


