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Abstract 

DNA and protein sequence analysis of neuronal markers Neuronal Nuclei (NeuN) and 
doublecortin (DCX) in the northern Pacific rattlesnake (Crotalus oreganus) and western 

fence lizard (Sceloporus occidentalis). 
 

Brett Michael Vassar 
 

Neuronal Nuclei (NeuN) and Doublecortin (DCX) are neuron specific proteins 
that are used in histological studies of brain structure in a variety of vertebrate taxa. 
Antibodies against NeuN (anti-NeuN) bind to the Fox-3 protein, an RNA binding protein 
common in mature neurons. Anti-DCX labels a microtubule-associated protein expressed 
in actively dividing neural progenitor cells and migrating neurons. The DCX gene 
encodes a protein that is well conserved across mammalian, avian, and a few reptilian 
species, therefore anti-DCX staining has been used successfully across a range of 
vertebrate taxa. Successful neuronal staining using anti-NeuN has been demonstrated in 
mammals, birds, and the Testudines order (turtles). However, herpetologists who study 
neurobiology in squamates have had limited success with anti-NeuN and anti-DCX 
binding to their respective antigens. All commercially available anti-NeuN and anti-DCX 
antiserums were designed to mammalian antigens, and significant differences in tertiary 
structure divergence at the epitope where these antibodies bind may explain the failure of 
anti-NeuN and anti-DCX immunohistochemistry in many squamate species. This study 
aims to characterize evolutionary differences in gene and protein structure between two 
species of reptiles (Crotalus oreganus and Sceloporus occidentalis) and mammals. We 
sequenced the Fox-3 and DCX coding sequences using polymerase chain reaction (PCR) 
and Sanger sequencing, which allowed us to build phylogenetic trees comparing Fox-3 
and DCX deduced protein structures. By identifying structural differences linked to 
evolutionary variation, new polyclonal antibodies specifically targeting Fox-3 and DCX 
in reptile brains can be developed to facilitate future investigations of neurogenesis and 
brain structure in squamate reptiles.  
 

Keywords: NeuN, Fox-3, DCX, adult neurogenesis, reptiles, squamate,  
      immunohistochemistry 

  



	

v	

Acknowledgments 

I would like to thank Tony Frazier and Natalie Claunch for providing the 
rattlesnake tissue and Rachel Wilson for providing the lizard tissue. I would like to thank 
Dr. Sean Lema & Dr. Michael Black for allowing me to use their lab space and materials. 
I would like to especially thank Dr. Christy Strand for her guidance, patience, and 
continuously believing in me, and this thesis project. Lastly, I would like to thank 
California Polytechnic University, San Luis Obispo Biological Sciences Department for 
funding this research project. 
  



	

vi	

TABLE OF CONTENTS 
Page  

 
LIST OF TABLES  ............................................................................................................................. vii 

LIST OF FIGURES  .......................................................................................................................... viii 

CHAPTER 

1. INTRODUCTION ............................................................................................................................. 1 

2. MATERIALS AND METHODS ................................................................................................... 7 

 2.1 Animals ...................................................................................................................................... 7 

 2.2   Isolation and sequencing of Fox-3 and DCX ......................................................................... 7 

    2.2.1 Total RNA Isolation ........................................................................................................... 7 

   2.2.2 Isolation and sequencing of partial cDNAs encoding Fox-3 and DCX ....................... 7 

   2.2.3 Amplification of full-length Fox-3 coding region from C. oreganus ........................... 9 

2.3 Phylogenetic Analyses ............................................................................................................. 9 

3.  RESULTS ........................................................................................................................................ 10 

 3.1 Identification of Fox-3 ............................................................................................................ 10 

 3.2 Identification of DCX ............................................................................................................. 10 

 3.3 Comparison of Fox-3 Protein Sequence .............................................................................. 11 

 3.4 Phylogenetics of Fox-3 ........................................................................................................... 11 

 3.5 Comparison of DCX Protein Sequence ............................................................................... 12 

 3.6 Phylogenetics of DCX ............................................................................................................ 12 

4.  DISCUSSION ................................................................................................................................. 13 

REFERENCES ..................................................................................................................................... 19 
APPENDIX ........................................................................................................................................... 23 

LIST OF TABLES 



	

vii	

 
Table           Page 
 
1. Degenerate Primers used for amplification and sequencing of partial cDNAs 
 from northern Pacific rattlesnake, Crotalus oreganus and western fence lizard,  
 Sceloporus occidentalis ................................................................................................................ 23 
 
2. Primers used for the amplification and sequencing of full-length cDNAs from  
 northern Pacific rattlesnake, Crotalus oreganus ........................................................................ 24 
 
3. Genbank accession numbers of organisms used in Fox-3 protein phylogeny. ......................... 25 
 
4. Genbank accession numbers used in DCX protein phylogeny... ............................................... 36 
	
	
  



	

viii	

LIST OF FIGURES 
 

Figure           Page 
 
1. Nucleotide consensus region alignment of Chinese alligator (XM_006036922) and 
 Burmese python (XM_007426269) to determine degenerate primers for C. oreganus 
 Fox-3 ............................................................................................................................................... 26 
 
2. Nucleotide consensus region alignment of Green Anole (XM_008104179), Chinese  
 alligator (XM_006036922) and Burmese python (XM_007426269) to determine 
 degenerate primers for S. occidentalis Fox-3 ............................................................................  27 
 
3. Nucleotide consensus region alignment of Green Anole (XM_008119210) and Burmese 
 python transcript variants x1 and x2 (XM_007424922 and XM_007424923) to 
 determine degenerate primers for C. oreganus and S. occidentalis DCX .............................. 28 
 
4. Combinations of forward and reverse primers used to amplify full length coding regions  
 of Fox-3 cDNAs ............................................................................................................................ 29 
	
5. 1.2% agarose gel with C. oreganus full-length Fox-3 cDNA PCR products ........................... 30 
 
6. Phylogenetic tree of Fox-3, -2, and -1 based on deduced amino acid sequences from  
 reptiles, birds, mammals, fish, and amphibians ......................................................................... 31 
 
7. 1.2% E-Gel® of nested degenerate primer products .................................................................... 32 
	
8. Amino acid 1-160 alignment of Fox-3 from various taxonomic groups ................................... 33 
 
9. 1.2% E-Gel® of nested degenerate primer products for S. occidentalis DCX cDNA and  
 C. oreganus Fox-3 and DCX cDNAs ......................................................................................... 34 
 
10. Phylogenetic tree of Doublecortin based on deduced amino acid sequences from reptiles,  
 birds, mammals, and amphibians ................................................................................................ 35 
 
	
  



i 1	

1. Introduction 

Near the end of the 19th century, the neuron doctrine had been conceived through 

research conducted by notable neuroanatomist Santiago Ramon y Cajal and supported 

later by Heinrich Waldeyer (Purves et al., 2008). Neurons had just been discovered as the 

functional unit of the nervous system; neurons were discrete, and the structure of the 

brain remained fixed soon after birth. The idea that neurogenesis in the adult brain 

occurred was unimaginable. At the turn of the 19th century the leading hypothesis on 

neurogenesis, the production of new neurons, was that it only occurred during embryonic 

development and ceased before the onset of puberty (Gross, 2000). During the 1960s, the 

introduction of [3H]-thymidine, a radiolabeled analog of thymidine, along with Joseph 

Altman’s groundbreaking discoveries, followed by many others, began the effort to 

change the long standing view that neurogenesis was limited to life stages before sexual 

maturation (i.e., embryos, juveniles) (Altman and Das, 1965; Bonfanti, 2016).  

Altman (1965) first demonstrated evidence of new neuron formation in the lateral 

ventricles and dentate gyrus of adult rats using autoradiography and histology. The 

scientific community, however, largely ignored Altman’s and colleagues demonstrations 

of neurogenesis at that time because the available techniques were not adequate to 

differentiate neurons from glial cells (Gross, 2000).  

Beginning in the early 1980’s, multiple developments led to the acceptance of 

adult neurogenesis including experiments showing neurogenesis in adult birds, the 

introduction of immunohistochemical techniques ability to differentiate neurons from 

glia, and the up and down regulation of physiological variables on neurogenesis (Gross, 

2000). Near the vocal control nucleus, HVC, of canaries, [3H]-thymidine labeled cells 
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were identified in the ventricular zone, and found to migrate and differentiate into 

neurons and glial cells in the HVC (Goldman and Nottebohm, 1983). Newly generated 

neurons were also identified in male canaries using 3[H]-thymidine along with 

autoradiography, light microscopy, and electron microscopy to show that synaptic 

terminals were contacting the newly formed neurons (Burd and Nottebohm, 1985). These 

studies conducted by Fernando Nottebohm were an integral part of the paradigm shift of 

neurogenesis and helped jumpstart the research conducted in mammals and other taxa. 

By the 1990’s, the previous stigma on adult neurogenesis had nearly vanished and 

many studies began to show evidence to support that adult neurogenesis occurred in two 

distinct regions of the mammalian brain: the subventricular zone and the dentate gyrus of 

the hippocampus (Richards et al., 1992; Reynolds and Weiss, 1992; Gage et al. 1995; 

Pérez-Cañellas and García-Verdugo, 1996; Palmer et al. 1997; Erikkson et al., 1998). 

With building evidence for adult neurogenesis, studies examining the effects of 

environmental conditions, stress, hormones, behavioral activity, and a myriad of other 

factors on adult neurogenesis began to arise (e.g., Aimone et al., 2014; Braun and 

Jessberger, 2014; Egeland et al., 2015; Mahmoud et al., 2016; Zhao et al., 2008).  

Studies aiming to quantify changes in rates of neurogenesis, however, need to be 

able to identify which cells are newly proliferated, as well as which of these newly 

proliferated cells have differentiated into neurons. To accomplish this task, many studies 

have used immunohistochemical markers of cell proliferation such as bromo-

deoxyuridine (BrdU), proliferating cell nuclear antigen (PCNA), or Ki67 to label 

mitotically-active cells in the brain (Brown and Gatter, 2002; Burns and Kuan, 2005; Hall 

et al., 1990; Encinas et al., 2008; Scholzen and Gerdes, 2000). The development of the 
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synthetic thymidine analog BrdU, for instance, allowed mitotically-active, proliferating 

cells in the brain to be labeled via immunohistochemistry for the estimation of the total 

number of new cells that were able to take up this marker (Gross, 2000).  

Combining immunoreactivity localization of proliferating cells with molecular 

markers for other targets such as β-tubulin III, MAP-2, synaptophysin, doublecortin 

(DCX), or neuronal nuclei (NeuN) quickly became a commonly applied and effective 

method for localizing and distinguishing newly-proliferated cells in the brain 

(Gusel’nikova and Korzhevskiy, 2015). These markers can distinguish different types of 

cells in the brain because the proteins that they label are differentially expressed by cell 

type (i.e. neurons or glial cells) (Gusel’nikova and Korzhevskiy, 2015). For instance, co-

labeling with NeuN - which is expressed in postmitotic neurons – and doublecortin 

(DCX) – a marker of migrating cells – allows discrimination of newly-proliferated, 

immature neurons (DCX+, NeuN+) from mature neurons (DCX-, NeuN+).  These methods 

thus became critical for the identification of cell phenotypes because BrdU is injected 

before sacrifice to label dividing cells and cannot distinguish cell phenotype. Although 

many of these immunohistochemical markers were used, NeuN became one of the most 

widely used neural markers due to the fact its antigen is localized to the nucleus of 

mature neurons. This allowed for visualization of the co-localization of BrdU and NeuN 

in the nucleus, where cells could be labeled as both a proliferating cell as well as a mature 

neuron (Gusel’nikova and Korzhevskiy, 2015). 	

NeuN (‘Neuronal Nuclei’) was discovered through a screening of monoclonal 

antibodies generated against mice brain cell nuclei, which was identified as the neuron-

specific antigen recognized by the antibody A60 (anti-NeuN) (Mullen et al., 1992). Since 
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then, NeuN has been one of the leading antigens used in the identification of many post-

mitotic neural cell types. Antibodies against NeuN bind specifically to an antigen 

expressed exclusively in neural tissue, specifically in neurons (Mullen et al., 1992). More 

recently, Kim et al. (2009) identified Fox-3 as the NeuN antigen. Fox-3 – also referred to 

as RNA binding fox-1 homolog 3, hexaribonucleotide binding protein-3, Rbfox3, or 

feminizing locus on X-3 – is part of Fox-1 gene family of RNA binding proteins that 

regulate splicing (Kim et al., 2009). Because Fox-3 localizes to nuclei of maturing and 

differentiated neurons throughout the central and peripheral nervous systems, it became 

widely accepted as a robust marker for the identification of neurons in studies needing to 

quantify rates of neurogenesis (Wolf et al., 1996; Sarnat et. al., 1998, Mangavi et al., 

2000; Weyer and Schilling, 2003).  

Another widely used immunohistochemical neural marker is doublecortin (DCX), 

a microtubule-associated protein (MAP) expressed in actively dividing neural progenitor 

cells and migrating neurons in the brain (Cai et al., 2009, Francis et al., 1999). DCX is 

localized to the soma and leading processes of immature neurons where it plays a role in 

microtubule polymerization, organization, and stability (Francis et al., 1999; Gleeson et 

al., 1999). The DCX antigen has been used as a proxy for neurogenesis due to its spatial 

and temporal expression patterns during differentiation and migration in the central and 

peripheral nervous system (Francis et al., 1999; Gleeson et al., 1999; Brown et al., 2003). 

Similar to NeuN, DCX is a useful indicator for neurogenesis due to the fact that it can 

work independently from prelabeling methods, such as BrdU, because it can be detected 

in specimens postmortem and does not need to be injected into living organisms (Brown 

et al., 2003).  
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Successful neuronal staining using anti-NeuN and anti-DCX has been 

demonstrated in a wide variety of vertebrate taxa including mammals, birds, and 

amphibians (Fox-3: mammals, birds, & amphibians: Mullen et al., 1992; birds: Strand 

and Deviche, 2007; dcx: birds: Boseret et al., 2007; mammals: Cai et al., 2009; 

amphibians: Muñoz et al., 2015). However, mouse monoclonal antibody clone A60 

MAB377 (Millipore Sigma, formerly Chemicon, Temecula, CA) and goat polyclonal 

antibody SC-8066 (Santa Cruz Biotechnology, Dallas, TX), two commercially available 

antibodies against NeuN and DCX respectively, have had limited utility in reptiles 

(personal observations). Anti-NeuN (MAB377) staining that has been successfully co-

localized in D’Orbigny’s slider turtle, Trachemys dorbigni (Fernández et al., 2002), but, 

to our knowledge, has not been shown to successfully bind in squamate reptiles (snakes 

and lizards; C. Strand, pers. Comm.; D. Lutterschmidt, pers. comm.). Although, a recent 

study by McDonald and Vickaryous (2018) demonstrated successful immunostaining of 

anti-NeuN (ab104225; Abcam, Cambridge, MA) in the leopard gecko, Eublepharis 

macularius. Anti-NeuN (ab104225) differs from MAB377 in that it is a rabbit polyclonal 

antibody against Fox-3. Similarly, anti-DCX (SC-8066) has been successfully used to 

label migrating neurons in the brain of the side-blotched lizard (Uta stansburiana) 

(LaDage et al., 2013), and Western fence lizard (Sceloporus occidentalis) (Wilson, 2015), 

but does not appear to bind specifically in snakes (C. Strand, personal communication). A 

separate anti-DCX antiserum (C18 antibody, Santa Cruz Biotechnology, Dallas, TX), 

however, was recently used to label DCX in Nile crocodile (Crocodylus niloticus) 

(Ngwenya et al., 2018), but, to our knowledge, hasn’t been tested in squamates. 
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Current commercially available anti-NeuN and anti-DCX antiserums are 

generated against mammalian forms of the NeuN and DCX proteins, and significant 

divergence in the epitope or tertiary structure surrounding the epitope may explain the 

failure of anti-NeuN (MAB277) and anti-DCX (SC-8066) immunohistochemistry in 

squamate species. There is therefore a need to examine whether changes in protein 

structure explain the difficulty in using anti-NeuN and anti-DCX antisera in squamates, 

and develop neuron specific antibodies that can be used for squamate reptile research 

(Krohmer et al., 2011). 

This study aims to characterize evolutionary variation in Fox-3 and DCX gene 

and protein sequence between squamate reptiles and their mammalian, avian and 

amphibian counterparts. Specifically, we amplified and sequenced the coding regions of 

Fox-3 and DCX from the northern Pacific rattlesnake (Crotalus oreganus) and Western 

fence lizard (Sceloporus occidentalis), two squamates native to western North America. 

By examining the sequences of these proteins – in combination with protein sequences of 

other squamates – we found differences in the sequence of Fox-3 in snakes and lizards 

compared to other vertebrates that may explain the difficulties. This information is 

critical for developing new polyclonal antibodies specifically targeting Fox-3 and DCX 

in reptile brains and enabling future investigation of neurogenesis in squamate reptiles. 
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2. Material and Methods 

2.1 Animals 

 Whole brain tissue was obtained from a salvaged female northern Pacific 

rattlesnake (C. oreganus) collected from San Miguel, CA and a male western fence lizard 

(S. occidentalis) collected from Poly Canyon, San Luis Obispo, CA that had died during 

a separate experiment (IACUC #1406). The tissue was flash frozen in liquid N2 and 

stored at −80˚C. 

2.2 Isolation and sequencing of Fox-3 and DCX 

2.2.1 Total RNA isolation 

Total RNA was extracted from the whole brain using TRI Reagent® (Molecular 

Research Center, Inc., Cincinnati, OH, USA) with bromochloropropane as the phase 

separation reagent. The extracted RNA was then DNase I treated (TURBO DNA-free™ 

Kit, Ambion) and quantified by spectrophotometry (C. oreganus 260:280 = 2.112; S. 

occidentalis 260:280 = 2.189; NanoPhotometer P300 Implen, Inc., Westlake Village, CA, 

USA).  

2.2.2 Isolation and sequencing of partial cDNAs encoding Fox-3 and DCX 

 First strand cDNA was synthesized in 20µl reverse transcription reactions 

containing 5µg of total RNA template, 0.5µg random hexadeoxynucleotide primers 

(Promega Corp., Madison, WI, USA), 4.0µl GoScript™ 5X Reaction Buffer, 3.75 mM 

MgCl2, 0.5µM of dNTPs (Promega Corp.), 20U Recombinant RNasin® Ribonuclease 

Inhibitor (Promega Corp.), and 160U GoScript™ Reverse Transcriptase. The reverse 

transcription reaction was run on a T100™ Thermal Cycler (BioRad Laboratories, Inc., 

Hercules, CA, USA) under a thermal profile where the RNA template and primers were 
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heated at 70˚C for 5 min, chilled on ice for 5 min, centrifuged for 10 sec at 5000RPM, 

then added to remaining reagents and incubated at 25˚C for 5 min, 42˚C for 1 h, followed 

by 70˚C for 15 min to inactivate the reverse transcriptase. 

 Degenerate primers were designed from consensus regions of sequences for Fox-3 

and DCX cDNAs identified on GenBank (https://www.ncbi.nlm.nih.gov/) from the 

following reptilian species: Fox-3: green anole (XM_008104179) Chinese alligator 

(XM_006036922) and Burmese python (XM_007426269) [Figure 1 & 2]; and DCX: 

green anole (XM_008119210) and Burmese python (XM_007424922 and 

XM_007424923) [Figure 3]. Nucleotide sequences for each gene were aligned using 

Sequencher v5.1 software (Gene Codes Corp., Ann Arbor, MI, USA), and nested sets of 

degenerate primers were designed to consensus regions for both Fox-3 and DCX. 

Nucleotide sequences for these degenerate primers are provided in Table 1.  

 Partial cDNAs encoding both Fox3 and DCX were amplified by PCR in 50µl 

reactions containing 1X GoTaq® Colorless Master Mix (Promega Corp.), 0.2µM each 

forward and reverse degenerate primer in all combinations (Table 1), and 250ng of cDNA 

under a thermal profile of 95˚C for 2 min, 35 cycles of 95˚C 30 s, 50˚C 30 s and 72˚C for 

90 s, followed by a final extension of 72˚C for 2 min. Subsequent PCR reactions using 

nested degenerate primers were conducted following the same thermal profile described 

above but with an annealing temperature of 52˚C. Nested PCR products were examined 

on 1.2% E-Gel® precast agarose gels (Invitrogen, Grand Island, NY) with 1µg/mL 

ethidium bromide, and PCR products of predicted size were subsequently cleaned 

(QIAquick PCR Purification Kit, Qiagen) and Sanger sequenced using all primers in 

Table 1 (Molecular Cloning Lab, Inc., South San Francisco, CA, USA). 
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2.2.3. Amplification of full-length Fox-3 coding region from C. oreganus 

During the course of this research, a genome assembly for the southwestern 

speckled rattlesnake, Crotalus mitchellii pyrrhus, was completed (Genbank accession no. 

GCA_000737285.1), providing additional sequence information for isolating Fox-3 

cDNAs from the northern Pacific rattlesnake, C. oreganus. Reverse transcription was 

carried out using the GoScript™ Reverse Transcription System (Promega) with 0.5µg 

oligo-dT primers. A new set of gene-specific primers for Fox-3 were designed to the 5’ 

and 3’ UTRs of Fox-3 identified from the C. mitchellii pyrrhus genome, and the C. 

oreganus Fox-3 primers found in Table 2 were used in different combinations (Figure 

4A/4B) to amplify the full length Fox-3 cDNA from C. oreganus under a thermal profile 

of 95˚C for 2 min, 35 cycles of 95˚C 30 s, 52˚C 30 s, 72˚C 100 s, followed by a final 

extension of 72˚C for 2.5 min. Resulting PCR products were examined on a 1.2% agarose 

gel (Fisher BioReagents) with 1µg/mL ethidium bromide, and then cleaned (QIAquick 

PCR Purification Kit, Qiagen) and Sanger sequenced using the Fox-3 primers in Table 2 

(Molecular Cloning Laboratories Lab, Inc., San Francisco, CA, USA). 

2.3 Phylogenetic Analyses 

 Clustal X (v2.1) was used to align deduced protein sequences of C. oreganus, S. 

occidentalis, and other squamate reptiles and vertebrate species on the National Center 

for Biotechnology Information (NCBI) database (Larkin et al., 2007). Phylogenies were 

then constructed with Molecular Evolutionary Genetics Analysis software (MEGA v7; 

Tamura et. al., 2013) using Neighbor-Joining method with p-distance model and pairwise 

deletion of gaps. Each tree was bootstrapped using 1000 replicates.  GenBank accession 

numbers for all sequences used in the phylogenetic analyses are provided in Table 3. 
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3. Results 

3.1 Identification of Fox-3 

 Full-length cDNAs encoding Fox-3 for C. oreganus were amplified via PCR 

using primers in the 5’ and 3’ UTR (Figure 5), which resulted in a 1125 nucleotide 

coding region. BLAST and phylogenetic analysis of deduced amino acid sequences of 

full-length cDNAs confirmed the identity of Fox-3, including 374 amino acids (Figure 6). 

Amplification of partial DNA sequence of S. occidentalis was successful using 

degenerate primers (Figure 7), although an estimated 266bp at the 5’ end and 246bp at 

the 3’ end of the S. occidentalis coding region were unsuccessful with amplification of 

cDNA ends, as estimated by comparison with the predicted coding region of Anolis 

carolinensis (XM_008119210). Kim et al. (2009) suggests that the epitope for anti-NeuN 

lies within the first 106 amino acids; therefore, S. occidentalis was omitted from the 

phylogenic analysis in Figure 6 and alignment in Figure 8 for Fox-3 because of this 

missing region at the 5’ end. 

3.2 Identification of DCX 

 Several partial cDNA amplicons were generated for DCX using combinations of 

UTR specific and degenerate primer sets (Table 1&2). The first 931bp of C. oreganus 

from the start codon was successfully amplified using the ‘DCX’ primers in Table 2, 

while the middle 554bp of S. occidentalis of an approximate 1100bp coding region of 

DCX was amplified using the degenerate S. occidentalis (Figure 9); DCX primers in 

Table 1, leaving 337bp at the 5’ end and 285bp at the 3’ end unknown. Anti-DCX (SC-

8066) is a polyclonal antibody; therefore, a specific epitope could not be determined as to 

which section(s) of the coding region would be most important in the binding of anti-
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DCX (SC-8066). Both C. oreganus and S. occidentalis were included in the DCX 

phylogeny, even though they were partially sequenced, to observe any phylogenetic 

differences based on deduced protein sequences for the partial regions of cDNAs 

obtained. 

3.3 Comparison of Fox-3 Protein Sequence 

 After C. oreganus Fox-3 was amplified by PCR, Sanger sequenced, and translated 

into deduced protein sequence using ExPASy Translate tool 

(https://web.expasy.org/translate/), one major difference in protein sequence between 

squamate reptiles and other taxon stands out. Kim et al. (2009) used a variety of 

molecular techniques to isolate the core part of the epitope for anti-NeuN binding, which 

is composed of a 4 amino acid sequence at the N-terminus, PPAQ (Kim et al., 2009). In 

many taxa including mammals, birds, amphibians, and even some reptiles (turtles), that 

PPAQ amino acid sequence is conserved in the Fox-3 protein. Our own Fox-3 cDNA 

sequence obtained from C. oreganus as well as those for deduced Fox-3 proteins obtained 

from GenBank for other squamate species revealed that the putative epitope region in 

squamate Fox-3 evolved to an amino acid composition of PPAT, with a Threonine 

replacing the Glutamine at amino acid position 52 (Figure 8). 

3.4 Phylogenetics of Fox-3 

Phylogenetic analysis of deduced Fox-3 protein sequences in select vertebrate 

taxa indicated distinct clades for Fox-3 from reptiles, birds, mammals, and amphibians 

(Figure 6). The deduced protein for rattlesnake Fox-3 was part of the larger clade of Fox-

3 sequences from vertebrates, and distinct from the select Fox-1 and Fox-2 sequences 

used to root the tree, confirming that the cDNA amplified from C. oreganus was indeed 
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encoding a Fox-3 protein. We also observed that Fox-3 from all species of Class Reptilia 

included in the phylogenetic analysis shared the PPAT epitope sequence as stated above, 

whereas the mammals and birds share the alternative sequence with a Glutamine in the 

4th position of the putative epitope: PPAQ.  

3.5 Comparison of DCX Protein Sequence 

 Due to unsuccessful PCR amplification of the full coding region of DCX in C. 

oreganus and S. occidentalis, a definitive comparison of the epitope(s) between taxa 

could not be made. Many of the commercial antibodies available are polyclonal with 

specificity to the C-terminal region of the protein, which could not be deduced from the 

sequence amplified in this project (SC-8066, Santa Cruz Biotechnology; ab18723, 

Abcam; AB2253, Millipore). 

3.6 Phylogenetics of DCX 

 Similar to the phylogenetic analysis of Fox-3, deduced DCX protein sequences 

also show a distinct clade structure by vertebrate taxonomic class, with DCX sequences 

from reptiles, mammals, birds, and amphibians forming monophyletic groups (Figure 

10). Although, contradictory to the literature, DCX has been shown to successfully label 

neurons in various lizard species, which doesn’t coincide with the phylogenetic tree in 

Figure 10 (LaDage et al., 2013; Wilson, 2015; C. Strand, pers. comm.). Figure 10 

supports the idea that anti-DCX antibodies binds to an epitope within the C-terminal 

region of the protein because the failure to amplify the 3’ end of the coding region didn’t 

allow for comparison between possible antibody binding sites. Therefore, with complete 

coding region amplification, squamate lizards may shift to a monophyletic group where 

anti-DCX antibodies are known to bind. 
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4. Discussion 

 Adult neurogenesis has been studied extensively in different taxa over the past 

few decades; therefore research consistently expands to more and more species. We have 

investigated sequence and evolutionary differences of two neuron specific 

immunohistochemical markers, NeuN and DCX, in two squamate reptile species. The 

complete coding region of a Fox-3 cDNA from C. oreganus was amplified, along with a 

large portion of the DCX cDNA sequence from that species. Partial sequences of cDNAs 

encoding Fox-3 and DCX also were amplified from S. occidentalis. This allowed for 

deduced protein sequence alignment and phylogenetic analysis of Fox-3 and DCX.  

My finding that Fox-3 from C. oreganus and other squamate reptiles exhibits a 

single amino acid change in the region of the protein putatively targeted by the anti-NeuN 

(MAB377) antibody may provide an explanation for why this antibody has failed to work 

effectively for NeuN immunohistochemistry in these taxa. An important study showed 

that anti-NeuN (MAB377) cross-reacts with Fox-3 and synapsin I, sharing sequence 

specificity in a stretch of 14 amino acids position 6-19 in Mus musculus; (Figure 8), 

which overlaps with the putative binding epitope of Fox-3 (Kim et al., 2009). Within this 

region, the amino acids sequence PPAQ is a notable point of interest to our study due to 

an amino acid change from glutamine (Q) to threonine (T) (Kim et al., 2009). With the 

evidence provided by Kim et al. (2009), this new information suggests that the amino 

acids PPAQ are an important region of the NeuN epitope that is involved in anti-NeuN 

recognition.  

Several non-mutually exclusive hypotheses may explain the conclusions that arise 

from an amino acid change at this position. First, there is a possibility that this single 
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amino acid change at position alters the tertiary structure change for this region of the 

NeuN protein. If this were the case, the amino acid change from a Q to T may cause 

altered protein folding, resulting in the epitope being hidden within the protein, thus 

masking the epitope in the internal structure of the protein. Although both Q & T are 

amino acids with uncharged polar side chains, a tertiary structural change due to a single 

amino acid change may not be the sole or correct explanation for the observed lack of 

anti-NeuN binding in squamates.  

 Second, various isoforms of Fox-3 exist, with the forms differing in polypeptide 

lengths and tertiary structure, thus potentially masking the epitope for anti-NeuN to bind 

the Fox-3 protein (Gusel’nikova and Korzhevskiy, 2015). Based on the NeuN sequence 

in C. oreganus, we determined that the protein contains an additional 46 amino acids 

ahead of the first 106 amino acids documented by Kim et al. (2009). With the added 

amino acids in C. oreganus, the first five amino acids would be MLCSM (Figure 8). Kim 

et al. (2009) identified 2 isoforms in their study, but an additional 47 amino acids were 

included beginning at position 252, which would not affect the N-terminus of Fox-3 

isoforms that would begin with MAQPY. Therefore, the PPAQ region would begin at 

amino acid 6 in both isoforms and is consistent with anti-NeuN binding to both isoforms 

in their study. Compared to our findings, this would lead to a shift in the Fox-3 epitope 

being 46 amino acids downstream in the protein. The addition of 46 amino acids in these 

different isoforms may result in structural differences in squamate Fox-3, effectively 

burying the Fox-3 epitope inside its tertiary structure and not allowing for binding of anti-

NeuN. With only “Predicted” sequences on Genbank and failure to have 3D protein 

structure and folding models available, this contradiction only leaves this as a plausible 
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explanation (see G. gallus; Figure 8) for the lack of anti-NeuN binding in squamate 

reptiles. Further investigations into the protein structure variation of Fox-3 among 

vertebrates is needed to resolve the possible role of these additional 46 amino acids in 

Fox-3 protein function in squamates. 

 Phosphorylation of Fox-3 may also play an important part in the changes of 

antibody binding to the Fox-3 protein. At position 54 (Figure 8), reptilian species besides 

C. mydas have an amino acid change from glutamine (Q) to threonine (T). Both Q and T 

are uncharged polar amino acids, but a major difference is that T is an amino acid that 

can be phosphorylated while Q is not. Other amino acid positions that may affect anti-

NeuN binding include amino acids 85 and 113, which are changed from proline (P) to 

threonine and serine (S), respectively. Each of these previous amino acid changes go 

from non-phosphorylated amino acids to amino acids that can potentially be 

phosphorylated. Interestingly, Fox-3 is a multiply phosphorylated protein, which 

antibody binding is highly dependent on phosphorylation of the protein (Lind et al., 

2005). A key finding is that high-salt nuclear extracts subjected to dephosphorylation 

with E. coli alkaline phosphatase typ IIIL showed no signs of immunoreactivity (Lind et 

al., 2005). Therefore, anti-NeuN does not recognize non-phosphorylated Fox-3 (Lind et 

al., 2005). Amino acid 77 contains an amino acids change from threonine to alanine (A), 

going from an amino acid that can be phosphorylated to one that is not. Similarly, amino 

acid 131 also has a change to a non-phosphorylated amino acid, serine to asparagine (N) 

in squamate reptiles. Although this amino acid change is seen in squamates, it is also seen 

in M. musculus, so the impact may not be as significant as other changes. In conjunction 

with the findings from Lind et al. (2005) and the key amino acid changes within the 
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epitope, there is evidence to support that these amino acid changes, which may lead to 

posttranslational modifications, could play an important role in the failure of anti-NeuN 

binding to its respective antigen in squamate reptiles. 

 Phylogenetic analysis of Fox-3 protein sequences in various taxa also coincides 

with research that supporting the evidence that anti-NeuN does not bind to Fox-3 in 

squamates (Figure 6). We are unaware of any studies showing successful anti-NeuN 

labeling (MAB377) of Fox-3 in neuronal tissue for any of the taxa that would be 

expected to be included in the reptile clade shown in Figure 6. Contrastingly, many of the 

species under the clades including birds and turtles, mammals, fish, and amphibians have 

evidence demonstrating the labeling of Fox-3 with anti-NeuN (MAB377) (Park et al., 

2009; Bloom et al., 2014; Chang et al., 2018; Saito et al., 2017). In addition, the 

polyclonal anti-NeuN (ab104225) antibody has been used successfully to label Fox-3 in 

squamate reptile species, E. macularius, although further investigation into binding 

eptitopes is needed for anti-NeuN (ab104225) (McDonald and Vickaryous, 2018). 

 Similarly, phylogenetic analysis of DCX protein sequences has supporting 

evidence that anti-DCX does not label neurons in Crotalus oreganus and other snakes, 

although additional studies are needed to clarify why those antibodies do not bind snake 

DCX, including work to obtain the full coding region of DCX in several squamate 

species. Figure 10 shows reptiles in a different clade than mammals, where anti-DCX is 

known to bind to its antigen. Taxa including mammals, birds, and amphibians have 

evidence demonstrating the labeling of neurons with anti-DCX (Boseret et al. 2007, 

Dominguez et al., 2015; Yang et al., 2015; Pinkas et al., 2015). Although anti-DCX has 

not been shown to bind in snakes, anti-DCX (goat anti-DCX; SC-8066; Santa Cruz 



	

17 

Biotechnology) has been seen to bind in tissue from other reptiles, such as the squamate 

Gallotia galloti (Delgado-Gonzalez et al., 2011) Uta stansburiana (LaDage et al., 2013), 

and Scelporus occidentalis (personal observations). In our phylogenetic analysis, within 

the reptile clade, snakes fall into a separate monophyletic group (suborder Serpentes). 

Thus, it is possible that there are differences in the protein sequence of the snake group 

that may explain the lack of anti-DCX binding in this specific group. 

 Both NeuN and DCX have been important immunohistochemical markers that 

have been consistently used for neurogenesis research in a wide range of taxa. For 

squamate reptiles, the lack of neuron specific immunohistochemical markers has left 

many unanswered questions in this area of research. Through sequence and phylogenetic 

analysis of Fox-3 in C. oreganus and S. occidentalis, we provide evidence to support the 

hypothesis that the failure of commercial immunohistochemical antibody binding of anti-

NeuN to Fox-3 in squamate reptiles is due to differences in the primary structure of the 

epitopes recognized by these antibodies. This information appears to help explain why 

prior studies using commercially available antibodies to mammalian Fox-3 and DCX 

proteins do not appear to bind the squamate forms of these proteins, and point to a need 

to develop new antisera to these proteins for use in reptilian taxa. 

  



	

18 

References 
 
Aimone, J.B., Y. Li, S.W. Lee, G.D. Clemenson, W. Deng, F.H. Gage. 2014. Regulation 

and function of adult neurogenesis: from genes to cognition. Physiological 
Reviews 94(4):991-1026. 

 
Altman, J., G.D. Das. 1965. Autoradiographic and histological evidence of postnatal  

hippocampal neurogenesis in rats. Journal of Comparative Neurology 124(3):319-
336. 

 
Bloom, S., A. Williams, K.M. MacLeod. 2014. Heterogeneous calretinin expression in  

the avian cochlear nucleus angularis. J. Assoc. Res. Otolaryngol. 15:603-620. 
 
Bonfanti, L. 2016. Adult neurogenesis 50 years later: limits and opportunities in  

mammals.  Frontiers in Neuroscience 10(44):1-7. 
 
Boseret, G., G.F. Ball, J. Balthazart. 2007. The microtubule-associated protein  

doublecortin is broadly expressed in the telencephalon of adult canaries. J. Chem. 
Neuroanat. 33(3):140-154. 

 
Braun, S.M., S. Jessberger. 2014. Adult neurogenesis: mechanisms and functional 

significance. Development 141(10):1983-1986. 
 
Brown, D.C., K.C. Gatter. 2002. Ki67 protein: the immaculate deception. Histopathology  

40(1):2-11. 
 
Brown, J.P., S. Couillard-Despres, C.M. Cooper-Kuhn, J. Winkler, L.Aigner, H.G. Kuhn.  

2003. Transient expression of doublecortin during adult neurogenesis. J. Comp. 
Neurol. 467:1-10. 

 
Burd, G.D., F. Nottebohm. 1985. Ultrastructural characterization of synaptic terminals  

formed on newly generated neurons in the song control nucleus of the adult 
canary forebrain. The Journal of Comparative Neurology 240:143-152. 

 
Burns, K.A., C.Y. Kuan. 2005. Low doses of bromo- and iododeoxyuridine produce near
 saturation labeling of adult proliferative populations in the dentate gyrus. Eur. J. 

Neurosci. 21(3):803–807. 
 
Cai, Y., K. Xiong, Y. Chu, D.W. Luo, X.G. Luo, X.Y. Yuan, R.G. Struble, R.W. Clough,  

D.D. Spencer, A. Williamson, J.H. Kordower, P.R. Patrylo, X.X. Yan. 2009. 
Doublecortin expression in adult cat and primate cerebral cortex relates to 
immature neurons that develop into GABAergic subgroups. Exp. Neurol. 
216(2):342-356. 

 
 
 



	

19 

Cal Poly Graduate Education Thesis Formatting Guidelines: Provides thesis formatting  
checklists, guidelines, and examples. 
https://issuu.com/cont-ed/docs/cpgrad_master_sthesisformattingguid 

 
 
Chang, T.A. G.I. Bondarenko, B. Gerami-Naini, J.G. Drenzek, M. Durning, M.A.  

Garthwaite, J.K. Schmidt, T.G. Golos. 2018. Trophoblast differentiation, invasion 
and hormone secretion in a three-dimensional in vitro implantation model with 
rhesus monkey embryos. Reprod. Biol. Endocrinol. 16:24. 
 

Combet, C., C. Blanchet, C. Geourion, and G. Deléage. NPS@: Network Protein  
Sequence Analysis. TIBS 2000 March Vol. 25, No 3 [291]L147-150. 

 
Delgado-Gonzales, F.J., S. Gonzalez-Granero, C.M. Trujillo-Trujillo, J.M. Garcia- 

Verdugo, M.C. Damas-Hernandez. 2011. Study of adult neurogenesis in the 
gallotia galloti lizard during different seasons. Brain Research 1390:50-58. 

 
Dominguez, L., G. Schlosser, S. Shen. 2015. Expression of a novel serine/threonine  

kinase gene, ULK4, in neural progenitors during Xenopus laevis forebrain 
development.  Neuroscience 290:61-79. 

 
Egeland, M., P.A. Zunszain, C.M. Pariante. 2015. Molecular mechanisms in the 

regulation of adult neurogenesis during stress. Nature Reviews 
Neuroscience 16(4):189. 

 
Encinas, J.M., G. Enikolopov. 2008. Identifying and quantitating neural stem and 

progenitor cells in the adult brain. Methods Cell Biol. 85:243-272. 
 
Eriksson, P.S., E. Perfilieva, T. Björk-Eriksson, A.M. Alborn, C. Nordborg, D.A.  

Peterson, F.H. Gage. 1998. Nature America 4(11):1313-1317. 
 
Francis, F., A. Koulakoff, D. Boucher, P. Chafey, B. Schaar, M.C. Vinet, G. Friocourt,  

MN. McConnell, Y. Berwald-Netter, P. Denoulet, J. Chelly. 1999. Doublecortin 
is a developmentally regulated, microtubule-associated protein expressed in 
migrating and differentiating neurons. Neuron 23:247-256. 

 
Font, E., E. Desfilis, M.M. Perez-Canellas, J.M. Garcia-Verdugo. 2001. Neurogenesis  

and neuronal regeneration in the adult reptilian brain. Brain Behav. Evol. 58:276-
295. 

 
Gage, F.H., P.W. Coates, T.D. Palmer, H.G. Kuhn, L.J. Fisher, J.O. Suhonen, D.A.  

Peterson, S.T. Suhr, J. Ray. 1995. Survival and differentiation of adult neuronal 
progenitor cells transplanted to the adult brain. Proc. Natl. Acad. Sci. 
92(25):11879-11883. 

 
 



	

20 

Gleeson, J.G., P.T. Lin, L.A. Flanagan, C.A. Walsh. 1999. Doublecortin is a microtubule- 
associated protein and is expressed widely by migrating neurons. Neuron 23:257-
271. 

 
Goldman, S.A., F. Nottebohm. 1983. Neuronal production, migration, and differentiation  

in the vocal control nucleus of the adult female canary brain. Proc. Natl. Acad. 
Sci. 80:2390-2394. 

 
Gross, C.G. 2000. Neurogensis in the adult brain: death of a dogma. Nature Reviews  

Neuroscience 1:67-73. 
 
Gusel’nikova V.V., D.E. Korzhevskiy. 2015. NeuN as a neuronal nuclear antigen and  

neuron differentiation marker. Acta Naturae 7:42-47. 
 
Hall, P.A., D.A. Levison, A.L. Woods, C.W. Yu, D.B. Kellock, J.A. Watkins, D.M.
 Barnes, C.E. Gillett, R. Camplejohn, R.N.H.W. Dover, N.H. Waseem. 1990. 

Proliferating cell nuclear antigen (PCNA) immunolocalization in paraffin 
sections: An index of cell proliferation with evidence of deregulated expression in 
some, neoplasms. The Journal of pathology, 162(4):285-294. 

 
Kim, K.K., R.S. Adelstein, S. Kawamoto. 2009. Identification of neuronal nuclei (NeuN)  

as Fox-3, a new member f the fox-1 gene family of splicing factors. J. Biol. Chem. 
284(45): 31052-31061. 

 
Krohmer, R.W., G.A. Demarchi, D.D. Baleckaitis, D.I. Lutterschmidt, R.T. Mason. 2011.  

Brain nuclei in actively courting red –sided garter snakes: A paradigm of neuroal 
trimorphism.  Physiology & Behavior 102:532-527. 

 
Kumar, S., G. Stecher, and K. Tamura. 2016. MEGA7: Molecular Evolutionary Genetics  

Analysis Version 7.0 for bigger datasets. Molecular Biology and Evolution 
33(7):1870-1874. 

 
LaDage, L.D., T.C. Roth II, C.J. Downs, B. Sinervo, V.V. Pravosudov. 2017. Increased  

testosterone decreases medial cortical volume and neurogenesis in territorial side-
blotched lizards (Uta stansburiana). Frontiers in Neuroscience 11(97):1-14. 

 
LaDage, L.D., R.M. Maged, M.V. Forney, T.C. Roth II, B. Sinervo, V.V. Pravosudov.  

2013. Interaction between territoriality, spacial environment, and hippocampal 
neurogenesis in male side-blotched lizards. Behavioral Neuroscience 127(4):555-
565. 

 
Larkin, M.A., G. Blackshields, N.P. Brown, R. Chenna, P.A. McGettigan, H. McWilliam,  

F. Valentin, I.M. Wallace, A. Wilm, R. Lopez, J.D. Thompson, T.J. Gibson, and 
D.G. Higgins DG. 2007. Clustal W and Clustal X version 2.1. Bioinformatics 
23:2947-2948. 
 



	

21 

 
Lind, D., S. Franken, J. Kappler, J. Jankowski, K. Schilling. 2005. Characterization of the  

neuronal marker NeuN as a multiply phosphorylated antigen with discrete 
subcellular localization. Journal of Neuroscience Research 79:295-302. 
 

Mahmoud, R., S.R. Wainwright, L.A. Galea. 2016. Sex hormones and adult hippocampal 
neurogenesis: regulation, implications, and potential mechanisms. Frontiers in 
Neuroendocrinology 41:129-152. 

 
Master’s Theses and Project Reports: Database of all Cal Poly Master’s Theses since  

November 1, 2008. http://digitalcommons.calpoly.edu/theses/  
 
Mullen, R.J., C.R. Buck, A.M. Smith. 1992. NeuN, a neuronal specific nuclear protein in  

vertebrates. Development 116:201-211. 
 
Muñoz, R., G. Edwards-Faret, M. Moreno, N. Zuñiga, H. Cline, J. Larraín. 2015.  

Regeneration of Xenopus laevis spinal cord requires Sox2/3 expressing cells.  
Developmental Biology 408:229-243. 

Ngwenya, A., N. Patzke, S. Herculano-Houzel, P.R. Manger. 2018. Potential adult 
neurogenesis in the telencephalon and cerebellar cortex of the Nile crocodile 
revealed with doublecortin immunohistochemistry. The Anatomical 
Record 301(4):659-672. 

 
Park, S.W., H.N. Lee, G.S. Jeon, K.B. Sim, I.H. Cho, S.S. Cho. 2009. The expression of  

transferrin binding protein in the turtle nervous system. Arch. Histol. Cytol. 
72(1):65-76. 

 
Saito, S., T. Shiina, Y. Shimizu. 2017. NeuN immunoreactivity in the brain of Xenopus  

laevis. Tissue and Cell 49:514-519. 
 
Sarnat, H.B., D. Nochlin, D.E. Born. 1998. Neuronal nuclear antigen (NeuN): a marker  

of neuronal maturation in the early human fetal nervous system. Brain & 
Development 20:88-94. 

 
Scholzen T, J. Gerdes. 2000. The Ki-67 protein: from the known and the unknown. J. 
 Cell Physiol. 182(3):311–322. 
 
Strand, C.R., P. Deviche. 2007. Hormonal and environmental control of song control  

region growth and new neuron addition in adult male house finches, Carpodacus 
mexicanus. Developmental Neurobiology 67:827-837. 

 
Palmer, T.D, J. Takahashi, F.H. Gage. 1997. The adult rat hippocampus contains  

primordial neural stem cells. Molecular and Cellular Neuroscience 8:389-404. 
 
 
 



	

22 

 
Pérez-Cañellas, M.M., J.M. García-Verdugo. 1996. Adult neurogenesis in the  

telencephalon of a lizard: a [3H]thymidine autoradiographic and 
bromodeoxyuridine immunocytochemical study. Developmental Brain Research 
93:49-61. 

 
Pinkas, A., G. Turgeman, S. Tayeb, J. Yanai. 2015. An avian model for ascertaining the  

mechanisms of organophosphate neuroteratogenicity and its therapy with 
mesenchymal stem cell transplantation. Neurotoxicology & Teratology 50:73-81. 

 
Purves, D., G. J. Augustine, D. Fitzpatrick, W.C. Hall, A.S. LaMantia, J.O. McNamara,  

L.E. White. (2008) Neuroscience. Sunderland, MA: Sinauer Associates, Inc. 
 
Richards, L.J., T.J. Kilpatrick, P.F. Bartlett. 1992. De novo generation of neuronal cells  

from the adult mouse brain. Proc. Natl. Acad. Sci. 89:8591-8595. 
 
Reynolds, B.A., S. Weiss. 1992. Generation of neurons and astrocytes from isolated cells  

of the adult mammalian central nervous system. American Association for the 
Advancement of Science 255(5052):1707-1710. 

 
Weyer, A., K. Schilling. 2003. Developmental and cell type-specific expression of the  

neuronal marker NeuN in the murine cerebellum. Journal of Neuroscience 
Research 73:400-409. 

 
Wilson, R.C. 2015. Effects of testosterone on the spatial ecology, coloration, and brain  

regions in western fence lizards, Sceloporus occidentalis. Unpublished master’s 
thesis. California Polytechnic State University, San Luis Obispo. 

 
Wolf, H.K., R. Buslei, R. Schmidt-Kastner, P.K. Schmidt-Kastner, T. Pietsch, O.D.  

Wiestler, I. Blümcke. 1996. NeuN: A useful neuronal marker for diagnostic 
histopathology. The Journal of Histochemistry and Cytochemistry 44(10):1167-
1171. 

 
Yang, Y., M.X. Xie, J.M. Li, X. Hu, P.R. Patrylo, X.G. Luo, Y. Cai, Z. Li, X.X. Yan.  

2015. Prenatal genesis of layer II doublecortin expressing neurons in neonatal and 
young adult guinea pig cerebral cortex. Frontiers in Neuroanatomy 9(109):1-11. 

 
Zhao, C., W. Deng, F.H. Gage. 2008. Mechanisms and functional implications of adult  

neurogenesis. Cell 132:645-660. 
  



	

23 

Appendix 
 
 
Table 1. Degenerate Primers used for amplification and sequencing of partial cDNAs 
from northern Pacific rattlesnake, Crotalus oreganus and western fence lizard, 
Sceloporus occidentalis. 
 

Species Gene Orientation Nucleotide Sequence (5’ to 3’) 
 

Abbr. 

C. oreganus Fox-3 Python_FOX3_for1d ATG GCT CAG CCC TAY CCC P1 
  Python_FOX3_for4d ACG CCW TGA CSC TCT ACA C P2 
  Python_FOX3_for5d AGC ACG CAG TCC ATA GCR G P3 
  Python_FOX3_rev3d ACT CTG CCG TAR CTG TCR CT P4 
  Python_FOX3_rev4d CCG TAG AAT CCG TCC TGA TAM AC P5 
  Python_FOX3_rev5d GCT CCA TAR GTG GGG ATG G P6 
S. occidentalis Fox-3 Anole_FOX3_for1d CAC GCC WTG ACB CTC TAC AC P7 
  Anole_FOX3_for3d AGC ACG CAG TCC ATA GCR G P8 
  Anole_FOX3_for4d CCG CAG ACA GAT GAA GCV GC P9 
  Anole_FOX3_rev2d CCC TCC TCG GTA TAG ACT AGC P10 
  Anole_FOX3_rev4d AAT CCR TCC TGR TAM ACS ACY G P11 
  Anole_FOX3_rev5d TCC ATA RGT GGG GAT GGG P12 
C. oreganus & DCX DCX_for1d GGA ACT TGA TTT TGG ACA CTT TGA CG P13 
S. occidentalis  DCX_for2d CGT CCA GAA ACA TGC GWG GTT P14 
  DCX_for4d CCT TGC TGG CTG ACC TGA P15 
  DCX_rev3d CTT GTG CTT ACG GAG GCT TC P16 
  DCX_rev4d TGT GGA GAT KGG GGA YTG CTT P17 
  DCX_rev6d CCA TCC AGG GTR TAS AGC TTY TT P18 
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Table 2. Primers used for the amplification and sequencing of full-length cDNAs from 
northern Pacific rattlesnake, Crotalus oreganus. 
 

Species Gene Orientation Nucleotide Sequence (5’ to 3’) 
 

Abbr. 

C. oreganus Fox-3 CoregF3For5'UTRupOut AAG CAG AAG GAG CCT GCC AAC AT FP1 
  CoregF3For5'UTRupIn AAC ATC GCC GCT TCT GGG TTT FP2 
  CoregF3For5'UTRdwnOut GGC TTG AGA TTG TCA GCC ATG AG FP3 
  CoregF3For5'UTRdwnIn AAT CAG GAC GCC ACG GCT FP4 
  CoregF3Rev3'UTRout GGA GCA GTC AGT GTT ACT ACT GTG AGG A RP1 
  CoregF3Rev3'UTRin TTA CTA CTG TGA GGA GGG TCT GGG T  RP2 
C. oreganus DCX C.orgDCXForwOut GCT TCC ATT CTT TAC CTC CTC CTT CTG   
  C.orgDCXForwIn CCT CAG CTT CAC ATC TTT AGG GGT CA  
  C.orgDCXRevOut AAA CAG AGC GTG TAC TAC GGA GAC   
  C.orgDCXRevIn TGT ACT ACG GAG ACG GGG AAC T  
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Table 3. Genbank accession numbers of organisms used in Fox-3 protein phylogeny. 
Crotalus oreganus was sequenced in this study. 
 

Gene Scientific name Common name Accession No. 
Fox-3 Crotalus oreganus northern Pacific rattlesnake MK905740 
 Anolis carolinensis Green anole XP_008102381 
 Crotalus pyrrhus Southwestern speckled rattlesnake GCA_000737285.1 
 Crotalus horridus Timber rattlesnake GCA_001625485.1 
 Python bivittatus Burmese python XP_007426331 
 Thamnophis sirtalis Garter snake XP_013915277 
 Protobothrops mucrosquamatus Brown spotted pit viper XP_015676753 
 Pogona vitticeps Central bearded dragon XP_020669446 
 Phascolarctos cinereus Koala XP_020856497 
 Sarcophilus_harrisii Tasmanian devil XP_012404076 
 Monodelphis domestica Gray short tailed opossum XP_001371026 
 Macaca mulatta Rhesus monkey XP_014975847 
 Homo sapiens Human XP_011522668 
 Chelonia mydas Green sea turtle XP_007069142.1 
 Chrysemys picta bellii Western painted turtle XP_005283071.1 
 Esox lucius 

Poecilia mexicana 
Lepisosteus oculatus 
Danio rerio 

Northern pike 
Shortfin molly 
Gar 
Zebrafish 

XP_010889997 
XP_014836955 
XP_006635193 
XP_021336052 

 Aquila chrysaetos canadensis Golden eagle XP_011585014 
 Gallus gallus Chicken XP_015151070 
 Parus major Great tit XP_015501154 
 Lepidothrix coronata Blue crowned manakin XP_017693214 
 Nipponia nippon Crested ibis XP_009466044 
 Xenopus laevis African clawed frog XP_018093838 
 Xenopus tropicalis Tropical clawed frog XP_002932563 
Fox-2 Thamnophis sirtalis Garter snake XP_013916012 
 Homo sapiens Human NP_001026865 
 Mus musculus House mouse NP_001104298.1 
Fox-1 Thamnophis sirtalis Garter snake XP_013917625 
 Homo sapiens Human NP_665898 
 Mus musculus House mouse NP_899011.2 
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Chinese_Alligator      ATGCTGTGCT CCATGGCGAA CTCGGGCTGT CTCCTCGTCT CCAATTCAGG 
Burmese_Python 
                                                            
Chinese_Alligator      CATGCTTCCT CCCTCCCTGC CCTGCCCGCC GGCCTTCCTC TACCTCCAAC 
Burmese_Python          
 
Chinese_Alligator      AGGGCAATCA GGACGCCACG GCTCCTCCTG AAGCGATGGC TCAGCCCTAC 
Burmese_Python                                               ATGGC TCAGCCCTAT 
                                          Python_FOX3_for1d [ATGGC TCAGCCCTAY 
Chinese_Alligator      CCCCCGGCC: CAGTATCCCC CACCTCCCCA GAACGGCATC CCTGCAGAGT 
Burmese_Python         CCCCCGGCAA CA:TACCCAC CACCCCCACA GAATGGCATT CCTCCAGAGT 
                       CCC] 
Chinese_Alligator      ACGC:GC:CC :CCACACCCC CACCCCACGC AGGAGTACTC GGGGCAGAGC 
Burmese_Python         ATGCTCCTCC ACCACACCCG CACCCAGCAC AGGACTATTC GGGGCAGAGC 
	
Chinese_Alligator      ACGGTACCAG AGCACGCCAT GACCCTCTAC ACGCCAGCAC AGAGCCACGC 
Burmese_Python         ACAGTACCCG AGCACGCCTT GACGCTCTAC ACCCCAGCAC AGAGCCACTC 
                                    [ACGCCWT GACSCTCTAC AC] Python_FOX3_for4d 
Chinese_Alligator      CGAGCCGCCG GGCACCGACG CCAGCACGCA GTCCATAGCG GGCACACAGA  
Burmese_Python         CGAACAGCCG GGCACTGATG CCAGCACGCA GTCCATAGCA GGCACGCAAA  
                            Python_FOX3_for5d [AGCACGCA GTCCATAGCR G] 
Chinese_Alligator      CGGTGCCGCA GACAGATGAA GCGGCGCAGA CAGACAGCCA G:CAGCTCCA  
Burmese_Python         CGGTACCGCA GACAGATGAA GCAGCGCAGA CAGACAACCA GACA:CTACA 
 
Chinese_Alligator      C:T:CCTCAG A:CCACACAG ACAAGCAGCA GCCCAAGCGG TTACACGTCT  
Burmese_Python         CCTACCAGAG AGTGGTTCTG ACAAGCAACA GCCTAAGAGG CTACACGTTT 
	
Chinese_Alligator      CCAACATCCC CTTCCGGTTC CGGGACCCCG ACCTGCGGCA AATGTTCGGG 
Burmese_Python         CTAACATCCC TTTCCGCTTC CGGGACCCTG ATCTGCGGCA AATGTTTGGG 
 
Chinese_Alligator      CAATTTGGGA AGATCCTGGA CGTGGAGATC ATCTTCAACG AGCGGGGCTC 
Burmese_Python         CAATTTGGAA AGATCCTGGA TGTTGAGATC ATTTTCAATG AGCGTGGTTC 
	
Chinese_Alligator      CAAGGTGAAC AACGCCACCG CCCGCGTCAT GACGAACAAG AAGGCTGCAA 
Burmese_Python         CAAGGTCAAC AATGCCACCG CACGGGTCAT GACAAACAAA AAGGCAGCTA 
 
Chinese_Alligator      ACCCCTACAC AAACGGCTGG AAGCTGAACC CGGTGGTGGG AGCCGTCTAC 
Burmese_Python         ACCCCTACAC AAACGGCTGG AAGCTGAACC CTGTAGTAGG CACCGTCTAT  
	
Chinese_Alligator      GGGCCTGAAT TCTATGCAGT CACAGGGTTC CCTTACCCCG CCACGGGGAC  
Burmese_Python         GGCCCTGAAT TCTATGCAGT GACCGGTTTC CCATATCCAG CCACAGGAAC 
 
Chinese_Alligator      GGCCGTGGCG TACCGAGGGG CGCACTTGCG GGGCCGGGGG CGCGCTGTCT 
Burmese_Python         CGCAGTAGCG TACCGGGGGA CACACTTAAG GGGCCGAGGA CGCACAGTCT 
	
Chinese_Alligator      ACAACACCTT CCGCGCCGCG CCCCCGCCTC CGCCCATCCC CACCTATGGA 
Burmese_Python         ACAACACGTT CCGAGCAGCT CCCCCACCCC CACCCATCCC CACTTATGGA 
                                        Python_FOX3_rev5d [GGTAGGG GTGRATACCT                                         
Chinese_Alligator      GCGGTCGTGT ATCAGGACGG ATTCTACGGA GCCGAGATCT ACGGAGGATA 
Burmese_Python         GCAGTGGTTT ATCAGGACGG ATTCTACGGT GCTGAAATTT ACGGGGGCTA 
                       CG]  [CAMA TAGTCCTGCC TAAGATGCC] Python_FOX3_rev4d 
Chinese_Alligator      CGCGGCATAC AGGTATGCCC AGCCCGCGGC GGCGGCAGCA :::GCGTACA 
Burmese_Python         TGCGGCCTAC AGATATGCCC AGCCTGCGGC AGCGGCAGCA ACAGCTTACA 
                                                                           [T 
Chinese_Alligator      GTGACAGCTA CGGCAGAGTG TACGCGGCCG CGGACCCGTA CCACCACACC 
Burmese_Python         GCGACAGTTA CGGCAGAGTT TATGCAGCTG CAGACCCTTA CCACCACACT 
                       CRCTGTCRAT GCCGTCTCA] Python_FOX3_rev3d 
Chinese_Alligator      ATCGGCCCTG CCGCCACGTA CAGCATCGGC ACCATGGCTA GTCTATACCG 
Burmese_Python         ATTGGCCCTG CTGCCACCTA CAGCATCGGC ACCATGGCTA GTCTATACCG 
	
Chinese_Alligator      AGGAGGGTAC AGCCGCTTCA CTCCCTACTA G 
Burmese_Python         AGGAGGGTAC AGCCGCTTCA CTCCCTACTA G 
	

	

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Nucleotide consensus region alignment of Chinese alligator 
(XM_006036922) and Burmese python (XM_007426269) to determine degenerate 
primers for C. oreganus Fox-3. Consensus regions between organisms are highlighted 
in green. Forward primers are written in red 5’ to 3’. Reverse primers are written in blue 
and show the compliment strand 5’ to 3’. 
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Green_Anole            ATGCTCTGCT CCATGGCGAA CTCCGGCTGC CTCCTGCTCC CCAACTCCGC 
Chinese_Alligator      ATGCTGTGCT CCATGGCGAA CTCGGGCTGT CTCCTCGTCT CCAATTCAGG 
Burmese_Python 
 
Green_Anole            CTTGCTCCCG CACTCGCTGC CGGGCCCCCC AGCCTTCCTC TACCTCCAGC                                                    
Chinese_Alligator      CATGCTTCCT CCCTCCCTGC CCTGCCCGCC GGCCTTCCTC TACCTCCAAC 
Burmese_Python          
 
Green_Anole            AGGGCAACCA GGACGCCACG GCTCCTCCTG ACGCAATGGC CCAGCCCTAT 
Chinese_Alligator      AGGGCAATCA GGACGCCACG GCTCCTCCTG AAGCGATGGC TCAGCCCTAC 
Burmese_Python                                               ATGGC TCAGCCCTAT 
 
Green_Anole            CCCCCGGCCA CA:TACCCAC CGCCTCCCCA GAATGGCATC CCTGCAGAGT 
Chinese_Alligator      CCCCCGGCC: CAGTATCCCC CACCTCCCCA GAACGGCATC CCTGCAGAGT 
Burmese_Python         CCCCCGGCAA CA:TACCCAC CACCCCCACA GAATGGCATT CCTCCAGAGT 
 
Green_Anole            ATGCTCCTCC GCCACATCCG CATCCGGCAC AGGACTACTC AGGGCAGAGC 
Chinese_Alligator      ACGC:GC:CC :CCACACCCC CACCCCACGC AGGAGTACTC GGGGCAGAGC 
Burmese_Python         ATGCTCCTCC ACCACACCCG CACCCAGCAC AGGACTATTC GGGGCAGAGC 
	
Green_Anole            ACAGTACCTG AGCACGCCTT GACTCTCTAC ACGCCAGCAC AGAGCCACCC 
Chinese_Alligator      ACGGTACCAG AGCACGCCAT GACCCTCTAC ACGCCAGCAC AGAGCCACGC 
Burmese_Python         ACAGTACCCG AGCACGCCTT GACGCTCTAC ACCCCAGCAC AGAGCCACTC 
                                   [CACGCCWT GACBCTCTAC AC] Anole_FOX3_for1d 
Green_Anole            TGAACAGCCC GGCACCGATG CCAGCACGCA GTCCATAGCA GGCACACAGA 
Chinese_Alligator      CGAGCCGCCG GGCACCGACG CCAGCACGCA GTCCATAGCG GGCACACAGA  
Burmese_Python         CGAACAGCCG GGCACTGATG CCAGCACGCA GTCCATAGCA GGCACGCAAA  
                             Anole_FOX3_for3d [AGCACGCA GTCCATAGCR G] 
Green_Anole            CAGTACCGCA GACAGATGAA GCCGCGCAGA CAGACAACCA GAC:GCTACA 
Chinese_Alligator      CGGTGCCGCA GACAGATGAA GCGGCGCAGA CAGACAGCCA G:CAGCTCCA  
Burmese_Python         CGGTACCGCA GACAGATGAA GCAGCGCAGA CAGACAACCA GACA:CTACA 
                           [CCGCA GACAGATGAA GCVGC] Anole_FOX3_for4d 
Green_Anole            CCCGCCAGAT AGTGGTTCCG ACAAGCAGCA GCCAAAGCGA TTACACGTCT 
Chinese_Alligator      C:T:CCTCAG A:CCACACAG ACAAGCAGCA GCCCAAGCGG TTACACGTCT  
Burmese_Python         CCTACCAGAG AGTGGTTCTG ACAAGCAACA GCCTAAGAGG CTACACGTTT 
	
Green_Anole            CCAACATCCC CTTCCGCTTC CGGGACCCCG ACCTGCGGCA AATGTTTGGG 
Chinese_Alligator      CCAACATCCC CTTCCGGTTC CGGGACCCCG ACCTGCGGCA AATGTTCGGG 
Burmese_Python         CTAACATCCC TTTCCGCTTC CGGGACCCTG ATCTGCGGCA AATGTTTGGG 
 
Green_Anole            CAATTTGGAA AGATCCTGGA CGTTGAAATT ATTTTCAATG AGCGCGGTTC 
Chinese_Alligator      CAATTTGGGA AGATCCTGGA CGTGGAGATC ATCTTCAACG AGCGGGGCTC 
Burmese_Python         CAATTTGGAA AGATCCTGGA TGTTGAGATC ATTTTCAATG AGCGTGGTTC 
	
Green_Anole            TAAGGTCAAC AATGCCACAG CACGAGTGAT GACAAACAAA AAGGCAGCCA 
Chinese_Alligator      CAAGGTGAAC AACGCCACCG CCCGCGTCAT GACGAACAAG AAGGCTGCAA 
Burmese_Python         CAAGGTCAAC AATGCCACCG CACGGGTCAT GACAAACAAA AAGGCAGCTA 
 
Green_Anole            ATCCCTACAC AAATGGATGG AAGCTGAACC CTGTGGTGGG GACTGTCTAT 
Chinese_Alligator      ACCCCTACAC AAACGGCTGG AAGCTGAACC CGGTGGTGGG AGCCGTCTAC 
Burmese_Python         ACCCCTACAC AAACGGCTGG AAGCTGAACC CTGTAGTAGG CACCGTCTAT  
	
Green_Anole            GGCCCAGAGT TCTATGCAGT GACAGGTTTC CCATATCCGG CCACAGGAAC 
Chinese_Alligator      GGGCCTGAAT TCTATGCAGT CACAGGGTTC CCTTACCCCG CCACGGGGAC  
Burmese_Python         GGCCCTGAAT TCTATGCAGT GACCGGTTTC CCATATCCAG CCACAGGAAC 
 
Green_Anole            AGCAGTAGCG TACCGGGGGG CACACTTGCG GGGGCGGGGC CGCACAGTCT 
Chinese_Alligator      GGCCGTGGCG TACCGAGGGG CGCACTTGCG GGGCCGGGGG CGCGCTGTCT 
Burmese_Python         CGCAGTAGCG TACCGGGGGA CACACTTAAG GGGCCGAGGA CGCACAGTCT 
	
Green_Anole            ACAACACGTT CCGGGCAGCT CCCCCACCTC CACCCATCCC CACTTATGGA 
Chinese_Alligator      ACAACACCTT CCGCGCCGCG CCCCCGCCTC CGCCCATCCC CACCTATGGA 
Burmese_Python         ACAACACGTT CCGAGCAGCT CCCCCACCCC CACCCATCCC CACTTATGGA 
                                        Anole_FOX3_rev5d [GGGTAGGG GTGRATACCT] 
Green_Anole            GCAGTGGTTT ACCAGGATGG ATTCTATGGT GCTGAAATTT ATGGGGGTTA 
Chinese_Alligator      GCGGTCGTGT ATCAGGACGG ATTCTACGGA GCCGAGATCT ACGGAGGATA 
Burmese_Python         GCAGTGGTTT ATCAGGACGG ATTCTACGGT GCTGAAATTT ACGGGGGCTA 
                       [GYCASCAMA TRGTCCTRCC TAA] Anole_FOX3_rev4d 
Green_Anole            TGCCGCCTAC AGATATGCCC AACCTGCAGC AACAGCAGCA :::GCTTACA 
Chinese_Alligator      CGCGGCATAC AGGTATGCCC AGCCCGCGGC GGCGGCAGCA :::GCGTACA 
Burmese_Python         TGCGGCCTAC AGATATGCCC AGCCTGCGGC AGCGGCAGCA ACAGCTTACA 
	
Green_Anole            GCGACAGTTA CGGCAGAGTT TATGCAGCTG CAGATCCTTA CCACCACACC 
Chinese_Alligator      GTGACAGCTA CGGCAGAGTG TACGCGGCCG CGGACCCGTA CCACCACACC 
Burmese_Python         GCGACAGTTA CGGCAGAGTT TATGCAGCTG CAGACCCTTA CCACCACACT 
 
Green_Anole            ATCGGCCCTG CTGCCACCTA CAGCATTGGC ACCATGGCTA GTCTATACCG 
Chinese_Alligator      ATCGGCCCTG CCGCCACGTA CAGCATCGGC ACCATGGCTA GTCTATACCG 
Burmese_Python         ATTGGCCCTG CTGCCACCTA CAGCATCGGC ACCATGGCTA GTCTATACCG 
                                            Anole_FOX3_rev2d [CGAT CAGATATGGC 
Green_Anole            AGGAGGGTAC AGCCGCTTCA CTCCCTACTA G  
Chinese_Alligator      AGGAGGGTAC AGCCGCTTCA CTCCCTACTA G 
Burmese_Python         AGGAGGGTAC AGCCGCTTCA CTCCCTACTA G 
                       TCCTCCC] 

	
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Nucleotide consensus region alignment of Green Anole (XM_008104179), 
Chinese alligator (XM_006036922) and Burmese python (XM_007426269) to 
determine degenerate primers for S. occidentalis Fox-3. Consensus regions between 
organisms are highlighted in green. Forward primers are written in red 5’ to 3’. Reverse 
primers are written in blue and show the compliment strand 5’ to 3’. 
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Figure 3. Nucleotide consensus region alignment of Green Anole (XM_008119210) 
and Burmese python transcript variants x1 and x2 (XM_007424922 and 
XM_007424923) to determine degenerate primers for C. oreganus and S. 
occidentalis DCX. Consensus regions between organisms are highlighted in green. 
Forward primers are written in red 5’ to 3’. Reverse primers are written in blue and show 
the compliment strand 5’ to 3’. 

Burmese_Python x1     ATGGAACTTG ATTTTGGACA CTTTGACGAA AGAGATAAGG CGTCCAGAAA 
Green_Anole           ATGGAACTTG ATTTTGGACA CTTTGACGAA AGAGACAAGG CGTCCAGAAA 
Burmese_Python x2     ATGGAACTTG ATTTTGGACA CTTTGACGAA AGAGATAAGG CGTCCAGAAA 
                       [GGAACTTG ATTTTGGACA CTTTGACG] DCX_for1d  [CGTCCAGAAA 
Burmese_Python x1     CATGCGTGGT TCCCGAATGA ATGGCTTGCC AAGCCCCACT CACAGTGCCC 
Green_Anole           CATGCGAGGC TCCCGGATGA ACGGCCTGCC GAGCCCCACT CACAGCGCCC 
Burmese_Python x2     CATGCGTGGT TCCCGAATGA ATGGCTTGCC AAGCCCCACT CACAGTGCCC 
                      CATGCGWGGT T] DCX_for2d 
Burmese_Python x1     ACTGTAGCTT CTACCGGACC AGGACCTTAC AAGCCCTGAG CAACGAGAAG  
Green_Anole           ACTGCAGCTT CTACCGCACC CGGACCTTAC AAGCTCTGAG CAATGAGAAG 
Burmese_Python x2     ACTGTAGCTT CTACCGGACC AGGACCTTAC AAGCCCTGAG CAACGAGAAG 
 
Burmese_Python x1     AAGGCGAAGA AAGTGCGCTT CTACCGCAAT GGGGACCGCT ATTTCAAGGG 
Green_Anole           AAAGCCAAGA AGGTGCGCTT CTATCGCAAC GGGGACCGCT ACTTCAAGGG 
Burmese_Python x2     AAGGCGAAGA AAGTGCGCTT CTACCGCAAT GGGGACCGCT ATTTCAAGGG 
 
Burmese_Python x1     GATTGTTTAT GCTGTCTCCA GTGACCGCTT CCGTAGTTTT GATGCCTTGC 
Green_Anole           CATTGTGTAC GCCGTCTCCG GAGACCGTTT CCGGAGCTTC GATGCCTTGC 
Burmese_Python x2     GATTGTTTAT GCTGTCTCCA GTGACCGCTT CCGTAGTTTT GATGCCTTGC 
                                                                     [CCTTGC 
Burmese_Python x1     TGGCTGACCT GACCCGTTCT CTGTCTGATA ACATTAATCT TCCTCAGGGA 
Green_Anole           TGGCTGACCT GACCCGGTCC CTGTCCGATA ACATTAACCT GCCTCAGGGA 
Burmese_Python x2     TGGCTGACCT GACCCGTTCT CTGTCTGATA ACATTAATCT TCCTCAGGGA 
                      TGGCTGACCT GA] DCX_for4d 
Burmese_Python x1     GTTCGCTACA TTTACACCAT CGATGGCAGC AGAAAGATTG GGAGCATGGA 
Green_Anole           GTGCGCTACA TTTACTCCAT CGATGGCAAC AGGAAGATTG GGAGCATGGA 
Burmese_Python x2     GTTCGCTACA TTTACACCAT CGATGGCAGC AGAAAGATTG GGAGCATGGA 
 
Burmese_Python x1     TGAACTGGAA GAAGGAGAAA GCTATGTATG TTCATCCGAC AACTTCTTTA 
Green_Anole           CGAGCTGGAG GAAGGTGAAA GCTATGTCTG TTCCTCTGAC AACTTTTTCA 
Burmese_Python x2     TGAACTGGAA GAAGGAGAAA GCTATGTATG TTCATCCGAC AACTTCTTTA 
 
Burmese_Python x1     AGAAAGTGGA GTACACCAAG AACGTCAACC CAAATTGGTC CGTCAATGTG 
Green_Anole           AGAAAGTGGA GTATACCAAG AACGTCAACC CTAACTGGTC CGTCAATGTG 
Burmese_Python x2     AGAAAGTGGA GTACACCAAG AACGTCAACC CAAATTGGTC CGTCAATGTG 
 
Burmese_Python x1     AAAACCTCTG CCAACATGAA AGCTCCCCAA TCCCTGGCTA GTAGCAACAG  
Green_Anole           AAAACCTCCG CCAGCGTCAA GGCACCCCAG TCTCTGGCCA GCAGCAACAG 
Burmese_Python x2     AAAACCTCTG CCAACATGAA AGCTCCCCAA TCCCTGGCTA GTAGCAACAG 
 
Burmese_Python x1     TGCCCAGGCA AAGGAGAACA AGGATTTTGT GCGTCCCAAG TTGGTGACCA 
Green_Anole           TGCCCAGGCC AGAGAGAACA AAGATTTTGT GCGGCCCAAG CTGGTGACCA 
Burmese_Python x2     TGCCCAGGCA AAGGAGAACA AGGATTTTGT GCGTCCCAAG TTGGTGACCA 
 
Burmese_Python x1     TCATCCGGAG CGGAGTGAAG CCAAGGAAGG CTGTCCGTGT GCTCCTGAAT 
Green_Anole           TCATCCGCAG CGGGGTGAAG CCGCGGAAGG CTGTCCGGGT GCTCCTGAAT 
Burmese_Python x2     TCATCCGGAG CGGAGTGAAG CCAAGGAAGG CTGTCCGTGT GCTCCTGAAT 
 
Burmese_Python x1     AAGAAAACAG CCCATTCGTT TGAGCAGGTG CTCACCGACA TCACAGAAGC  
Green_Anole           AAGAAGACCG CCCACTCCTT CGAGCAAGTC CTCACCGACA TCACAGAAGC 
Burmese_Python x2     AAGAAAACAG CCCATTCGTT TGAGCAGGTG CTCACCGACA TCACAGAAGC 
 
Burmese_Python x1     CATAAAGCTG GAAACAGGAG TCGTTAAAAA GCTGTATACC CTGGATGGGA 
Green_Anole           CATAAAGCTG GAAACAGGAG TCGTTAAGAA GCTCTACACC CTGGATGGGA 
Burmese_Python x2     CATAAAGCTG GAAACAGGAG TCGTTAAAAA GCTGTATACC CTGGATGGGA 
                                      DCX_for6d [TTYTT CGASATRTGG GACCTACC] 
Burmese_Python x1     AACAGGTAAC TTGTCTTCAT GATTTCTTTG GGGATGATGA TGTATTTATC 
Green_Anole           AGCAGGTGAC CTGTCTCCAC GATTTCTTTG GGGACGACGA TGTCTTCATT 
Burmese_Python x2     AACAGGTAAC TTGTCTTCAT GATTTCTTTG GGGATGATGA TGTATTTATC 
 
Burmese_Python x1     GCCTGTGGGC CAGAAAAGTT CCGCTACGCC CAGGATGACT TTTCTCTGGA 
Green_Anole           GCCTGTGGTC CAGAGAAATT CCGATATGCA CAGGATGACT TTTCTCTGGA 
Burmese_Python x2     GCCTGTGGGC CAGAAAAGTT CCGCTACGCC CAGGATGACT TTTCTCTGGA 
 
Burmese_Python x1     TGAAAATGAG TGTCGGGTAA TGAAAGGAAA CCCACCTACT ACCCCAGGCA 
Green_Anole           TGAAAATGAA TGCCGCGTCA TGAAAGCAAA CCCTCCAACT ACTCCAGGCA 
Burmese_Python x2     TGAAAATGAG TGTCGGGTAA TGAAAGGAAA CCCACCTACT ACCCCAGGCA 
 
Burmese_Python x1     GCAAGTCATC CCCAACCCCC CAGAAGAGTT CTGCAAAAAG TCCAGCTCCG 
Green_Anole           GCAAGTCGTC TCCAACTCCA CAGAAGAGTT CGGCAAAAAG CCCGGCTCCT 
Burmese_Python x2     GCAAGTCATC CCCAACCCCC CAGAAGAGTT CTGCAAAAAG TCCAGCTCCG 
 
Burmese_Python x1     TTGCGCCGGA GCAAATCACC AGCTGATTCA GGTAACCTTC AGGACGCCAA  
Green_Anole           GTCCGCCGGA GCAAGTCTCC TGCTGATTCA GGTAACCATC TGGATGCAAA 
Burmese_Python x2     TTGCGCCGGA GCAAATCACC AGCTGATTCA G::::::::C ::::::C:AA 
 
Burmese_Python x1     TGGAACATCA AGCAGCCAGC TTTCCACACC GAAATCAAAG CAATCCCCAA 
Green_Anole           TGGCACCTCC AGCAGCCAAC TGTCGACACC CAAATCGAAG CAGTCCCCCA 
Burmese_Python x2     TGGAACATCA AGCAGCCAGC TTTCCACACC GAAATCAAAG CAATCCCCAA 
                                                   DCX_for4d [TTC GTYAGGGGKT 
Burmese_Python x1     TCTCCACACC CACCAGTCCA GGAAGCCTCC GTAAGCACAA GGACTTGTAC  
Green_Anole           TCTCCACACC TACCAGCCCA GGAAGCCTCC GTAAGCACAA GGACTTGTAC 
Burmese_Python x2     TCTCCACACC CACCAGTCCA GGAAGCCTCC GTAAGCACAA GGACTTGTAC 
                      AGAGGTGT]   DCX_for3d [CTTCGGAGG CATTCGTGTT C] 
Burmese_Python x1     CTGCCTCTAT CCTTGGATGA CTCTGATTCT CTTGGAGACT CCATGTAA 
Green_Anole           CTGCCTCTAT CCTTGGATGA CTCGGATTCC CTGGGAGACT CCATGTAA 
Burmese_Python x2     CTGCCTCTAT CCTTGGATGA CTCTGATTCT CTTGGAGACT CCATGTAA 
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Figure 4. Combinations of forward and reverse primers used to amplify full length 
coding regions of Fox-3 cDNAs (FP1-RP1, FP1-RP2, FP2-RP1, FP2-RP2, FP3-RP1, 
FP3-RP2, FP4-RP1, FP4-RP2). Each combination resulted in different amplicon lengths. 
A: PCR amplicon of C. oreganus Fox-3 with a start codon (1) toward the 5’ end; B: PCR 
amplicon of C. oreganus Fox-3 with a start codon (2) downstream toward the 3’ end. The 
amplicon in ‘A’ results in a protein with 45 additional amino acids at the N-terminus of 
the Fox-3 protein. For primer sequences, see Table 2. 
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Figure 5. 1.2% agarose gel with C. oreganus full-length Fox-3 cDNA PCR products. 
Lane 5&10 contain a Promega 1kb DNA ladder (Promega Corp.). Lanes 1-4 and 8-9 
contain forward and reverse primer combinations (Table 2).  
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Figure 6. Phylogenetic tree of Fox-3, -2, and -1 based on deduced amino acid 
sequences from reptiles, birds, mammals, fish, and amphibians. Clades for various 
vertebrate taxa are marked by brackets, and clades for gene type, Fox-3, Fox-2, and Fox-
1 are marked by bolded vertical lines. C. oreganus is marked with a diamond, 
representing the organism sequenced in this study. Tree was assembled with the 
Neighbor-Joining method with pairwise deletion of gaps and bootstrap values are shown 
at the nodes. Genbank accession nos. for all taxa are provided in Table 4. 
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Figure 7 1.2% E-Gel® of nested degenerate primer products. Lane 1 contains 
Promega 100bp DNA ladder (Promega Corp., Madison, WI, USA). Lane 2-12 contains 
forward and reverse primer combinations (Table 1). Lanes 2-7 contains products 
amplified from S. occidentalis Fox-3 cDNA, while lanes 8-12 contain products amplified 
from C. oreganus Fox-3 cDNA. 
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                           10        20        30       40        50 
                                |          |          |          |          | 
Crotalus_oreganus      MLCSMANSGC LLVSNSALLP HSLPCPPAFL YLQQGNQDAT APPDAMAQPY 
Crotalus_horridus      MLCSMANSGC LLVSNSALLP HSLPCPPAFL YLQQGNQDAT APPDAMAQPY  
Crotalus_pyrrhus       MLCSMANSGC LLVSNSALLP HSLPCPPAFL YLQQGNQDAT APPDAMAQPY  
Thamnophis_sirtalis    MLCSMANSGC LLVSNSALLP HSLPCPPAFL YLQQGNQDAT APPDAMAQPY  
Python_bivittatus      ---------- ---------- ---------- ---------- -----MAQPY  
Anolis_carolinensis    MLCSMANSGC LLLPNSALLP HSLPGPPAFL YLQQGNQDAT APPDAMAQPY  
Pogona_vitticeps       MLCSMANSGC LLVSNSALLP HSLPCPPAFL YLQQGNQDAT APPDAMAQPY  
Mus_musculus           ---------- ---------- ---------- ---------- -----MAQPY  
Homo_sapiens           ---------- ---------- ---------- ---------- -----MAQPY  
Gallus_gallus          MLCSMANSGC LLVSNSGMLP HSLPCPPAFL YLQQGNQDAT APPDAMAQPY 
Chrysemys_picta_bellii MLCSMASSGC LLVSNSGMLP HSLPCPPAFL YLQQGNQDAT APPEAMAQPY  
Chelonia_mydas         MLCSMANSGC LLVSNSGMLP HSLPCPPAFL FLQQGNQDAT APPEAMAQPY  
Xenopus_laevis         MLCSMANSGC LLLSSPAMIP HSISGPPAFL YLQQGNQDTS APPEAMAQPY 
                                                                        ***** 
                               60         70         80         90        100  
                                |          |          |          |          | 
Crotalus_oreganus      PPATYPPPPQ NGIPPEYAPP PPHPHPAQDY SGQSTVP-EH ALTLYTPAQS  
Crotalus_horridus      PPATYPPPPQ NGIPPEYAPP PPHPHPAQDY SGQSTVP-EH ALTLYTPAQS  
Crotalus_pyrrhus       PPATYPPPPQ NGIPPEYAPP PPHPHPAQDY SGQSTVP-EH ALTLYTPAQS  
Thamnophis_sirtalis    PPATYPPPPQ NGIPPEYVPP PPHPHPAQDY SGQSTVP-EH ALTLYTPAQS  
Python_bivittatus      PPATYPPPPQ NGIPPEYAPP -PHPHPAQDY SGQSTVP-EH ALTLYTPAQS  
Anolis_carolinensis    PPATYPPPPQ NGIPAEYAPP -PHPHPAQDY SGQSTVP-EH ALTLYTPAQS  
Pogona_vitticeps       PPATYPPPPQ NGIPAEYGPP -PHPHPAQDY SGQSTVP-EH ALTLYTPAQS  
Mus_musculus           PPAQYPPPPQ NGIPAEYAP- -PPPHPTQDY SGQTPVPPEH GMTLYTPAQT  
Homo_sapiens           PPAQYPPPPQ NGIPAEYAP- -PPPHPTQDY SGQTPVPTEH GMTLYTPAQT  
Gallus_gallus          PPAQYPPPPQ NGIPAEYAP- -PHPHPTQDY SGQSTVP-EH AMTLYTPAQS 
Chrysemys_picta_bellii PPAQYPPPPQ NGIPAEYAP- -PHPHPTQDY SGQSTVP-EH AMTLYTPAQS  
Chelonia_mydas         PPAQYPPPPQ NGIPAEYAPP HPHPHPTQDY SGQSTVP-EH AMTLYTPAQS  
Xenopus_laevis         STTQYPQPPQ NGLPAEYAT- -QHPLPTPDY SGQTTVS-EH ALTLYTAGHS                                                               
                       :::.**:*** **:*.** :   :.*:*.:** ***..*: ** ..****:::.   
                              110        120        130        140        150 
                                |          |          |          |          | 
Crotalus_oreganus      HSEQPGTDAS TQSIAGTQTV PQTDEAAQTD N-QTLHLPEN GSDKQQPKRL  
Crotalus_horridus      HSEQPGTDAS TQSIAGTQTV PQTDEAAQTD N-QTLHLPEN GSDKQQPKRL  
Crotalus_pyrrhus       HSEQPGTDAS TQSIAGTQTV PQTDEAAQTD N-QTLHLPEN GSDKQQPKRL  
Thamnophis_sirtalis    HSEQPGTDAS TQSIAGTQTV PQTDEAAQTD N-QTLHLPEN GSDKQQPKRL  
Python_bivittatus      HSEQPGTDAS TQSIAGTQTV PQTDEAAQTD N-QTLHLPES GSDKQQPKRL  
Anolis_carolinensis    HPEQPGTDAS TQSIAGTQTV PQTDEAAQTD N-QTLHPPDS GSDKQQPKRL  
Pogona_vitticeps       HTEQPGTDAS TQSIAGTQTV PQTDEAAQTD N-QTLHPSES GSDKQQPKRL  
Mus_musculus           HPEQPGTEAS TQPIAGTQTV P-ADEAAQTD N-QQLHPSDP -TEKQQPKRL  
Homo_sapiens           HPEQPGSEAS TQPIAGTQTV PQTDEAAQTD S-QPLHPSDP -TEKQQPKRL  
Gallus_gallus          HAEQPGSDAS TQSIAGTQTV PQTDEAAQTD S-QQLHSSDN -TDKQQPKRL 
Chrysemys_picta_bellii HAEQPGADAS TQSIAGTQTV -QTDEAAQTE S-QQLHSSEN -TDKQQPKRL  
Chelonia_mydas         HAEQPGTDAG TQSIAGTQTV -QTDEAAQTE S-QQLHSSEN -SDKQQPKRL  
Xenopus_laevis         HGEPQGNEVC TQSVTGTQTL -TTDDVSQTD SSQQLQCPET -TEKQQPKRL 
                       * *::* .:  **.::****:   :*:::**. . * *: ..   ..******* 
                              160 
                                | 
Crotalus_oreganus      HVSNIPFRFR 
Crotalus_horridus      HVSNIPFRFR 
Crotalus_pyrrhus       HVSNIPFRFR 
Thamnophis_sirtalis    HVSNIPFRFR 
Python_bivittatus      HVSNIPFRFR 
Anolis_carolinensis    HVSNIPFRFR 
Pogona_vitticeps       HVSNIPFRFR 
Mus_musculus           HVSNIPFRFR 
Homo_sapiens           HVSNIPFRFR 
Gallus_gallus          HVSNIPFRFR 
Chrysemys_picta_bellii HVSNIPFRFR 
Chelonia_mydas         HVSNIPFRFR 
Xenopus_laevis         HVSNIPFRFR                               
                       **********   

	

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8. Amino acid 1-160 alignment of Fox-3 from various taxonomic groups. 
Identical amino acids (*; red), strongly similar amino acids (: ; green), weakly similar 
amino acids (. ; blue), and different amino acids (blank; black) are marked in the figure. 
 



	

34 

1000bp 
 
 
 
 

 
500bp 

P3
:P

6 
P1

4:
P1

7 
P1

4:
P1

8 
P1

4:
P1

8 
P1

5:
P1

8 
P1

5:
P1

7 
P1

4:
P1

7 
P1

5:
P1

7 

P1
5:

P1
8 

P1
5:

P1
7 

P1
4:

P1
8 

2 1 3 4 5 6 7 8 9 10 11 12 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9. 1.2% E-Gel® of nested degenerate primer products for S. occidentalis DCX cDNA 
and C. oreganus Fox-3 and DCX cDNAs. Lane 1 contains Promega 100bp DNA ladder 
(Promega Corp.). Lane 2-12 contains forward and reverse primer combinations (Table 1). Lanes 3-
7 contain products amplified from S. occidentalis DCX cDNA, while lane 2 (Fox-3) & lanes 8-12  
(DCX) contain products amplified from C. oreganus cDNA. 
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Figure 10. Phylogenetic tree of Doublecortin based on deduced amino acid 
sequences from reptiles, birds, mammals, and amphibians. Clades for various 
vertebrate taxa are marked by brackets. Tree was assembled with the Neighbor-Joining 
method with pairwise deletion of gaps and bootstrap values are shown at the nodes. 
Genbank accession nos. for all taxa are provided in Table 3. 
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Table 4. Genbank accession numbers used in DCX protein phylogeny. Crotalus 
oregnaus and Sceloporus occidentalis were partially sequenced in this study. 
 

Gene Scientific Name Common Name Accession No. 
DCX Python Bivitattus Burmese python XP_007424984 
 Thamnophis sirtalis Garter snake XP_013913438 
 Protobothrops mucrosquamatus Brown spotted pit viper XP_015677063 
 Pogona vitticeps Central bearded dragon XP_020640047 
 Homo sapiens Human NP_001182482 
 Panthera tigris altaica Siberian tiger XP_015391350 
 Callithrix jacchus Common marmoset XP_002763212 
 Cebus capucinus imitator Panamanian white-throated 

Capuchin 
XP_017357640 
 

 Echinops telfairi Lesser hedgehog tenrec XP_004710111 
 Carlito syrichta Philippine tarsier XP_021573938 
 Cavia porcellus Guinea pig XP_003467655 
 Aimiri boliviensis boliviensis Black-capped squirrel 

monkey 
XP_003935896 

 Gorilla gorilla gorilla Western lowland gorilla XP_004064764 
 Manacus vitellinus Golden-collared manakin XP_017938755 
 Lepidothrix coronata Blue-crowned manakin XP_017670887 
 Aptenodytes forsteri Emperor penguin XP_009274787 
 Cuculus canorus Common cuckoo XP_009558060 
 Picoides pubescens Downy woodpecker XP_009898695 
 Gallus gallus Chicken XP_015133663 
 Xenopus tropicalis Tropical clawed frog XP_002938827 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  


