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timing, the evolutionary history of the tiger salamander genome in relation to other 
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of the Mexican axolotl sex-determining locus. This dissertation is concluded with a brief 

outline of future research directions that can extend from the works that are presented 

here. 
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CHAPTER 1: Introduction. 
 
Genetic information from the salamander Ambystoma mexicanum, commonly known as 

the Mexican axolotl, provides unique on adaptation and the evolution of vertebrate 

genomes. The evolutionary history of A. mexicanum has suited it for these studies in two 

important ways. First, the species is a member of the class Amphibia. The amphibian 

lineage and the amniote lineage (collectively: mammals, birds, and other reptiles) shared 

a common ancestor approximately 350 million years ago. Comparisons between 

amphibian and amniote genomes can therefore reveal conserved features that are retained 

from the genome of their common ancestor. A second convenient feature of A. 

mexicanum is that it is a member of the tiger salamander species complex (sensu Shaffer, 

1984a), which is distributed across the southern half of North America and consists of 

several closely related species that have adapted to exploit a variety of temporary and 

permanent aquatic habitats (Shaffer and McKnight, 1996). Coordinate with their diverse 

habitat use, tiger salamanders also exhibit extreme diversity in phenotype (Shaffer, 

1984b). Despite this phenotypic diversity, crosses between tiger salamander species 

typically result in the production of viable and fertile hybrid offspring (reviewed by Voss 

and Shaffer, 1996). When these hybrids are mated, their offspring segregate genotypes 

that are inherited from their parental species and phenotypic variation that is associated 

with these genotypes.  

Ambystoma mexicanum is by far the best-studied member of the tiger salamander 

species complex and has a long history as a model organism. It was originally brought 

into laboratory culture by Aguste Duméril in 1870 (Duméril, 1870; Smith, 1989). Since 

this time, the species has served as a model system for studying vertebrate development 

(Armstrong and Malacinski, 1989), hence its other handle – the laboratory axolotl. Until 

recently, however, extensive genetic analyses have been limited by several factors, 

including: an exceedingly large genome size of roughly 30 gigabases (Gb) (Licht and 

Lowcock, 1991), a relatively long generation time, and a relatively small number of 

assayable genetic markers. That is not to say that genetic analyses are impossible for the 

species. In fact, my predecessors have succeeded in identifying phenotypes that segregate 

as Mendelian (single gene) factors (reviewed by Armstrong and Malacinski, 1989). Most 

critical among these are the discoveries that: 1) sex segregates as a Mendelian locus, 
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under which the female phenotype is specified by a dominant locus (Humphrey, 1945; 

1957); and 2) another Mendelian locus (met) controls the expression of the alternate 

developmental pathways: metamorphosis (the ancestral developmental pathway within 

the tiger salamander species complex) and paedomorphosis (a derived developmental 

pathway where in an individual forgoes metamorphosis and attains sexual maturity in it’s 

larval form) (Voss, 1995; Voss and Shaffer 1997). Moreover, 10 of these Mendelian 

factors, including sex, have been tested for linkage to centromeric regions (Lindsley et al, 

1956; Armstrong, 1984, Armstrong and Duhon, 1989). Recent advances in chemistries 

and computational methods have greatly facilitated the development of genetic markers. 

If not for these advances, the husbandry methods that were developed by my 

predecessors (n.b. Humphrey, 1967; Armstrong and Malacinski, 1989; Voss, 1995), and 

an interspecific cross (AxTg – Voss, 1995) the majority of the work that is described in 

this dissertation would have been impossible.  

 The remaining chapters of this dissertation describe advances in the development 

of genetic markers, use of these markers in elucidating the organization of the salamander 

genome, and the broader utility of these markers for studies of evolution and 

development. Chapter 3 describes the use of these markers in inferring the genomic 

location of three important developmental phenotypes: the pigment mutations white and 

melanoid, and a developmental phenotype known as paedomorphosis. Paedomorphosis is 

a presumably adaptive developmental strategy that is expressed by A. mexicanum and 

other members of the tiger salamander species complex. Under this strategy, an 

individual forgoes the metamorphic changes that are necessary for most amphibian 

species to transform into their adult form, rather attaining sexual maturity in its larval 

form (Gould, 1977). Chapter 5 describes how the genetic markers that were developed in 

Chapters 2-4, and previously by Dr. Voss (1997), were extended to additional crosses and 

used to further elucidate the developmental/genetic basis of paedomorphosis.  

 Chapters 6-8 focus on the deeper insights that are gained by understanding, for the 

first time, how protein-coding genes are distributed within an amphibian genome. First, 

Chapter 6 considers the relative location and distribution of genes within the genomes of 

Ambystoma and several other vertebrate species (mammals: human, mouse, rat and dog, a 

representative of the reptilian lineage: chicken; and fish: zebrafish and the freshwater 
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pufferfish). In particular, the analyses that are presented within Chapter 6 on the 

distribution of genes that presumably derive from a common ancestral gene that was 

located within the genome of the species common ancestor; such genes are known as 

orthologs. Comparing the orders of orthologs among these species reveals features of 

ancestral genomes that have been conserved through time and permits an estimation of 

the relative rates of genome rearrangement that have been experienced by different 

vertebrate lineages. In Chapter 7, the methods that were used to identify orthologs in 

Chapter 6 are improved somewhat and developed into a formal computer program called 

MapToGenome. Chapter 8 presents what is arguably the most controversial finding that 

has arisen from comparison of gene orders between Ambystoma and other vertebrates. 

This is that the sex chromosomes of birds and mammals (which were presumed to have 

evolved from independent ancestors, e.g. Fridolffson et al, 1998; Nanda et al, 1999; 

Ellegren, 2000; Nanda et al, 2000; Graves et al, 2002; Nanda et al, 2002; Kohn et al, 

2004; Handley et al, 2004; Khil and Camerini-Otero, 2005; Kohn et al, 2006) share many 

orthologs with a single salamander linkage group. The distribution of orthologs on this 

linkage group and within the genomes of other vertebrate species is highly consistent 

with shared ancestry of the avian and mammalian sex chromosomes. 

In Chapter 9, I describe experiments that have identified the location of the major 

sex-determining factor of A. mexicanum. The fairly uniform patterns of recombination 

that are observed within sex-linked regions of the genome imply that this sex-determining 

factor evolved relatively recently, in contrast to the deep ancestry of avian and 

mammalian sex chromosomes. I conclude this dissertation with a final chapter that 

outlines some future avenues of research that can be extended from the works that are 

described in Chapters 2-9. 

 

 

 

 

 

 

Copyright © Jeramiah J. Smith 2007 
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CHAPTER 2:  From Biomedicine to Natural History Research: EST Resources for 
Ambystomatid Salamanders. 
 

Introduction 

Establishing genomic resources for closely related species will provide comparative 

insights that are crucial for understanding diversity and variability at multiple levels of 

biological organization. Expressed sequence tags (EST) are particularly useful genomic 

resources because they enable multiple lines of research and can be generated for any 

organism: ESTs allow the identification of molecular probes for developmental studies, 

provide clones for DNA microchip construction, reveal candidate genes for mutant 

phenotypes, and facilitate studies of genome structure and evolution. Furthermore, ESTs 

provide raw material from which strain-specific polymorphisms can be identified for use 

in population and quantitative genetic analyses. The utility of such resources can be 

tailored to target novel characteristics of organisms when ESTs are isolated from cell 

types and tissues that are actively being used by a particular research community, so as to 

bias the collection of sequences towards genes of special interest. Finally, EST resources 

produced for model organisms can greatly facilitate comparative and evolutionary studies 

when their uses are extended to other, closely related taxa. 

Salamanders (urodele amphibians) are traditional model organisms whose 

popularity was unsurpassed early in the 20th century. At their pinnacle, salamanders were 

the primary model for early vertebrate development. Embryological studies in particular 

revealed many basic mechanisms of development, including organizer and inducer 

regions of developing embryos (Beetschen, 1996). Salamanders continue to be important 

vertebrate model organisms for regeneration because they have by far the greatest 

capacity to regenerate complex body parts in the adult phase. In contrast to mammals, 

which are not able to regenerate entire structures or organ systems upon injury or 

amputation, adult salamanders regenerate their limbs, tail, lens, retina, spinal cord, heart 

musculature, and jaw (Gardiner et al, 2002; Echeverri and Tanaka, 2002; Del Rio-Tsonis 

et al, 1997; Ikegami et al, 2002; Chernoff et al, 2003; Ferretti, 1996). In addition, 

salamanders are valuable models for several areas of research, including: vision, 

embryogenesis, heart development, olfaction, chromosome structure, evolution, ecology, 

science education, and conservation biology (Zhang and Wu  2003; Falck et al, 2002; 
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Zhang et al, 2003; Kauer, 2002; Voss et al, 2003; Riley et al, 2003; Borland et al, 2003; 

Jancovich et al, 2003). All of these disciplines were in need of genomic resources as 

fewer than 4100 salamander nucleotide sequences had been deposited in GenBank as of 

3/10/04. 

Here I describe results from an EST project for two ambystomatid salamanders: 

the Mexican axolotl, Ambystoma mexicanum and the eastern tiger salamander, A. 

tigrinum tigrinum. These two species are members of the Tiger Salamander Complex 

(Shaffer and McKnight, 1996), a group of closely related species and subspecies that are 

widely distributed in North America. Phylogenetic reconstruction suggests that these 

species probably arose from a common ancestor about 10–15 million years ago (Shaffer 

and McKnight, 1996). Ambystoma mexicanum has a long research history of over 100 

years and is now principally supplied to the research community by the Axolotl Colony 

(http://www.ambystoma.org/AGTC), while A.  t. tigrinum is obtained from natural 

populations in the eastern United States. Although closely related with equally large 

genomes (32x109 bp) (Straus, 1971; Licht and Lowcock, 1991), these two species and 

others of the Complex differ dramatically in life history: A. mexicanum is a 

paedomorphic species that retains many larval features and lives in water throughout it's 

life cycle while A. t. tigrinum undergoes a metamorphosis that is typical of many 

amphibians. Like many other traditional model organisms of the last century, interest in 

these two species declined during the rise of genetic models like the fly, zebrafish, and 

mouse (Davis, 2004). However, "early" model organisms such as salamanders are 

beginning to re-attract attention as genome resources can rapidly be developed to exploit 

the unique features that originally identified their utility for research. This point is made 

below by showing how the development of ESTs for these two species is enabling 

research in several areas. Furthermore, It is emphasized that the value of developing 

resources in model systems where the likelihood of information transfer to multiple, 

closely related taxa is high, thus simultaneously enabling both laboratory and natural 

history research programs. 
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Materials and Methods 

cDNA library construction 

Ten cDNA libraries were constructed for the project using various larval tissues of A. 

mexicanum and A. t. tigrinum (Table 2.1). Larval A. mexicanum were obtained from adult 

animals whose ancestry traces back to the Axolotl Colony (17). Larval A. t. tigrinum 

were obtained from Charles Sullivan Corp. The GARD and MATH A. mexicanum limb 

regeneration libraries were constructed using regenerating forelimb mesenchyme. Total 

RNAs were collected from anterior and posterior limbs amputated at the mid-stylopod 

level on 15 cm animals, and from the resulting regenerates at 12 h, 2 days, 5 days and 

early bud stages. One hundred microgram fractions of each were pooled together and 

polyA-selected to yield 5 μg that was utilized for directional library construction 

(Lambda Zap, Stratagene). The V1 (A. mexicanum), V2 (A. t. tigrinum), V4-5 (A. t. 

tigrinum), and V6-7 (A. mexicanum) libraries were made from an assortment of larval 

tissues (see Table 2.1) using the SMART cDNA cloning kits (Clontech). Total RNAs 

were isolated and reverse-transcribed to yield cDNAs that were amplified by long 

distance PCR and subsequently cloned into pTriplEX (Clontech). The V3 and AG 

libraries were constructed by commercial companies (BioS&T and Agencourt, 

respectively). 

 

cDNA template preparation and sequencing 

cDNA inserts were mass excised as phagemids, picked into microtitre plates, grown 

overnight in LB broth, and then diluted (1/20) to spike PCR reactions: 150 ng DNA, 50 

ng each primer (pTriplEX 5’LD, pTriplEX 3’LD), 1.2 mM MgCl2, 0.3 U Taq 

polymerase, 1x PCR buffer, 200 mM each of dATP, dCTP, dGTP, dTTP; thermal cycling 

94°C for 2 min; then 30 cycles at 94°C for 45 sec, 58°C for 45°sec, and 72°C for 7 min. 

All successful amplifications with inserts larger than ~500 bp were sequenced (ABI Big 

Dye or Amersham Dye terminator chemistry and 5' universal primer - pTriplEX 5’LD). 

Sequencing and clean-up reactions was carried out according to manufacturers' protocols. 

ESTs were deposited into NCBI database under accession numbers BI817205-BI818091 

and CN033008-CN045937 and CN045944-CN069430. 
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EST sequence processing and assembly 

The PHRED base-calling program (Ewing and Green, 1998) was used to generate 

sequence and quality scores from trace files. PHRED files were then quality clipped and 

vector/contaminant screened. An in-house program called QUALSCREEN was used to 

quality clip the ends of sequence traces. Starting at the ends of sequence traces, this 

program uses a 20 bp sliding window to identify a continuous run of bases that has an 

average PHRED quality score of 15. Mitochondrial DNA sequences were identified by 

searching all ESTs against the complete mtDNA genome sequence of A. mexicanum 

(AJ584639). Finally, all sequences less than 100 bp were removed. The average length of 

the resulting ESTs was 629 bp. The resulting high quality ESTs were clustered initially 

using PaCE (Kalyanaraman, 2003) on the U.K. HP Superdome computer. Multi-sequence 

clusters were used as input sequence sets for assembly using CAP3 (Huang and Madan, 

1999) with an 85% sequence similarity threshold. Clusters comprising single ESTs were 

assembled again using CAP3 with an 80% sequence similarity threshold to identify 

multi-EST contigs that were missed during the initial analysis. This procedure identified 

550 additional contigs comprising 1150 ESTs. 

 

Functional annotation 

All contigs and singletons were searched against the human RefSeq database (Oct. 2003 

release) using BLASTX. The subset of sequences that yielded no BLAST hit was 

searched against the non-redundant protein sequence database (Feb. 2004) using 

BLASTX. The remaining subset of sequences that yielded no BLAST hit was searched 

against Xenopus laevis and X. tropicalis UNIGENE ESTs (Mar. 2004) using TBLASTX. 

Zebrafish ESTs were downloaded from UNIGENE ESTs (May 2004). BLAST searches 

were performed using an E-value threshold of E <10-7 unless specified otherwise. 

 

Sequence comparison of A. mexicanum and A. t. tigrinum assemblies 

All low quality base calls within contigs were masked using a PHRED base quality 

threshold of 15. To identify polymorphisms for linkage mapping, contigs from A. 

mexicanum and A. t. tigrinum assemblies were joined into a single assembly using CAP3 

and the following criteria: an assembly threshold of 12 bp to identify initial matches, a 
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minimum 100 bp match length, and 85% sequence identity. To identify putatively 

orthologous genes from A. mexicanum and A. t. tigrinum assemblies, and generate an 

estimate of gene sequence divergence, assemblies were compared using BLASTN with a 

threshold of E <10-20. Following BLAST, alignments were filtered to obtain reciprocal 

best BLAST hits. 

 

Extending A. mexicanum / A. t. tigrinum sequence information to A. ordinarium 

Polymorphic DNA marker loci were identified by locating single nucleotide 

polymorphisms (SNPs) in the joint A. mexicanum and A. t. tigrinum assembly. 

Polymerase chain reaction (PCR) primers were designed using Primer 3 (Rozen et al, 

1999) to amplify 100 – 500 bp SNP-containing fragments from 123 different protein-

coding loci (Table 2.2). DNA was isolated from salamander tail clips using SDS, RNAse 

and proteinase K treatment, followed by phenol-chloroform extraction. Fragments were 

amplified using 150 ng DNA, 75 ng each primer, 1.5 mM MgCl2, 0.25 U Taq, and a 3-

step profile (94°C for 4 min; 33 cycles of 94°C for 45 s, 60°C for 45 s, 72°C for 30 s; and 

72°C for 7 min). DNA fragments were purified and sequenced using ABI Big Dye or 

Amersham Dye terminator chemistry. Single nucleotide polymorphisms were identified 

by eye from sequence alignments. 

 

Linkage mapping of human chromosome 17 orthologous genes 

Putative salamander orthologs of genes on human chromosome 17 (HSA17) were 

identified by comparing the joint A. mexicanum and A. t. tigrinum assembly to sequences 

from the human RefSeq (NCBI) protein database, using BLASTX at threshold E<10-7. 

Linkage distance and arrangement among markers was estimated using MapManager 

QTXb19 software (Meer et al, 2004) and the Kosambi mapping function at a threshold of 

p = 0.001. All markers were mapped using DNA from a previously described meiotic 

mapping panel (Voss et al, 2001). All PCR primers and primer extension probes were 

designed using Primer 3 (Rozen et al, 1999) and Array Designer2 (Premier Biosoft) 

software. Species-specific polymorphisms were assayed by allele specific amplification, 

restriction digestion, or primer extension, using the reagent and PCR conditions described 

above. Primer extension markers were genotyped using the AcycloPrime-FP SNP 
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detection assay (Perkin Elmer). See Table 2.3 for amplification and extension primer 

sequences, and information about genotyping methodology. 

 

Results and Discussion 

Selection of libraries for EST sequencing 

Eleven cDNA libraries were constructed using a variety of tissues (Table 2.1). Pilot 

sequencing of randomly selected clones revealed that the majority of the non-normalized 

libraries were moderate to highly redundant for relatively few transcripts. For example, 

hemoglobin-like transcripts represented 15–25% of the sampled clones from cDNA 

libraries V1, V2, and V6. Accordingly, sequencing efforts were focused on the non-

normalized MATH library as well as the normalized AG library, which had lower levels 

of redundancy (5.5 and 0.25% globins, respectively). By concentrating sequencing efforts 

on these two libraries the transcripts were obtained that derived primarily from 

regenerating larval tissues in A. mexicanum and several non-regenerating larval tissues in 

A. t. tigrinum. 

 

EST sequencing and clustering 

A total of 46,064 cDNA clones were sequenced, yielding 39,982 high quality sequences 

for A. mexicanum and A. t. tigrinum (Table 2.4). Of these, 3,745 corresponded to mtDNA 

and were removed from the dataset; complete mtDNA genome data for these and other 

ambystomatid species will be reported elsewhere. The remaining nuclear ESTs for each 

species were clustered and assembled separately. An additional 16,030 high quality ESTs 

that were generated recently for regenerating tail and neurula stage embryos (Habermann 

et al, 2004) were included in the A. mexicanum assembly. Thus, a total of 32,891 and 

19,376 ESTs were clustered for A. mexicanum and A. t. tigrinum, respectively. Using 

PaCE clustering and CAP3 assembly, a similar number of EST clusters and contigs were 

identified for each species (Table 2.4). Overall contig totals were 11,190 and 9,901 for A. 

mexicanum and A. t. tigrinum respectively. Thus, although 13,515 more A. mexicanum 

ESTs were assembled, a roughly equivalent number of contigs were obtained for both 

species. This indicates that EST development was more efficient for A. t. tigrinum, 

presumably because ESTs were obtained primarily from the normalized AG library; 
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indeed, there were approximately twice as many ESTs on average per A. mexicanum 

contig (Table 2.4). Thus, this EST project yielded an approximately equivalent number of 

contigs for A. mexicanum and A. t. tigrinum, and overall > 21,000 different contigs were 

identified. Assuming that 20% of the contigs correspond to redundant loci, which has 

been found generally in large EST projects (Kawai et al, 2001), transcripts were 

identified for approximately 17,000 different ambystomatid loci. If ambystomatid 

salamanders have approximately the same number of loci as other vertebrates (e.g. Ewing 

and Green, 2000), these represent roughly half the expected number of genes in the 

genome. 

 

Identification of vertebrate sequences similar to Ambystoma contigs 

All contigs were searched against several vertebrate databases to identify sequences that 

exhibited significant sequence similarity. As the objective was to annotate reliably as 

many contigs as possible, these were first searched against 19,804 sequences in the NCBI 

human RefSeq database (Figure 2.1), which is actively reviewed and curated by 

biologists. This search revealed 5619 and 4973 "best hit" matches for the A. mexicanum 

and A. t. tigrinum EST datasets at a BLASTX threshold of E = 10-7. The majority of 

contigs were supported at more stringent E-value thresholds (Table 2.5). Non-matching 

contigs were subsequently searched against the Non-Redundant (nr) Protein database and 

Xenopus tropicalus and X. laevis UNIGENE ESTs (Figure 2.1). These later two searches 

yielded a few hundred more 'best hit' matches, however a relatively large number of ESTs 

from both ambystomatid species were not similar to any sequences from the databases 

above. Presumably, these non-matching sequences were obtained from the non-coding 

regions of transcripts or they contain protein-coding sequences that are novel to 

salamander. Although the majority of these are probably of the former type, 3,273 

sequences were identified from the non-matching set that had open reading frames 

(ORFs) of at least 200 bp, and 911 of these were greater than 300 bp. 

The distribution of ESTs among contigs can provide perspective on gene 

expression when clones are randomly sequenced from non-normalized cDNA libraries. In 

general, frequently sampled transcripts may be expressed at higher levels. The 20 contigs 

from A. mexicanum and A. t. tigrinum that contained the most assembled ESTs are 
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presented in Tables 2.6 and 2.7, respectively. The largest A. t. tigrinum contigs contained 

fewer ESTs than the largest A. mexicanum contigs, probably because fewer overall A. t. 

tigrinum clones were sequenced, with the majority selected from a normalized library. 

However, it is notable that the contig with the most ESTs was identified for A. t. 

tigrinum: delta globin. In both species, transcripts corresponding to globin genes were 

sampled more frequently than all other loci. This may reflect the fact that amphibians, 

unlike mammals, have nucleated red blood cells that are transcriptionally active. In 

addition to globin transcripts, a few other house-keeping genes were identified in 

common from both species, however the majority of the contigs were unique to each list. 

Overall, the strategy of sequencing cDNAs from a diverse collection of tissues (from 

normalized and non-normalized libraries) yielded different sets of highly redundant 

contigs. Only 25% and 28% of the A. mexicanum and A. t. tigrinum contigs, respectively, 

were identified in common (Figure 2.2). Moreover, there are several hundred contigs 

were identified in common between Xenopus and Ambystoma; this will help facilitate 

comparative studies among these amphibian models. 

 

Functional annotation 

For the 10,592 contigs that showed significant similarity to sequences from the human 

RefSeq database, Gene Ontology (http://www.godatabase.org/dev/database/) information 

was obtained to describe ESTs in functional terms. Although there are hundreds of 

possible annotations, a list of descriptors for molecular and biological processes were 

selected that are of interest for research programs currently utilizing salamanders as 

model organisms (Table 2.8). In all searches, each match between a contig and a RefSeq 

sequence was counted as a different ambystomatid gene, even when different contigs 

matched the same RefSeq reference. In almost all cases, approximately the same number 

of matches was found per functional descriptor for both species. This was not simply 

because the same loci were being identified for both species, as only 20% of the total 

number of searched contigs shared sufficient identity (BLASTN; E<10-80 or E<10-20) to 

be potential homologues. In this sense, the sequencing effort between these two species 

was complementary in yielding a more diverse collection of ESTs that were highly 

similar to human gene sequences. 

 17



 

 

Informatic searches for regeneration probes 

The value of a salamander model to regeneration research will ultimately rest on the ease 

in which data and results can be cross-referenced to other vertebrate models. For 

example, differences in the ability of mammals and salamanders to regenerate spinal cord 

may reflect differences in the way cells of the ependymal layer respond to injury. As is 

observed in salamanders, ependymal cells in adult mammals also proliferate and 

differentiate after spinal cord injury (SCI) (Adrian and Walker, 1962; Namiki and Tator, 

1999); immediately after contusion injury in adult rat, ependymal cell numbers increase 

and proliferation continues for at least 4 days (Bruni and Anderson, 1985; but see 

Takahashi et al, 2003). Rat ependymal cells share some of the same gene expression and 

protein properties of embryonic stem cells (Yamamoto et al, 2001), however no new 

neurons have been observed to derive from these cells in vivo after SCI (Horner et al, 

2000). Thus, although endogenous neural progenitors of the ependymal layer may have 

latent regenerative potential in adult mammals, this potential is not realized. Several 

recently completed microarray analyses of spinal cord injury in rat now make it possible 

to cross-reference information between amphibians and mammals. For example, all 

Ambystoma ESTs were searched against the complete list of significantly up and down 

regulated genes from Carmel et al. (2001) and Song et al. (2001). Based upon amino acid 

sequence similarity of translated ESTs (TBLASTX; E<10-7), DNA sequences were 

identified that corresponded to 69 of these 164 SCI rat genes (Table 2.9). It is likely that 

there are sequences that correspond to other presumptive orthologs from hit list as many 

ESTs only contain a portion of the coding sequence or the untranslated regions (UTR), 

and in many cases searches identified closely related gene family members. Thus, many 

of the genes that show interesting expression patterns after SCI in rat can now be 

examined in salamander. 

Similar gene expression programs may underlie regeneration of vertebrate 

appendages such as fish fins and tetrapod limbs. Regeneration could depend on 

reiterative expression of genes that function in patterning, morphogenesis, and 

metabolism during normal development and homeostasis. Or, regeneration could depend 

in part on novel genes that function exclusively in this process. These alternatives were 
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investigated by searching A. mexicanum limb regeneration ESTs against UNIGENE 

zebrafish fin regeneration ESTs (Figure 2.3). This search identified 1357 significant 

BLAST hits (TBLASTX; E<10-7) that corresponded to 1058 unique zebrafish ESTs. A 

search of the 1058 zebrafish ESTs against > 400,000 zebrafish ESTs that were sampled 

from non-regenerating tissues was then performed to assess whether any of these 

potential regeneration homologues were represented uniquely in limb and fin 

regeneration databases (and not in databases derived from other zebrafish tissues). These 

comparisons revealed 43 that were unique to the zebrafish regeneration database (Table 

2.10). Conceivably, these 43 ESTs may represent transcripts important to appendage 

regeneration. For example, this search identified several genes (e.g. hspc128, pre-B-cell 

colony enhancing factor 1, galectin 4, galectin 8) that may be expressed in progenitor 

cells that proliferate and differentiate during appendage regeneration. Overall, these 

results suggest that regeneration is achieved largely through the reiterative expression of 

genes having additional functions in other developmental contexts, however a small 

number of genes may be expressed uniquely during appendage regeneration. 

 

DNA sequence polymorphisms within and between A. mexicanum and A. t. tigrinum 

The identification of single nucleotide polymorphisms (SNPs) within and between 

orthologous sequences of A. mexicanum and A. t. tigrinum is needed to develop DNA 

markers for genome mapping (Parichy et al, 1999), quantitative genetic analysis (Voss 

and Shaffer et al, 1997), and population genetics (Fitzpatrick and Shaffer, 2004). The 

frequency of within species polymorphism was estimated for both species by calculating 

the frequency of SNPs among ESTs within the 20 largest contigs (Tables 2.6 and 2.7). 

These analyses considered a total of 30,638 base positions for A. mexicanum and 18,765 

base positions for A. t. tigrinum. Two classes of polymorphism were considered in this 

analysis: those occurring at moderate (identified in 10–30% of the EST sequences) and 

high frequencies (identified in at least 30% of the EST sequences). Within the A. 

mexicanum contigs, 0.49% and 0.06% of positions were polymorphic at moderate and 

high frequency, while higher levels of polymorphism were observed for A. t. tigrinum 

(1.41% and 0.20%). Higher levels of polymorphism are expected for A. t. tigrinum 

because they exist in larger, out-bred populations in nature. 
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To identify SNPs between species, it was necessary to first identify presumptive, 

interspecific orthologs. This was achieved by first performing BLASTN searches 

between the A. mexicanum and A. t. tigrinum assemblies, then filtering the resulting 

alignments were to retain only those alignments between sequences that were one 

another's reciprocal best BLAST hit. As expected, the number of reciprocal 'best hits' 

varied depending upon the E value threshold, although increasing the E threshold by 

several orders of magnitude had a disproportionately small effect on the overall total 

length of BLAST alignments. A threshold of E<10-80yielded 2414 alignments 

encompassing a total of 1.25 Mbp from each species, whereas a threshold of E<10-20 

yielded 2820 alignments encompassing a total of 1.32 Mbp. The percent sequence 

identity of alignments was very high among presumptive orthologs, ranging from 84–

100% at the more stringent threshold of E<10-80. On average, A. mexicanum and A. t. 

tigrinum transcripts are estimated to be 97% identical at the nucleotide level, including 

both protein coding and UTR sequence. This estimate for nuclear sequence identity is 

surprisingly similar to estimates obtained from complete mtDNA reference sequences for 

these species (96%, unpublished data), and to estimates for partial mtDNA sequence data 

obtained from multiple natural populations (Riley et al, 2003). These results are 

consistent with the idea that mitochondrial mutation rates are lower in cold vs. warm-

blooded vertebrates (Martin, 1993). From a resource perspective, the high level of 

sequence identity observed between these species suggests that informatics will enable 

rapid development of probes between these and other species of the A. tigrinum complex. 

 

Extending EST resources to other ambystomatid species 

Relatively little DNA sequence has been obtained from species that are closely related to 

commonly used model organisms, and yet, such extensions would greatly facilitate 

genetic studies of natural phenotypes, population structures, species boundaries, and 

conservation and divergence of developmental mechanisms. Like many amphibian 

species that are threatened by extinction, many of the ambystomatid salamanders are 

currently in need of population genetic studies to inform conservation and management 

strategies (e.g. Riley et al, 2003). Primers were designed for orthologous A. mexicanum 

and A. t. tigrinum ESTs and extended to develop informative molecular markers for a 
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related species, A. ordinarium. Ambystoma ordinarium is a stream dwelling paedomorph 

endemic to high elevation habitats in central Mexico (Anderson and Worthington, 1971). 

This species is particularly interesting from an ecological and evolutionary standpoint 

because it harbors a high level of intraspecific mitochondrial variation, and as an 

independently derived stream paedomorph, is unique among the typically pond-breeding 

tiger salamanders. As a reference of molecular divergence, A. ordinarium shares 

approximately 98 and 97% mtDNA sequence identity with A. mexicanum and A. t. 

tigrinum respectively (Shaffer and McKnight, 1996). 

To identify informative markers for A. ordinarium, A. mexicanum and A. t. 

tigrinum EST contigs were aligned to identify orthologous genes with species-specific 

sequence variations (SNPs or Insertion/Deletions = INDELs). Primer pairs corresponding 

to 123 ESTs (Table 2.2) were screened by PCR using a pool of DNA template made from 

individuals of 10 A. ordinarium populations, which span the geographic range of A. 

ordinarium. Seventy-nine percent (N = 97) of the primer pairs yielded amplification 

products that were approximately the same size as corresponding A. mexicanum and A. t. 

tigrinum fragments, using only a single set of PCR conditions. To estimate the frequency 

of intraspecific DNA sequence polymorphism among this set of DNA marker loci, 43 

loci were sequenced using a single individual sampled randomly from each of the 10 

populations. At least one polymorphic site was observed for 20 of the sequenced loci, 

with the frequency of polymorphisms being dependent upon the size of the DNA 

fragment amplified. These results suggest that the vast majority of primer sets designed 

for A. mexicanum / A. t. tigrinum EST orthologues can be used to amplify the 

corresponding sequence in a related A. tigrinum complex species, and for small DNA 

fragments in the range of 150–500 bp, approximately half are expected to have 

informative polymorphisms. 

 

Comparative gene mapping 

Salamanders occupy a pivotal phylogenetic position for reconstructing the ancestral 

tetrapod genome structure and for providing perspective on the extremely derived anuran 

Xenopus (Cannatella and De Sa, 1993) that is currently providing the bulk of amphibian 

genome information. To evaluate both the technical feasibility of mapping Ambystoma 
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ESTs and to assess likelihood that presumptive orthologues map to the same synteny 

group, assemblies were searched for presumptive HSA17 orthologs and a subset of these 

loci were developed for genetic linkage mapping. A region of conserved synteny that 

corresponds to human chromosome (HSA) 17q has been identified in several non-

mammalian taxa including reptiles (Schmid et al, 2000) and fishes (Postlethwait et al, 

2000). In a previous study, Voss et al (2001) identified a region of conserved synteny 

between Ambystoma and HSA17q that included collagen type 1 alpha 1 (Col1a1), thyroid 

hormone receptor alpha (Thra), homeo box b13 (Hoxb13), and distal-less 3 (Dlx3) 

(Figure 2.4). Using a joint assembly of A. mexicanum and A. t. tigrinum contigs, 97 

HSA17 presumptive orthologs were identified. Fifteen genes were chosen from this list 

and PCR primers were designed to amplify a short DNA fragment containing 1 or more 

of the presumptive SNPs that were identified in the joint assembly (Table 2.3). All but 

two of these genes were mapped, indicating a high probability of mapping success using 

markers developed from the joint assembly of A. mexicanum and A. t. tigrinum contigs. 

All six ESTs that exhibited 'best hits' to loci within the previously defined human-

Ambystoma synteny group mapped to this region (Hspc009, Sui1, Krt17, Krt24, 

Flj13855, and Rpl19). These results show that BLAST-based definitions of orthology can 

be informative between salamanders and human. All other presumptive HSA17 loci 

mapped to Ambystoma chromosomal regions outside of the previously defined synteny 

group. It is interesting to note that two of these loci mapped to the same ambystomatid 

linkage group (Cgi-125, Flj20345), but in human the presumptive orthologs are 50 Mb 

apart and distantly flank the syntenic loci in Figure 2.4. Assuming orthology has been 

correctly assigned for these loci, this suggests a dynamic history for some HSA17 

orthologs during vertebrate evolution. 

 

Conclusions 

Approximately 40,000 cDNA sequences were isolated from a variety of tissues to 

develop expressed sequence tags for two model salamander species (A. mexicanum and 

A. t. tigrinum). An approximately equivalent number of contigs were identified for each 

species, with 21,091 unique contigs identified overall. The strategy to sequence cDNAs 

from a diverse collection of tissues from normalized and non-normalized libraries yielded 
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different sets of highly redundant contigs. Only 25% and 28% of the A. mexicanum and 

A. t. tigrinum contigs, respectively, were identified in common. To demonstrate the utility 

of these EST resources, databases were searched to identify new probes for regeneration 

research, characterized intra- and interspecific nucleotide polymorphism, saturated a 

human/Ambystoma synteny group with marker loci, and extended PCR primer sets 

designed for A. mexicanum / A. t. tigrinum orthologs to a related tiger salamander species. 

Over 100 new probes were identified for regeneration research using informatic 

approaches. With respect to comparative mapping, 13 of 15 EST markers were mapped 

successfully, and 6 EST markers were mapped to a previously defined synteny group in 

Ambystoma. These results indicate a high probability of mapping success using EST 

markers developed from the joint assembly of A. mexicanum and A. t. tigrinum contigs. 

Finally, it was demonstrated that primer sets designed for A. mexicanum / A. t. tigrinum 

EST orthologs can be used to amplify the corresponding sequence in a related species 

from the tiger salamander complex. Overall, the EST resources reported here will enable 

a diversity of new research areas using ambystomatid salamanders. 
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Table 2.1: Tissues selected to make cDNA libraries. 
 

ID Tissue 
cDNAs 

sequenced 
GARD limb blastema 1029 
MATH limb blastema 16244 

V1 tail blastema 1422 
V2 brain 3196 
V3 liver 792 
V4 spleen 337 
V5 heart 38 
V6 gill 3039 
V7 stage 22 embryo 96 
AG liver, gonad, lung, kidney, heart, gill 19871 
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Table 2.2: EST loci used in a population-level PCR amplification screen in A. ordinarium 
 

Locus ID Forward Primer 5' to 3' Reverse Primer 5' to 3' 
1F8 AAGAAGGTCGGGATTGTGGGTAA CAGCCTTCCTCTTCATCTTTGTCTTG 
1H3 GGCAAATGCTGGTCCCAACACAAA GGACAACACTGCCAAATACCACAT 
2C8 GCAAGCACCAGCCACATAAAG GGCCACCATAACCACTCTGCT 
3B10 TCAAAACGAATAAGGGAAGAGCGACTG TTGCCCCCATAATAAGCCATCCATC 
5E7 ACGCTTCGCTGGGGTTGACAT CGGTAGGATTTCTGGTAGCGAGCAC 
5F4 CCGAGATGAGATTTATAGAAGGAC TAGGGGAAGTTAAACATAGATAGAA 
6A3 GTTTATGAAGGCGAGAGGGCTATGACCA ATCTTGTTCTCCTCGCCAGTGCTCTTGT 
6B1 TGATGCTGGCGAGTACAAACCCCCTTCT TTTACCATTCCTTCCCTTCGGCAGCACA 
6B3 ACCACGTGCTGTCTTCCCATCCAT ACGAAGCTCATTGTAGAAGGTGTG 
6B4 CCCACGATGAATTGGAATTGGACAT CTGCCTGCCAGACCTACAGACTATCGT 
6C4 ATGGCGCCAAAGTGATGAGTA GGGCCAGGCACACGACCACAAT 
6D2 ATCAAGGCTGGCATGGTGGTCA GGGGGTCGTTCTTGCTGTCA 
6H8 GAAGAAGACAGAAACGCAGGAGAAAAAC CGGGCGGGGGCGGGTCACAGTAAAAC 
BL005B_A01 GACAGGTCATGAACTTTTGAAAATAA AAAGTATATGTACCAAATGGGAGAGC 
BL006A_G07 GATGTCCTCTCCACTATACAAGTGTG GTTTGACTTGTCACCACTTTATCAAC 
BL012D_F02 ACAGCCAGAAATAGAAACTTTGAACT TGAAAGTATGTATTGTTTTCACAGGG 
BL013C_E01 AGGATGAAATAATATGCTGTGCTTC ACCGTGATAAACTCCATCCCTT 
BL014D_B11 AGCAAAACTCCTCTATGAATCTCG ATTGCACACTAAATAGGTGAATACGA 
BL279A_G10 ATGGCAGGATGAAGAAAGACAT ATGCACTTTGGACCCACTGAG 
Et.fasta.Contig1023 TGTGGTTATTGGACTACTTCACTCTC AAACGTCCATTTGACACTGTATTTTA 
Et.fasta.Contig1166 GAATGAAGAGAAAATGTTTTGAAGGT GCACAGTATTGGCTATGAGCAC 
Et.fasta.Contig1311 AGAAAACTGTGTCAAGCTTATTTTCC CAACTTAGTGTTCACATTTCTGAGGT 
Et.fasta.Contig1335 CCACTTATGGTAGTTCCCACTTTTAT GCTAAAGAATACCAAGAACCTTTGAC 
Et.fasta.Contig1381 GTCACAGGTATAACATTGAAAGGATG TAAATGAATCAAACATTGAAGAGAGC 

25
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Table 2.2 (continued) 
 

Locus ID Forward Primer 5' to 3' Reverse Primer 5' to 3' 
Et.fasta.Contig1459 ATAACAAGGACATGTTCTGCTGG CTAGCAGAACCCTGTATAGCCTG 
Et.fasta.Contig1506 AGGATATCCGCTCAGAAATATGAAG CTGACCACTTGCAAAACTTACTACCT 
Et.fasta.Contig1578 CCTAGAACATTACCAAAACAGACTCA AATGAAGAAGTATTGCATGTGAGAAC 
Et.fasta.Contig1647 GTACAACGTCAGGCAAAGCTATTCT ATCTCCAACACCGTGGCTAAT 
Et.fasta.Contig1717 GAACTTGTTGGCAGGTTTCTCTT CTAGTGATAGGTTGGACATACCAGAG 
Et.fasta.Contig1796 TGTGGGTATGTATATGGCTAACTTGT AGATTTTATGTGCTACTGCATTTACG 
Et.fasta.Contig1908 CTCATGACTTAATTGCTGTTCTTCG ATAACCATTCTGAGGTTTTGAGTTG 
Et.fasta.Contig1941 ATCTCCTGCTTCATCTCTTGATTTAT TAACAGATTTAATAAACGTCCCCTTC 
Et.fasta.Contig1943 AGTACGATGAATCTGGTCCTTCAAT CCACAATACTGACATACTCTGGTCTT 
Et.fasta.Contig325 GTGAAGTCAGTGAGTAAAGTCCATGT CTAGGATACCAGTGGGAGAGTGTAAT 
Et.fasta.Contig330 GTCATCACCTCCACTACTTCACAAG TTTTGGCACTGTAAGATTCTATGAAC 
Et.fasta.Contig536 CCTTAGGTAGAACAGACTGAAGCAG GAAACATGAAACTGGACTTGTTTTAG 
Et.fasta.Contig917 GGATGCAGATTCTTCCTATTTTACTC CTGGTCACTTTACTTGTTTTCAGTGT 
Et.fasta.Contig926 TTCATCACATTCTACTTCACAAATCA CTAGGCAAGCAAGCTTTCTAATAGTT 
Et.fasta.Contig93 GAATAAAAGCAACAATTGCAGAGTTA CTCGACTCCTTCTACGATCTCTACTC 
Et.fasta.Contig990 GTTTAGGTTAGTATGAAGGATCCCAA TGCCAGTACTCACCAATTAGTAAAAG 
G1-C12 CCCAAATCCAGGAGTTCAAA TGGGACCTGGGGCTTCATT 
G1-C13 TTGCCCGAGAAAAGGAAGGACATA CAAGGGTGGGTGAGGGACATC 
G1-C5 F-CACTGTTGACTTGGGTTATGTTATT CTGCTCCTAGGGTTTGTGAAG 
G1-C7 CCCGTGTGGCTGGCTTGTGC TCGGCTACTTTGGTGTTTTTCTCCCTCAT 
G1-C9 TGGTCCGGCAACAGCATCAGA GCTTTTCGGTATTCAACGGCAGAGTG 
G1-C9 TGGTCCGGCAACAGCATCAGA GCTTTTCGGTATTCAACGGCAGAGTG 
G1-D5 AGACCCTTGCTGTGTAACTGCT GACTGGGACTGACTTCTATGACG 
G1-D6 CAGCGTGCCCACCCGATAGAA TCCCAAAAAGTAAAATGTGCAAAGAAAA 
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Table 2.2 (continued) 
 

Locus ID Forward Primer 5' to 3' Reverse Primer 5' to 3' 
G1-D7 CAGCGGTGGAAATGACAAACAGG CCAAGACGACGAGGAACGGTATT 
G1-E12 CAACCATGAGAGGAGGCCAGAGAAC AAAACAGCACTACCTACAAAACCCTATT 
G1-F1 TTAGTTTGGGTGCAGACAGGA GGTGCTCAACAACAAATCAACT 
G1-F20 TCCCCAACAACTCCAGCAGAT GGAAACCACCTAGACGAAAAATG 
G1-I18 CATGTTTGTGGGTGTGGTGAA AAAAGCGGCATCTGGTAAGG 
G1-I19 ACCCAGACCTGTCCACCTCA GAACAGCTCTCCAATCCACAAG 
G1-I21 CCAAGCGAAGGAGGCGTGTG CATGTGGCTCTTTGTTTCTGGA 
G1-I5 TAATCGTGTTTGGTGGCATCCTTGAGTC AGCAGCAGTTCCATTTTCCCACACCA 
G1-I8 ACCTGCAGTGGGCTAAGACC ATGGAAATAATAAAATAAAATGTT 
G1-J10 CGTTCGCTTTGCCTGCCACA GGCTCTTCCCCGGTCGTCCAC 
G1-J17 AGCGCCTTCTACACGGACAC TATGCCCCAATTACTCTTCTGC 
G1-J2 TACAGTAACTATGCCAAGATGAAATG CAATATGGATAATGGCTGTAGACC 
G1-J20 ATCCTCCAAGCTCACTACAACA CCAGCCCCTTCCCAAACAG 
G1-J9 CTGTCATTGCCTGCATCGGGGAGAAG TGTTGAGGGGAAGCAGTTTTG 
G1-K2 GCTTTCGCCTTTGACACCTC GGCCGGACCATTGCTGAAGAAG 
G1-L11 AAAGTGACCATCCAGTGCCCAAACCT CCGGCCGAAACTGACGAGATACATTAG 
G1-L13 TCAGCTGCACTAGGTTTGTC CATTTTGATTTGCTCCATAA 
G1-L19 GACAACCTTGAATCCTTTATG AGATGTTGGTTGGTGACTTAT 
G1-L20 TGGGCATAGATGGCAAGGAAAAA CCCCCAGCATCTCGCATACAC 
G1-L7 GTGCTACAGGAAGGAATGGATG TAGCACAGGAACAGCCGACAATAA 
G1-M14 CCGCTTGGACATGAGGAGAT TGGCAAAGAAACAGAACACAACTA 
G1-M19 GAGAAGTAGTGTCCCGGCAGAAAC ATGGGTGAAAACTTAGGTGAAATG 
G1-N9 GCGGGGCAATACATGACGTTCCACAG GACCCCCATCTCCGTTTCCCATTCC 
G1-O1 GGGGTAGAGCACAGTCCAGTT TTGCAAGGCCGAAAAGGTG 
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Table 2.2 (continued) 
 

Locus ID Forward Primer 5' to 3' Reverse Primer 5' to 3' 
G1-O12 GGAATTCCGGGGCACTACT TCGCGAGGACGGGGAAGAG 
G1-O24 CGGCCTTCCTGCAGTACAACCATC TCGGCAACGTGAAGACCATA 
G2-A11 GCCCCTGGAAGCTGTTGTGA GGGGTCCATCCGAGTCC 
G2-A7 TTACCCCACAGACAAAATCAACACC GGCGGCCCCTCATAGCAC 
G2-B1 GGGCCTAGTCCTGCTGGTC CAAAGAGTGCGGAGAAATGG 
G2-B8 CAACATGCGACCACTATAGCCACTTCCT CGCCACCGCCACCACCACA 
G2-C2 TTTGCAGGAAGAGTCATAACACAG GTCAACAACACCCTTTTCCCTTCCT 
G2-D1 GCAGGTCGGCAAGAAGCTAAAGAAGGAA AGGGTTGGTTTGAAAGGATGTGCTGGTAA 
G2-E17 GGAGCACCAAATTCAAGTCAG CGTCCCCGGTCAATCTCCAC 
G2-E19 CCAGTTTGAGCCCCAGGAG TCGCGGCAGTCAAGAGGTC 
G2-F17 TATCCTCTTATTGCTGCATTCTCCTCAC AGTACGGCCGTTCACCATCTCTG 
G2-F2 CACACCACAGACGCATTGAC TCCCCAGCCTGTGTAGAAC 
G2-G13 GGGAGGGGAGAAGGCTACCA ATACACGGCTTCCATGCTTCTTCTT 
G2-G15 CCACGGCCCCACATCCAGC TCCCGCAGAATTTCCGTATCCAT 
G2-G21 TCCAAGAGGGTGTGAGGTGAAC AAAGCCATGCGAAGCGGAAGAC 
G2-G23 GGTTTGGTACTTCAGCGGATGT CCAAAGCCTGTACTATGCGAAAAG 
G2-G5 CGGTCCCTACTGTGGTCTATGGTTTTCA GGCTCTGCATATCCTCGGTCACACTTCC 
G2-G6 CCCATGGCTGCAAGGATTACG CAGGGGTTGTTGGGAGGCAGTGT 
G2-H18 TTGTCAAATGGGCGAGTTCA TGTTTTGCACCCAGTTTTTG 
G2-I18 GATCTCCTCAGGTCTCTTTCA GATTATGGGCCGGTGTCTCT 
G2-I23 TGACTTTCCCAATGTGAGCAGAC CAGAGGTGGTGTTACAGCAGCAGTTT 
G2-J12 CCTCTTGTCCCAGTGCCAGTG TCCAGGGATCCGAAACAAAG 
G2-J21 CCGCCTCAGCCTGTTTCTCTACTTTT CTTTGAATTTCTGCTTTTGGTGCTCTGC 
G2-K12 ACATTAGTCCTGGTTACGAGAGC AAAGGGCAGTCCAGCATTGA 
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Table 2.2 (continued) 
 

Locus ID Forward Primer 5' to 3' Reverse Primer 5' to 3' 
G2-K2 CTGCCCAAGAAGACCGAGAGCCACAAG AGCGCCCCCTGCACCAAAATCA 
G2-L16 CCAAGGGTAGGAGAACAAGACA ATGGCATGCTGGGAAATCA 
G2-L21 GAATCTAGGTCCAAGCAGTCCCATCT GACCATCACACCACTACCCACACTCA 
G2-L3 TGAAAGAGGCCAGAAACAAGTAG TTCCCAAGGTCTCCATAACAAT 
G2-L4 TGGCCAAGAAGATGAAACAGGAAGAGGAG TGGCAAAGGACACGACGCAGAG 
G2-M14 CGGCCTCCTCGACGCATACG CCAGGCCGGCCCATTGTTC 
G2-M24 ACGGAGCACGGTCAGATTTCACG CCCGGCTGGCTCTTCTTGCTCTT 
G2-M3 CGATCCGCATTGAACGAGT TGTGGCAGGAAGGAGAAGG 
G2-N2 CGTGTTTTCCTCCTATGTCGACTTCTTTG ACGTGCTCTGCCTTTCTTGATCTTGTGTT 
G3-D7 AGGATTTCTTGGCCGGTGGAGTGG GAAGTTGAGGGCCTGGGTGGGGAAGTA 
NT001D_E08 AGAAGTTCCTAGATGAGTTGGAGGAG AATTAATTTCCTAAACCAGGTGACAG 
NT010B_E09 GAAGAGGTCCTAAAATATCAAGATGC ATGATAGACTTCGTCCTTGTCATAGA 
NT014D_E01 AAAGAAGTCCCGCATCTAACCT ATTAAATATGAGAAGATGTGTGCAGG 
V2_p1_b8 AGTCACTGTGTTACATTATCACCCAC ATAATTATACACTGCGGTCTGCATCT 
V2_p1_c5 AGTACCTGTTCGACAAGCACAC TGAGAACATAGACAAGTTAACATACACC 
V2_p1_d10 GAGATAGAAAGGCTGCATAAAGAAAT TATGTTTCAACAATGTACAGGAAACC 
V2_p1_d4 CACCAGAACAAGCTGTATTTTTATGT TGGTTTGCATCATATATTAAAGGGTA 
V2_p1_g7 GACTTCAAGCACATTGGGAAAC ATTGTAAACTTGATAGGCTGGTGAG 
V2_p2_g6 AGAATTCCCAATAGCACCTGAAAT CACTTGGTAAATACATACACACAGCA 
V2_p2_h2 CTTTTTGGCCTGGTCTTTTTG AGATTCTTCAGACTCGTCCTTCTTT 
V2_p3_a5 TTTACACAGAAACCTTGTTTATTTGGC TTTAAGGATGCTTAGAGGCAAAGTATT 
V2_p3_b1 AGTCACTGTGTTACATTATCACCCAC TATACACTGCGGTCTGCATCTACT 
V2_p5_b3 AATGGGATGAAGAGCGAGAAT CTGCCCCATTGACATTTACCTA 
V2_p5_h3 CCTTCAGACGAAAACAGCACTAAG TACAGTGTATGAGAGCCCAATATTTC 
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Table 2.2 (continued) 
 

Locus ID Forward Primer 5' to 3' Reverse Primer 5' to 3' 
V2_p6_a4 AGAAATACATCAAATATCGGGTGG AAAAAGGACAATGTTCAGCTCTCT 
V3_p1_a21 ACCAAGTTCTTGGAAAGTGGTG CTTAGTGTCTCCTGGGTTTGAATAG 
V3_p1_b13 GTCTTGGTACTCAATGAAGGAGATG TCAATCTGATGAAGAGTTTACATGTCT 

 
 

30

 30
 



 

Table 2.3: Presumptive human chromosome 17 loci that were mapped in Ambystoma 
 

Marker ID Primersa Diagnosisb LGc Symbold RefSeq IDe E-valuef

E6E6 F-GAAAACCTGCTCAGCATTAGTGT ASA ul PFN1 NP_005013 E-34 
 R-TCTATTACCATAGCATTAATTGGCAG      
E5G5 F-CTATTTCATCTGAGTACCGTTGAATG PE (A) 23 CGI-125 NP_057144 E-56 
 R-TAATGTAGAACTAAATGGCATCCTTC      
 E-CCATGGTGCAGGAAGAGAGCCTATAT      
Rpl19 F-GTCTCATTATCCGCAAACCTGT SP 1 RPL19 NP_000972 E-67 
 R-ATTCTCATCCTCCTCATCCACGAC      
Krt24 F-CCTAGAACATTACCAAAACAGACTCA RD (Dpn II) 1 KRT10 NP_061889 E-17 
 R-AATGAAGAAGTATTGCATGTGAGAAC      
Krt17 F-GAACTTGTTGGCAGGTTTCTCTT RD (AciI) 1 KRT17 NP_000413 E-146 
 R-CTAGTGATAGGTTGGACATACCAGAG      
E10C4 F-CTCCACTATTTAAAGGACATGCTACA PE (A) 1 SUI1 NP_005792 E-48 
 R-TTAATATAGCACAACATTGCCTCATT      
 E-TGCTACATTAATGTAATAAACGGCATCATC      
E6E11 F-AAGAGAAGTTCCTAGATGAGTTGGAG PE (A) 1 HSPC009 NP_054738 E-26 
 R-TGAAGAGAGAACTCAAAGTGTCTGAT      
 E-TCATGTTTTGCTCTGCTGTGCAGT      
E9A10 F-TGATAGTTTCTGGATTAAGACGAGTG PE (T) 1 FLJ13855 NP_075567 E-15 
 R-CTTAGAGCCATTGTTACAAGATGTTC      
 E-GTGATCTAGTGGGATCAAACCCTAAAGACC      
E10C9 F-AAAGTGCCAAGAAGGAGATTAACTT PE (T) 9 NME1 NP_000260 E-71 
 R-GAGCTCAGAAAACAAGGCAGTAAC      
 E-AAATGGATCTACGAGTAGACCTTGACCC      
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Table 2.3 (continued) 
 

Marker ID Primersa Diagnosisb LGc Symbold RefSeq IDe E-valuef

E9C9 F-GAGTCTCCTTTAGGATTGACGTATCT PE (T) 23 FLJ20345 NP_060247 E-17 
 R-GCTATGTGAGCAGAGATAAAAGTCAG      
 E-GTTACAGCATCAGTGGGATGTGGTATGT     
E8C9 F-AGGATACCAACCTCTGTGCTATACAT PE (C) 15 H3F3B NP_005315 E-66 
 R-TAAATGTATTTACAAACCGAAAGCAA      
 E-CGTGGCGAGCGTGCCTAGT      
E9C4 F-GTGGTTATTTGTAACATTTCGTTGAC PE (A) 8 SFRS2 NP_003007 E-40 
 R-AATTACATTTGGGCTTCTCAATTTAC      
 E-TTTTTAAACGCGTAAAAATGTTAACAGA      
E6C5 F-CCGTAAATGTTTCTAAATGACAGTTG PE (G) 2 ACTG1 NP_001605 0 
 R-GGAAAGAAAGTACAATCAAGTCCTTC      
 E-GATTGAAAACTGGAACCGAAAGAAGATAAA     

 
a – Sequences are 5' amplification primers, 3' amplification primers, or primer extension probes, and are preceded by F-, R-, and E- 

respectively. b – Genotyping methods are abbreviated: allele specific amplification (ASA), size polymorphism (SP), restriction 
digestion (RD), primer extension (PE). Diagnostic restriction enzymes and diagnostic extension bases are provided in parentheses. c – 
Ambystoma linkage group ID. "ul" designates markers that are unlinked. d – Official gene symbols as defined by the Human Genome 
Organization Gene Nomenclature Committee http://www.gene.ucl.ac.uk/nomenclature/. e – Best BLASTX hit (highest e-value) from 
the human RefSeq database using the contig from which each marker was designed as a query sequence. f – Highest E-value statistic 

obtained by searching contigs, from which EST markers were designed, against the human RefSeq database. 

 

 

 

 

 

32



 

 33

Table 2.4: EST summary and assembly results. 
 

 A. mexicanum A. t. tigrinum 
cDNA clones sequenced 21830 24234 
high-quality sequences 19383 20599 

mt DNA sequence 2522 1223 
seqs submitted to NCBI 16861 19376 

sequences assembled 32891a 19376 
PaCE clusters 11381 10226 

ESTs in contigs 25457 12676 
contigs 3756 3201 
singlets 7434 6700 

putative transcripts 11190 9901 
 

aIncludes 16,030 ESTs from (Habermann et al, 2004). 
 
 
 
 
 
 
 
 
 
 
 
 

Table 2.5: Ambystoma contigs search of NCBI human RefSeq, nr, and Xenopus 
Unigene databases. 

 
# BLASTX Best 

Matches A. mexicanum A. t. tigrinum 
Total 6283 5545 

< E-100 630 870 
< E-50 > E-100 2015 1990 
< E-20 > E-50 2153 1595 
< E-10 > E-20 967 745 
< E-7 > E-10 518 345 

 
 



 

Table 2.6: Top 20 contigs with the most assembled ESTs. (A. mexicanum) 
 

Contig ID # ESTs Best Human Match E-value 
MexCluster_4615_Contig1 415 (NM_000519) delta globin E-39 
MexCluster_600_Contig1 354 (NM_182985) ring finger protein 36 isoform a E-110 
MexCluster_6279_Contig1 337 (NM_000559) A-gamma globin E-32 
MexCluster_10867_Contig1 320 (NM_000558) alpha 1 globin E-38 
MexCluster_5357_Contig1 307 (NM_000558) alpha 1 globin E-37 
MexCluster_9285_Contig3 285 (NM_001614) actin, gamma 1 propeptide 0 
MexCluster_7987_Contig3 252 (NM_001402) eukaryotic translation elongation f1 0 
MexCluster_9285_Contig1 240 (NM_001101) beta actin; beta cytoskeletal actin 0 
MexCluster_9279_Contig3 218 (NM_000223) keratin 12 E-113 
MexCluster_11203_Contig1 181 (NM_002032) ferritin, heavy polypeptide 1 E-70 
MexCluster_8737_Contig2 152 (NM_058242) keratin 6C E-131 
MexCluster_3193_Contig1 145 (NM_004499) heterogeneous nuclear ribonucleoprotein E-90 
MexCluster_8737_Contig7 134 (NM_058242) keratin 6C E-131 
MexCluster_5005_Contig3 132 (NM_031263) heterogeneous nuclear ribonucleoprotein E-124 
MexCluster_6225_Contig1 125 (NM_001152) solute carrier family 25, member 5 E-151 
MexCluster_1066_Contig1 122 [31015660] IMAGE:6953586 E-16 
MexCluster_8737_Contig4 114 (NM_058242) keratin 6C; keratin, epidermal type II E-132 
MexCluster_8187_Contig2 113 (NM_005507) cofilin 1 (non-muscle) E-65 
MexCluster_2761_Contig1 109 (NM_001961) eukaryotic translation elongation factor2 0 
MexCluster_9187_Contig1 105 (NM_007355) heat shock 90 kDa protein 1, beta 0 
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Table 2.7: Top 20 contigs with the most assembled ESTs. (A. t. tigrinum) 
 

Contig ID # ESTs Best Human Match E-value 
TigCluster_6298_Contig1 654 (NM_000519) delta globin E-38 
TigCluster_10099_Contig2 193 (NM_001614) actin, gamma 1 propeptide 0 
TigCluster_6470_Contig1 167 (NM_000558) alpha 1 globin E-39 
TigCluster_9728_Contig2 142 (NM_000477) albumin precursor E-140 
TigCluster_6594_Contig1 117 (NM_001402) eukaryotic translation elongation f1 0 
TigCluster_5960_Contig1 91 (NM_001101) beta actin; beta cytoskeletal actin 0 
TigCluster_7383_Contig1 77 (NM_001614) actin, gamma 1 propeptide 0 
TigCluster_6645_Contig1 76 (NM_001063) transferrin 0 
TigCluster_7226_Contig4 74 (NM_006009) tubulin, alpha 3 E-160 
TigCluster_7191_Contig1 67 (NM_019016) keratin 24 E-89 
TigCluster_10121_Contig1 64 (NM_005141) fibrinogen, beta chain preproprotein 0 
TigCluster_6705_Contig1 63 (NM_000558) alpha 1 globin E-39 
TigCluster_7854_Contig1 62 (NM_021870) fibrinogen, gamma chain isoform E-121 
TigCluster_6139_Contig1 52 (NM_001404) eukaryotic translation elongation f1 0 
TigCluster_7226_Contig2 51 (NM_006009) tubulin, alpha 3 0 
TigCluster_10231_Contig1 44 (NM_003018) surfactant, pulmonary-associated prot. E-08 
TigCluster_6619_Contig1 36 (NM_000041) apolipoprotein E E-38 
TigCluster_7232_Contig2 35 (NM_003651) cold shock domain protein A E-46 
TigCluster_5768_Contig1 34 (NM_003380) vimentin E-177 
TigCluster_9784_Contig3 32 |XP_218445.1| similar to RIKEN cDNA 1810065E05 E-15 
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Table 2.8: Functional annotation of contigs 
 

 A. mexicanum A. t. tigrinum 
Molecular Function (0016209)  
   antioxidant (0016209) 25 29 
   binding (0005488) 3117 2578 
   chaparone (0003754) 100 85 
   enzyme regulation (003023) 193 223 
   motor (0003774) 73 75 
   signal transduction (0004871) 344 375 
   structural protein (0005198) 501 411 
   transcriptional reg. (0030528) 296 221 
   translational reg. (0045182) 94 59 
   bone remodeling (0046849) 8 8 
   circulation (0008015) 23 78 
   immune response (000695) 182 263 
   respiratory ex. (0009605) 254 288 
   respiratory in. (0009719) 72 58 
   stress (0006950) 263 320 
Biological Process (0008150)  
Cellular (0009987)  
   activation (0001775) 4 6 
   aging and death (0008219) 158 148 
   communication (0007154) 701 696 
   differentiation (0030154) 31 20 
   extracellular mat. (0043062) 4 4 
   growth and main. (0008151) 1731 1445 
   migration (0016477) 8 14 
   motility (0006928) 163 154 
Developmental (0007275)  
   aging (0007568) 32 21 
   embryonic (0009790) 6 1 
   growth (0040007) 2 2 
   morphogenesis (0009653) 350 272 
   pigment (0048066) 13 26 
   post embryonic (0009791) 8 13 
   reproduction (0000003) 42 27 
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Table 2.8 (continued) 
 

 A. mexicanum A. t. tigrinum 
Physiological (0007582)  
   coagulation (0050817) 22 73 
   death and aging (0016265) 159 148 
   homeostasis (0042592) 22 27 
   metabolism (0008152) 3059 2513 
   secretion (0046903) 9 16 
   sex differentiation (0007548) 3 2 

 
Numbers in parentheses reference GO numbers (Gene Ontology Consortium). 

 



 

Table 2.9: Ambystoma contigs that show sequence similarity to rat spinal cord injury genes. 
 

Ambystoma Contig ID RAT cDNA clone E-value 
MexCluster_7440_Contig1 gi|1150557|c-myc, exon 2 E-29 
MexCluster_4624_Contig1 gi|1468968| brain acyl-CoA synthtase II E-09 
TigCluster_4083_Contig1  E-09 
TigSingletonClusters_Salamander_4_G20_ab1 gi|1552375| SKR6 gene, a CB1 cannabinoid recept. E-08 
MexSingletonClusters_NT009B_B04 gi|17352488| cyclin ania-6a E-46 
TigCluster_3719_Contig1  E-114 
TigCluster_8423_Contig1 gi|1778068| binding zyginI E-102 
TigCluster_7064_Contig1 gi|1836160| Ca2+/calmodulin-dependent E-20 
MexCluster_3225_Contig1 gi|1906612| Rattus norvegicus CXC chemokine E-68 
TigSingletonClusters_Salamander_13_F03_ab1  E-38 
MexSingletonClusters_BL285B_A06 gi|203042| (Na+, K+)-ATPase-beta-2 subunit E-63 
TigCluster_6994_Contig1  E-65 
MexSingletonClusters_BL014B_F12 gi|203048| plasma membrane Ca2+ ATPase-isoform 2 E-112 
TigSingletonClusters_Salamander_5_F07_ab1  E-92 
MexCluster_1251_Contig1 gi|203167| GTP-binding protein (G-alpha-i1) E-110 
TigSingletonClusters_Salamander_3_P14_ab1  E-152 
TigSingletonClusters_Salamander_22_B01_ab1 gi|203336| catechol-O-methyltransferase E-47 
TigSingletonClusters_Salamander_17_N04_ab1 gi|203467| voltage-gated K+ channel protein (RK5) E-08 
MexSingletonClusters_v1_p8_c16_triplex5ld_ gi|203583| cytosolic retinol-binding protein (CRBP) E-77 
TigCluster_6321_Contig1  E-18 
MexCluster_5399_Contig1 gi|204647| heme oxygenase gene E-67 
TigCluster_2577_Contig1  E-67 
MexCluster_4647_Contig1 gi|204664| heat shock protein 27 (Hsp27) E-83 
TigSingletonClusters_Salamander_12_M05_ab1  E-51 
MexSingletonClusters_BL285C_F02 gi|205404| metabotropic glutamate receptor 3 E-41 
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Table 2.9 (continued) 

 
Ambystoma Contig ID RAT cDNA clone E-value 
TigSingletonClusters_Salamander_2_B24_ab1 gi|205508| myelin/oligodendrocyte glycoprotein E-26 
TigCluster_5740_V2_p10_M20_TriplEx5ld_ gi|205531| metallothionein-2 and metallothionein 1 E-08 
TigSingletonClusters_V2_p5_A2_TriplEx5ld_ gi|205537| microtubule-associated protein 1A E-59 
MexCluster_1645_Contig1 gi|205633| Na, K-ATPase alpha-2 subunit E-149 
TigSingletonClusters_Contig328  0 
TigSingletonClusters_Contig45 gi|205683| smallest neurofilament protein (NF-L) E-63 
MexSingletonClusters_NT016A_A09 gi|205693| nerve growth factor-induced (NGFI-A) E-95 
TigSingletonClusters_I09_Ag2_p9_K24_M13R  E-24 
MexSingletonClusters_NT007A_E07 gi|205754| neuronal protein (NP25) E-64 
TigCluster_7148_Contig1  E-57 
MexCluster_9504_Contig1 gi|206161| peripheral-type benzodiazepine receptor E-73 
MexSingletonClusters_BL016B_B02 gi|206166| protein kinase C type III E-36 
TigCluster_981_Contig1  E-27 
MexSingletonClusters_nm_19_k3_t3_ gi|206170| brain type II Ca2+/calmodulin-dependent E-117 
MexSingletonClusters_v11_p42_j20_t3_049_ab1 gi|207138| norvegicus syntaxin B E-79 
MexSingletonClusters_nm_14_h19_t3_ gi|207473| neural receptor protein-tyrosine kinase E-40 
TigSingletonClusters_Contig336  E-34 
TigSingletonClusters_E10_Ag2_p18_O19_M13 gi|2116627| SNAP-25A E-123 
MexCluster_211_Contig1 gi|220713| calcineurin A alpha E-63 
TigSingletonClusters_Salamander_7_K14_ab1  E-87 
MexSingletonClusters_NT014A_G03 gi|220839| platelet-derived growth factor A chain E-21 
TigSingletonClusters_Salamander_9_M15_ab1  E-56 
TigSingletonClusters_Salamander_19_M06_ab1 gi|2501807| brain digoxin carrier protein E-55 
MexSingletonClusters_Contig100 gi|2746069| MAP-kinase phosphatase (cpg21) E-108 
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TABLE 2.9 (continued) 
 

Ambystoma Contig ID RAT cDNA clone E-value 
TigSingletonClusters_Salamander_11_A16_ab1  E-70 
MexCluster_8345_Contig1 gi|2832312| survival motor neuron (smn) E-40 
TigCluster_8032_Contig1  E-49 
MexCluster_3580_Contig1 gi|294567| heat shock protein 70 (HSP70) 0 
TigCluster_8592_Contig2  E-161 
TigSingletonClusters_Salamander_17_N08_ab1 gi|2961528| carboxyl-terminal PDZ E-10 
MexSingletonClusters_BL286C_D09 gi|298325| sodium-dependent neurotransmitter tran. E-12 
TigSingletonClusters_Contig95  E-22 
MexSingletonClusters_Contig461 gi|2996031| brain finger protein (BFP) E-08 
TigSingletonClusters_Salamander_11_O19_ab1  E-23 
TigSingletonClusters_E16_Ag2_p8_O20_M13R gi|3135196| Ca2+/calmodulin-dependent E-33 
MexSingletonClusters_Contig188 gi|3252500| CC chemokine receptor protein E-15 
MexCluster_6961_Contig1 gi|3319323| suppressor of cytokine signaling-3 E-08 
MexSingletonClusters_nm_14_p15_t3_ gi|349552| P-selectin E-16 
TigCluster_218_Contig2  E-99 
MexSingletonClusters_Contig506 gi|3707306| Normalized rat embryo, cDNA clone E-14 
TigSingletonClusters_I16_Ag2_p5_N7_M13R gi|3711670| Normalized rat muscle, cDNA clone E-35 
MexSingletonClusters_V1_p1_a10_Triplex5Ld gi|3727094| Normalized rat ovary, cDNA clone E-15 
TigSingletonClusters_v2_p1_D20_triplex5ld  E-16 
MexSingletonClusters_NT005B_F02 gi|3811504| Normalized rat brain, cDNA clone E-35 
TigSingletonClusters_Salamander_22_I04_ab1  E-34 
TigSingletonClusters_Ag2_p34_N23_M13R gi|405556| adenylyl cyclase-activated serotonin E-17 
TigSingletonClusters_Salamander_1_H02_ab1 gi|4103371| putative potassium channel TWIK E-22 

40
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Table 2.9 (continued) 
 

Ambystoma Contig ID RAT cDNA clone E-value 
MexCluster_4589_Contig1 gi|4135567| Normalized rat embryo, cDNA clone E-32 
TigSingletonClusters_Contig220  E-09 
TigCluster_4093_Contig1 gi|4228395| cDNA clone UI-R-A0-bc-h-02-0-UI E-104 
MexSingletonClusters_nm_21_2_m7_t3_ gi|425471| nuclear factor kappa B p105 subunit E-22 
TigCluster_8535_Contig1  E-11 
MexSingletonClusters_v6_p1_j6_triplex5_1ld_ gi|430718| Sprague Dawley inducible nitric oxide E-13 
TigSingletonClusters_Salamander_15_D22_ab1  E-41 
MexCluster_3498_Contig1 gi|436934| Sprague Dawley protein kinase C rec. 0 
TigCluster_6648_Contig1  0 
MexSingletonClusters_BL279A_B12 gi|464196| phosphodiesterase I E-49 
TigSingletonClusters_Salamander_25_P03_ab1  E-75 
MexCluster_8708_Contig1 gi|466438| 40kDa ribosomal protein E-168 
TigCluster_5877_Contig1  E-168 
MexSingletonClusters_nm_14_a9_t3_ gi|493208| stress activated protein kinase alpha II E-51 
TigSingletonClusters_Salamander_11_A13_ab1 gi|517393| tau microtubule-associated protein E-44 
TigSingletonClusters_Salamander_12_J14_ab1 gi|55933| c-fos E-26 
MexSingletonClusters_nm_21_2_l13_t3_ gi|56822| major synaptic vesicel protein p38 E-39 
TigCluster_2065_Contig1  E-50 
MexCluster_10965_Contig1 gi|56828| nuclear oncoprotein p53 E-75 
TigCluster_5315_Contig1  E-66 
MexCluster_4245_Contig1 gi|56909| pJunB gene E-50 
TigSingletonClusters_G05_Ag2_p9_G8_M13R  E-09 
MexSingletonClusters_NT013D_C12 gi|56919| region fragment for protein kinase C E-33 
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Table 2.9 (continued) 
 

Ambystoma Contig ID RAT cDNA clone E-value 
TigSingletonClusters_Salamander_21_H19_ab1  E-24 
MexCluster_9585_Contig1 gi|57007| ras-related mRNA rab3 E-61 
TigCluster_4885_Contig1  E-63 
TigSingletonClusters_Salamander_1_M03_ab1 gi|57238| silencer factor B E-13 
MexSingletonClusters_NT008B_D05 gi|57341| transforming growth factor-beta 1 E-13 
TigSingletonClusters_Salamander_24_I16_ab1  E-20 
MexCluster_9533_Contig1 gi|57479| vimentin 0 
TigCluster_5768_Contig1  0 
MexSingletonClusters_BL283B_A11 gi|596053| immediate early gene transcription E-12 
TigSingletonClusters_Salamander_13_J19_ab1  E-16 
MexSingletonClusters_v6_p4_j2_triplex5_1ld_ gi|790632| macrophage inflammatory protein-1alpha E-22 
TigCluster_2146_Contig1 gi|951175| limbic system-associated membrane prot. E-11 
MexSingletonClusters_v11_p54_o4_t3_ gi|971274| neurodegeneration associated protein 1 E-09 
TigSingletonClusters_Salamander_2_J12_ab1  E-11 
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Table 2.10: Ambystoma limb regeneration contigs that show sequence similarity to 
zebrafish fin regeneration ESTs 

 
A. mexicanum Contigs Human ID E-value Zfish ID E-value 
Contig94 gi|10835079| E-63 gnl|UG|Dr#S12319632 E-58 
nm_30_a11_t3_ gi|32306539| E-58 gnl|UG|Dr#S12312602 E-35 
Contig615 gi|4502693| E-70 gnl|UG|Dr#S12313407 E-34 
nm_23_l13_t3_ No Human Hit - gnl|UG|Dr#S12320916 E-31 
nm_9_e22_t3_ gi|4758788| E-98 gnl|UG|Dr#S12309914 E-29 
nm_8_l17_t3_ gi|21361310| E-16 gnl|UG|Dr#S12313396 E-27 
Contig531 gi|13775198| E-27 gnl|UG|Dr#S12309680 E-26 
Contig152 gi|5453712| E-32 gnl|UG|Dr#S12239884 E-26 
nm_32h_j20_t3_ gi|39777601| E-79 gnl|UG|Dr#S12136499 E-25 
Contig1011 gi|39752675| E-65 gnl|UG|Dr#S12136499 E-24 
v11_p50_b24_t3_ gi|41208832| E-36 gnl|UG|Dr#S12319219 E-23 
Contig589 gi|4506505| E-56 gnl|UG|Dr#S12312662 E-22 
Contig785 gi|33695095| E-61 gnl|UG|Dr#S12264765 E-22 
Contig157 gi|21361122| E-138 gnl|UG|Dr#S12313094 E-21 
v11_p42_j20_t3_049_ab1 gi|47591841| E-100 gnl|UG|Dr#S12137806 E-21 
Contig610 gi|10801345| E-114 gnl|UG|Dr#S12310326 E-20 
nm_27_o1_t3_ gi|7706429| E-72 gnl|UG|Dr#S12310422 E-19 
Contig439 gi|4504799| E-25 gnl|UG|Dr#S12309233 E-19 
nm_31_d5_t3_ gi|8923956| E-50 gnl|UG|Dr#S12264745 E-17 
v11_p41_h12_t3_026_ab1 No Human Hit - gnl|UG|Dr#S12320916 E-17 
Contig129 gi|34932414| E-103 gnl|UG|Dr#S12313534 E-17 
nm_14_j21_t3_ gi|4505325| E-42 gnl|UG|Dr#S12136571 E-17 
Contig1321 gi|4501857| E-80 gnl|UG|Dr#S12309233 E-17 
nm_19_k3_t3_ gi|26051212| E-106 gnl|UG|Dr#S12137637 E-17 
Contig488 gi|4557525| E-105 gnl|UG|Dr#S12311975 E-15 
nm_35h_k19_t3_ gi|16950607| E-43 gnl|UG|Dr#S12196214 E-15 
Contig195 gi|4557231| E-99 gnl|UG|Dr#S12309233 E-14 
nm_14_h19_t3_ gi|4503787| E-86 gnl|UG|Dr#S12310912 E-13 
v11_p51_d20_t3_ gi|30520322| E-19 gnl|UG|Dr#S12321150 E-13 
g3-n14 gi|13654278| E-23 gnl|UG|Dr#S12318856 E-13 
nm_29_f2_t3_ gi|4506517| E-65 gnl|UG|Dr#S12312662 E-13 
g4-h23 gi|24111250| E-33 gnl|UG|Dr#S12312651 E-13 
Math_p2_A2_T3_ No human Hit - gnl|UG|Dr#S12078998 E-13 
nm_35h_f4_t3_ gi|41148476| E-67 gnl|UG|Dr#S12319663 E-13 
Contig952 gi|21264558| E-61 gnl|UG|Dr#S12318843 E-12 
g4-g21 gi|11995474| E-65 gnl|UG|Dr#S12192716 E-12 
Contig854 gi|8922789| E-117 gnl|UG|Dr#S12313534 E-11 
Contig1105 gi|6912638|| E-83 gnl|UG|Dr#S12079967 E-11 
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Table 2.10 (continued) 
 

A. mexicanum Contigs Human ID E-value Zfish ID E-value 
nm_26_f7_t3_ gi|30181238| E-83 gnl|UG|Dr#S12319880 E-11 
Contig949 gi|21284385| E-68 gnl|UG|Dr#S12290856 E-11 
g3-n3 gi|18490991| E-64 gnl|UG|Dr#S12320832 E-10 
v11_p41_m16_t3_007_ab1 gi|4885661| E-33 gnl|UG|Dr#S12310912 E-10 
Contig653 gi|4505047| E-124 gnl|UG|Dr#S12239868 E-9 
Contig1349 gi|9665259| E-46 gnl|UG|Dr#S12320840 E-9 
6h12 gi|31317231| E-43 gnl|UG|Dr#S12321311 E-9 
v11_p43h_i14_t3_070_ab1 No Human Hit - gnl|UG|Dr#S12320916 E-9 
nm_35h_d11_t3_ gi|7661790| E-35 gnl|UG|Dr#S12196146 E-9 
nm_35h_k22_t3_ gi|5031977| E-124 gnl|UG|Dr#S12242267 E-9 
v11_p48_g2_t3_087_ab1 gi|11496277| E-60 gnl|UG|Dr#S12312396 E-9 
nm_30_e11_t3_ gi|32483357| E-56 gnl|UG|Dr#S12309103 E-8 
nm_28_f23_t3_ gi|42544191| E-25 gnl|UG|Dr#S12239884 E-8 
nm_12_p16_t3_ gi|21361553| E-21 gnl|UG|Dr#S12310912 E-8 
nm_32h_a8_t3_ gi|11386179| E-22 gnl|UG|Dr#S12312152 E-8 
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Figure 2.1: Results of BLASTX and TBLASTX searches to identify best BLAST hits 
for Ambystoma contigs searched against NCBI human RefSeq, nr, and Xenopus 

Unigene databases 
 

 
 
 

 
 

Figure 2.2: Venn diagram of BLAST comparisons among amphibian EST projects. 
Values provided are numbers of reciprocal best BLAST hits (E<10-20) among quality 

masked A. mexicanum and A. t. tigrinum assemblies and a publicly available X. tropicalis 
EST assembly (http://www.sanger.ac.uk/Projects/X_tropicalis). 
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Figure 2.3: Results of BLASTN and TBLASTX searches to identify best BLAST hits 
for A. mexicanum regeneration ESTs searched against zebrafish EST databases. A 
total of 14,961 A. mexicanum limb regeneration ESTs were assembled into 4485 contigs 

for this search. 
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Figure 2.4: Comparison of gene order between Ambystoma linkage group 1 and an 
11 Mb region of Hsa17 (37.7 Mb to 48.7 Mb). Lines connect the positions of putatively 

orthologous genes. 
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CHAPTER 3: A comprehensive EST Linkage Map for Tiger Salamander and 
Mexican Axolotl: Enabling Gene Mapping and Comparative Genomics in 
Ambystoma 
 
Introduction 

The tiger salamander (Ambystoma tigrinum) species complex consists of several closely 

related and phenotypically diverse taxa that range from central Mexico to southern 

Canada (Shaffer and McKnight, 1996). The complex as a whole is an important, 

naturalistic model system because taxa are characterized by extensive interspecific and 

intraspecific variation for a number of ecologically important traits including: expression 

of metamorphic vs. non-metamorphic (paedomorphic) life histories (Gould, 1977; Shaffer 

and Voss, 1996), timing of metamorphosis (Rose and Armentrout, 1976; Voss and Smith, 

2005), cannibal vs normal larval morphologies (Powers, 1907; Hoffman and Pfennig, 

1999), infectious disease (Collins et al, 2004), variation in adult coloration and pigment 

patterning (Reese 1969; Parichy, 1996; Parichy, 1998), and variation in general 

morphology (Shaffer, 1984; Irschick and Shaffer, 1997). In addition, these salamanders 

are important laboratory models for olfaction (Marchand et al, 2004; Park et al, 2004), 

vision (Chichilinski and Reike, 2005; Thoreson et al, 2004), cardiogenesis (Denz et al, 

2004; Zhang et al, 2004), embryogenesis (Bachvarova, 2004; Ericsson et al, 2004), and 

post-embryonic development (Parichy, 1998; Voss and Smith, 2005), including organ 

and tissue regeneration (Christensen et al, 2002; Schnapp and Tanaka, 2005). Both 

natural- and laboratory-based research areas are in need of a comprehensive genome map 

that can be used to identify the position and effect of loci that contribute to phenotypic 

variation, and that can be used to compare features of the salamander genome to other 

vertebrates. Moreover, molecular markers that are used to develop linkage maps provide 

the material to generate nucleotide probes and sequences that can be used in a variety of 

ways, including in situ hybridization, population genetics, systematics, molecular 

evolution, and functional genomics. 

Several lines of evidence suggest that meiotic or recombinational map size is 

large in tiger salamanders. The earliest mapping studies in A. mexicanum employed tetrad 

analysis and gynogenic salamanders to estimate genetic distance between a few 

phenotypic markers and their centromeres (e.g. 3 in Lindsley et al, 1955; 7 in Armstrong, 
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1984). Most of these phenotypes were mapped to positions distant from centromeres 

(unlinked); this suggests a large recombinational map size for Ambystoma relative to 

other vertebrates where the majority of loci typically show linkage with the centromere 

(Brown et al, 1998; Steen, 1999; Groenen et al, 2000; Kong et al, 2002; Kelly et al, 

2000). Using a more direct method, Callan (1966) reported chiasmata counts from A. 

mexicanum oocytes nuclei ranging from 101 to 126, averaging 113 chiasmata per 

nucleus. Assuming that one crossover is equivalent to a 50 cM map distance (Sturtevant, 

1913), this chiasmata frequency converts to an estimated map distance of 5,650 cM, 

which is approximately 4.2x larger than the mouse genome and 1.6x larger than the 

human genome (Table 3.1). Finally, Voss et al (2001) estimated map size from a linkage 

analysis in which 347 molecular genotypes were obtained for offspring from backcrosses 

between A. mexicanum and A. mexicanum/A. t. tigrinum hybrids. That analysis yielded 

one of the largest partial genetic linkage maps ever constructed (~3400 cM) and an 

overall map size estimate of 7291 cM, based on the method of Hulbert et al (1988). Thus, 

all studies to date suggest that recombinational map size is relatively larger in Ambystoma 

than it is in other vertebrates. Although recombinational map size in Ambystoma may 

simply be a consequence of large physical genome size (Table 3.1), the contribution of 

additional factors that are known to strongly influence map length in other vertebrates 

(e.g. chromosome number and morphology) have not been considered. 

Recently completed expressed sequence tag (EST) sequencing projects for two 

tiger salamander species, A. mexicanum (Haberman et al, 2004; Putta et al 2004) and A. 

tigrinum tigrinum (Putta et al, 2004), permitted the development of a sufficient number 

of EST based markers to generate a comprehensive genetic map for Ambystoma, and the 

first such map for any amphibian. The following chapter describes new resource and 

shows its utility in two areas: (1) mapping phenotypic mutants and (2) investigating the 

relative effects of genome size and chromosome number on recombination-based 

estimates of genome size. Additionally, the importance of these EST-based PCR markers 

as a general resource for tiger salamander research is reviewed. 
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Materials and Methods 

Study species 

Ambystoma tigrinum tigrinum: The Eastern tiger salamander is the archetype of the tiger 

salamander species complex. This relatively large salamander species breeds in ponds 

and temporary pools in the eastern and southern parts of the United States; the individual 

that was used in this study was purchased from Charles D. Sullivan Co. Inc., which 

collects and distributes amphibians from breeding ponds in the vicinity of Nashville, TN. 

These salamanders undergo a typical amphibian life cycle, wherein they hatch from the 

egg in an aquatic-larval form and eventually undergo a metamorphosis through which 

they achieve a terrestrial adult form.  

Ambystoma mexicanum: The Mexican axolotl is native to a single lake in central 

Mexico (Lake Xochimilco, Mexico D.F., Mexico). It is commonly used in biological 

research and strains have been maintained in laboratory culture for nearly a century and a 

half (Dumeril, 1870; see also review by Smith, 1989). The most notable feature of this 

salamander is that it exhibits a phenotype, known as paedomorphosis, wherein it forgoes 

metamorphic changes typical of most ambystomatid salamanders and retains a largely 

larval morphology throughout adult life. Several developmental mutants have been 

described for A. mexicanum (Malacinski, 1989) and are readily available 

(www.ambystoma.org). The genomic position of two recessive pigment mutants: white 

(Häcker, 1907) and melanoid (Humphrey and Bagnara, 1967) were estimated in relation 

to the new genetic map. In comparison to wildtype, white is characterized by a general 

lack of epidermal pigment cells, which is caused by failure of pigment cell precursors to 

migrate or survive in epidermal tissues (reviewed by Parichy et al, 1999). In comparison 

to wildtype, melanoid is characterized by a lack of iridophores in the skin and iris, 

relatively fewer xanthophores and greater numbers of melanophores (Humphrey and 

Bagnara, 1967).  

 

Molecular markers 

A total of 1095 molecular markers were genotyped using a previously described AxTg 

mapping family that was generated by backcrossing A. mexicanum/A. t. tigrinum F1 

hybrids to a single A. mexicanum (Voss, 1995). In a previous study using AxTg, Voss et 
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al (2001) reported linkage analyses of 323 “anonymous” molecular markers (315 AFLPs 

and 8 RAPDs) and 24 markers for nuclear protein-coding sequences. This chapter reports 

an additional 202 AFLP markers (scored for 44 backcross offspring) and 546 EST based 

markers (scored for 91 backcross offspring). Marker fragments were amplified using 

standard PCR conditions (150 ng DNA, 50 ng each primer, 1.2 mM MgCl2, 0.3 U Taq 

polymerase, 1x PCR buffer, 200 mM each of dATP, dCTP, dGTP, dTTP; thermal cycling 

at 94° C for 4 minutes; 33 cycles of 94° C for 45 s, 60° C for 45 s, 72° C for 30 s; and 72° 

C for 7 minutes). Polymorphisms were diagnosed by: primer extension (Perkin Elmer, 

AcycloPrime -FP chemistry and Wallac, Victor3 plate reader) (e.g. Chen et al, 1999; Hsu 

et al, 2001; Gardiner and Jack, 2002), thermal gradient capillary gel electrophoresis 

(SpectruMedix, Reveal), allele-specific amplification, PCR fragment size polymorphism, 

and restriction digestion. Primer sequences, diagnostic polymorphisms, polymorphism 

detection assays, numbers of individuals genotyped, and NCBI GI numbers for source 

sequences for all 570 protein-coding loci are summarized in Supplementary_Table_3_1. 

The design of AFLP markers, EST based markers, and primer extension probes is 

described in detail below.  

Generation of AFLP and RAPD markers: The methods used to generate 

AFLPs and RAPDs were reported previously (Voss and Shaffer, 1997; Voss et al, 2001). 

An additional 202 AFLPs were generated for this study using the same methods and 

backcross progeny. Primer sequences for all AFLPs are provided in 

Supplementary_Table_3_2.  

EST based marker design: The majority of EST based markers were designed to 

target 3´ unconserved regions of assembled EST sequences that were derived from A. 

mexicanum and A. t. tigrinum (Putta et al, 2004). These sequences were identified by first 

aligning (BLASTx) assembled sequences to a custom database of Human protein 

sequences (Ref Seq Release 3, NCBI). The 3´ most 70 base pairs of aligning sequence 

and all remaining non-aligning 3´ sequences were targeted for primer design. These 

regions presumably correspond to sequence encoding carboxy-terminal regions and 3´ 

untranslated regions. Primers were designed within these regions using Primer3 software 

(www.mit.wi.edu/Primer3.html). When presumably orthologous sequences  (>90% 

identity) were available for both A. mexicanum and A. t. tigrinum, marker design was 
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additionally constrained to flank at least one polymorphism between the two sequences.  

Primer extension probe design: Primer extension probes were designed to target 

polymorphisms that were observed between presumptively orthologous EST sequences 

or between EST sequences and sequenced marker fragments that were amplified from A. 

mexicanum and A. t. tigrinum. Design of primer extension probes was constrained such 

that probes were complementary to sequence immediately 3´ of targeted SNP positions. 

The software package Array Designer 2.1 (PREMEIR Biosoft International) was used to 

identify probes with Tm 60 ± 8° C and high Δg for primer hairpin and primer dimer 

formation.  

 

Construction of the Linkage Map 

A linkage map was constructed for the tiger salamander using genotypes for 570 protein-

coding markers (EST and gene based) and 525 AFLP markers. Linkage analyses were 

performed using Mapmaker/EXP 3.0b and linkage groups were visualized using 

MapManagerQXTb19 (Meer et al, 2004) and MapChart 2.1 (Voorrips, 2002). This 

linkage map was constructed by first identifying sets of markers that formed linear 

linkage groups supported by log of odds (LOD) of 5.0 or greater, and then recursively 

adding markers to these initial groups at lower LOD thresholds (4.0, 3.5, and 3.0). At 

each step, linkage groups were visually inspected to verify the linear arrangement among 

markers. At each LOD threshold, the addition of new markers to an existing linkage 

group or merger of two existing linkage groups was constrained such that addition or 

merger did not disrupt arrangements that were previously set at a higher LOD threshold. 

A few markers could not be assigned to precise positions within a linkage group, but 

could be assigned to a single linkage group at LOD > 4.0 (Supplementary_Table_3_1). 

Linkage distances among markers in the final map were estimated using Kosambi (1944) 

mapping function in MapManagerQXTb19 (Meer et al, 2004). 

 

QTL analysis 

Interval analysis was used to identify the positions of two mutant phenotypes that 

segregated within the AxTg mapping family: white, which is specified by the recessive 

locus d; and melanoid, which is specified by the recessive locus m. Interval analysis was 
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also used to identify the position of a major effect QTL that contributes to segregation of 

metamorphosis vs. paedomorphosis and developmental timing. Segregation patterns of 

white, melanoid, and metamorphic phenotypes within the AxTg family have been 

previously described (Voss, 1995). Likelihood ratio statistics (LRS) for association of 

phenotypic variation with genotypic inheritance were estimated using the interval 

mapping (e.g. Haley and Knott, 1992; Martinez and Curnow, 1992; Zeng, 1993; Zeng, 

1994) function of MapManagerQTXb19 (Meer et al, 2004). Significance thresholds for 

interval mapping were obtained through 10,000 permutations of trait values among 

backcross progeny. Confidence intervals for QTL positions were estimated by the method 

of Darvasi and Soller (1997).  

  

Results 

Segregation of Molecular Markers 

The segregation of alternate genotypes for a majority of the molecular markers was 

consistent with the Mendelian expectation of 1:1. Only 7% of protein-coding markers had 

genotypic ratios exceeding the 95% tail of the χ2 distribution (Figure 3.1a). On average, 

ratios of anonymous markers were more deviant than protein-coding markers with 17% 

of markers exceeding the 95% tail of the χ2 distribution (Figure 3.1b).  Plotting χ2 values 

for both marker classes against genomic position showed that the few markers with 

significantly deviant ratios were not strongly clustered at any position within the genome 

(Figure 3.1c).  

 

Linkage Analysis 

Linkage analysis revealed 14 large linkage groups that ranged in size from 125.5 cM to 

836.7 cM and consisted of between 14 and 123 markers (Figure 3.2, Table 3.2). A total of 

790 markers were assigned to these 14 linkage groups, with 486 protein-coding loci and 

169 anonymous loci placed at precise positions. The total linkage distance spanned by 

these markers was 5251.3 cM and the average inter-marker distance was 7.96 cM.  

Thirty-six smaller linkage groups were identified that ranged in size from 0 to 79 cM and 

consisted of between 2 and 10 markers. Thirteen of these linkage groups contained at 

least one EST or protein coding marker and spanned a total of 479.7 cM, 23 additional 
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linkage groups that consisted of only AFLP markers spanned a total of 630.5 cM. One 

hundred and sixty-five markers (134 AFLP and 31 protein coding) did not show linkage 

to any other marker and were not assigned to any of the linkage groups.  

 

QTL Analyses 

White: Interval analysis identified two likliehood ratio statistic (LRS) peaks for white on 

LG1 (D1, LRS 37.2, 95% CI = 17 cM; D2, LRS 12.4, 95% CI = 44 cM) (Figure 3.3). 

Although this suggests the possibility that white may depend upon more than a single 

locus, the lesser LRS peak is only suggestive of a QTL and an equally supportive LRS is 

expected to be observed once at random within the genome. In the mapping cross, color 

phenotypes segregated as F2 type markers because F1 hybrids and the recurrent A. 

mexicanum carried a single recessive allele (d) at white (Dtig/dmex and Dmex/dmex genotypes 

respectively). In contrast, molecular genotypes segregated as backcross type markers. As 

a result, only the A. t. tigrinum marker alleles were fully informative for association 

testing; that is, it was expected that at the position of white, all individuals inheriting A. t. 

tigrinum molecular marker alleles would exhibit wildtype coloration, but never white 

coloration. Segregation ratios for two protein-coding markers (E16A12 and E23C5) near 

the maximum LRS peak on LG1 are consistent with this expectation (Table 3.3). In 

contrast, incomplete association was observed for makers from the region with the 

suggestive LRS. These results indicate that d is most likely located within the 14.2 cM 

region that includes markers E16A12 and E23C5.  

Melanoid: Interval analysis revealed a single region of LG14 that was strongly 

associated with segregation of the melanoid mutant phenotype (M1, LRS 17.5, 95% CI = 

32 cM) (Figure 3.3). As was the case with white, the founding and recurrent A. 

mexicanum parents that were used to generate the AxTg family were heterozygous for the 

melanoid mutant (Mmex/mmex). The expressed sequence marker E17A7 is closest to the 

maximum inflection point of the LRS profile for melanoid. Genotypic ratios for this locus 

are consistent with tight linkage to melanoid, given the same expectations described 

above for segregation of molecular makers and the white phenotype (Table 3.4). 

Metamorphosis vs. Paedomorphosis: Interval analysis revealed a single region 

of LG3 that was strongly associated with segregation of metamorphosis vs. 
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paedomorphosis in the AxTg family (LRS 101.7, 95% CI = 9 cM) (Figure 3.4). The 

marker ctg325 lies closest to the maximum inflection point of the LRS profile. This QTL 

is located near the middle of LG3 and corresponds to the previously described met QTL 

(Voss and Shaffer, 1997, Voss and Smith, 2005). A region of LG4 also showed a 

suggestive association with segregation of metamorphosis vs. paedomorphosis, although 

it is much weaker relative to met.  

 

BLAST Alignments to the Human RefSeq Database 

The BLASTx analysis of 570 EST/gene based markers yielded alignments with multiple 

human protein-coding genes. In total, 390 presumptive protein-coding markers had best 

BLASTx alignments with 350 non-redundant human RefSeq proteins. Best BLASTx 

matches and corresponding bitscore and E-vales are provided in 

Supplementary_Table_3_3. Analyses of conserved synteny and segmental homology 

between Ambystoma and other vertebrate species will be presented elsewhere. 

 

Discussion 

This chapter described the first comprehensive linkage map for Ambystoma, which was 

generated by mapping over 1000 anonymous markers and EST loci in an interspecific 

mapping panel. Fourteen large (>125 – 836 cM) and 35 small (0 – 75 cM) linkage groups 

were identified. Because the number of large linkage groups equaled the haploid 

chromosome number in A. t. tigrinum and A. mexicanum  (Paramenter, 1919; Fankhauser 

and Humphrey, 1942), and because these linkage groups yielded a map size estimate that 

agrees with a theoretical and empirical (see below) estimate of total map size, this set is 

proposed as a framework for the 14 chromosomes in the tiger salamander genome. It is 

unlikely that the collection of smaller linkage groups represent any additional 

chromosomes within the Ambystoma genome because the haploid chromosome number is 

indisputably 14 and microchromosomes are not known in this group.  

 

Map coverage 

The combined map distance of the 14 largest linkage groups (5251 cM) is consistent with 

previous studies that indicated a large genetic map for Ambystoma. By comparison, the 

 55



 

combined map length of LG1 and LG2 is greater than the total map length of the mouse 

genome! Marker based estimates of genome size vary greatly for Ambystoma (e.g. 2600 – 

6276 cM in Armstrong, 1984; 7291 cM in Voss et al, 2001). This variation may be 

attributed to the large genome size of Ambystoma and non-robust nature of estimators; 

genotyping errors and missing data cause upward bias in size estimates and nonrandom 

distribution of markers with respect to recombinational distances causes downward bias 

(Chakravarti et al, 1991). Genome size was estimated using linkage data from this study 

and the method of Hulbert et al (1988). Analyses were performed separately for protein 

coding and anonymous marker classes, and for the combined dataset using several 

linkage thresholds (10, 15, 20, 25, and 30 cM; data not shown). Estimates of map size 

varied greatly depending on dataset and linkage threshold: estimates based on protein-

coding markers ranged from 3741 to 4320 cM (15 and 30 cM thresholds respectively), 

estimates from anonymous markers ranged from 6925 to 10782 cM (25 and 10 cM 

thresholds respectively), and estimates based on the entire dataset ranged from 7624 cM 

to 8824 cM, (25 and 10 cM thresholds respectively). Presumably, higher intrinsic error 

rates of AFLP markers (e.g. Isidore et al, 2003) (Figures 3.1a and 3.1b) yield inflated 

estimates of map size in the anonymous and combined datasets. 

 Fortunately, a more direct and independent estimate of recombination frequency 

is available for A. mexicanum. Callan’s (1966) counts of chiasmata in A. mexicanum 

oocyte nuclei convert to an estimated map size of 5650 cM. This estimate is only slightly 

higher than the sum of the 14 largest linkage groups (5251 cM). Several factors likely 

contribute to the relatively small difference between these two estimates including: 

incomplete coverage of the linkage map (especially near the telomeres), the degree to 

which the Kosambi (1944) mapping function models recombination in Ambystoma, 

variation in average recombination rate between the male F1s used in this study and the 

female A. mexicanum used by Callan (1966), and possibly small-scale differences in gene 

order between A. t. tigrinum and A. mexicanum (Sybengia, 1992; True et al, 1996). Close 

agreement between the Callan (1966) derived estimate and recombination-based 

estimates of genome size that were generated in this study suggest that the 14 large 

linkage groups frame the majority of the Ambystoma genome. 

Some of the smaller linkage groups may represent distal portions of chromosomes 
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that are represented by larger linkage groups. Recombination rates are known to increase 

toward the ends of chromosomal arms in a wide array of organisms including mammals 

(e.g. Jensen-Semen et al, 2004), chicken (ICGSC, 2005), and grasses (King et al, 2002; 

Anderson et al, 2004). In agreement with this pattern, Callan (1966) reported a higher 

than average recombination rate between the nucleolar organizing region (NOR) and 

adjacent telomere in A. mexicanum. Alternately, some of these linkage groups may 

consist completely or partly of markers with genotyping error rates that prevent 

assignment to larger linkage groups at the LOD 4.0 threshold. Presumably as more loci 

are mapped, linkage groups that represent distal regions will be integrated into the 

framework map and spurious linkage groups will be excluded from the map.  

 

Size of the tiger salamander genetic map 

The salamander genome is one of the largest genomes and the linkage map is the largest 

yet reported for any vertebrate. The tiger salamander genome is estimated to be 10 – 25 

times larger than other sequenced vertebrate genomes, yet the genetic map is only 1.5 – 5 

times larger (Table 3.1). Thus, in terms of genome size, the salamander linkage map 

appears at first glance to be approximately 5 times smaller than expected. However, 

because physical and linkage distances do not scale linearly among organisms, variables 

in addition to physical size must be considered. Chromosome number contributes directly 

to the size of the genetic map because at least one chiasma must be formed per bivalent in 

order to ensure normal segregation of chromatids during meiosis in most species (Egel, 

1995; Roeder, 1997; Moore and Orr-Weaver, 1998), although achiasmate meiosis has 

evolved in several plant and invertebrate species (reviewed by John, 1990). Therefore, 

the minimum map size of any eukaryotic genome is 50 cM times the haploid number of 

chromosomes. Furthermore, there is a strong correlation between chromosome arm 

number and genetic map size among mammals, suggesting that formation of at least one 

chiasma per chromosomal arm may be necessary in mammals (Durtilleaux, 1986; Pardo-

Manuel de Villena and Sapienza, 2001). Map sizes for human, mouse, rat, chicken, and 

zebrafish are much closer to their theoretical obligatory minima, based upon chromosome 

arm number, than is the Ambystoma map (Table 3.1). Analyses that include multiple 

vertebrate taxa, especially those with large and intermediate genetic map lengths, are 
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needed to elucidate fully the effect of chromosome arm number and other variables on 

genetic map size.  However, it is apparent from the comparisons made here that linkage 

map size in Ambystoma is influenced by factors in addition to chromosome arm number, 

the most likely factor being the large physical genome size of Ambystoma. 

 

Refining the positional estimate of white and tentative assignment of LG1 to the 

chromosome harboring the NOR 

The white phenotype has been a subject of several linkage analyses. Early tetrad mapping 

studies located white to the distal region of an unknown chromosome (Lindsley et al, 

1955; Armstrong, 1984) and several studies have observed an association between 

segregation of white and segregation of NOR variants (reviewed by Sinclair et al, 1978). 

The NOR is located subterminally on one of the four largest chromosomes (Paramenter, 

1919; Dearing, 1934; Haschuka and Brunst, 1965; Callan, 1966; Cuny and Malacinski, 

1985). In this study a single region of the genome was identified that was significantly 

associated with white. The maximum inflection point of the LRS profile for association 

with white is located 95 cM from the end of the largest linkage group (LG1). Callan’s 

(1966) chiasmata counts place the NOR at ~44 cM from the end of a chromosomal arm. 

Localization of white to the distal portion of a large linkage group is consistent with 

previous studies that indicated linkage between white and the NOR. It is therefore 

concluded that LG1 likely represents the NOR containing chromosome, with marker 

E20A12 located near the distal portion of the arm harboring the NOR.  

 

Identification of the genomic interval containing melanoid 

A single region has been identified within the smallest of the 14 linkage groups that 

shows strong association with segregation of the melanoid phenotype. Armstrong’s 

(1983) tetrad analyses yielded an estimated distance of 59.1 cM between melanoid and its 

centromere. Assuming that LG14 corresponds to one of the smaller chromosomes, the 

maximum inflection point of the LRS profile for melanoid is consistent with the earlier 

gene-centromere mapping study. The size of LG14 relative to the rest of the genetic map 

appears to support the assignment of LG14 to the smallest chromosome. Precise 

chromosomal measurements have been made for A. tigrinum (Paramenter, 1919) and A. 
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mexicanum (Callan, 1966); the proportion of the genome occupied by the smallest 

chromosome was estimated to be 2.65% for A. tigrinum and 2.4% for A. mexicanum. 

Linkage group 14 represents 2.4% of the current genetic map (LG1-14). Although no 

linear relationship is expected between genetic and physical distance, these results are 

consistent with melanoid being located on one of the smaller tiger salamander 

chromosomes.  

 

The genetic basis of metamorphic failure in lab A. mexicanum 

It has been known for some time that expression of paedomorphosis in laboratory A. 

mexicanum is largely determined by a single genetic factor (Tompkins, 1978; Voss, 

1995). A previous QTL analysis of the AxTg mapping panel using 234 AFLP markers 

identified a major effect QTL (met) that is associated with expression of paedomorphosis 

vs. metamorphosis (Voss and Shaffer, 1997); met was later shown to affect metamorphic 

timing in crosses using wild-caught A. mexicanum (Voss and Smith, 2005). A QTL 

analysis using all of the newly mapped markers did not identify statistically significant 

factors in addition to met, however a second region of the genome yielded a statistically 

suggestive result (Figure 3.4). The relatively small number of individuals in the AxTg 

panel does not provide sufficient power to identify small effect QTL. This second 

genomic region will be tested using the much larger WILD2 mapping panel (Voss and 

Smith, 2005) below.  

 

EST markers and Ambystoma research 

The collection of EST makers that comprise the linkage map are significant new 

resources for Ambystoma research. Because these markers correspond to polymorphic 

expressed sequences with known linkage relationships, they are especially informative as 

probes for developmental, populational, systematic, molecular, comparative, and 

functional studies (Putta et al, 2004). Using the PCR primer information provided in 

Supplementary_Table_3_1, it will now be possible to develop probes for many protein 

coding genes for A. mexicanum and A. t. tigrinum, as well as other ambystomatid species 

(Riley et al., 2003; Fitzpatrick and Shaffer, 2004; Putta et al., 2004). Primer sequences 

for protein-coding markers, their corresponding assembled and curated EST sequences, 
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and BLAST alignments can also be obtained at the Salamander Genome Project Website.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Materials presented in this chapter have been reproduced with permission from the 

Genetics Socciety of America 

 

Copyright © Jeramiah J. Smith 2007 



61

Table 3.1: Relationships between genome size and map size in vertebrates. 
 

organism genome Nb chromosomal map_size obligatory_map proportion cM/arm 
 size (Gbp)a  armsb (cM)c (N * 50cM) obligatoryd  
Mouse 2.7 20 20 1361 1000 0.73 (0.73) 68.1 
Rat 2.6 21 33 1749 1050 0.60 (0.94) 53 
Human 3 23 46 3615 1150 0.32 (0.64) 78.6 
Chicken 1.2 38 44 3800 1900 0.50 (0.58) 86.4 
Zebrafish 1.8 25 50 3011 1250 0.42 (0.83) 60.2 
Ambystoma(map)e 30 14 28 5251 700 0.14 (0.27) 184 
Ambystoma(χ)f 30 14 28 5650 700 0.12 (0.25) 201.8 

 
a – References: (mouse - MGSC, 2002; rat - RGSPC, 2004; human - IHGSC, 2000; chicken - ICGSC, 2005; zebrafish – Kelly et al, 
2000; Ambystoma - Licht and Lowcock, 1991). b – N = The haploid number of chromosomes. Smaller chicken microchromosomes 
(10-38 – Masabana et al, 2004) are tabulated as one-armed chromosomes. References: (mouse - MGSC, 2002; rat - RGSPC, 2004; 
human - IHGSC, 2000; chicken - ICGSC, 2005; zebrafish – Gornung et al, 2000; Ambystoma – Callan, 1966). c – References: (mouse 
– Steen et al, 1999; rat – Brown et al, 1998; human – Kong et al, 2002; chicken –  Groenen et al, 2000; zebrafish – Kelly et al, 2000). 
d – Numbers in parentheses represent the obligatory proportion of the map assuming one obligate chiasma per arm.  e – Map size 
estimated as the sum of LG1 – 14.  f – Map size estimated as 50 cM times the average number of chiasmata (Callan, 1966). 
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Table 3.2: Distribution of markers on Ambystoma LG1–14. 
 
LG EST Anonymous All cM % Map Intermarker
 Baseda Markersa Markers   Distanceb

1 73 (70) 50 (37) 123 (107) 836.7 15.9 7.8 
2 56 (51) 47 (24) 130 (75) 767.6 14.6 10.2 
3 80 (78) 34 (21) 114 (99) 671.3 12.8 6.8 
4 55 (54) 21 (14) 76 (68) 538.9 10.3 7.9 
5 32 (30) 18 (9) 50 (39) 323.1 6.2 8.3 
6 34 (34) 15 (5) 49 (39) 308.6 5.9 7.9 
7 27 (25) 24 (17) 51 (42) 294.9 5.6 7 
8 34 (34) 17 (8) 51 (42) 290.1 5.5 6.9 
9 32 (31) 9 (5) 41 (36) 244.4 4.7 6.8 
10 21 (21) 13 (3) 34 (24) 241 4.6 10 
11 39 (38) 10 (6) 49 (44) 234.4 4.5 5.3 
12 9 (9) 12 (7) 21 (16) 211.4 4 13.2 
13 7 (7) 12 (8) 19 (15) 163.3 3.1 10.9 
14 9 (9) 5 (5) 14 (14) 125.5 2.4 9 
Total 508 (491) 287 (169) 795 (660) 5251.3 100 8 
% mapped 87.4 54.7 71.9    

 
a – The number of markers that were placed at precise positions within the map are 
provided in parentheses. b – numbers provided are the average intermarker distance. 
 
 
 

Table 3.3: Segregation of markers associated with white. 
 

   Phenotype 
QTL Genotype  White + 
W1 E16A12Am/ E16A12Am  18 20 
W1 E16A12Am/ E16A12Att  0 46 
     
W1 E23C5Am/ E23C5Am  18 18 
W1 E23C5Am/ E23C5Att  0 43 
     
W2 A32.20Am/ A32.20Am  16 31 
W2 A32.20Am/ A32.20Att  2 38 
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Table 3.4: Segregation of markers associated with melanoid. 
 

   Phenotype 
QTL Genotype  Melanoid + 
M1 E24E9Am/ E24E9Am  10 30 
M1 E24E9Am/ E24E9Att  6 41 
     
M1 E17A7Am/ E17A7Am  14 23 
M1 E17A7Am/ E17A7Att  2 44 
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Figure 3.1: Statistical tests for Mendelian segregation. Panel A: Plot of the distribution 
of χ2 statistic for 1:1 segregation of marker genotypes vs. standard χ2 distributions for 

gene and EST based markers. Panel B: Plot of the distribution of χ2 statistic for 1:1 
segregation of marker genotypes vs. standard χ2 distributions for anonymous markers 

(AFLPs and RAPDs). Panel C:  Plot of χ2 statistics for 1:1 segregation of marker 
genotypes vs. map position. 
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Figure 3.2: The tiger salamander linkage map (LG1-14). 
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Figure 3.2 (continued) 
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Figure 3.3: Likelihood ratio statistic (LRS) plot for association between segregation 
of pigment phenotypes and marker genotypes in LG1 and LG14. Horizontal lines 

represent LRS thresholds for suggestive (37th percentile), significant (95th percentile), and 
highly significant (99.9th percentile) associations (Lander and Krugiak, 1995) estimated 

using MapMaker QTXb19. 
 
 

 
 
 
 
 
 
 
 

FIGURE 3.4: Likelihood ratio statistic (LRS) plot for association between 
segregation of metamorphosis vs. paedomorphosis and marker genotypes in LG3 
and LG4. Horizontal lines represent LRS thresholds for suggestive (37th percentile), 

significant (95th percentile), and highly significant (99.9th percentile) associations (Lander 
and Krugiak, 1995) estimated using MapMaker QTXb19. 
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CHAPTER 4: Sal-Site: Integrating New and Existing Ambystomatid Salamander 
Research and Informational Resources 
 
Introduction 

Salamanders of the genus Ambystoma are important model organisms in biological 

research. Their seminal role in experimental embryology and broad utility in laboratory-

based science is well known (Beetschen, 1996). Ambystomatid salamanders are currently 

used in multiple areas including olfaction, vision, cardiogenesis, embryogenesis, sensory 

system development, genomics, and post-embryonic development, including organ and 

tissue regeneration (Bachvarova  et al,  2004; Chichilnisky and Rieke, 2005; Denz et al, 

2004; Ericsson et al, 2004; Marchand et al,  2004; Park, et al, 2004; Schnapp and 

Tanaka, 2005; Thoreson et al, 2004; Zhang et al, 2004). Moreover, Ambystoma is very 

different from typical laboratory models because much is also known about their ecology, 

evolution, and natural history. The group is a model in studies of life history and natural 

phenotypic variation, infectious disease, evolutionary developmental biology, and 

conservation biology (Fitzpatrick and Shaffer, 2004; Hoffman and Phennig, 1999; 

Jancovich et al, 2005; Parichy, 1996; Riley et al, 2003; Rubbo and Kiesecker, 2005; Voss 

and Smith, 2005; Voss et al, 2003). In these respects, Ambystoma is a complete model 

organism system that offers integrative research opportunities spanning the continuum of 

biological organization.  

Recent and on-going molecular resource development is providing new tools for 

research using ambystomatid salamanders. The Salamander Genome Project (SGP) has 

recently developed and annotated thousands of expressed sequence tags (ESTs) for A. 

mexicanum and A. t. tigrinum (Haberman et al, 2004; Putta et al, 2004), generated 

complete mtDNA sequence for 5 different ambystomatid species (Samuels et al, 2005), 

and completed the first comprehensive genetic linkage map (Smith et al, 2005). Markers 

that have been developed from these ESTs are providing new probes for molecular 

studies as well as markers for population and quantitative genetics, and phylogenetics 

(Fitzpatrick and Shaffer, 2004; Riley et al, 2003; Weisrock et al, 2006). This recent flurry 

of resource development stands to greatly increase the utility of ambystomatid 

salamanders, however there is a need to refine and integrate new resources with existing 

databases and information. To meet this need, Sal-Site (http://www.ambystoma.org) was 
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created. This web-portal functions to integrate new and existing ambystomatid resources. 

The collation of resources through Sal-Site will enhance communication across the 

Ambystoma community and provide a translational mechanism for researchers working in 

other model organism systems. Below describe six resources are described that are 

accessible through Sal-Site. 

 

Salamander Genome Project (SGP) 

The SGP (http://salamander.uky.edu), supported by the National Center for Research 

Resources at the National Institute of Health, continues to develop Expressed Sequence 

Tags (ESTs) and a genetic linkage map (see below). Expressed sequence tags are 

multifunctional resources because they can be developed for a number of uses, including 

population and quantitative genetics, comparative genomics, in situ hybridization, and 

functional genomics (Samuels et al, 2005; Smith et al, 2005; Weisrock et al, 2006). ESTs 

are especially useful in the ambystomatid system because sequence information from A. 

mexicanum and A. t. tigrinum can be easily extended to enable research in other species 

(Fitzpatrick and Shaffer, 2004; Riley et al, 2003; Samuels et al, 2005), as well as in 

distantly related vertebrates. Sequences deriving from assembled ESTs are also providing 

the majority of markers for the Ambystoma genetic linkage map (Smith et al, 2005). The 

SGP website was originally developed as a web-interface to allow registered members 

access to EST and gene mapping data as it was collected. These separate functions are 

now accomplished through separate but integrated databases that are described below, 

and there is no longer a requirement for users to register to access these databases. The 

SGP website now primarily functions to provide information about the project and update 

progress made in developing genome resources. 

 

Ambystoma EST Database (AESTdb) 

Although all of the EST sequences developed under the SGP (Haberman et al, 2004; 

Putta et al, 2004) are available to the community through NCBI, these ESTs represent an 

immense collection of unedited data to sift through and sequencing errors are common. 

The AESTdb [http://salamander.uky.edu/ESTdb] was developed in order to organize 

Ambystoma ESTs into edited model RNA sequences and integrate these sequences with 
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related databases. To create the AESTdb, separate automated assemblies were first 

performed for all available ESTs that have been generated for the species A. mexicanum 

and A. t. tigrinum (see also Putta et al, 2004), including a subset of A. mexicanum ESTs 

that are available as unedited contigs from the Axolotl EST Database (Haberman et al, 

2004; https://intradb.mpi-cbg.de/axolotl). Automated assembly methods may efficiently 

identify sequencing errors when large numbers of ESTs are analyzed because it is 

possible to efficiently identify sequencing and assembly errors against the backdrop of 

multiple overlapping sequences.  However, the SGP has thus far generated an 

intermediate number of ESTs (~55,000) and many of the assembled contigs contained 

one or few EST members. As a result, automated methods for error detection were less 

efficient at detecting sequencing errors and many incorrect base calls were detected upon 

visual inspection of assembled trace data.  

The prevalence of sequence errors among existing Ambystoma assemblies 

necessitated development of a quality-controlled manual editing methodology to 

minimize error rates within AESTdb contig sequences (Figure 4.1). All contigs were 

manually edited in two rounds by visually inspecting aligned trace files, removing low 

quality sequence ends, and correcting base miscalls. After manual editing, contigs were 

searched against the human RefSeq and Xenopus UniGene databases using the BLASTx 

and tBLASTx algorithms respectively. If a contig exhibited significant sequence 

similarity (E value > 1e-7) to a human or Xenopus protein-coding sequence, the 

presumptive ortholog, the reading frame, the translated sequence, and alignment statistics 

were recorded in individual files that also provide hyperlinks to associate contig 

sequences with gene and marker files in the Ambystoma Gene Collection (AGC) and 

Ambystoma Genetic Map and Marker Collection (AMAP) (Figure 4.2). For example, if 

the sequence of a contig was used to develop a PCR amplifiable molecular marker, a 

hyperlink was included to link the contig file to the molecular marker file in the AMAP 

database (see below). The AESTdb has a user-friendly web-interface that allows BLAST 

or textual searching of contigs and access to contig and associated raw EST sequence 

data.   
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Ambystoma Gene Collection (AGC)  

Analyses of gene function are greatly facilitated by knowledge of full-length RNA and 

amino acid sequences. The AGC (http://salamander.uky.edu/AGC) acts as a repository 

for presumptive full-length sequences from multiple sources, including: AESTdb, 

sequences parsed from existing databases (e.g. NCBI), and sequences derived from the 

community at large. Several putative full-length sequences were identified for A. 

mexicanum (n = 940) and A. t. tigrinum (n = 717) contigs using the program MuSeqBox 

(Xing and Brendel, 2000). Comparisons against curated full-length protein-coding 

sequences from the human RefSeq database were performed using three length thresholds 

for variable amino-terminal and carboxy-terminal regions (20, 50, and 100 amino acids). 

The majority of putative full-length sequences that were identified showed greater than 

50% amino acid sequence identity and greater than 80% sequence coverage when 

compared to their best human BLASTx hit (Tables 4.1 and 4.2). Individual AGC files 

contain source RNA sequences and predicted amino acid sequences, as well as 

supplementary fields that provide the best human RefSeq BLAST hit used for analysis of 

sequence coverage, percent sequence coverage of the best BLAST hit, and percent 

sequence identity between human and Ambystoma amino acid sequences. Files provided 

in the AGC are hyperlinked to corresponding ESTs and marker sequences in the AESTdb 

and AMAP as well as NCBI sequence records for corresponding human RefSeq proteins. 

 

Ambystoma Genetic Map & Marker Collection (AMAP) 

Although the genomes of ambystomatid salamanders are approximately 10 times larger 

than the human genome (Licht and Lowcock, 1991), the first complete genetic linkage 

map for any amphibian (including Xenopus) was recently assembled using an 

interspecific mapping cross between A. mexicanum and A. t. tigrinum. This resource is 

allowing the mapping of QTL and mutant phenotypes, and the identification of conserved 

vertebrate syntenies (Smith et al, 2005; Voss et al, 2001). The AMAP website 

(http://salamander.uky.edu/MAP) provides images showing the location of mapped 

markers on linkage groups that correspond to the 14 chromosome pairs in Ambystoma. 

Individual linkage groups can also be accessed as separate datasets in tabular format. 

These datasets provide precise map distances for all EST and gene-based markers, as well 
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as hyperlinks to separate marker files that provide additional marker specific information 

including assembly source sequence (hyperlinked to AESTdb records), primer, and 

polymorphism detection information.  

 

System implementation 

Sal-Site is implemented using a number of open-source software packages including 

Apache web server, Perl, CGI, BioPerl, PHP and MySQL. Sal-Site is hosted on a SMP 

(symmetric multi-processor) PC equipped with two processors, 4GB of RAM and 

running Linux 2.4.x. The program MySQL 4.0 was used as the backend relational 

database management system to store and manage all the information in a robust and 

efficient way. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Copyright © Jeramiah J. Smith 2007 

 72



 

Table 4.1: Full-length sequences identified among A. mexicanum assemblies. 
 

 % Identity 
% Coverage 0-25 25-50 50-75 75-100 Total 
90-100 1 44 228 241 514 
80-90 3 36 101 80 220 
70-80 0 35 78 93 206 
Total 4 115 407 414 940 

 
Distribution of percent amino acid sequence identity between A. mexicanum contigs and 
human RefSeq sequences (% Identity) and percent sequence coverage of corresponding 
human RefSeq sequences by aligning A. mexicanum sequence (% Coverage) for all 
putative full-length protein coding genes that were identified among A. mexicanum 
contigs. 
 
 
 
 
 
 

Table 4.2: Full-length sequences identified among A. t. tigrinum assemblies. 
 

 % Identity 
% Coverage 0-25 25-50 50-75 75-100 Total 
90-100 0 37 122 180 339 
80-90 0 35 72 64 171 
70-80 2 55 77 73 207 
Total 2 127 271 317 717 

 
Distribution of percent amino acid sequence identity between A. t. tigrinum contigs and 
human RefSeq sequences (% Identity) and percent sequence coverage of corresponding 
human RefSeq sequences by aligning A. t. tigrinum sequence (% Coverage) for all 
putative full-length protein coding genes that were identified among A. t. tigrinum 
contigs. 
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Figure 4.1 – Schematic showing the curation methodology used to assemble and edit 
Ambystoma contigs. The numbers of ESTs and curated assemblies exclude 

mitochondrial transcripts. 
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Figure 4.2: Overview of sequence-based information available through AESTdb and 
linked resources. 
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CHAPTER 5: Evolution of Salamander Life Cycles: A Major-Effect Quantitative 
Trait Locus Contributes to Discrete and Continuous Variation for Metamorphic 
Timing 
 
Introduction 

Alternate modes of development are often observed within and between closely related 

species. A number of classic examples have been studied, including flight and flightless 

forms of insects, feeding and nonfeeding echinoderm larvae, and metamorphic and 

nonmetamorphic salamanders (Roff, 1986; Matsuda, 1987; Raff, 1996; West-Eberhard, 

2004). These examples indicate a taxonomically widespread potential for the evolution of 

discrete, morphological characteristics that allow for novel and alternative life histories. 

In each of these cases, the phenotypic transition is explainable using "heterochronic" 

terms that describe how development evolves through changes in the timing in which 

characters are expressed during ontogeny (Gould, 1977). For example, the evolution of 

salamander paedomorphosis presumably required a genetic change that blocked the 

initiation of metamorphosis, and this resulted in larval-form adults. Although such 

description is useful for explaining evolutionary shifts in development, it provides little 

insight about the structure of genetic architectures that underlie heterochronic, 

evolutionary transitions. 

Like the majority of frogs and toads, many salamanders undergo an obligate 

metamorphosis that allows for the exploitation of both aquatic and terrestrial habitats 

during ontogeny. However, some salamander species express an alternate developmental 

mode in which they forego metamorphosis and remain in the aquatic habitat throughout 

their lifetimes (Figure 5.1). Nonmetamorphic forms are termed paedomorphic because 

they maintain juvenile features of the ancestral condition as they mature reproductively 

into large, larval forms (Gould, 1977). The exemplar of salamander paedomorphosis is 

the Mexican axolotl (Ambystoma mexicanum). Ambystoma mexicanum belongs to a 

group of several closely related species collectively known as the tiger salamander 

species complex (Shaffer and Mcknight, 1996). Salamanders of this complex occupy a 

variety of North American breeding habitats ranging from temporary vernal pools to 

large permanent lakes. Among these habitats, populations are highly variable for 

metamorphic timing and expression of paedomorphosis. Some populations express 
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metamorphosis (e.g., A. tigrinum tigrinum) or paedomorphosis like A. mexicanum, while 

in other populations both phenotypes are observed at varying frequencies. Presumably, 

the expression of paedomorphosis is an opportunistic strategy that allows individuals to 

more successfully colonize relatively permanent aquatic niches (Wilbur and Collins, 

1973; Sprules, 1974). Paedomorphic tiger salamanders are found in newly-created 

habitats like cattle watering troughs and wastewater treatment ponds (Rose and 

Armentrout, 1975; Collins, 1981), as well as in stable, large lake systems (Shaffer, 1984). 

This chapter further explores the genetic contribution of a major-effect QTL (met) that is 

strongly associated with the discrete expression of metamorphosis vs. paedomorphosis in 

interspecific crosses using A. tigrinum tigrinum and a laboratory strain of A. mexicanum 

(Voss and Shaffer, 1997). Previous studies have shown that a dominant allele from A. 

tigrinum tigrinum (metAtt) and a recessive allele from lab A. mexicanum (metlab) results in 

metamorphosis in A. tigrinum tigrinum / A. mexicanum hybrids and that metAtt/metlab and 

metlab/metlab backcross genotypes are strongly associated with metamorphosis and 

paedomorphosis, respectively (Voss, 1995; Voss and Shaffer, 1997, 2000) (Table 5.1). 

These studies use a newly identified and highly informative expressed sequence tag 

marker for met called contig325. This marker is informative in the majority of 

Ambystoma species (data not shown) and thus represents an important new candidate for 

studies of developmental timing variation in natural populations. This chapter also 

describes a large, newly created backcross population (called WILD2) that was generated 

using wild-caught A. mexicanum individuals. WILD2 and the smaller WILD1 

backcrosses (Voss and Shaffer, 2000) may differ from lab A. mexicanum (LAB) 

backcrosses as a result of differences in the effects of met alleles and/or genetic 

background effects. To test this idea, contig325 was examined within the context of all 

available backcross populations (LAB, WILD1, and WILD2) to infer genetic changes 

that have modified the paedomorphic response of the natural A. mexicanum population 

during domestication of the laboratory strain at Indiana University (The Axolotl Colony, 

now the Ambystoma Genetic Stock Center at the University of Kentucky). Because 

WILD2 is the largest A. t. tigrinum / A. mexicanum backcross developed thus far (N = 

457), it was also possible to assess, in an accurate and reliable manner, the genetic 

contribution of met to a second form of phenotypic variation: continuous variation in 

 77



 

metamorphic timing. These results show that met contributes genetically to both discrete 

and continuous forms of metamorphic timing variation and suggest a linkage between the 

evolutionary maintenance of biphasic life cycles and the evolution of alternate 

developmental modes. 

 

Materials and Methods 

Genetic crosses 

Phenotypic and genotypic segregation ratios were compared among three different 

backcross resources. Three strains were used to make the backcrosses: wild-caught A. t. 

tigrinum, wild-caught A. mexicanum, and laboratory A. mexicanum (Figure 5.1; Table 

5.1). The LAB and WILD1 backcrosses have been described previously (Voss, 1995; 

Voss and Shaffer, 2000). For LAB, A. mexicanum were obtained from the Indiana 

University Axolotl Colony strain; for WILD1, A. mexicanum were collected from their 

natural habitat at Lake Xochimilco, Mexico D.F., Mexico. In these, and the WILD2 

crosses described below, A. t. tigrinum were obtained from the same source population in 

Tennessee (Charles Sullivan). 

The WILD2 backcrosses were created to obtain the largest-ever segregating 

population for genetic analysis of Ambystoma (Smith, 2002). WILD2 was created using 

A. mexicanum individuals collected from Lake Xochimilco to make F1 hybrids and first 

generation descendants of wild-caught A. mexicanum to make backcrosses. The F1 

hybrids were generated from a single cross and backcross offspring were generated using 

three male A. mexicanum and four female A. t. tigrinum / A. mexicanum hybrids. A total 

of nine backcross families compose WILD2 (Table 5.2). Artificial insemination was used 

in all crosses (Armstrong and Duhon 1989; Voss 1995). 

  

Rearing conditions 

The rearing methods for offspring from LAB and WILD1 were described previously 

(Voss, 1995; Voss and Shaffer, 2000). Here, the rearing conditions for WILD2 offspring 

are described. At 21 days postfertilization, larvae were released from their eggs and 

placed individually in 5-oz paper cups of artificial pond water. Throughout the course of 

this experiment all individuals were maintained in a single room within which the 
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temperature fluctuated from 19°–22°. Individuals were reared in separate containers and 

rotated within the room after water changes to reduce effects of spatial temperature 

variation. Larvae were fed freshly-hatched Artemia twice daily for their first 30 days 

posthatching. After day 20 posthatching, diets were supplemented with small (<1 cm) 

California black worms (Lumbriculus). During this time, individuals were provided with 

fresh water and cups after every third feeding. On day 30, larvae were transferred to 16-

oz plastic bowls, after which they were fed California black worms exclusively and water 

was changed every third day. Finally, at 80 days posthatching all individuals were 

transferred to 4-liter plastic containers and were otherwise maintained under the same 

regimen as the previous 50 days, until completion of metamorphosis or the end of the 

experiment (day 350). The majority of backcross offspring were euthanized, as described 

above, upon completion of metamorphosis or at day 350. At this time, individuals were 

dissected and tissue samples (liver and/or blood) were collected for DNA isolation. A few 

individuals were not euthanized and are currently being maintained for use in future 

studies. For these individuals, tissue samples were collected as tail clips. 

 

Phenotypic scores 

Individuals were scored as metamorphs upon complete resorption of all external gills 

(gills <1.0 mm in length). Age at metamorphosis was recorded as the number of days 

from fertilization to completion of metamorphosis. For WILD2, the experiment was 

terminated on day 350, at which point no individuals had completed metamorphosis 

within the previous 3 weeks. All remaining individuals showed no sign of having 

initiated metamorphosis (no apparent regression of the tail fin or external gills) and were 

scored as paedomorphs. 

 

Genotyping 

A total of 98, 112, and 457 individuals from LAB, WILD1, and WILD2, respectively, 

were genotyped for contig325, a molecular marker that was isolated as a result of 

ongoing EST and genetic linkage mapping projects that generate genome resources for 

Ambystoma research (http://salamander.uky.edu). This marker was isolated from an A. 

mexicanum tail regeneration blastema cDNA library (Putta et al, 2004). Additional 
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coding sequence for this EST was obtained by 5'-RACE and assembled with existing 

EST sequences. The resulting 985-bp DNA sequence shows strong similarity to a human 

nerve growth factor receptor precursor (sequence data not shown; NP_002498, bit score 

= 164; BLASTX). 

A 221-bp DNA fragment corresponding to contig325 was amplified from all 

individuals under standard PCR conditions (150 ng DNA, 50 ng each primer, 1.2 mM 

MgCl2, 0.3 units Taq polymerase, 1x PCR buffer, 200 mM each of dATP, dCTP, dGTP, 

and dTTP; thermal cycling at 94° for 4 min; 33 cycles of 94° for 45 sec, 60° for 45 sec, 

72° for 30 sec; and 72° for 7 min). Genomic DNA was isolated from all individuals using 

a previously described phenol extraction method (Voss, 1993). Primer sequences for 

amplifying contig325 were forward, 5'-GTGAAGTCAGTGATGAAAGTCCATGT-3', 

and reverse, 5'-CTAGGATACCAGTGGGAGAGTGTAAT-3'. Genotypes were assayed 

by restriction digestion of PCR products with a diagnostic AluI restriction enzyme (New 

England Biolabs, Beverly, MA) followed by agarose gel electrophoresis. 

 

Linkage analysis 

Linkage and QTL mapping studies were performed using the software package 

MapMakerQTXb19 (http://www.mapmanager.org/mmQTX.html; Meer et al, 2004). 

Linkage distance and arrangement among contig325 and previously described amplified 

fragment length polymorphisms (AFLP) (Voss and Shaffer, 1997) was estimated using 

the Kosambi mapping function at a linkage threshold of P = 0.001. The maximum-

likelihood position of the met QTL was estimated using the interval mapping function. 

Significance thresholds for interval mapping were obtained through 10,000 permutations 

of trait values among backcross progeny. Associations between contig325 genotypes and 

phenotypic variation were measured using the marker regression function. 

 

Results 

Identification of a highly informative EST marker for met 

The met QTL was originally identified in LAB using AFLPs and interval mapping (Voss 

and Shaffer, 1997). In LAB, metAtt/metlab and metlab/metlab segregate as highly penetrant 

genotypes for metamorphosis and paedomorphosis, respectively; in fact, cosegregation of 
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associated AFLPs and morph phenotypes was statistically consistent with simple 

Mendelian inheritance. However, given the anonymous nature of AFLPs and the 

nonspecific way in which these markers are generated, a more informative and user-

friendly marker was developed for met: an expressed sequence tag that we refer to as 

contig325. To show linkage between contig325 and met, individuals from LAB were 

genotyped. A stronger association between contig325 and met was observed than with the 

most closely linked AFLP marker (estimated proportion recombinants: AFLP32.17 = 

0.15, N = 70; contig325 = 0.07, N = 91). Genotypes at contig325 explain 71% of discrete 

variation for segregation of metamorphosis vs. paedomorphosis in LAB. Interval 

mapping shows that contig325 is located near the maximum inflexion point of the 

previously determined AFLP LOD profile for met (Figure 5.2). 

 

Survival of offspring in the newly created WILD2 mapping panel 

Overall, a high proportion (91%) of WILD2 backcross offspring survived from hatching 

to completion of metamorphosis or failed to metamorphose by day 350. There were no 

significant differences in survival probability among crosses. In total, the nine crosses 

generated 497 backcross offspring that survived through completion of metamorphosis or 

to the end of the experiment as paedomorphs. 

 

Segregation of discrete developmental modes and contig325 in WILD2 and WILD1 

Segregation of metamorphs and paedomorphs was observed in all nine WILD2 crosses 

(Table 5.2). Segregation ratios were not significantly heterogeneous (G = 13.32, d.f. = 8, 

P = 0.10) among crosses; therefore segregation ratios were pooled for hypothesis testing. 

The majority of offspring generated (453 of 497) metamorphosed before day 350. In 

total, only 44 (9%) of the offspring exhibited paedomorphosis and ratios were 

significantly different from the simple Mendelian expectation of 1:1 (G = 392, d.f. = 1, P 

= 4 x 10–87, N = 497). Significantly lower-than-expected numbers of paedomorphs (19%) 

were also observed in WILD1 (Voss and Shaffer, 2000). Thus, results from WILD1 and 

WILD2 indicate that the proportion of paedomorphs is significantly lower in backcrosses 

using wild-caught A. mexicanum, relative to laboratory A. mexicanum. 

To determine if met contributed to the segregation of discrete developmental 
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modes in WILD2, all individuals were genotyped for contig325 (325) (Table 5.3). 

Inheritance of 325Att/325Am, and thus presumably of metAtt/metwild2 (Table 5.1), yielded the 

expected metamorphic phenotype in >99% of the cases. The 325Att/325Am genotype 

(presumably marking metwild2/metwild2) was not as penetrant for the paedomorphic 

phenotype as only 17% of individuals in this genotypic class were paedomorphs. 

However, inheritance of metwild2/metwild2 is apparently necessary for expression of 

paedomorphosis as only one paedomorph inherited a metAtt/metwild2 genotype. To 

investigate linkage results between WILD2 and WILD1, which had previously been 

examined using only the informative AFLP makers (Voss and Shaffer 2000), individuals 

from WILD1 were genotyped for contig325. The pattern of segregation for contig325 in 

WILD1 was the same as that observed for WILD2. All but one individual that inherited 

325Att/325Am was metamorphic and 325Am/325Am yielded incomplete penetrance for 

paedomorphosis (only 16 of 51 325Am/325Am genotypes were paedomorphic). Observation 

of the same pattern of segregation between WILD1 and WILD2 suggests no sex linkage 

or maternal effect on the segregation of genotypes and phenotypes because the crossing 

designs were reversed to create WILD1 and WILD2 backcrosses (i.e., F1 hybrids were 

male in creating WILD1 but female in creating WILD2). Overall, these results show that 

325Att/325Am is strongly associated with the metamorphic phenotype; this association did 

not vary across LAB, WILD1, or WILD2. However, the proportion of 325Am/325Am 

genotypes that were associated with paedomorphosis was 4.5 times higher in LAB than in 

WILD1 and WILD2. This indicates a genetic difference in the basis of paedomorphosis 

between the natural and domestic strains of A. mexicanum. 

 

Continuous variation for age at metamorphosis and association with met 

The large number of metamorphic individuals in both genotypic classes from the WILD2 

panel provided the opportunity to test for association between contig325 and a second 

form of metamorphic timing variation: age at metamorphosis. Age at metamorphosis was 

scored only for those individuals that did undergo a metamorphosis. Age at 

metamorphosis varied continuously from 115 to 300 days in WILD2. Plotting 

metamorphic ages separately for 325Att/325Am and 325Am/325Am revealed two overlapping 

yet distinct distributions (Figure 5.3; Table 5.2). The means of these two distributions, 
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171 days and 207 days, differ significantly (t = 14.48, d.f. = 413, P < 0.0001), with 

325Am/325Am individuals metamorphosing on average 36 days later than 325Att/325Am 

individuals. A similar difference in age at metamorphosis between genotypic classes was 

also observed within the WILD1 panel (t = 6.99, d.f. = 93, P < 0.0001) with 325Am/325Am 

individuals metamorphosing on average 25 days later than 325Att/325Am individuals 

(Figure 5.4). This replicated result indicates that met, which is strongly associated with 

discrete variation for metamorphosis/paedomorphosis, is also strongly associated with 

continuous variation for metamorphic age. 

 

Discussion 

Novel developmental modes may evolve as a result of genetic changes in developmental 

timing or heterochrony (Gould, 1977; Roff, 1986; Matsuda, 1987; Ambros, 1988; Raff, 

1996; West-Eberhard, 2004). The paedomorphic developmental mode of the A. 

mexicanum is a classic example of heterochrony. Paedomorphosis in A. mexicanum 

presumably evolved as a result of a genetic change that blocked the initiation of 

metamorphosis in a biphasic ancestor, and this resulted in larval-form adults. In support 

of this idea, it was observed that within interspecific crosses using A. mexicanum and 

metamorphic A. t. tigrinum, the segregation of genotypes at a major-effect QTL (met) 

was associated with the expression of metamorphosis vs. paedomorphosis. This result 

supports the long-held idea that paedomorphosis in A. mexicanum evolved via saltation 

(Goldschmidt, 1940; Gould, 1977, 1981; Tompkins, 1978; Ambros, 1988; McKinney and 

McNamara, 1991; Voss, 1995; Voss and Shaffer, 1997; Futuyma, 1998). However, 

differences in gene effect were also observed that have evolved rapidly between the 

laboratory and wild strains of A. mexicanum (Voss and Shaffer, 2000), and it was found 

that met contributed to a second form of phenotypic variation: continuous variation in age 

at metamorphosis. This later result indicates that expression of paedomorphosis is 

associated with genetic changes that alter developmental timing (contra Raff and Wray, 

1989; Raff, 1996). The following paragraphs review the primary results of this study and 

explain how a genetic architecture that contributes to both continuous and discrete 

phenotypic variation supports a more gradual selection model for the evolution of 

paedomorphosis. 
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Genetic basis of discrete variation: expression of metamorphosis vs. paedomorphosis 

A conceptual framework for understanding how polygenes give rise to discrete 

phenotypic variation is the threshold model (Falconer, 1989). Under this model, the 

expression of alternate phenotypes depends upon an individual's liability value relative to 

a threshold value, with liability values above and below the threshold yielding alternate 

phenotypes. Under the threshold model, met makes a major contribution to the liability or 

threshold underlying the expression of metamorphosis vs. paedomorphosis. Within LAB, 

both 325Att/325Am and 325Am/325Am were highly predictive of their expected phenotypes, 

indicating highly significant linkage to a single locus (met) (χ2 = 84.97, d.f. = 1, N = 98, 

P < 0.001; Table 5.3). Thus, in the LAB genetic background, the threshold for expressing 

metamorphosis vs. paedomorphosis is traversed by the segregation of alternate met 

genotypes at a single locus. Apparently, 325Att/325Am is not sensitive to genetic 

background because this genotype was also highly predictive of metamorphosis in 

WILD1 and WILD2. Thus, in both LAB and WILD genetic backgrounds, substitution of 

a single A. mexicanum met allele with a dominant A. t. tigrinum met allele rescued the 

metamorphic phenotype in essentially all cases. 

In contrast to 325Att/325Am, the penetrance of 325Am/325Am for paedomorphosis 

varied between LAB and the WILD backcrosses. This suggests that metlab and metwild1,2 

contribute differently to the underlying genetic architecture or that LAB and WILD 

genetic backgrounds influence the probability of paedomorphosis differently. Although it 

is currently not possible differentiate between these two possibilities, the genetic basis of 

paedomorphosis clearly differs between the natural population and a recently derived 

laboratory strain of A. mexicanum, thus indicating the potential for rapid evolution of 

genetic architecture. This supports the idea that the simple Mendelian basis of 

paedomorphosis in LAB evolved recently during the domestication of A. mexicanum 

(Voss and Shaffer, 2000; see also Malacinski, 1978). Although paedomorphosis is 

expressed by both the wild strain and the laboratory strain, these results indicate that 

selection has canalized expression of paedomorphosis to a greater degree in the 

laboratory strain, as assayed using an interspecific crossing design. Thus, although 

paedomorphosis has been cited as a classic example of heterochrony by a major gene 
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effect, this study shows that factors beyond a single major gene are important in discrete 

trait expression in A. mexicanum. 

 

Genetic basis of continuous variation: variation in metamorphic age 

Because the WILD backcrosses yielded a large number of metamorphosing offspring 

reared under identical conditions, it was possible to estimate the contribution of met to 

variation in metamorphic age. It wass observed that metamorphic age varied significantly 

between 325Am/325Am and 325Att/325Am genotypic classes. This indicates that 

metwild/metwild delays timing of metamorphosis relative to metAtt/metwild. Because 

metwild/metwild was associated with paedomorphosis in WILD1,2 (all but two 

paedomorphs were metwild/metwild), these results show that both delayed metamorphosis 

and expression of paedomorphosis are associated with this genotype; it is important to 

note that these associations were observed in the same genetic background. Conversely, 

an earlier metamorphosis was associated with the alternate metAtt/metwild genotype, again 

within the same WILD genetic backgrounds. This indicates that met alleles deriving from 

paedomorphic A. mexicanum delay metamorphosis while met alleles from the 

metamorphic A. t. tigrinum decrease the time to metamorphosis. These results imply that 

metamorphic age is a continuous variable that is closely associated with the underlying 

liability or threshold that determines the expression of alternate developmental modes. It 

is possible that met influences metamorphic timing via changes in the timing of the 

sensitive period for hormonal initiation of metamorphosis, as has been suggested for 

dung beetles (Onthophagus taurus) that express alternate male morphs (Moczek and 

Nijhout, 2002). A comparative mapping project is underway to identify likely candidate 

genes in the vicinity of contig325 (http://salamander.uky.edu). 

 

Evolutionary maintenance of the biphasic life cycle and evolution of 

paedomorphosis 

These results suggest that two distinct evolutionary processes—(1) adaptation of biphasic 

life cycles through selection of metamorphic timing (Voss et al, 2003) and (2) evolution 

of novel paedomorphic developmental modes that isolate lineages and promote speciation 

(Shaffer, 1984)—are apparently linked by a common genetic architecture. Selection for 
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met alleles that increase or decrease age at metamorphosis is expected to allow the 

evolution of a continuum of metamorphic timing phenotypes. Because met did not 

account for all of the variation in metamorphic timing in WILD2, it is likely that other 

loci make a contribution to continuous variation (Voss et al, 2003). The average 

difference in metamorphic age that was observed between met genotypic classes was 36 

days. This amount of variation may significantly affect larval survivorship in natural 

populations that use unpredictable, ephemeral ponds (Wilbur and Collins, 1973). In more 

predictable ephemeral ponds, selection is expected to favor alleles that delay 

metamorphic timing because larvae that attain larger body sizes have increased survival 

probabilities after metamorphosis (Semlitsch et al, 1988). In this study, inheritance of the 

same met genotype was associated with delayed metamorphosis and expression of 

paedomorphosis. Because both of these life history strategies would be favored in a stable 

aquatic habitat, it seems likely that the evolution of paedomorphosis in A. mexicanum 

occurred gradually via selection for delayed metamorphic timing. Overall, these results 

provide a framework for understanding how metamorphic timing and paedomorphic 

phenotypes can evolve to be fixed or variable within and between species and, thus, how 

microevolutionary processes lead to macroevolutionary patterns. 
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Table 5.1: Nomenclature for backcrosses, expected met genotypes, expected 
contig325 genotypes, and expected morph phenotypes. 

 

Cross ID Backcross hybrid X Am met Genotype 
contig325 
Genotype Morph type 

LAB (Att/Am-lab) X Am-lab metAtt/metlab 325Att/325Am Met 
  metlab/metlab 325Am/325Am Paed 
WILD1 (Att/Am-wild1) X Am-wild1 metAtt/metwild1 325Att/325Am Met 
  metwild1/metwild1 325Am/325Am Paed 
WILD2 (Att/Am-wild2) X Am-wild2 metAtt/metwild2 325Att/325Am Met 
  metwild2/metwild2 325Am/325Am Paed 
 
Dominant metAtt alleles derive from the same Att strain. Recessive metlab and metwild 
alleles derive from different Am strains. Contig325 is a species-specific marker locus 
linked to met. Morph types are based upon a single gene model. Att, A. tigrinum 
tigrinum; Am, A. mexicanum. Met, metamorph; Paed, paedomorph. 
 
 
 
 
 
Table 5.2: WILD2 backcrosses showing parentage, morph segregation, and mean 
age at metamorphosis for contig325 genotypes. 
 

 Parents  Offspring  Mean age at metamorphosis 
Cross ID F1 P2  Met Paed % Paed 325Att/325Am 325Am/325Am

1 F1.1 P2.1  69 5 7 175.4 217.4 
2 F1.2 P2.1  50 7 12 171.3 199.1 
3 F1.3 P2.1  38 3 7 183.2 206.7 
4 F1.4 P2.1  65 11 15 177.1 204.8 
5 F1.1 P2.2  56 6 10 173.2 210.1 
6 F1.2 P2.2  80 3 4 164.5 203.8 
7 F1.3 P2.2  44 1 2 165.1 214.6 
8 F1.4 P2.2  35 4 10 159.9 200.2 
9 F1.2 P2.3  16 4 2 156.7 209.2 
Total    453 44 9 170.9 207.1 
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Figure 5.1: Larval and adult phases of Ambystoma. (A) Larval A. mexicanum. (B) 
Adult A. t. tigrinum (metamorphic). (C) Adult A. mexicanum (paedomorphic). 
 

 
 
 
 
 
Figure 5.2: Likelihood-ratio statistic (LRS) plot for association of paedomorphosis 

with genetic factors in the met QTL region. The LRS for the contig325 marker is 
shown. Horizontal shaded lines represent LRS thresholds for suggestive (1.3), significant 

(6.6), and highly significant associations (15.6) as estimated using Map Manager 
QTXb19. 
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Figure 5.3: Distribution of ages at metamorphosis for WILD2 plotted separately for 
contig325 genotypes. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.4: Distribution of ages at metamorphosis forWILD1 plotted separately for 

contig325 genotypes. 
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CHAPTER 6: Gene Order Data from a Model Amphibian (Ambystoma): New 
Perspectives on Vertebrate Genome Structure and Evolution. 
 
Introduction 

Amphibians (salamanders, frogs, and cecilians) arise from a branch of the vertebrate 

evolutionary tree that is juxtaposed between aquatic fishes and more terrestrial amniotes 

(Figure 6.1). This phylogenetic location therefore positions amphibians to provide 

important comparative perspective for reconstructing character changes that have 

occurred during vertebrate evolution. For example, the amphibian perspective is essential 

for understanding molecular, developmental, and morphological changes of appendages 

that are associated with the transformation of obligatorily aquatic fish to terrestrial 

tetrapods (Gardiner et al, 1998; Simon, 1999; Hinchliffe, 2002; Shubin, 2002). In 

addition, because amphibians are the most basal tetrapod lineage, the amphibian 

perspective is essential for understanding the evolution of amniote characteristics among 

the “higher vertebrate” groups. Although many studies have exploited the phylogenetic 

position of amphibians for comparative perspective, very few comparisons have been 

made at the genome level. This chapter presents results from the first broad-scale 

comparison of genome structure between an amphibian and other representative 

vertebrate taxa. 

One of the most fundamental structural characteristics of genomes is the order in 

which protein-coding genes are arranged on chromosomes. Gene order is determined 

using one of several approaches, including physical mapping, linkage mapping, and 

whole genome sequencing. The most powerful approach is whole genome sequencing 

(IHGSC, 2001; MGSC, 2002; Jaillon et al, 2004; RGSPC, 2004; ICGSC, 2005), but only 

if the final product is a complete (or nearly complete) genome assembly. Physical 

mapping refers to the direct localization of a gene to a whole or partial chromosome, for 

example by the method of somatic cell hybridization (Goss and Harris, 1975; Cox et al, 

1990; Kwok et al, 1998; Wardrop et al, 2002) or chromosome in-situ hybridization (Gall 

and Pardue, 1969; John et al, 1969; Trask et al, 1989; Heng et al, 1992). In comparison to 

these physical genome approaches, genetic linkage mapping refers to the approach of 

estimating recombination frequencies among loci (genes) in a segregating cross for the 

purpose of ordering genes into linkage groups (e.g. Ott, 1991).  Ultimately, the genomic 
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approach taken to order genes in a particular species is determined by genome 

characteristics and the availability of resources.  For example, the extremely large 

genome size of some amphibians makes it difficult to justify a whole genome sequencing 

effort at this time (Morescalchi, 1975; Licht and Lowcock, 1991). However, genetic 

linkage mapping is an efficient strategy for amphibians because large numbers of 

offspring can be obtained from segregating crosses, thus allowing accurate estimates of 

map position (Smith et al, 2005). 

Until recently, there were few amphibian gene order data available for 

comparative analyses of vertebrate genome structure (Voss et al, 2001; Ohta et al, 2006). 

Much physical genome sequence has been collected recently for an anuran amphibian 

(Xenopus tropicalis), but this sequence has not yielded a complete genome assembly and 

there are no large-scale genetic maps for Xenopus that can be used in comparative studies 

(http://tropmap.biology.uh.edu). The recently developed genetic linkage map for the 

salamander genus Ambystoma, however, now provides an amphibian resource that can 

provide structural and evolutionary perspective at the genomic level (Smith et al, 2005). 

This chapter presents the largest gene order dataset ever obtained for an amphibian. This 

dataset is used to describe the extent to which gene orders have been conserved between 

Ambystoma and other representative vertebrate species with assembled physical genome 

maps. Several other examples are also provided that illustrate the importance of the 

amphibian genome perspective for reconstructing gene orders of the ancestral tetrapod 

and amniote genomes, and for understanding the importance of gene order rearrangement 

in vertebrate evolution.  

 

Materials and Methods 

Sequence comparisons 

Ambystoma orthologs were identified from assembled contigs of the Salamander Genome 

Project (Putta et al, 2004; Smith et al, 2005; http://www.ambystoma.org) and other 

sequences published in GenBank (see Supplementary_Document_6_1 and 

Supplementary_Table_6_1). These sequences ranged in length from 126 to 6167 bp and 

presumably correspond to partial and full-length RNA transcripts. A FASTA file of these 

sequences is included in Supplementary_Document_6_1. Similarity searches and 
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sequence alignments between translated Ambystoma sequences and translated genome 

sequences were performed using the program BLAT (Kent, 2002).  Alignments were 

generated between the source sequences for 491 Ambystoma genetic markers (Smith et 

al, 2005) and genome assemblies for human, mouse, rat, dog, chicken, zebrafish, and T. 

nigroviridis. Source sequences for human, mouse, rat, dog, chicken, zebrafish, and T. 

nigroviridis (respectively: hg17 build 35, mm6 build 34, rn3, canFam1, galGal2, 

danRer2, tetNig1 V7) were downloaded from the UCSC Genome Browser Gateway 

(http://genome.ucsc.edu/cgi-bin/hgGateway). Cumulative bitscores were calculated for 

alignments between Ambystoma sequence and full genome sequences by summing across 

presumptive exons. This was accomplished by summing bitscores for otherwise 

continuous alignments that were interrupted by gaps of 10,000 or fewer bases.  

 

Statistical analysis of conserved synteny 

Houseworth and Postlethwait (2002) proposed two measures of synteny conservation: ρ 

and λ. Both of these statistics measure the degree of association between chromosomes 

(or other segments) from two genomes.  The statistic ρ is equivalent to the square of 

Cramer’s V statistic for frequencies of orthologs in a two-way table of chromosomes 

(Housworth and Postlethwait, 2002; Cramer, 1946). Cramer’s V and ρ are scaled χ2 

statistics and as such may not be fully appropriate for measures of association when the 

average cell frequency within a two-way contingency table is less than 6 (Roscoe and 

Byars, 1971). In other words accurate estimation of the χ2 statistic for comparisons 

between two genomes with 1N = 20 would require at minimum identification of 2400 

(20*20*6) orthologies.  Furthermore, χ2 based measures of association are not directly 

comparable between analyses, nor interpretable in a probabilistic sense (e.g. Fisher, 1938; 

Blalock, 1958; Goodman and Kruskal, 1954; Kendall and Stuart, 1967).  

In terms of pairwise comparisons between genomes, λ provides a measure of the 

proportional increase in ability to predict the chromosomal assignment of an ortholog in 

either of two species (or in probabilistic terms, “the relative decrease in probability of 

erroneous guessing” (Kendall and Stuart, 1967), when the ortholog’s position is known in 

the other species, vs. when it is unknown) (Kendall and Stuart, 1967). The value of λ 

ranges from 0 to 1, with a value of λ = 0 representing the case where knowledge of the 

 92



 

positions of orthologous loci in either species is completely uninformative in predicting 

the location of orthologs in the other, and a value of λ = 1 representing the case where 

knowledge of the positions of orthologous loci in either species can be used to exactly 

predict the location of all orthologs in the other. Values of ρ and λ were highly similar 

among analyses. For simplicity and ease of interpretation, and because the λ statistic is 

seemingly more appropriate for the question at hand, only values for λ are reported with 

approximate 95% confidence estimated using the methods of Goodman and Kruskal 

(1963).  

 

Statistical analysis of segmental homology 

Segmental homologies were identified by comparing the positions of orthologs between 

the Ambystoma genetic map and the reference genomes for human, mouse, rat, dog, 

chicken, zebrafish, and T. nigroviridis. The Ambystoma map and reference genomes were 

formatted as concatenated (across linkage groups or chromosomes) series of orthologs 

and input into the program FISH (Calabrese et al, 2003). In effect, FISH identifies 

segmental homologies by comparing the distribution of points on an oxford plot to the 

expected null distribution for an equal number of randomly scattered points. 

Concatenating chromosomes of multichromosomal genomes permits correct calculation 

of the null distribution of orthologies by FISH. However, one potential caveat of using 

concatenated genomes is that the analysis does not take into account the position of 

chromosomal boundaries. The possibility therefore exists that clusters or orthologies that 

cross the boundaries of chromosomes or linkage groups will be identified as segmental 

homologies. Because these putative clusters involve artificially generated segments, they 

likely represent spurious segmental homologies. To check for this possibility, the 

locations of all identified segmental homologies were examined manually. A single 

segmental homology in the Ambystoma-mouse comparison was observed that crossed a 

boundary. This homology was removed from subsequent analyses. It is noted, however, 

that boundary-crossing clusters might alternately represent fission breakpoints that were 

placed (by chance) adjacent to one another in the concatenated genome. This possibility 

will be explored in future work. 
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Results 

Identification of putative orthologs  

In total, 491 protein-coding marker sequences from the Ambystoma genetic map were 

searched against the genome sequences of human (Homo sapiens), mouse (Mus 

musculus), rat (Rattus norvegicus), dog (Canis familiaris), chicken (Gallus gallus), 

zebrafish (Danio rerio), and freshwater pufferfish (Tetraodon nigroviridis) to identify 

presumptive orthologs. For each search, orthologs were defined as the BLAT hit with the 

highest bitscore, plus all other hits within 1% of the highest bitscore. Using this 

definition, orthologs for 344 (70%) Ambystoma sequences were identified within the 

genome of at least one species in the reference set. Alignment summaries for all 

presumptive Ambystoma-vertebrate orthologs are provided in Supplementary_Table_6_2. 

The number of Ambystoma orthologs varied among species, ranging from 237 to 322. A 

low proportion of Ambystoma orthologs aligned to more than one presumptive ortholog 

in all comparisons (human, 4.0%; dog, 6.0%; mouse, 8.4%; rat, 4.4%; chicken, 1.8%; T. 

nigroviridis, 4.9%; zebrafish, 3.8%). In general, a greater number of Ambystoma 

orthologs were identified among amniote taxa vs. fish taxa (Table 6.1). This suggests 

greater conservation of orthologs among tetrapod taxa.  

To gain insight into variation in genome coverage of Ambystoma-vertebrate 

orthologies, the distribution of Ambystoma-human orthologies was compared to the 

expected distribution under random sampling of human loci (Table 6.2). The human 

genome assembly for this comparison (http://www.ncbi.nih.gov/mapview/stats/ 

BuildStats.cgi?taxid= 9606&build=36&ver=1) was selected because the assembly is 

relatively complete and contains a large number of gene annotations. The observed 

number of orthologs on three human chromosomes (HSA1, 12, and 17) deviated 

significantly from the expected number (p>0.01). Notably, all three of these 

chromosomes contained an excess of orthologies, rather than a deficiency. A single 

human chromosome (HSA4) contained a marginally significant deficiency of Ambystoma 

orthologies (p = 0.05, however, given the large number of comparisons, a similar 

deviation would be expected to occur by chance. Comparisons with the human genome 

assembly suggest that Ambystoma-amniote orthologies will provide coverage of most 

regions of ancestral vertebrate genomes.   
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Orthologs for a majority of Ambystoma marker sequences were identified in more 

than one reference genome (Figure 6.2). Of the 343 Ambystoma orthologs identified from 

all searches, 292 (85%) yielded hits to five or more genomes. A high proportion of 

Ambystoma-amniote orthologs were identified from four or more of the amniote taxa 

(88%). A lower proportion of Ambystoma-fish orthologs were identified from both fish 

taxa (68%). The relatively lower proportion of Ambystoma-fish orthologs may reflect 

lineage-specific gene losses and divergence that has occurred between these fish species, 

or differences in completeness of their genome assemblies. Below, Ambystoma 

orthologies are used as characters to identify conserved syntenies and gene orders and 

reconstruct key events in the evolution of vertebrate genomes.  

 

Conservation of synteny  

The association index λ describes the extent to which chromosomal assignments of loci 

(genes) in one species are predictive of chromosome assignments in another species (see 

Methods). High λ values indicate high predictability; such values are expected when few 

inter-chromosomal rearrangements of genes occur between two species after divergence 

from a common ancestor. Thus, λ provides a measure of the combined effects of 

phylogenetic distance and lineage specific rearrangement rates on the inter-chromosomal 

distribution of genes. The statistic λ������������ for pairwise comparisons 

between Ambystoma and each of the seven reference vertebrate genomes. Significant 

(non-zero) association indices were observed for all comparisons and there was 

considerable variation in λ values (0.18 for Ambystoma vs. zebrafish or mouse to 0.33 for 

Ambystoma vs. chicken; see Table 6.1). Variable λ values for Ambystoma-amniote 

comparisons illustrate the importance of lineage specific effects, because all amniotes 

share the same divergence time. In this case of λvariability among amniotes, lower λ 

values for Ambystoma-murid rodents indicate an increased rate of genome rearrangement 

in the murid rodent lineage.  

To obtain a more complete picture of genome similarity pairwise λ values were 

calculated for all possible species comparisons using two different datasets: 1) the set of 

all genes that showed 1:1 orthology in comparisons between Ambystoma each of the 

seven reference vertebrate genomes (ranging from N=170 for chicken-zebrafish to 
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N=309 for Ambystoma-human), and 2) a smaller set of genes (N=110) in which 1:1 

orthology was established among all species. The cumulative gene set was expected to 

identify a greater number of associations while the smaller set controlled for comparison-

wise differences among the gene sets used to estimate λ. The cumulative gene set yielded 

slightly lower values of λ than the smaller set. For both gene sets, λ was inversely 

correlated with phylogenetic distance (Figure 6.3) (see Supplementary_Table_6_3). As 

before, it was also observed that λ varied substantially among species with identical 

divergence times, consistent with lineage specific variation in rearrangement rates. 

Notably, λ values for the Ambystoma-chicken comparison are higher than or similar to λ 

values calculated between chicken and mammals, and similar to values calculated 

between murid rodents and non-rodent mammals, despite differences in divergence time 

among these comparisons on the order of 60 to 280 million years (MY) (Figure 6.1) (see 

Supplementary_Table_6_3). To better understand the effect of divergence time on 

variation in λ, the average rate of decrease in λ ((1-λ)/divergence time)) was estimated 

for all pairwise comparisons. Figure 6.4 shows that interchromosomal rearrangement 

rates are strikingly higher in murids and more variable among mammals in comparison to 

all other vertebrate groups. In contrast, genome rearrangements in non-mammalian 

vertebrate species appear to accumulate at a similar, lower rate.  

 

Conservation of segmental homology 

The map position of Ambystoma genes were compared to the physical positions of their 

presumptive orthologs in each of the seven reference genomes. These pair wise 

comparisons were visualized using Oxford plots to show intra-chromosomal positions of 

orthologies between Ambystoma and each of the reference genomes (Figures 6.5-6.8) (see 

Supplementary_Figures_6_1-6_3). In Oxford plots, conserved segmental homologies can 

be identified as diagonally oriented clusters of points. This visual approach was 

compared with a statistical approach using the program FISH (Calabrese et al, 2003). The 

algorithm underlying FISH appears to be somewhat conservative for Ambystoma-amniote 

comparisons because several clusters that are visually indicative of conserved segments 

were not identified as such, and several of the significant clusters did not always include 

orthologies that were very close to cluster margins. At any rate, the majority (57%) of the 
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334 Ambystoma-amniote orthologs were found within statistically significant, segmental 

homologies. The proportion of Ambystoma orthologs that were assigned to homologous 

segments varied greatly among comparative maps (Table 6.1) (see 

Supplementary_Table_6_2). A much higher percentage of Ambystoma-amniote orthologs 

were found in significant segment homologies than Ambystoma-fish orthologs. For 

example, the Ambystoma-chicken Oxford plot reveals a striking pattern of conservation 

of gene order (Figure 6.7). Overall, fewer segmental homologies were identified between 

Ambystoma and murid rodents vs. nonrodent amniotes. However, the number of 

segmental homology differences among amniotes was small in comparison to the nearly 

2-fold difference in λ values observed for Ambystoma-murids vs. Ambystoma-nonrodents 

(Table 6.1). Thus, although there has been greater reordering of loci among murid 

chromosomes during evolution, orders of loci within murid chromosomes are conserved 

and identifiable in comparisons to Ambystoma. 

 

Discussion 

Amphibians occupy an important, intermediate position in the vertebrate evolutionary 

tree. This study is the first to include amphibian gene order data in a taxonomically broad 

comparison of vertebrate genome structure. Comparisons of genome structure between 

Ambystoma and representative fish, reptilian, and mammalian species revealed extensive 

conservation of gene location at the intra- and inter-chromosomal levels. Overall, 

conserved syntenies and segmental homologies were identified for hundreds of 

Ambystoma protein-coding sequences (see Supplementary_Table_6_1). These data 

provide evidence, beyond nucleotide identity, that Ambystoma genes are annotated with 

the correct vertebrate orthology. Information about gene orthology, conserved synteny, 

and segmental homology will extend Ambystoma as a research model because it will 

enable development of orthologous probes for comparative molecular studies, and the 

identification of candidate genes for Ambystoma mutants and QTL.   

This study shows that the Ambystoma Genetic Map can identify conserved 

syntenies and segmental homologies when compared to any of the primary vertebrate 

model organism genome assemblies. Overall, greater conservation of genome structure 

was observed between Ambystoma and amniotes, however, many conserved syntenies are 
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identifiable between Ambystoma and fish (T. nigroviridis, zebrafish).  It was also 

observed that genome rearrangement rates are not simply a function of phylogenetic 

distance; there are clear differences in inter-chromosomal rearrangement rates, especially 

within mammals, as well as between mammals and “lower vertebrates”. These points are 

elaborated upon below, as well as and several new insights that amphibians provide 

concerning vertebrate genome evolution. 

 

Genome conservation between Ambystoma and fish 

Fewer presumptive orthologs, conserved syntenies, and segmental homologies were 

identified between Ambystoma and fish (T. nigroviridis, zebrafish) than between 

Ambystoma and amniotes. This result is expected because of the deeper divergence time 

of Ambystoma and fish; in other words, there has been more time for nucleotide 

substitutions (that make it difficult to identify orthologs) and synteny disruptions to 

accumulate since the divergence of Ambystoma and fish from a common ancestor. 

Nevertheless, 57% of Ambystoma orthologs were observed in conserved syntenies with 

four or more orthologs in at least one fish species, and with the exception of Ambystoma 

linkage group (LG)13 (which shows strong synteny with GGA3), all Ambystoma linkage 

groups show discreet regions of synteny with chromosomes of T. nigroviridis and 

zebrafish. Assuming conservation of gene order during evolution, several regions of 

conserved synteny between Ambystoma and fish were likely present in the ancestral 

euteleostean genome. These include: the right hand portion of Ambystoma LG6, which 

shows extensive synteny with TNI21 and segmental homology with DRE19; and 

Ambystoma LG10, which shows extensive synteny with TNI15 and DRE20 (Figure 6.8) 

(see Supplementary_Figure_6_3).  Observation of extensive synteny between Ambystoma 

and fish is interesting because recent evidence suggests a whole genome duplication 

predating the common ancestor of T. nigroviridis and zebrafish, followed by differential 

losses of paralogous loci (e.g. Jaillon et al, 2004; Bernot and Weissenbach, 2004; Naruse 

et al, 2004; Woods et al, 2005). Under such a model of genome evolution, the positions 

of syntenic Ambystoma genes are expected to map to overlapping positions on different 

fish chromosomes. This pattern is not observed for Ambystoma- T. nigroviridis orthologs 

on a few of the smaller Ambystoma linkage groups (e.g. Ambystoma LG9 vs. TNI13 and 
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19), however this pattern is not as obvious in larger Ambystoma linkage groups, or in 

comparisons between Ambystoma and zebrafish. The observed patterns appear to be 

consistent with chromosomal duplications in some instances, but may alternately reflect 

ancient large-scale rearrangements that have since been shuffled to yield interleaving sets 

of conserved syntenies. Better reconstruction of the pre-duplicated, ancestral teleost 

genome is needed to differentiate between these possibilities. 

 

Genome conservation between Ambystoma and amniotes 

Results from this study indicate extensive conservation of gene orders between 

Ambystoma and amniotes, and especially between Ambystoma and chicken. Many of the 

orthologs identified on the smaller chicken chromosomes exist in nearly exclusive 

synteny or segmental homology with discreet regions of the Ambystoma genome (Figure 

6.7). This is interesting in view of the large difference in chromosome number and 

genome size between these species. Ambystoma has a much larger genome and haploid 

complement of 14 chromosomes (Licht and Lowcock, 1991), whereas chicken has a 

haploid complement of 39 chromosomes (ICGSC, 2005). Given that an ancestral 

chromosomal number of 12-14 chromosomes seems most likely for euteleost (Jaillon et 

al, 2004; Bernot and Weissenbach, 2004; Naruse et al, 2004; Woods et al, 2005; 

Postlethwait et al, 2000; Kohn et al, 2006) tetrapod (Smith, unpublished data), and 

reptilian ancestors (Norris et al, 2004), differences between Ambystoma and chicken 

genomes are largely explained by lineage specific fissions (mostly giving rise to 

individual chicken microchromosomes) and a moderate number of large rearrangements. 

The very high number of segmental homologies observed between Ambystoma-chicken 

suggests they share a large portion of the ancestral tetrapod genome structure. When 

considering additional segmental homologies identified between Ambystoma and 

mammals, more than half of the Ambystoma-amniote orthologs that are currently located 

on the Ambystoma Genetic Map identify segmental homologies within at least one 

amniote genome, and by extension, the ancestral amniote and tetrapod genomes.  

 

Variation in interchromosomal rearrangement rates 

This study corroborates the idea that mammalian genomes are characterized by higher 
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and more variable rates of genome rearrangement in comparison to other vertebrate 

groups (e.g. Kohn et al, 2006; Bourque et al, 2004; Bourque et al, 2005). In comparison 

to mammals, lower estimates of genome rearrangement rates were obtained for 

Ambystoma, chicken, zebrafish, and T. nigroviridis. These estimates are consistent with 

cytogenetic data that indicate extensive conservation of the avian karyotype over 

approximately 80 to100 MY of evolution (Ohno, 1967; de Boer, 1980; Shetty et al, 

1999), with estimates of genome rearrangement rates between chicken and mammals 

(Bourque et al, 2005; Burt et al, 1999), and with comparisons between chicken and 

reptiles (Matsuda et al, 2005). It is curious to find similar rearrangement rates among 

non-mammalian vertebrates that differ so greatly in life history and genome structure, 

and whose genomes have been shaped differently by lineage-specific processes during 

evolution. Birds, amphibians, and fish have very different generation times, chromosome 

numbers, and genome sizes. However, these results suggest relatively constant rates of 

genome rearrangement from the euteleost ancestor to the origin of mammals.  

 

Evolution of human chromosomes 

In the remainder of the discussion a few examples are provided to show how Ambystoma 

provides perspective on the evolution of gene orders within the human genome. In 

general, Ambystoma comparative mapping data are useful because they help establish 

ancestral amniote and tetrapod gene orders. The Ambystoma ancestral perspective is 

needed to identify conserved syntenies and disruptions, and to corroborate evolutionary 

inferences based only on comparisons between chicken and mammals (ICGSC, 2005; 

Bourque et al, 2004; Schmid et al, 2000; Nanda et al, 2002; Schmid et al, 2005) or only 

mammals (Bourque et al, 2004; Murphy et al, 2003 ; Richard et al, 2003; Yang et al, 

2003).  

 

Synteny of HSA1 and HSA19 loci in the ancestral amniote and tetrapod genomes. 

A region of segmental homology between Ambystoma LG4 and GGA28 overlaps regions 

of segmental homology between Ambystoma LG4 and two human chromosomes, HSA1 

and HSA19 (Figure 6.9). This arrangement suggests that portions of HSA1 and 19 were 

joined in the ancestral tetrapod and amniote genomes. Fission of this ancestral gene order 
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presumably occurred before the diversification of eutherian mammals (87 MY ago) 

because Ambystoma LG4 orthologies are distributed similarly among the chromosomes 

of human, mouse, rat, and dog. The overall distribution of conserved syntenies among 

Ambystoma and amniotes indicates that many Ambystoma LG4 genes were syntenic in 

the ancestral tetrapod genome. 

 

Synteny of HSA7 and HSA12 loci in the ancestral amniote, tetrapod, and euteleost 

genomes 

Regions of synteny and segmental homology between Ambystoma LG9 and GGA1 

overlap the positions of syntenic markers located on HSA7 and 12 (Figure 6.9). This 

arrangement suggests that loci of HSA7 and 12 were syntenic in the ancestral tetrapod 

and amniote genomes. As was observed above for Ambystoma LG4, fission of this 

ancestral gene order presumably occurred before the diversification of eutherian 

mammals because Ambystoma LG9 orthologies are distributed similarly among the 

chromosomes of human, mouse, rat, and dog. Because Ambystoma LG9 also shows 

conserved synteny and segmental homology with much of DRE4, many Ambystoma LG9 

genes were apparently syntenic in the euteleost ancestral genome. 

 

Value of multiple species in comparative genomics 

Ambystoma LG12 and 13 show extensive conserved synteny and segmental homology 

with portions of GGA1 and 3, respectively. Apparently, these homologous chromosomal 

segments have changed little since diversification of the tetrapod lineage, approximately 

370 MY ago. However, neither Ambystoma LG12 nor Ambystoma LG13 show substantial 

conserved synteny or segmental homology with any human chromosome. This suggests 

the possibility of lineage-specific synteny disruptions in the primate lineage, because 

Ambystoma LG12 does show conserved synteny with portions of the X-added region of 

rat and dog (Graves, 1995, Ross et al, 2005). This example shows that conserved 

chromosomal segments may not always be identifiable in the human genome or other 

mammalian genomes; a multi-species perspective is essential to identify lineage specific 

effects in comparative vertebrate genomics.  
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Fissions derived within the mammalian lineage 

Several pairs of human chromosomes may have been fused in the ancestral mammalian 

genome: HSA3/21, 4/8, 10/12, 7/16, 14/15, 16/19, and two regions of 12/22, (Bourque et 

al, 2004; Murphy et al, 2003 ; Richard et al, 2003; Yang et al, 2003). Although the 

current dataset is insufficient to test all of these hypotheses, the Ambystoma-human 

Oxford plot (Figure 6.5) suggests that two of these chromosome pairs were fused in the 

ancestral tetrapod and amniote genomes (Figure 6.10). Conserved syntenic regions of 

HSA16 and 19 adjoin each other in the middle of Ambystoma LG3 and at the left end of 

Ambystoma LG4. Additionally, conserved syntenic regions of HSA7 and HSA16 adjoin 

each other on the right end of Ambystoma LG3. These data suggest that some of the 

chromosomal arrangements that have been proposed for the ancestral mammalian 

genome may trace back to the ancestral tetrapod genome. 

 

Conclusions 

These studies demonstrate the importance of amphibians in revealing key events and 

trends in vertebrate genome evolution. Measurements of conserved synteny using 

Ambystoma orthologies suggest relatively constant rates of genome rearrangement from 

the euteleost ancestor to the origin of mammals. Ambystoma comparative mapping data 

are also useful in establishing ancestral amniote and tetrapod gene orders and identifying 

synteny disruptions that have occurred in amniote lineages. More than half of the 

Ambystoma-amniote orthologs that are currently located on the Ambystoma Genetic Map 

identify segmental homologies within at least one amniote genome, and by extension, the 

ancestral amniote and tetrapod genomes. Comparisons between Ambystoma and amniotes 

also reveal some of the key events that have structured the human genome since 

diversification of the ancestral amniote lineage. 
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Table 6.1: Summary of sequence alignments and analyses of synteny and segmental 

homology using the full set of mapped Ambystoma sequences. 

 
Species Divergence Orthologs BLAT λ % in 
 Timea  Alignments  SHb

Human 370 MY 322 341 0.25±0.12 32 
Dog 370 MY 317 340 0.24±0.12 25 
Mouse 370 MY 308 350 0.18±0.12 27 
Rat 370 MY 316 340 0.19±0.13 23 
Chicken 370 MY 284 301 0.33±0.13 34 
T.nigroviridis 450 MY 243 255 0.23±0.14 2 
Zebrafish 450 MY 237 248 0.18±0.15 3 
Total Numbers  343 2175  57 

 
a – The approximate divergence time in millions of years (MY) between Ambystoma and 
the vertebrate species used in this study. See Figure 1 for references. b – SH = Segmental 

Homologies. 
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Table 6.2: Distribution of human/Ambystoma orthologies across human 
chromosomes. 

 
Human Annotated Human/Ambystoma Orthologies 
Chromosome Genesa Observed Expectedb Deviationc χ2 p 
HSA1 2,580 47 33.3 + 5.67 0.017 
HSA2 1,742 16 22.5 - 1.86 0.173 
HSA3 1,378 21 17.8 + 0.59 0.443 
HSA4 1,017 6 13.1 - 3.86 0.050 
HSA5 1,188 10 15.3 - 1.85 0.174 
HSA6 1,385 11 17.9 - 2.63 0.105 
HSA7 1,367 21 17.6 + 0.65 0.421 
HSA8 927 12 12 + 0.00 0.989 
HSA9 1,069 12 13.8 - 0.23 0.631 
HSA10 983 8 12.7 - 1.72 0.189 
HSA11 1,692 15 21.8 - 2.13 0.145 
HSA12 1,261 28 16.3 + 8.48 0.004 
HSA13 491 3 6.3 - 1.75 0.186 
HSA14 1,173 10 15.1 - 1.74 0.188 
HSA15 884 11 11.4 - 0.01 0.906 
HSA16 1,031 16 13.3 + 0.55 0.458 
HSA17 1,354 29 17.5 + 7.63 0.006 
HSA18 400 4 5.2 - 0.26 0.610 
HSA19 1,584 28 20.4 + 2.81 0.094 
HSA20 710 11 9.2 + 0.37 0.542 
HSA21 337 4 4.3 - 0.03 0.869 
HSA22 693 4 8.9 - 2.73 0.099 
HSAX 1,125 13 14.5 - 0.16 0.693 
 
a – The number of genes that were assigned to each human chromosome (NCBI Build 
35.1). b – The expected number of human salamander orthologies is based on random 
sampling from the human genome. This number is calculated as the proportion of genes 
that occur on a given human chromosome multiplied by the entire number of 
human/Ambystoma orthologies that were identified (N = 340). A single HSAY orthology 
is excluded from this table.  c – “+” designates a positive deviation from the expected 
number,“-” designates a negative deviation from the expected number. 
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Figure 6.1: An abridged phylogeny of the vertebrates showing the species used and 

divergence times. Letters mark ancestral nodes: A – the euteleost (bony vertebrate) 
ancestor (Kumar and Hedges, 1998), B – the tetrapod ancestor (Ruta et al, 2003), C – the 
amniote ancestor (Hedges and Kumar, 2004; Riesz and Muller, 2004), D – the (eutherian) 
mammalian ancestor (Springer et al, 2003), E – the (murid) rodent ancestor (Springer et 

al, 2003), and the teleost fish (euteleostei) ancestor (Nelson, 1994; Wittbrodt et al, 2002). 
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Figure 6.2: Frequency distributions of the numbers of presumptive Ambystoma 
orthologs that were identified among major vertebrate groups. Categories on the X-

axes represent the total number of species within each major vertebrate group that yielded 
a presumptive Ambystoma ortholog. 

 

 
 
 
 
 
 
 

Figure 6.3: Plot of the λ association index vs. the divergence time of vertebrate 
species. Labels A-F denote comparisons that hinge on the common ancestral nodes 

shown in Figure 1. 
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Figure 6.4: The average rate of decrease in λ for multiple vertebrate species, plotted 
relative to the Ambystoma rate. Rates are based on the set of all genes that showed 1:1 

orthology in comparisons between Ambystoma each of the seven reference vertebrate 
genomes (All), and a smaller set of genes in which 1:1 orthology was established among 

all species (Common). 
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Figure 6.5: Oxford plot of the positions of presumptive orthologies between 
Ambystoma linkage groups and human chromosomes. Lines represent the boundaries 
of chromosomes (horizontal) and linkage groups (vertical). Dots represent the relative 

position of orthologs within the Ambystoma map. Orthologs that are members of synteny 
groups of three or more are shown in black. Orthologs that are members of significant 
(FISH) segmental homologies are shown in red. Some smaller chromosomes are not 

labeled. All chromosomes are presented ordinally from bottom to top. 
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Figure 6.6: Oxford plot of the positions of presumptive orthologies between 
Ambystoma linkage groups and mouse chromosomes. See Figure 5 for further details. 
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Figure 6.7: Oxford plot of the positions of presumptive orthologies between 
Ambystoma linkage groups and chicken chromosomes. The minichromosomes 

GGA16, 25, 29-31 and 33-38 are not shown; GGA16 contains no mapped Ambystoma 
orthologs and others are not represented in the genome assembly. See Figure 5 for further 

details. 
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Figure 6.8: Oxford plot of the positions of presumptive orthologies between 
Ambystoma linkage groups and Tetraodon nigroviridis chromosomes. See Figure 5.5 

for further details. 
 

 
 
 
 
 

Figure 6.9: Oxford plot of the positions of presumptive orthologies between 
Ambystoma LG4 and 9, GGA1 and 28, and HSA1, 7, 12, and 19. The distribution of 
Ambystoma-chicken and Ambystoma-human conserved syntenies suggests that much of 

the content of Ambystoma LG4 and 9 was present in the ancestral tetrapod genome. 
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Figure 6.10: Oxford plot of the positions of presumptive orthologies between 

Ambystoma LG3 and 4 and HSA7, 16, and 19. The arrangement of Ambystoma-human 
orthologies suggests that some of the proposed ancestral chromosome arrangements of 

mammals can be traced back to the ancestral tetrapod genome. 
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CHAPTER 7: MapToGenome: A Comparative Genomic Tool that Aligns 
Transcript Maps to Sequenced Genomes.
 
Introduction 

Many evolutionary analyses require the identification of orthologous gene loci among the 

genomes of unrelated organisms.  This task is not easily accomplished because genomes 

are rarely characterized in the same way or to the same extent.  Partial and whole-genome 

sequences are only available for a few primary vertebrate model organisms (e.g. 

pufferfish, chicken, mouse, zebrafish) and gene annotations vary considerably. For many 

more eukaryotic species, genomes are characterized by a subset of markers or transcripts 

that collectively constitute a physical or genetic map. The recent and continuing 

explosion of expressed sequence tag (EST) projects will likely increase the number of 

transcript maps in the next few years and these data stand to complement and enhance 

comparative studies. However, to exploit these resources, tools are needed to better 

facilitate comparisons of orthologous genes between transcript maps and whole genome 

sequences.  

Transcript maps can be compared directly to genome assemblies by first 

identifying orthologous alignments between mapped transcripts and a genomic sequence, 

then cross-referencing the positions of orthologies. Several programs have been 

developed to align transcribed sequences to the genome from which they originated (e.g. 

Mott, 1997; Florea et al, 1998; Wheelan et al, 2001; Usuka et al, 2000; Schlueter et al, 

2003; Lee et al, 2003; Ranganathan et al, 2003; Kruger et al, 2004; Wu and Watanabe, 

2005; van Nimwegen et al, 2006), or to generate transcript-anchored alignments of 

genomic sequences among divergent taxa (e.g. Bray et al, 2003; Bray and Patcher, 2004; 

Yap and Patcher, 2004; Flannick and Batzoglou, 2005; Ye and Huang, 2005; Hsieh et al, 

2006; Huang et al, 2006). Currently, no programs exist for directly aligning transcript 

maps to divergent genome assemblies. As in the case of within-species transcript 

mapping, divergent transcript-genome comparisons necessitate gapped alignments 

because introns often account for a significant fraction of the primary transcript - roughly 

95% of the average human primary transcript (Duret et al, 1995; Venter et al, 2001). The 

process of aligning transcripts to divergent genomic sequence is additionally complicated 

by nucleotide divergence and genome-level variation (e.g. duplication and genome size 
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evolution) that has evolved since the two species last shared a common ancestor. Precise 

delimitation of intron-exon boundaries is challenging for within-species mapping and 

nucleotide mismatches can dramatically affect alignments in the vicinity of these 

boundaries  (Nimwegen et al, 2006). Because transcripts maps are often derived from 

incompletely sequenced transcripts with relatively high intrinsic error rates (e.g. ESTs), 

rigorous annotation of intron-exon boundaries may be impossible for many comparisons. 

Clearly, tools for comparing divergent transcript and genome maps must contain features 

that can accommodate variation in nucleotide and genome diversity parameters to join 

gapped alignments optimally.  

A further challenge toward identifying divergent orthologs for mapped transcripts 

stems from the fact that they often represent only a small fraction of the transcriptome. 

Often, sequences are defined as orthologs if they identify each other as their highest 

scoring alignment, otherwise known as reciprocal best alignment orthology or 

monotopoorthology (reviewed by Dewey and Patcher, 2006). This strict definition of 

orthology is convenient for comparisons of homologous chromosome segments or 

complete genomes (e.g. Bray and Patcher, 2004; Borque et al, 2004; Borque et al, 2005; 

Woods et al, 2005; Kohn et al, 2006) because nearly all transcripts are known and 

comparisons can be described in terms of 1:1 relationships. However, reciprocal best 

orthologies are only a subset of the true orthologous relationships that are possible 

between two genomes. Most notably, reciprocal best orthologies may not distinguish 

homologs arising from duplication events, which are known to have played a major role 

in shaping the genomes of extant vertebrate species (e.g. Jaillon et al, 2004; Meyer and 

Yan de Peer, 2005; Panopoulou and Poustka, 2005; Blome et al, 2006). Due to the above 

factors and because substantial portions of the transcriptome are commonly missing from 

transcript maps, it is prudent to use a more flexible definition of orthology for aligning 

maps and genomes that are derived from distantly-related organisms.     

MapToGenome was developed as a flexible tool for aligning transcript maps and 

genome assemblies. MapToGenome processes sequence alignments between mapped 

transcripts and whole genome sequence while accounting for the presence of intronic 

sequences, and permits user-specifiable thresholds for maximum intron length and splice 

site fidelity.  MapToGenome defines orthology based on two user definable thresholds: 
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the proportion of best alignments and minimum bitscore. It also cross-references mapping 

and genome positional information and generates Oxford plots of transcript map/genome 

alignments. The speed and flexibility of MapToGenome permits optimization of the 

parameters that are used to produce gapped alignments and assign orthologies. This 

chapter describes the operation and implementation of MapToGenome. Datasets from 

several vertebrate species are used to illustrate the utility of MapToGenome in identifying 

orthologous loci among distantly related vertebrate species, including whole genome 

sequence from rat, chicken, zebrafish, and Tetraodon nigroviridis, and genetic maps for 

rat, Ambystoma, zebrafish, and medaka. These analyses demonstrate that map-genome 

alignments can be improved by optimizing maximum intron length thresholds and by 

ignoring alignments for SSLP marker sequences. Specific examples are also provided 

that illustrate how MapToGenome allows visualization of the correspondence of mapped 

genes to their presumptive genome localizations, conservation of synteny, and disruption 

of genomes by chromosomal rearrangements and duplications. 

 

Methods 

Mapping and Sequence Data 

Sequences for whole-genome assemblies were downloaded from the University of Santa 

Cruz Genome Browser Gateway http://genome.ucsc.edu/cgi-bin/hgGateway. These 

include genome assemblies for: rat (rn4), zebrafish (danRer4), chicken (galGal2), and T. 

nigroviridis (tetNig1). Linkage maps were obtained from the literature. The rat radiation 

hybrid (RH) map v3.4 (Kwitek et al, 2004) was downloaded from 

ftp://rgd.mcw.edu/pub/rhmap/3.4. Many of the markers on this map correspond to only a 

single EST sequence, therefore, a modified version was generated for use in this study by 

first aligning all ESTs to the rat RefSeq database, and replacing all EST sequences with 

their corresponding RefSeq sequence (Supplementary_Table_7_1). The Zebrafish RH 

(Geisler et al, 1999) and linkage (Gates et al, 1999; Kelly et al, 2000) maps were 

downloaded from the Zfin website http://zfin.org/zf_info/downloads.html#map. The 

salamander linkage map was from Smith et al (2005). The medaka linkage map was 

generated using genotypes from Naruse et al (2004) and the Kosambi mapping function 

of MapMaker QTXb20 (Supplementary_Table_7_2).  
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Sequence Alignment 

Similarity searches and sequence alignments were accomplished using the program 

BLAT (Kent, 2002). All BLAT analyses were performed using default alignment criteria 

and were output in NCBI blast tabular format (e.g. -out=blast8). Intraspecific 

comparisons of transcript and genome assembly sequence were accomplished using 

nucleotide/nucleotide alignments. Interspecific comparisons were accomplished using 

alignments between transcript sequences that were translated in three forward frames and 

genome sequence that was translated in six frames.  

 

MapToGenome 

Algorithm: MapToGenome processes tabular alignment output from BLAT (Kent, 2002) 

(e.g. -out=blast8) or similarly formatted tabular alignment output, such as BLASTn 

(Altschul et al 1990) (e.g. -m 8). It examines all HSPs (high-scoring segment pairs) for a 

given marker and generates cumulative alignments and summary statistics by summing 

across presumptive exons for every query-subject pair. This is achieved by consolidating 

otherwise continuous alignments that are interrupted by gaps (presumptive introns). 

Consolidation is defined as: updating start and end positions for hit and query; summing 

identities, mismatches, gaps, and bitscores; and updating the % identity between query 

and hit (identities divided by the sum of identities, mismatches, and gaps). The maximum 

allowable length of presumptive introns (IL) and splice site fidelity (SF) are user 

definable. Splice site fidelity is defined as the number of base pairs that are permitted to 

overlap between alignments of adjacent regions of the query sequence, that have been 

consolidated across a presumptive intron. The algorithm works by first ordering all of the 

sequence alignments that have been generated for each query by their position within 

each chromosome of the subject genome. Next, the alignment orientation, and summary 

statistics are recorded for the first alignment. The orientation and alignment ends (query 

end and hit end for forward oriented alignments or query start and hit end for forward 

oriented alignments) of the first alignment are then compared to the orientation and the 

adjacent ends of the next alignment. If the two sequences are in the same orientation and 

the distance between adjacent query ends is within the SF and IL thresholds, the 
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alignments are consolidated and compared to the next alignment. If any of these 

conditions is not met, consolidation is terminated and a new consolidation round is 

initiated.  

MapToGenome also permits assignment of two user-definable thresholds for 

selecting the alignments that will be presented in the final alignment summary and oxford 

plot files. These are 1) the minimum cumulative bitscore that is necessary for an 

alignment to be reported, and 2) the minimum ratio of an alignment’s cumulative bitscore 

relative to the maximum cumulative bitscore for the query-genome alignment (i.e. 

proportion of best-in-genome). The program also generates an output file of all 

cumulative alignments prior to enforcing user-defined thresholds.  

After generating a final alignment summary, MapToGenome appends information from 

files (provided by the user) to add the marker information and update marker/subject base 

positions. MapToGenome also provides a file of marker and subject positions that are 

concatenated across linkage groups and chromosomes, which is used for generating an 

oxford plot of map by genome alignments. Oxford plots are generated as postscript files. 

Implementation: MapToGenome is written in C++ for UNIX platforms. It has 

been tested on Linux (2.4.x) and OS X (10.3, 10.4). It uses gnuplot 

(http://www.gnuplot.info) to generate oxford plots. Based on analyses of data sets 

ranging from several hundred to several thousand alignments, implementation of 

MapToGenome is limited only by memory size and processor speed. MapToGenome 

processed 100,438 BLAT alignments from the Rat/Chicken dataset into 4949 

presumptive orthologies (at a 10 kb intron length threshold) in <30 seconds, using a 

standard desktop computer [1.25Ghz PowerPC G4 (3.2) CPU with 1GB DDR SDRAM 

running Mac OS X 10.3.9]. Using MapToGenome to consolidate alignments is much 

faster than rerunning BLAT at various gap thresholds.  The initial BLAT alignment of the 

same Rat/Chicken dataset took 10.8 hours using a substantially more powerful computer 

[PowerPC G5  (3.0) CPU with 4 GB RAM running Mac OS X Server 10.3.9]. 

Availability: MapToGenome is written in C++ and is freely available to non-

commercial users via web download at http://www.ambystoma.org/Tools/ 

mapToGenome/. 
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Software Requirements: MapToGenome requires GNU make and a C++ 

compiler like g++ to compile the source. It uses UNIX sort command, gnuplot 

(http://www.gnuplot.info/) for plotting oxford grid in postscript. It also requires POSIX 

pipe support. This program was tested with g++ version 3.2, 3.6, gnuplot versions - 3.7, 

3.8, 4.0 running on Linux (2.4.x, 2.6.x), Mac OS X versions - 10.2, 10.3, 10.4. 

 

Results and Discussion 

Within Species Comparisons 

MapToGenome was used to process sequence alignments between mapped transcripts 

and genome assemblies of rat and zebrafish. Initially, the complete datasets were aligned 

using several maximum IL thresholds (ranging from 0 to 100 kb), and a SF threshold of 

10 bp. In all cases, summing bitscores across presumptive introns yielded a higher 

proportion of coordinately aligned sequences (i.e. alignments that localize to the same 

chromosome between conspecific maps and genomes) relative to comparisons that do not 

account for intron structure (Figure 7.1). Furthermore, a majority of these localized to 

similar relative positions within chromosomes (Figure 7.2).  

The initial comparison of the rat RH map to the rat genome yielded a high, yet 

lower-than-expected, proportion of coordinately-aligned sequences (88.2%). In light of 

this, the rat alignment data were reexamined, revealing that a relatively high proportion 

of misalignments involved marker sequences that were developed as simple sequence 

length polymorphisms (SSLPs). To examine the effect of these markers on the rat 

alignment, all SSLP markers were removed from the rat map and used MapToGenome to 

reprocess alignments. Exclusion of SSLP markers increased the proportion of 

coordinately aligning sequences from 88.2% to 93.6% (Figure 7.1). In some cases, SSLP 

“orthologies” formed vertical or horizontal lines in the Oxford plot (Figure 7.2). Vertical 

lines represent cases where a single marker identifies a large number of orthologies that 

are scattered across many chromosomes, and horizontal lines represent cases where 

particular genomic regions tend to attract presumptively non-orthologous alignments. The 

patterns exhibited by SSLP markers are not particularly surprising because their genomic 

distribution is often strongly biased toward non-coding and repetitive regions (Arcot et 

al, 1995; Nadir et al, 1996; Ramsay et al, 1999; Metzgar et al, 2000; Toth et al, 2000; but 
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see Morgante et al, 2002 for plant genomes). In general, including SSLP sequence 

alignments inhibited optimal alignment of the map and genome.  

To examine further the nature of coordinately vs. non-coordinately aligned 

transcripts, the distributions of bitscore values were compared within both classes of 

alignments using the 20 kb intron length threshold (Figure 7.3). Alignment bitscores 

<2,000 were overrepresented among non-coordinate alignments relative to the coordinate 

class, the excess corresponding to ~48 of the 239 non-coordinate alignments. Imposing 

an alignment bitscore cutoff of 2,000 results in a modest increase in the proportion of 

coordinately aligning sequences from 93.6% to 95.0%. However, this increase is 

achieved at the expense of 657 coordinate alignments (17.7% of the total). Thus, even at 

a strict bitscore threshold, ~5% of the alignments were assigned to the wrong 

chromosome within the rat RH map or genome assembly. Several factors likely 

contribute to these “errors”: 1) biological factors, such as recent gene duplicates and 

processed pseudogene insertions, 2) sequence and assembly errors within whole genome 

and transcript datasets, 3) mapping errors, and 4) failure of MapToGenome to identify 

“true” alignments between rat transcripts and their corresponding genome sequences. In 

practice, alignment “finishing” algorithms such as SPA (Nimwegen et al, 2006) could be 

used to improve intraspecific transcript/genome alignments that are generated by BLAT. 

However, SPA does not currently permit integration of linkage or RH mapping data, or 

tabular output formatting.  

By comparison to the rat dataset, genetic maps for zebrafish show much less 

correspondence to the zebrafish genome assembly. At intron length thresholds of 10 and 

20 kb, only 63.5% of sequence alignments mapped to coordinate chromosomes within the 

zebrafish linkage map and genome assembly.  The proportion of coordinately aligned 

sequences was 57.6% when SSLP markers were included in the dataset and 64.3% when 

SSLP markers were excluded (Figure 7.1).  As was observed for the rat dataset, the lower 

proportion of coordinately aligning sequences within the complete RH dataset suggests 

that inclusion of SSLP mapping data into genome alignments may inhibit optimal 

alignment of maps and assemblies. Notably, low proportions of coordinately aligning 

transcripts (~64%) were observed for comparisons between the zebrafish genome 

assembly and both zebrafish genetic maps. This replicated observation suggests that a 
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substantial proportion of zebrafish genes are not currently localized to the correct 

chromosome within the zebrafish (Zv6) genome assembly.  

Inspection of the zebrafish Oxford plots reveals another conspicuous difference 

between the RH map and linkage group based comparisons. Specifically, the slopes of 

the lines that are created by coordinate alignments are less linear within the zebrafish 

linkage map/genome plot. This non-linear relationship between linkage distance and 

physical distance is expected because linkage distances are based on recombinational 

frequencies, rather than physical distance. Regions of the Oxford plot with steeper slopes 

presumably represent regions of the genome wherein recombinational distance changes at 

a relatively slower rate (e.g. suppression of recombination near the centromeres) and 

regions of the Oxford plot with gentler slopes presumably represent regions of the 

genome wherein recombinational distance changes at a relatively higher rate (e.g. near 

the telomeres) (Jensen-Seaman et al, 2004). It is, therefore, important to consider not 

only the relative position of orthologies within chromosomes, but also the relationship 

between map units and physical distance, when interpreting the Oxford plots that are 

output by MapToGenome. 

 

Comparing Divergent Genomes 

Although self/self comparisons are useful for evaluating genome maps and assemblies, 

comparisons between divergent genomes are more interesting in an evolutionary context. 

Furthermore, these comparisons provide a measure of the cross predictability of gene 

location information between species and a means of cross-referencing gene location 

information between highly developed whole genome assemblies and less developed 

genetic maps.  

In order to evaluate between-species alignments, the association index λ was used 

as a measure of the conservation of broad sense synteny (i.e. the distribution of genes 

among chromosomes) between species. The λ index measures the extent to which 

knowing the location of genes in either of two species is predictive of their location in the 

other (Goodman and Kruskal, 1954; Housworth and Postlethwait, 2002; Smith and Voss, 

2006). In probabilistic terms, the λ index measures “the relative decrease in probability of 

erroneous guessing” (Goodman and Kruskal, 1954) that is gained by knowing the 
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position of an ortholog in either of two species. For example, a λ value of 0.5 means that 

knowing the location of an ortholog in either of two species results in a 50% decrease in 

the probability of incorrectly guessing its location in the other species, or doubles the 

probability of correctly guessing its location. For this study, the λ index was primarily 

used to evaluate orthology calls based on different IL thresholds. Errors in assigning 

orthology should tend to decrease λ because they will cause an ortholog to be assigned to 

the wrong chromosome, and hence obscure associations that have been conserved 

through time. When the λ index is estimated using accurate orthology assignments it 

provides a measure of the extent to which the inter-chromosomal distribution of genes 

has been conserved between two species, or the conservation of broad-sense synteny. 

Because this measurement is interpretable in a probabilistic sense, λ values can be 

informatively compared between independent studies. The same is not true for similar 

chi-square based statistics (Fisher, 1938; Blalock, 1958; Goodman and Kruskal, 1954; 

Kendall and Stuart, 1967). 

Vertebrates vs. chicken: Genetic maps for one representative mammal (rat), one 

representative amphibian (Ambystoma), and two fish (zebrafish and medaka) were 

aligned to a representative reptile (chicken). These comparisons span divergence times of 

~310 MY (rat/chicken), ~370 MY (Ambystoma/chicken), and ~450 MY (fish/chicken) 

(Kumar and Hedges, 1998). Maps were aligned to the chicken genome using the same 

initial IL and SF thresholds that were used for self/self alignments. In general, gapped 

alignments yielded higher values of λ, although the maximum intron length threshold that 

maximized λ varied among alignments (Figures 7.4 and 7.5). 

Estimation of λ can provide a measure of the cross-predictability of chromosomal 

assignments. However, smaller chromosomal segments, rather than entire chromosomes, 

are often the functional units of conservation. Conserved chromosomal segments can be 

identified as discreet clusters of points within oxford plots. Statistical methods exist for 

identifying chromosomal segments with highly conserved gene orders (Calabrese et al, 

2003), although these methods have not been fully adapted for use in multi-chromosomal 

genomes (Smith and Voss, 2006). The degree to which the linear order of segments has 

been conserved can also be assessed by directly inspecting oxford plots (Figure 7.6). 

Highly conserved segments can be visualized as semi-linear clusters of points, whereas 
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segments within which linear order has been less conserved appear as unordered clusters. 

In comparison to the fish/chicken plots, orthologies appear to be more tightly clustered 

and somewhat more linear in rat/chicken and Ambystoma/chicken plots. This presumably 

reflects the greater divergence time spanned by the fish/chicken comparison, during 

which intrachromosomal rearrangements have accumulated.  

Fish vs. fish: The whole genome sequence of Tetraodon was also compared to 

three fish maps: the medaka linkage map, the zebrafish linkage map, and the zebrafish 

RH map. Comparisons between fish linkage maps and the Tetraodon genome can permit 

better prediction of the chromosomal location of large numbers of Tetraodon gene 

orthologs within the genomes of less developed fish species. These comparisons can also 

provide insight into the structure of the ancestral teleost genome, which will lend a 

critical outgroup perspective for interpreting patterns of conservation and changes that 

are observed among amphibian and amniote vertebrates (e.g. Smith and Voss, 2006).  

The zebrafish/T. nigroviridis comparisons span a large fraction of the history of the 

euteleostei (~110 to160 MY) whereas the medaka/T. nigroviridis comparison spans ~60 

to 80 MY (Nelson, 1994; Wittbrodt et al, 2002). As was observed for the above 

comparisons, gapped alignments yielded larger λ values for comparisons between linkage 

maps and the T. nigroviridis genome (Figure 7.7). Values of λ that were estimated for the 

medaka/T. nigroviridis were substantially higher than those estimated for the zebrafish/T. 

nigroviridis comparison. Presumably this difference is due in part to the additional ~60 

MY of shared ancestry between medaka and T. nigroviridis. 

In a pattern similar to comparisons between the zebrafish RH map and genome, 

comparisons between the zebrafish RH map and the T. nigroviridis genome yielded 

substantially lower values of λ relative to comparisons that used the zebrafish linkage 

map (Figure 7.7). Removing SSLP markers from the RH dataset resulted in an overall 

increase in estimated λ values, yielding values that were similar to, though slightly higher 

than, those based on the zebrafish linkage map. Notably, several of the existing fish 

genetic maps consist largely of SSLP based markers, and these SSLP markers have 

served as the basis for numerous comparative genetic studies (e.g. Woram et al, 2004; 

Danzmann et al, 2005; Lee et al, 2005; Gharbi et al, 2006; Stemshorn et al, 2006). It was 

generally observed that excluding SSLP markers results in higher cross-predictability (% 
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coordinate alignments and λ) indicates that caution should be exercised when interpreting 

comparisons that are based on SSLP marker data.  

Oxford plots of fish/fish comparisons provide further insight into the evolution of 

fish genomes. The Oxford plot for medaka/T. nigroviridis reveals that the structure of 

these genomes has been highly conserved since these two species last shared a common 

ancestor (Figure 7.8). Many medaka/T. nigroviridis chromosomes show strong evidence 

of conserved synteny. Furthermore, many of these orthologs lie in nearly diagonal 

clusters, indicating higher order conservation of chromosome segments. Oxford plots for 

zebrafish/T. nigroviridis reveal several dense clusters of syntenies that are consistent with 

widespread conservation of synteny, although there appears to be very little conservation 

of the large-scale linear order of orthologs. Thus, the zebrafish/T. nigroviridis reveals a 

greater extent of interchromosomal and intrachromosomal rearrangement relative to the 

medaka/T. nigroviridis comparison, although the general chromosomal location of 

orthologs is apparently highly predictable on both species when compared to the T. 

nigroviridis assembly.  

 

Summary 

MapToGenome was developed as a flexible tool for aligning transcript maps and genome 

assemblies. The speed and flexibility of MapToGenome permits optimization of the 

parameters that are used to produce gapped alignments and assign orthologies. The 

above-described studies demonstrate that, in general, map/genome alignments can be 

improved by optimizing maximum intron length thresholds, and by ignoring alignments 

for SSLP marker sequences. Moreover, these studies illustrate the utility of 

MapToGenome in visualizing: 1) the correspondence of mapped genes to their 

presumptive genomic localizations, 2) differential scaling of recombinational and 

physical map distances, 3) conservation of synteny, and 4) disruption of genomes by 

chromosomal rearrangements and duplications. 

 

An Additional Note 

A new version of the zebrafish genome assembly has been released since this paper was 

submitted. This new assembly (ZF6.41, http://www.ensembl.org/Danio_rerio/index.html) 
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shows much stronger correspondence to the zebrafish genetic maps. When 

MapToGenome is used to compare zebrafish maps to the ZF6.41 assembly, the 

percentages of coordinately aligning transcripts increased from 63.5% to 88.9% for the 

linkage map and from 64.3% to 86.1% for the radiation hybrid map. 
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Figure 7.1: Plot of the percentage of coordinate alignments for within species 
comparisons of maps and whole genome assemblies. Values were calculated using 

several maximum intron length thresholds. 
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Figure 7.2: Oxford plots of alignments for within species comparisons of maps and 
whole genome assemblies. The rat plot was generated using a maximum intron length 

threshold of 20Kb. Zebrafish plots were generated using a maximum intron length 
threshold of 10Kb. Chromosomes are presented in order from left to right and bottom to 
top (for zebrafish: 1-25, for rat: 1-20 followed by X). Markers that are based on SSLPs 

are shown in red, all other markers are shown in black. 
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Figure 7.3: Distribution of bitscore values for coordinate and non-coordinate 
alignments. Values are based on alignment of the rat RH map and genome assembly, 

using a maximum intron length threshold of 20Kb. 
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Figure 7.4: Plot of the λ values for comparisons between tetrapod (Ambystoma, and 
rat) genetic maps and the chicken genome assembly. Values were calculated using 

several maximum intron length thresholds. 
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Figure 7.5: Plot of the λ values for comparisons between fish (medaka, and 
zebrafish) genetic maps and the chicken genome assembly. Values were calculated 

using several maximum intron length thresholds. 
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Figure 7.6: Oxford plots of vertebrate/chicken alignments. Maximum intron length 
thresholds of 10, 30, 90, and 100 Kb were used for the medaka, Ambystoma, rat, and 
zebrafish alignments, respectively.  Chromosomes and linkage groups are presented in 
order from left to right (for zebrafish: 1-25; for rat: 1-20 followed by X; for Ambystoma: 
1-14; for medaka: 1-24). Chicken chromosomes are presented in order from bottom to 

top, 1-32, followed by W and Z. Chicken chromosomes 25, and 29-31 are omitted, these 
chromosomes are not represented in the current chicken genome assembly (v2.1). 

 

 
 
 

Figure 7.7: Plot of the λ values for comparisons between fish (medaka, and 
zebrafish) genetic maps and the T. nigroviridis genome assembly. Values were 

calculated using several maximum intron length thresholds. 
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Figure 7.8: Oxford plots of Fish/ T. nigroviridis alignments. A maximum intron 

length thresholds of 60 Kb was used for both alignments.  Chromosomes and linkage 
groups are presented in order from left to right (for zebrafish: 1-25; for medaka: 1-24). T. 

nigroviridis chromosomes are presented in order from bottom to top, 1-21. 
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CHAPTER 8: Bird and Mammal Sex Chromosome Orthologs Map to the Same 
Autosomal Region in a Salamander (Ambystoma) 
 
Introduction 

A classic problem in evolution concerns the origin of sex chromosomes among amniote 

vertebrates (Ohno, 1967). In mammals, females have two identical (XX) sex 

chromosomes while males have an X and Y (XY). In contrast, birds have a ZZ-ZW 

determination system wherein females are the heterogametic sex (ZW).  The mammalian 

Y and chicken W chromosomes are conspicuously smaller than their X and Z 

counterparts and they contain fewer genes. Presumably, these sex chromosome homologs 

have undergone extreme, divergent evolution since their recruitment as sex-determining 

factors, a pattern observed broadly among animals and plants (Ohno, 1967; Bull, 1983; 

Lahn et al, 2001; Ayling and Griffin, 2002; Charlesworth and Charlesworth, 2005; 

Charlesworth et al, 2005; Khil and Camerini-Otero, 2005). Ohno (1967) proposed nearly 

four decades ago that bird and mammalian sex chromosomes are homologous. Recent 

comparative genomic analyses have observed that human chromosome (HSA) X contains 

many orthologs of chicken chromosome (GGA) 4 genes (Ross et al, 2005) and that 

GGAZ contains many orthologs of HSA9 genes, and fewer orthologs on HSA5 and 8 

(Burt et al, 1999; Nanda et al, 2002; Fridolfsson et al, 1998). Because HSAX and GGAZ 

share few if any orthologs, these comparative data have been interpreted as strong 

evidence that the sex chromosomes of birds and mammals evolved independently, 

through separate recruitments of bird and mammalian sex chromosomes from 

independent ancestral autosomes (e.g. Fridolffson et al, 1998; Nanda et al, 1999; 

Ellegren, 2000; Nanda et al, 2000; Graves et al, 2002; Nanda et al, 2002; Kohn et al, 

2004; Handley et al, 2004; Khil and Camerini-Otero, 2005; Kohn et al, 2006). 

Comparisons between chicken and human are powerful for identifying features of 

the ancestral amniote genome that have been conserved in both lineages, but they provide 

no evolutionary insight about features that have changed within amniote lineages. To 

determine whether the precursors of GGAZ and HSAX were or were not linked 

ancestrally, it is necessary to consider the condition of these ancestral regions within an 

appropriate outgroup species (Stevens, 1980; Watrous and Wheeler, 1981; Maddison et 

al, 1994; Futuyma, 1986; Martin, 2001; Bourque et al, 2005). In general, the most 
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appropriate outgroup is the taxon that is most closely related to the last common ancestor 

of the clade but not included within the clade (the most proximate outgroup). In the case 

of amniote/amniote comparisons, amphibians represent the most proximate living 

outgroup (Figure 1). Until recently, there were few amphibian gene order data available 

for comparative analyses of vertebrate genome structure (Voss et al, 2001; Smith et al, 

2004; Ohta et al, 2006). However, the recently developed genetic linkage map for the 

salamander genus Ambystoma provides a new outgroup perspective for reconstructing 

amniote genome evolution (Smith et al, 2005; Smith and Voss, 2006). The ambystomatid 

genome contains relatively few, large chromosomes that show extensive synteny 

conservation with chromosomes from fish and amniote genomes (Smith et al, 2005; 

Smith and Voss, 2006). 

A few studies of amniote sex chromosome evolution have used teleost (ray-

finned) fish to provide an outgroup perspective (Kohn et al, 2004; Kohn et al, 2006). The 

results of these studies have been interpreted as supporting the hypothesis of separate 

autosomal recruitments because amniote sex chromosome orthologues are observed to be 

distributed among several fish chromosomes. However, these studies have not explicitly 

tested for the presence or absence of the ancestral association of amniote sex 

chromosomes. Indeed, analyses across deep phylogenetic distances have rarely used 

statistical approaches to investigate the possibility of conserved syntenies (but see 

Danchin and Pontarotti, 2004). Moreover, it is generally accepted that the ancestor of 

most teleosts experienced a whole genome duplication, which was followed by massive 

losses of paralogous duplicates (Amores et al, 1998, Postlethwait et al, 1998; Jaillon et 

al, 2004; Woods et al, 2005). Such events, especially in combination with several 

hundred million years of independent evolution, would be expected to distribute ancestral 

syntenies among chromosomes.  

Interestingly, a recent study of the sex-determining chromosomes of a monotreme 

(egg-laying) mammal seemingly lends support to the idea that Z and W chromosome loci 

may have been linked in the ancestral amniote genome. The deepest split within the 

mammalian lineage is between monotremes (platypus and echidna) and therians (all other 

mammals, i.e. marsupials and placental mammals) (van Rheede et al, 2006). The 

platypus X1 chromosome contains many genes from the mammalian X-conserved region 
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(XCR) (Graves, 1995; Ross et al, 2005) and is linked, via a meiotic translocation chain of 

five X and five Y chromosomes, to a chromosome that harbors the DMRT1 gene 

(Grutzner et al, 2004; Rens et al, 2004). The gene DMRT1 is located within the sex-

determining region of the avian Z chromosome and is a primary candidate for the avian 

sex-determining gene, along with two W linked genes: ASW and FET1 (Smith and 

Sinclair, 2004). Currently, it is unclear whether the localization of Z and X orthologs to 

the platypus sex-determining chromosomes is representative of the condition in the 

ancestral amniote genome, or of rearrangements that were derived after the 

monotreme/therian divergence (Grutzner et al, 2004; Rens et al, 2004; Charlesworth and 

Charlesworth, 2005; Ezaz et al, 2006).  

Here, the Ambystoma genetic map is used to provide an outgroup perspective on 

the origin of bird and mammalian sex chromosomes. Genes from the XCR and GGAZ 

map to adjacent regions of ALG2. Furthermore, the proportion of sex-chromosome 

orthologies observed on ALG2 is dramatically different from the proportion that would 

be expected by chance. Further comparisons between chicken and human genomes, and 

with the draft genome of the pufferfish Tetraodon nigroviridis, support the Ambystoma 

outgroup perspective and reveal further traces of this common ancestry.  

 

Materials and Methods 

Linkage Mapping and QTL Analysis 

Linkage analyses were performed using previously described mapping panels AxTg 

(Voss, 1995) and WILD2 (Voss and Smith, 2005). Primers and probes for all genetic 

markers have been reported previously (Smith et al, 2005), except for 13 markers on 

ALG2. Primer sequences, diagnostic polymorphisms, and polymorphism detection assays 

for these 13 markers are summarized in Supplementary_Table_8_1. Linkage mapping 

and association analyses were performed using MapManagerQTXb21 (Meer et al, 2004). 

 

Identification of orthologs 

Presumptive orthologies were identified by aligning salamander, human RefSeq, chicken 

RefSeq, and T. nigroviridis transcripts to human, chicken, and T. nigroviridis genome 

assemblies. Similarity searches and sequence alignments were accomplished using the 
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program BLAT (Kent, 2002). Source sequences for human (IHGSC, 2001), chicken 

(IGSC, 2004), and T. nigroviridis (Jaillon et al, 2004) (hg17 build 35, galGal3, and 

tetNig1) genomes were downloaded from the UCSC Genome Browser Gateway 

(http://genome.ucsc.edu/cgi-bin/hgGateway). Cumulative bitscores were calculated for 

alignments between transcripts and full genome sequences by summing across 

presumptive exons. This was accomplished by summing bitscores for otherwise 

continuous alignments that were interrupted by gaps of 10,000 or fewer bases using the 

program MapToGenome (Putta et al, 2007). Positions of transcripts within conspecific 

genomes required an alignment with ≥98% nucleotide sequence identity. A genomic 

region was considered to be orthologous to a transcript if translated sequences yielded an 

alignment bitscore of ≥99% of the highest alignment bitscore for that transcript. Positions 

of orthologous loci were plotted using MapChart 2.1 (Voorrips, 2002).  

 

Distribution of orthologies 

Adjusted G statistics (Sokal and Rohlf, 1995) were used to test for non-random 

distribution of sex chromosome orthologs and orthologs from human and chicken 

chromosomes that share ancestry with sex chromosome from the other species (reciprocal 

amniote sex chromosome orthologs) on ALG2. First, the following question was asked: 

are the frequencies of X or Z orthologies on ALG2 significantly higher than expected by 

chance? The ALG2 loci (the ones that have orthologs) fall into two classes: sex 

chromosome orthologs and non-sex chromosome orthologs (Supplementary_Table_8_2). 

The observed numbers of orthologs on ALG2 from the human alignment were 5 from the 

XCR and 38 from other chromosomes. If ALG2 orthologs were randomly drawn from the 

human genome, the proportion of XCR orthologs on ALG2 would be expected to 

approximate the proportion within the human genome. This expected proportion (0.030) 

was based on the number of genes that are located between 60 Mb and 155 Mb of the X 

chromosome (N=810) relative to the total number of genes for the Human Genome 

Assembly build 36.2 (http://www.ncbi.nih.gov/mapview/stats/BuildStats.cgi?taxid= 

9606&build=36&ver=2) (N=28,617), excluding mitochondrial and HSAY genes. A 

similar statistic was also calculated based on the expected proportion (0.053) of GGAZ 

genes (N=840) relative to the total number of genes for the Chicken Genome Assembly 
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build 2.1 (http://www.ncbi.nih.gov/mapview/stats/BuildStats.cgi?taxid=9031&build=2& 

ver=1) (N=15,928), excluding mitochondrial and GGAW genes.  

Based on extensive comparisons between chicken and human genomes 

(Fridolffson et al, 1998; Nanda et al, 1999; Ellegren, 2000; Nanda et al, 2000; Graves et 

al, 2002; Nanda et al, 2002; Kohn et al, 2004; Handley et al, 2004; Khil and Camerini-

Otero, 2005; Kohn et al, 2006), a second question can be asked: Is the frequency of 

reciprocal amniote sex-chromosome orthologies on ALG2 significantly higher than 

expected by chance? Here, ALG2 loci fall into two classes: reciprocal sex chromosome 

orthologs and non-sex chromosome orthologs. The observed numbers based on the 

human set (HSAX, 9, 5, 8) are 26 ALG2/sex chromosome orthologs and 17 ALG2/non-

sex chromosome orthologs. If ALG2 orthologs were randomly drawn from the human 

genome, the proportion of HSAX, 9, 5, 8 orthologs on ALG2 would be expected to 

approximate the proportion within the human genome. This expected proportion (0.165) 

was based on the number of genes on HSA X, 5, 8, and 9 (N=4,736) relative to the total 

number of genes for the Human Genome Assembly build 36.1 (N=28,617). Again, a 

similar statistic was also calculated based on the expected proportion (0.128) of GGAZ/4 

genes (N=2,043) relative to the total number of genes for the Chicken Genome Assembly 

build 2.1 (N=15,928).  

Adjusted G statistics (Sokal and Rohlf, 1995) were also used to test for non-

random distribution of T. nigroviridis orthologs among human and chicken chromosomes 

(Supplementary_Tables_8_3-8_6). The frequency of orthologies that were identified on 

all amniote/T. nigroviridis chromosome pairs were tested for goodness of fit to the 

frequencies of all orthologs on each of the two chromosomes, relative to the grand total 

of orthologies that were identified. A similar adjusted G statistic was also calculated to 

test for non-random distribution of orthologs from the human RefSeq/Chicken genome 

comparison (925 reciprocal amniote sex-chromosome orthologies and 11,116 non-sex-

chromosome orthologs; Supplementary_Table_8_7) on three ancestrally duplicated pairs 

of T. nigroviridis chromosomes (H, A, B; sensu Jaillon et al, 2004), relative to all other T. 

nigroviridis chromosomes. 

In practice, some of the statistical analyses that are outlined above can be 

implemented as a G test or a permutation test (e.g. Fisher’s Exact Test). Both tests are 
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appropriate for the question at hand and will generally give similar results (Sokal and 

Rohlf, 1995). G tests were selected for the analysis of ALG2 orthologies because they 

permitted incorporation of external data on gene frequencies from the human and chicken 

genome databases to better approximate sampling probabilities. For consistency, G 

statistics are reported throughout this chapter. It should be noted, however, that 

comparing G statistics, or Fisher’s Exact Tests, among different contrasts does not 

provide insight into the relative strength of association among contrasts. That is, the 

statistics provide an estimation of the probability of obtaining a given distribution of 

orthologies under a random sampling scheme, but the values of these statistics are not 

directly interpretable in a probabilistic sense (Fisher, 1938; Goodman and Kruskal, 1954; 

Kendall and Stuart, 1967).  

 

Results and Discussion 

Twenty amniote sex chromosome orthologs were mapped to Ambystoma linkage groups. 

The majority of Z orthologs (85%) mapped to a single Ambystoma linkage group (ALG2) 

(Figure 2, Supplementary_Table_8_2). The frequency of Z orthologs on ALG2 was 

greater than would be expected by chance (Gajdusted (adj)=6.2, P=0.013). Many orthologs 

from the XCR (42%) mapped to neighboring, but non-overlapping regions of ALG2 and 

no more than two X chromosome orthologs were identified on any other Ambystoma 

linkage group. The frequency of XCR orthologs on ALG2 was also greater than would be 

expected by chance (Gajd=6.3, P=0.009). When all ALG2 genes were searched against the 

full genome assemblies for human and chicken, they were found to be distributed non-

randomly among human chromosomes (Gajd=42.6, P=6.9e-11) and chicken chromosomes 

(Gajd=32.9, P=9.7e-9) that harbor reciprocal amniote sex chromosome loci. Although 

some chromosomal associations might be expected by chance given that the salamander 

genome is composed of relatively few, large chromosomes, statistical analysis shows that 

the distribution of sex-chromosome orthologies on ALG2 is not likely to have occurred 

by chance. This pattern of orthologies on ALG2 is consistent with the idea that the X-Y 

and Z-W chromosomal regions were linked on an ancestral chromosome prior to the 

divergence of the amphibian and amniote lineages. The pattern of orthologies on ALG2 

also provides support for all other conserved syntenies that have been previously 
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identified between amniote sex chromosomes and autosomes (Fridolfsson et al, 1998; 

Burt et al, 1999; Nanda et al, 2002; ICGSC, 2004; Bourque et al, 2005; Ross et al, 2005). 

The ALG2 region defined by Z orthologs also includes orthologs from HSA 4, 5, 8, and 9 

and the ALG2 region defined by the XCR included loci from GGA4. These comparisons 

show that many of the gene orders conserved between the sex chromosomes and 

autosomes of chickens and humans are interspersed but conserved on the same 

salamander chromosome. Thus, ALG2 apparently retains some of the gene content of an 

ancestral chromosome that gave rise to the X and Z sex chromosomes.  

To test further the idea that the sex chromosomes of birds and mammals were 

derived from the same ancestral chromosome, the location of (N=14,922) human RefSeq 

orthologs were identified in the chicken genome and (N=3,120) chicken RefSeq 

orthologs were identified in the human genome (Supplementary_Tables_8_7 and 8_8). 

As has been reported previously (Fridolfsson, 1998; Burt et al, 1999; Nanda et al, 2002), 

we identified a large region of conserved synteny between GGAZ and HSA9 (N=211 

loci)(Figure 3) and smaller, but very confined regions of conserved synteny between 

GGAZ and HSA8 (N=19 loci), and between GGAZ and HSA5 (N=227 loci). In the 

reciprocal comparison of human to chicken, a large region of synteny was identified 

between XCR and GGA4 (N=272). Thus, when only amniote sex chromosome loci are 

considered, there is seemingly no support for the idea of a common autosomal origin for 

mammalian and bird sex chromosomes, because conserved syntenies are not observed 

between X an Z loci. However, regions of synteny are observed between GGA4 and 

HSAX and Y, and between GGA4 and human autosomes (HSA 5 and 8) that show 

synteny with GGA Z (Figure 3). Thus, syntenies that are observed in comparisons of 

ALG2 and amniote genomes are also observed in comparisons between human and 

chicken genomes. This pattern supports the idea that amniote chromosomal regions from 

GGA Z, 4 and HSA 9, 4, X, 5, 8 were linked ancestrally.    

To investigate a deeper outgroup perspective on the evolution of amniote sex 

chromosomes, the following question was posed: Do comparisons with T. nigroviridis 

provide evidence for deep conservation of HSAX/GGAZ/ALG2 syntenies? Although 

these comparisons span an additional 670 MY of independent evolution (Kumar and 

Hedges, 1998), and a teleost whole-genome duplication (Amores et al, 1998; Postlethwait 
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et al, 1998; Jaillon et al, 2004; Woods et al, 2005), statistically significant, non-random 

distributions of reciprocal amniote sex chromosome orthologies can be observed among 

three pairs of T. nigroviridis chromosomes (Figure 4, Supplementary_Tables_8_3 and 

8_4). These chromosome pairs correspond to the proposed duplicates of ancestral teleost 

chromosomes A, B, and H (Jaillon et al, 2004). To address more directly the common 

ancestry of sex-chromosome orthologs among these three duplicate chromosome pairs, 

sex-chromosome orthologs that were identified in comparisons between human RefSeq 

and the chicken genome were more closely examined (Supplementary_Table-8_7). These 

sex-chromosome orthologs correspond to 1194 human RefSeq genes that fall on HSA 5, 

8, 9, or X, and identified an ortholog on GGA 4 or Z. Of these genes, 925 identify 

orthologs in the T. nigroviridis genome, and the overwhelming majority of these (n=724) 

fall on the three chromosome pairs (H, A, B) that contain a significant excess of 

reciprocal amniote sex chromosome loci (Figure 4). Of 11,116 non-sex chromosome/T. 

nigroviridis orthologies, 2,906 fall on H, A, B chromosome pairs and 8,210 fall on other 

T. nigroviridis chromosomes. The distribution of sex-chromosome vs. non-sex 

chromosome orthologs on T. nigroviridis H, A, B, chromosome pairs is very unlikely to 

have occurred by chance (Gajd = 959.8, P = 9.8e-211). Thus, a large fraction the 

orthologous loci that are associated in the T. nigroviridis duplicates of A, B, and H are 

from the same amniote chromosomal regions that support ancestral XCR/GGAZ linkage 

in the salamander genome. Of particular importance is the observation that GGAZ and 

GGA4 orthologs are linked in both T. nigroviridis and Ambystoma genomes (Figure 2, 4). 

Because conserved syntenies also reveal common ancestry of GGA4 and XCR 

chromosomal regions, the most parsimonious interpretation of T. nigroviridis 

comparative mapping data is ancestral linkage of Z and X chromosomal regions in the 

tetrapod and amniote lineages. The distribution of ancestral amniote sex chromosome 

regions among different T. nigroviridis chromosome also reveals the confounding effects 

of genome duplications and rearrangements that have occurred within the lineage that 

gave rise to T. nigroviridis subsequent to the diversification of the bony vertebrate 

(euteleost) ancestor. 

These comparative analyses provide the first amphibian outgroup perspective on 

the evolution of amniote sex chromosomes and are most parsimoniously interpreted as 
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evidence for ancestral linkage of XCR and GGAZ regions. However, it should be 

recognized that the most parsimonious evolutionary scenario may not always be correct. 

It is possible (though presumably less probable) that these associations are derived from 

rearrangements that occurred independently within the amniote, amphibian, and fish 

lineages. Resolution of this issue will necessitate additional comparative data from 

amphibian outgroups and, to some extent, perspective from the preduplicated fish 

genome. Ongoing progress toward improving linkage (Smith et al, 2005) and physical 

(http://genome.jgi-psf.org/Xentr4/Xentr4.home.html) maps for representative amphibian 

species will likely result in more accurate reconstructions of the ancient events that have 

structured vertebrate genomes. It is noted, however, that even with the modest number of 

Ambystoma/amniote orthologies that are currently mapped, statistical analyses strongly 

support conserved synteny of ALG2/amniote sex-chromosome orthologs. It is therefore 

anticipated that additional mapping studies will tend to support the primary findings of 

this study.  

This study does not resolve the question of what type of sex-determining system 

was present in the ancestral amniote lineage and how modifications on this ancestral 

system gave raise to the mammalian XY and avian ZW sex determining systems. The 

genetic changes that can initiate the evolution of chromosomal sex determining 

mechanisms are best understood in cases where a genetic sex determining mechanism 

evolves from an ancestor with genetically identical sexes (e.g. temperature dependant sex 

determination) (Bull, 1993; Janzen and Krenz, 2004; Charlesworth et al, 2005). However, 

the distribution of ZW and XY systems within fish and amphibian phylogenies suggests 

that direct transitions between ZW and XY systems may be a relatively common 

occurrence (reviewed by Ezaz et al, 2006). The unusual sex chromosomes of platypus 

have been interpreted as evidence supporting the idea that the mammalian XY system 

evolved from something very similar to the avian ZW (Ezaz et al, 2006, Waters et al, 

2007). Here again, information from appropriately positioned outgroups (amphibians) 

and a whole-genome perspective will be critical for testing alternate hypotheses: that 

platypus sex chromosomes represent an ancestral state vs. a state that was derived 

independently within the monotreme lineage (Grutzner et al, 2004; Rens et al, 2004; 

Charlesworth and Charlesworth, 2005; Ezaz et al, 2006). 
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In conclusion, gene-mapping data show that amphibian orthologs for loci on 

chicken and human sex chromosomes are linked in the Ambystoma genome. This pattern 

of linkage, which is revealed by including an amphibian outgroup perspective, is 

interpreted as a signature of shared ancestry between avian and mammalian sex 

chromosomes. This signature is likely to have been retained as a vestige for two reasons: 

(1) In comparison to amniotes with chromosomal sex determination, our mapping results 

show that sex in Ambystoma is determined by a single locus on a chromosome with 

autosomal characteristics (Smith and Voss, unpublished data). Gene orders on ALG2 

have not been disrupted by amniote specific rearrangements or mechanisms that are 

associated with the divergence of dimorphic sex chromosomes (Ohno, 1967; Bull, 1983; 

Lahn et al, 2001; Ayling and Griffin, 2002; Charlesworth and Charlesworth, 2005; 

Charlesworth et al, 2005; Khil and Camerini-Otero, 2005). (2) In comparison to amniote 

genome evolution, Ambystoma has experienced relatively lower rates of genome 

rearrangement and fission (Smith and Voss, 2006).  The signature of shared sex 

chromosome ancestry is difficult to see when only comparing bird and mammalian 

genomes because mutational processes have fractured and re-arranged gene orders within 

these groups, especially in the mammalian lineage (Burt et al, 1999; Bourque et al, 2005; 

Smith and Voss, 2006). This study shows that clarity in comparative vertebrate genomics 

can be greatly increased by including relevant and phylogenetically well positioned 

outgroups like Ambystoma.  
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Figure 8.1: An abridged phylogeny of the major groups of bony vertebrates. 
Divergence times were obtained from the literature (Kumar and Hedges, 1998; Rutta et 
al, 2003). Birds represent an ancient reptile lineage that diverged from other reptilian 

groups approximately 220 million years ago (MYA) (Kumar and Hedges, 1998) 
 

 
 
 

Figure 8.2 : A comparative map of Ambystoma LG2 and syntenic chromosomes 
from human and chicken. Vertical bars within ALG2 represent the position of 

Ambystoma transcripts that yielded an alignment in either the human (HS) or chicken 
(GG) genome. ALG2 loci that do not correspond to orthologs on GGA Z, 4 or HSA 4, 5, 
8, 9, X are highlighted in green. Red lines connect human/Ambystoma orthologies and 

blue lines connect chicken/Ambystoma orthologies. The sex chromosomes of human (X) 
and chicken (Z) are both syntenic with Ambystoma LG2. 

 

 
 
 

 142



 

Figure 8.3: A comparative map of the human and chicken chromosomes that are 
syntenic with Ambystoma LG2. Vertical bars within chromosomes represent the 

position of mapped human RefSeq transcripts or chicken orthologs. Lines connect the 
positions of human/chicken orthologies. Bars above human chromosomes show the 
proportions of chicken chromosome orthologs that were identified within a given 
segment, and bars below chicken chromosomes show the proportions of human 

chromosome orthologs that were identified within a given segment. Note that the chicken 
chromosomes Z and 4 map to adjacent and overlapping regions of HSA8 and HSA5. 
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Figure 8.4: Oxford plot of the position of amniote sex chromosome loci in the T. 
nigroviridis genome. The Y-axis represents the relative position of orthologs on human 
(HSA) and chicken (GGA) chromosomes. The X-axis represents the relative position of 
orthologs on T. nigroviridis chromosomes. The labels “H”, “A”, and “B” correspond to 
preduplicated ancestral chromosomes (Jaillon et al, 2005). Cells containing an excess of 

orthologies are highlighted in red (p < 0.005) and yellow. Cells containing a deficiency of 
orthologies are highlighted in blue (p < 0.005) and green. 
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CHAPTER 9: Amphibian Sex Determination: Segregation and Linkage Analysis 
Using Members of the Tiger Salamander Species Complex (Ambystoma mexicanum 
and A. t. tigrinum). 
 
Introduction 

Distinct sexual phenotypes (e.g. male and female) are one of the most conserved forms of 

segregating phenotypic variation among vertebrates, and possibly all eukaryotes. 

Although mechanisms underlying vertebrate sex determination remain largely unknown, 

the available evidence suggests incredible diversity among and within each of the major 

groups. Sex determination in fishes ranges from Mendelian to polygenic, but in some 

cases, sex is entirely determined by environmental factors (Baroiller et al, 1999; Delvin 

and Nagahama, 2002; Mank et al, 2006). Environmental sex determination and sex 

chromosomes are distributed throughout reptilian phylogeny, suggesting independent 

evolutionary losses and gains, but conserved mechanisms are known for crocodilians 

(temperature) and birds (chromosomal sex determination) (Olmo, 1990; Ewert and 

Nelson, 1991; Pieau et al, 1999; Shine, 1999; Nada et al, 2000; Nada and Schmid, 2002). 

Of all the major vertebrate groups, sex determination is perhaps the most conserved 

within the order Mammalia, however even within this group there are a few interesting 

exceptions to the SRY gene rule (Sinclair et al, 1990; Just et al, 1995; Soullier et al, 

1998; Pask and Graves, 1999). Overall, amazing diversity in sex determination is 

observed among vertebrates.  It is expected that studies of additional groups will not only 

reveal new diversity, but will also elucidate conservative aspects of sex-determining and 

sex-differentiating pathways that presumably characterized the ancestral vertebrate 

condition.  

The vast majority of, if not all, amphibian species are thought to exhibit genetic 

modes of sex determination, however several evolutionary transitions between ZW and 

XY type sex-determining mechanisms (heterogametic females or males respectively) 

may have occurred (Hillis and Green, 1990; Schmid et al, 1991; Hayes, 1998; Wallace et 

al, 1999).  Under chromosomal sex determination, sexual differentiation depends upon 

the inheritance of a homologous (ZZ or XX) or heterologous (ZW or XY) pair of sex 

chromosomes. Presumably alternate modes of sexual differentiation are determined by a 

‘genetic switch’ that is manifested either by presence or absence of one or more loci 
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between sex chromosomes, or by gene dosage.  In either case, alternate sexual 

phenotypes (male vs. female) are expected to segregate as simple Mendelian traits, with a 

resulting 1:1 sex ratio among siblings of a large cross. While results consistent with a 

simple Mendelian mode of inheritance have been observed in the few amphibian species 

examined to date, non-Mendelian segregation of sexual phenotypes has also been 

observed (Pleurodeles waltl, Collenot et al, 1994; Rana and Hyla spp, Richards and 

Nance, 1978). Moreover, several studies (involving at least 4 urodele and 5 anuran 

species) have demonstrated that exposure to extreme temperatures during larval 

development can skew the sex ratio of amphibian clutches, yielding extremely female or 

male-biased sex ratios (reviewed by Wallace et al, 1999; Wallace and Wallace, 2000; 

Sakata et al, 2005; Kuntz et al, 2006). These studies suggest that sex determination in 

some amphibians may depend upon more than a single, segregating genetic factor. 

Salamanders from the genus Ambystoma have served as important amphibian 

models for studying development, ecology, and evolution, and with the recent 

development of a complete genetic map for Ambystoma the prospects of understanding 

the genetic basis of biologically important trait variation has become a reality. A number 

of developmental and cytogenetic experiments have established that sex is specified by a 

ZW type mechanism of chromosomal sex determination in the species Ambystoma 

mexicanum (Humphrey, 1945; Lindsley et al, 1956; Humphrey, 1957; Brunst and 

Hacshuka, 1963; Armstrong, 1985; Cuny and Malacinski, 1985), and possibly other 

Ambystomatid species, e.g. A. tigrinum tigrinum (Cuny and Malacinski, 1985) and the A. 

jeffersonianum species complex (Sessions, 1982). In addition, sex ratios from laboratory 

crosses of (Humphrey, 1945; Lindsley et al., 1956; Humphrey, 1957; Armstrong, 1985) 

suggest a single gene basis for sex determination in the laboratory strain of A. 

mexicanum. 

 In this study I test the hypothesis that sex segregates in a 1:1 ratio in crosses 

derived from the tiger salamander species complex (sensu Shaffer 1984) and report the 

identification of a single genomic region that shows nearly complete association with 

sex-determination. Segregation ratios of males vs. females were largely consistent with 

the presence of a single sex-determining factor in the previously described WILD2 (Voss 

and Smith, 2005) backcross mapping family (wild collected A. mexicanum/A. t. tigrinum 
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X wild collected A. mexicanum) as well as a new “wild” A. mexicanum X “lab” A. 

mexicanum F2 intercross (MEX1). Interestingly though, a small but consistent female 

bias was observed among WILD2 crosses. To localize the major sex-determining factor 

to the Ambystoma genetic map, a subset of the WILD2 cross (Smith and Voss 2005) was 

genotyped 156 previously developed markers (Smith et al, 2005). Analysis of association 

between segregating genotypes and sex-phenotypes identified a single genomic region, 

linked to the marker E24C3 (LG 5), which was strongly associated with segregation of 

sex. Two new probes were developed to track segregation of E24C3 alleles within the 

MEX1 cross. As was observed for the WILD2 cross, segregating genotypes for E24C3 

were strongly associated with segregating sex phenotypes in MEX1. These studies 

validate the existence of a single quantitative trait locus (QTL) (ambysex) that acts as the 

primary sex-determining factor in A. mexicanum. Patterns of segregating sex phenotypes 

and marker genotypes within the WILD2 cross indicate that other environmental or 

genetic factors may have influenced segregation of sex phenotypes. Finally, the patterns 

of recombination that were observed among Ambystoma mapping panels is consistent 

with the idea that Z and W sex chromosomes of A. mexicanum have not differentiated to 

any great extent, implying a recent evolutionary origin for this sex determining system.  

  

Materials and Methods 

Genetic Strains and Crosses 

Two crosses were used in this study: WILD2 and MEX1. The cross WILD2 was 

generated by backcrossing F1 hybrids between A. mexicanum and A. t. tigrinum to A. 

mexicanum. See Voss and Smith (2005) for a detailed description of the crossing design 

and rearing conditions that were used to generate WILD2. Two strains of A. mexicanum 

were used to generate the MEX1 cross. A female from the laboratory strain of A. 

mexicanum that is maintained by the Ambystoma Genetic Stock Center 

(http://www.ambystoma.org/AGSC/) was crossed to a strain that was more recently 

derived from the single natural population of A. mexicanum that occurs in Lake 

Xochimilco, Mexico D.F., Mexico. Two of the resulting F1 offspring were then mated to 

generate the MEX1 cross.  
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Rearing conditions 

At approximately 20 days post-fertilization, larvae were released from their eggs and 

placed individually in 5 oz paper cups of artificial pond water. Throughout the course of 

these experiments all individuals from each of the mapping panels were maintained in a 

single room within which the temperature fluctuated from 19-22º. Individuals were 

reared in separate containers and rotated within the room after water changes to reduce 

effects of spatial temperature variation. Larvae were fed freshly hatched Artemia twice 

daily for their first 30 days post-hatching. After day 20 their diet was supplemented with 

small (<1cm long) California black worms (Lumbriculus). During this time, individuals 

were provided with fresh water and cups after every third feeding. On day 30 larvae were 

transferred to 16 oz plastic bowls, after which they were fed exclusively California black 

worms and water was changed every third day. Finally, at 80 days post-fertilization, all 

individuals were transferred to 4 L plastic containers and were otherwise maintained 

under the same regime as the previous 50 days.  

 

Phenotypic Scores 

WILD2: The majority of WILD2 offspring were euthanized upon completion of 

metamorphosis or at day 350. At this time, individuals were dissected, tissue samples 

(liver and/or blood) were harvested for DNA isolation, and gonads were examined in 

order to identify each individual’s sex phenotype. Individuals with gonads consisting of a 

membrane surrounding translucent (immature ova), or opaque/pigmented (more mature 

ova) spheres were classified as females. Individuals with gonads appearing as opaque-

ovoid (immature testes) or lobed (more mature testes) structures were classified as males. 

Individuals metamorphosing early in the experiment often could not be unequivocally 

assigned to either sex; these individuals were classified as immatures. Gonads of 

immatures appeared as a thin strip of tissue (undifferentiated gonadal primordia or early 

stages of differentiation) adjacent to the abdominal fat bodies. Individuals at early stages 

of gonadal differentiation cannot be unequivocally assigned to either sex (Humphrey, 

1929; Gilbert, 1936) and are excluded from subsequent analyses. A few individuals were 

not euthanized and are currently being maintained for use in future studies. For these 

individuals, sex was scored after the development of secondary sexual characteristics. In 
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particular, the cloacal opening of male ambystomatids is much longer than that of 

females and male cloacal lips are several times larger than those of females. Dissected 

animals invariably corroborated cloacal sex scores. Sex was identified for a total of 360 

WILD2 individuals within this study. 

MEX1: Sex phenotypes were scored in the same manner as described for the 

WILD2 cross in the MEX1 cross, except that all animals from this cross remained 

paedomorphic and all individuals were scored at day 310 post fertilization. At this age, all 

animals had completed gonadal differentiation and sex phenotypes were unequivocally 

identified for all 91 individuals.  

 

Genotyping 

Based on previous studies, which suggested that the sex-determining gene of 

ambystomatids resides on one of the smaller chromosomes (A. mexicanum and A. t. 

tigrinum – Brunst and Haschuka, 1963; Cuny and Malacinski, 1985; A. jeffersonianum 

species complex – Sessions, 1982), an initial screen for the sex-determining factor was 

targeted to the five smallest linkage groups, LG10 – LG14 (Smith et al, 2005).  In this 

screen, 54-161 individuals of known sex phenotype (>195 days old) were genotyped for 

23 molecular markers that were broadly scattered across the five smallest linkage groups 

(Supplementary_Tables_9_1 and 9_2). A second screen targeted the remaining fraction 

of the map. This screen used an initial panel of 24 paedomorphs and late-

metamorphosing individuals (12 males and 12 females) from WILD2.3 and targeted 124 

previously described genetic markers (Smith et al, 2005) that were spaced at roughly 30 

cM intervals (Supplementary_Tables_9_1 and 9_2). Based on analyses of genotypes 

from the initial screens, E24C3 and E26C11 were also genotyped for a larger subset of 

the WILD2 panel (N=117 for E24C3; N = 74 for E26C11).  

Three novel genetic markers were developed for this study, using previously 

described methods (Smith et al, 2005). One of these probes (E26C11_329_3.1_A/G – 

GGGTTCTCTCAATGAACTGTATGTTGATTG) was designed to genotype the marker 

E26C11 in WILD2. Two additional fluorescence polarization probes were developed to 

genotype the E24C3 marker fragment in the MEX1 cross (E24C3_79_3.1_G/A – 

CTGTGGTGTATTCGAACATGTCGC, and E24C3_318_3.1_G/A – 
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AGGGCCTTCACATATTTTTCTGCAAAATAT). These markers were genotyped using 

standard primer extension and fluorescence polarization protocols (Perkin Elmer, 

AcycloPrime -FP chemistry and Wallac, Victor3 plate reader) (e.g. Chen et al, 1999; Hsu 

et al, 2001; Gardiner and Jack, 2002).  

 

Statistical Analyses: Segregation of sex 

Sex ratios within crosses were examined for fit to a 1:1 ratio expected under single locus 

sex determination, using G tests (Sokal and Rohlf, 1995). Because WILD2 consisted of 

several crosses, tests for homogeneity (G heterogeneity (h)) among crosses and fit to a 1:1 sex 

ratio in the data pooled across crosses (Gpooled (p)), were performed in addition to tests for 

fit to a 1:1 sex ratio for individual crosses (G) (Sokal and Rohlf, 1995). Lack of fit to a 

1:1 sex ratio would suggest that genetic factors, in addition to a single locus, might 

contribute to sex determination in Ambystoma.  

 

Association analyses  

Likelihood ratio statistics (LRS) for association of phenotypic variation with genotypic 

inheritance were estimated using the interval mapping and marker regression functions of 

MapManagerQTXb19 (Meer et al, 2004). Significance thresholds for interval mapping 

were obtained through 10,000 permutations of trait values among backcross progeny.  

 

Results 

Segregation of Sex: WILD2 

The sex of 360 WILD2 individuals from was identified by gonadal and/or cloacal 

morphology. All remaining larvae (N = 137) were scored immature. The ratios of males 

to females from 8 of 9 crosses were consistent with a 1:1 ratio expected under the 

hypothesis that a single locus specifies sex in Ambystoma (Table 1). A significantly 

female-biased sex ratio was observed in Cross 1 (G = 8.26, DF = 1, P = 0.004) and non-

significant female bias was observed in 5 other crosses. Sex ratios among crosses were 

not significantly heterogenous (Gh= 8.06, DF = 8, P = 0.427); therefore, data for sex were 

pooled and tested for fit to 1:1. Pooling of female-biased sex ratios among individual 

crosses revealed an overall female-biased sex ratio (203 females and 157 males) that 
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deviated significantly from 1:1 (Gp= 8.06, DF = 1, P = 0.015, N = 360).  

MEX1: Sex phenotypes were obtained for a total of 93 individuals from the 

MEX1 cross: 46 males and 47 females. As was observed for the majority of WILD2 

crosses, the sex ratio in MEX1 is consistent with a 1:1 ratio expected under the 

hypothesis that a single locus specifies sex in Ambystoma (G = 0.01, DF = 1, P = 0.917, 

N = 93). 

 

Segregation of Molecular Markers in WILD2 

A total of 159 markers were genotyped for the WILD 2 cross. The distribution of markers 

across the known linkage map (Smith et al, 2005) places, 92% of map within 30cM of at 

least one molecular marker and 73% of map within 15cM. Most of the regions that were 

not covered by this screen are represented only by anonymous (AFLP) markers. 

Segregation ratios of molecular markers deviated from 1:1 less often than expected based 

on the distribution of values for the χ2 test for 1:1 segregation (Figure 1). A similar 

pattern of deviation from χ2, towards unity, was observed in a previous study that 

mapped the same markers using independently generated crosses (Smith et al, 2005).  

 

Association Analysis of Sex in WILD2 

Genetic screens for sex-associated regions of the Ambystoma genome identified a single 

marker (E24C3) that was completely associated with segregation of sex phenotypes in the 

subpopulation of 24 WILD2 offsping that were used for the initial genome scan. This 

marker is the most terminal gene/EST based marker at the bottom of LG5. The WILD2 

mapping family was generated using a backcross mating design, therefore individuals 

segregated two genotypes for the E24C3 marker, E24C3G/G  (homozygous for the A. 

mexicanum genotype) and E24C3 G/A (A. mexicanum/A. t. tigrinum heterozygotes) The 

male phenotype was associated with inheritance of the heterozygous E24C3 G/A 

genotypes, whereas the female phenotype was associated with inheritance of the 

homozygous E24C3G/G genotype. The pattern of segregation of E24C3G/G vs. E24C3 G/A 

genotypes is consistent with the previously demonstrated ZW (heterogametic female) 

sex-determining mechanism of A. mexicanum (Humphrey, 1945; Lindsley, 1956; 

Humphrey, 1957; Armstrong, 1984), given that the P1 A. mexicanum and the F1 hybrid 
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were females (respectively, ZA. mexicanum (A.mex)/W A.mex and ZA. t. tigrinum (A.t.t)/W A.mex) and the 

P1 A. t. tigrinum and P2 A. mexicanum were males (respectively, Z A.t.t / Z A.t.t and Z A.mex 

/Z A.mex). In other words, females presumably inherited a W A.mex locus from their F1 

parent. 

To further resolve the position of the sex-associated region on LG5, larger panels 

of late-metamorphosing individuals were genotyped for the markers E24C3 (N = 112) 

and E26C11 (N = 74). Again, segregating genotypes for these markers were strongly 

associated with segregation of the sexes (E24C3: LRS = 141.1, P < 1E-5; E26C11: LRS 

= 13.8, P = 2E-4) (Table 2 and 3). Based on these genotypes, the most likely position for 

a single sex determining is approximately 8.1 cM distal to the position of E24C3 on LG5 

(Figure 2). 

Because sex-linked markers are now available for WILD2 it is possible to test 

whether the observed female bias was due to the fact that only paedomorphic and late 

metamorphosing individuals (individuals with clearly differentiated gonads) were used in 

the tabulation of sex ratios. If the sex ratio of early metamorphosing individuals was male 

biased, this sampling methodology would have yielded the observed female-biased 

results, assuming a 1:1 sex ratio overall. To address this possibility, the E24C3 locus was 

used to sex 66 individuals that underwent metamorphosis prior to achieving gross 

morphological differentiation of their gonads; these animals completed metamorphosis 

between 116 and 162 days post hatching. Among these animals there were 31 E24C3G/G 

heterozygotes (presumptive males), and 35 E24C3G/A heterozygotes (presumptive 

females). This sex ratio is not different from 1:1 nor is it male biased, thus, it appears that 

sex-specific maturation rates did not play a large role in the observed pattern of female-

biased sex ratios in WILD2.  

 

Association Between E24C3 and Sex in MEX1 

In order to test the previous mapping result, and to more specifically test the hypothesis 

that E24C3 is linked to the sex-determining factor in the species A. mexicanum, 85 

individuals from the cross MEX1 were genotyped for two SNPs that segregated within 

the E24C3 marker fragment. Genotypes for E24C3 were strongly associated with 

segregation of male and female phenotypes in the MEX1 panel (Figure 3) (for E24C3318 
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– LRS = 20.3, P = 1E-5, N = 85; for E24C379 – LRS = 25.0, P < 1E-5, N = 85). As was the 

case in the WILD2 mapping family, the pattern of association in the MEX1 cross is 

consistent with the previously demonstrated ZW sex-determining mechanism of A. 

mexicanum (Humphrey, 1945; Lindsley, 1956; Humphrey, 1957; Armstrong, 1984) 

(Figure 3). Using MEX1, the distance between E24C3 and the sex-determining factor is 

estimated at approximately 5.9 cM. This is similar to the estimate obtained using the 

WILD2 panel.  

 

Discussion 

The studies outlined in this chapter describe genome wide segregation analyses that 

localize the major sex-determining factor in the WILD2 mapping panel and provide 

independent validation of the linkage between the marker E24C3 and the sex-determining 

factor of the species A. mexicanum. From the standpoint of genetic linkage and gene 

content, Ambystoma LG 5 represents most completely characterized amphibian sex 

chromosome to date. Sex-associated allozyme (reviewed by Sumida and Nishioka, 2000) 

and nucleotide (Ogata et al, 2003) markers have been previously identified for a few 

anuran species and a sex-associated allozyme has been identified for one urodele species 

(Pleurodeles waltl: Ferrier et al, 1983). Localization of ambysex to the tip of LG5, sheds 

light on previous genetic and cytogenetic studies of sex-determination in ambystomatid 

salamanders, the evolution of sex chromosomes, and provides a powerful new set of 

molecular tools for studying the role of the genetic sex-determining mechanism in the 

evolution, ecology, and development of tiger salamanders, and amphibians in general. 

Results from WILD2 indicate that the genetic sex-determining mechanism of A. 

mexicanum is compatible with the genomes of F1 hybrids between A. mexicanum and A. 

t. tigrinum and their backcross offspring. This suggests that the genetic sex determining 

mechanism of A. mexicanum is likely to be conserved in many of the species that 

comprise the tiger salamander species complex. Although the evidence is strong for the 

presence of a major sex-determining locus in WILD2, the observation of slight, but 

consistent, female bias indicates that additional factors may have also influenced 

segregation of sex in this mapping family. 
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Localization of the major sex-determining factor of A. mexicanum 

The localization and inheritance of the sex-determining factor in these studies is 

consistent with results from previous genetic studies of sex-determination in A. 

mexicanum. Genetic studies have firmly established a ZW type sex-determining 

mechanism for A. mexicanum (Humphrey, 1945; Lindsley et al, 1956; Humphrey, 1957; 

Armstrong, 1985), and linkage analyses have indicated that the sex-determining factor is 

not linked to a centromere (Lindsley et al, 1956; Armstrong, 1985). The patterns of 

association between E24C3 and sex are consistent with segregation of a female specific 

“W” locus and the terminal location of ambysex is inconsistent with linkage to its 

centromere.   

Although linkage analyses for sex-determination are consistent with transmission 

genetic studies of sex-determination in A. mexicanum, these results seem to be at odds 

with a few cytogenetic studies that have reported association between sex and segregation 

of heteromorphisms on one of the two smallest chromosome pairs. Numerous 

descriptions have been made of tiger salamander (A. mexicanum and A. t. tigrinum) 

karyotypes (Parmenter 1919; Dearing, 1934; Haschuka and Brunst, 1965; Callan, 1966; 

Cuny and Malacinski, 1985). Two cytogenetic studies have reported subtle 

heteromorphisms of the smallest chromosome pair that are consistent with ZW 

segregation (Haschuka and Brunst, 1965; Cuny and Malacinski, 1985). However, other 

studies have reported no sex-specific heteromorphisms (Parmenter, 1919; Dearing, 1934) 

or have directly disputed the existence of ZW heteromorphisms (Callan, 1966). The 

mapping studies that are presented below are inconsistent with the idea that the smallest 

the presences of the SD locus on the smallest chromosome pair and, by extension, imply 

that the Z and W chromosomes of A. mexicanum are not morphologically differentiated 

to any appreciable degree.  

Estimates of chiasmata frequencies in female A. mexicanum oocytes (Callan, 

1966) place the results of this study at further odds with the cytogenetic studies that have 

reported ZW heteromorphisms in ambystomatid salamanders. Callan’s chiasmata counts 

provide map length estimates for chromosomes 13 and 14 of 169.3 and 135.5 cM 

respectively. These estimated lengths are similar to recently published map lengths for 
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linkage groups 13 (163.3 cM) and 14 (125.5 cM) (Smith et al, 2005), but are substantially 

different from the estimated length for linkage group 5 of 323.1 cM (Smith et al, 2005) in 

the LAB cross (Voss, 1995) and >292 in WILD2 (Voss and Smith, 2005). It therefore 

seems unlikely that the sex-determining locus of A. mexicanum lies on either of the two 

smallest chromosomes.  

 

Female bias in WILD2 

A slight, but statistically significant, female bias was observed in WILD2 and the 

segregation of sex-linked (E24C3) genotypes among early metamorphosing individuals is 

not consistent with sex-specific differences in age at metamorphosis. It is interesting to 

note that the number of females with presumptively recombinant genotypes (N = 8 

E24C3 G/A females) is also larger than the number of presumptively recombinant males 

(N = 1 E24C3 G/G male).  The larger number of female might reflect the presence of 

additional genetic factors that cause ZZ individuals to develop as females, or an increased 

mortality of male recombinants during pre-hatching stages. Identification of markers that 

are more tightly linked to the sex-determining locus, or the sex-determining locus itself, 

should ultimately permit recombinant individuals to be differentiated from potentially 

sex-reversed individuals.  

It is also possible, though perhaps less likely, that female-biased sex ratios were 

generated as a result of environmental conditions under which WILD2 offspring were 

reared. Although all WILD2 individulas experienced very similar environmental 

conditions, it is formally possible that these conditions increased the probability that 

individuals developed as females, irrespective of genotype. Temperature is known to 

affect sex ratio in some salamanders (reviewed by Wallace et al., 1999), but only at 

extreme levels that are not encountered during normal laboratory culture. Perhaps more 

importantly, the only study to test for environmental effects on sex ratios in Ambystoma 

found no deviation from a 1:1 sex ratio in A. tigrinum or A. maculatum reared at 13 or 22º 

(Gilbert, 1936), which encompasses the range of temperature variation within this study. 

Thus, it seems unlikely that the observed slight female bias was caused by rearing 

temperature in WILD2 crosses. With validated markers for sex, it will be possible to 

systematically test for environmental or effects on sex determination in A. mexicanum 
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and possibly other members of the tiger salamander species complex.  

 

Recombination rates in the ambysex-linked region imply a recent origin for ambysex 

Previously published linkage analyses were based on recombination that occurred in the 

testes of male (presumably ZZ) F1 hybrids between A. mexicanum and A. t. tigrinum 

(Voss, 1995; Smith et al, 2005). Estimates of linkage distance in WILD2 are based on 

female (ZW) recombination, and estimates of linkage distance in MEX1 are based on 

recombination in both sexes. Divergence of tiger salamander Z and W chromosomes 

should tend to reduce recombinational distances in female meiosis relative to male 

meiosis. The recombinational distance between E24C3 and a Mendelian ambysex locus in 

WILD2 is similar to the frequency of recombination between E24C3 and ambysex in the 

male and female F1s that founded MEX1 (Table 2, Figures 3 and 4). Moreover, the 

estimated ZW recombinational distance between E24C3 and E26C11 was 30.2 cM in 

WILD2, higher than the estimated rate of ZZ recombinational distance (13.6 cM) for 

these same loci in AxTg (Smith et al, 2005). In the few other cases where recombination 

frequencies have been characterized for young sex chromosomes (e.g. medaka: Kondo et 

al, 2004; stickleback: Peichel et al, 2005; and papaya: Lui et al, 2004; Ma et al, 2004) the 

frequency of recombination in the 30-100 cM adjacent to the sex-determining factor is 

substantially reduced within the heterogametic sex, relative to the homogametic sex. 

Given the lack of evidence for differences in recombination frequency, and the lack of 

convincing cytogenetic evidence for structurally differentiated sex chromosomes in the 

tiger salamander lineage, it stands to reason that the ambysex locus may have arisen quite 

recently, within the last 5-10 million years.  

  

Sex and the biology of ambystomatid salamanders 

Ambystomatid salamanders are important models for studying many aspects of 

development (e.g. Stopper and Wagner, 2007; Zhang et al, 2007; Sobkow et al, 2006), 

ecology (e.g. Trenham and Shaffer, 2005; Fitzpatrick and Shaffer, 2004; Brunner JL et al, 

2005), and evolution (e.g. Voss and Smith, 2005; Robertson et al, 2006; Weisrock et al, 

2006), and sex is one of most ubiquitous sources of developmental and ecological 

variation. Localization of the sex-determining factor to the Ambystoma linkage map 
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provides an important tool for understanding the role of sex in shaping the biology of 

tiger salamanders and amphibians in general. 
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Table 9.1:  Segregation of sex among backcross progeny and corresponding G tests 
for goodness of fit to a 1:1 sex ratio. 

 
Cross Male Female N Proportion Proportion Test df G p 
    Sexed Female (G)    
1 19 41 60 0.81 0.68  1 8.26 0.004 
2 17 23 40 0.70 0.58  1 0.90 0.342 
3 18 13 31 0.76 0.42  1 0.81 0.368 
4 21 24 45 0.59 0.53  1 0.20 0.655 
5 22 23 45 0.73 0.51  1 0.02 0.881 
6 26 36 62 0.75 0.58  1 1.62 0.203 
7 16 20 36 0.80 0.56  1 0.45 0.505 
8 13 13 26 0.67 0.50  1 0.00 1.000 
9 5 10 15 0.75 0.67  1 1.70 0.192 
Total 157 203 360 0.72 0.56 Total 9 13.96 0.124 
      Pooled 1 5.89 0.015 
      Heterogeneity 8 8.06 0.427 
 
 
 
 

Table 9.2: Segregation of E24C3 genotypes and sex phenotypes in a subset of the 
WILD2 cross. 

 
Sex E24C3G/G E24C3G/A

Female 50 8 
Male 1 53 

 
 
 
 

Table 9.3: Segregation of E26C11 genotypes and sex phenotypes in a subset of the 
WILD2 cross. 

 
Sex E26C11A/A E26C11A/G

Female 24 14 
Male 8 28 
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Figure 9.1: Plot of the distribution of the χ2 statistic for 1:1 segregation of marker 
genotypes in WILD2 vs. χ2 distribution. 

 

 
 
 
 

Figure 9.2: Plot of Likelihood Ratio Statistics (LRS) for association between 
segregation of sex phenotypes and marker genotypes on LG5 (WILD2). Horizontal 
lines represent (from bottom to top) linkage group-wide LRS thresholds for suggestive 
(37th percentile), significant (95th percentile), and highly significant (99.9th percentile) 

associations (Lander and Kruglyak, 1995) estimated using MapMaker QTXb19. 
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Figure 9.3: Diagram of the crossing design that was used to generate the MEX1 
cross and segregation of E24C3 marker genotypes and Z/W alleles of the ambysex 

locus in this crossing design. The numbers of individuals that inherited each multilocus 
genotype are in parentheses. M = male, F = female. 
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CHAPTER 10: Future Directions. 

 

The studies that are described in the preceding chapters set the stage for future studies 

using ambystomatid salamanders and other amphibian species to gain insights about the 

genetic basis of development and the evolution of vertebrate genomes. Below, I outline a 

few future avenues of research that build directly upon the studies that are presented in 

this dissertation. Specifically, I briefly outline avenues that: 1) generate more precise and 

insightful evolutionary comparisons which will shed further light on the evolutionary 

history of vertebrate genomes; 2) more precisely characterize the met locus and identify 

other QTL that contribute to variation in age at metamorphosis or the expression of 

metamorphic vs. paedomorphic life histories; and 3) shed insight into the effects of sex 

on variation in development and gene expression. 

 

Comparative Genomics 

By improving the methods that are used to identify orthologous genes and genetic maps 

for other phylogenetically well-positioned amphibians, it should be possible generate 

more precise and insightful evolutionary comparisons to shed light on the evolutionary 

history of vertebrate genomes. 

 

Improvements to existing methods 

Although the alignments that are generated by MapToGenome (Chapter 7) are generally 

robust at identifying orthologous loci even at relatively deep levels of evolutionary 

divergence (e.g. alignments between Ambystoma and human), there is certainly room for 

improvement. For example, MapToGenome relies on the user to optimize the thresholds 

that are used to identify intron breaks. Other programs that have been developed to align 

transcripts to their source genomes have employed more sophisticated models for calling 

intron breaks, thereby generating more precise alignments (e.g. van Nimwegen, 2006).  

Incorporating similar models, should improve alignment quality and the interpretability 

of homology maps. Improving the algorithms that are used to generate genome wide 

alignments will also facilitate comparisons that extend well beyond questions of 

Ambystoma/vertebrate synteny. 
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Other amphibians 

As genetic maps become available for additional amphibian species, they will provide 

important perspective on the genome wide comparisons that are described in preceding 

chapters of this dissertation. As is mentioned in Chapter 8, it is possible that some of the 

features that are shared between the Ambystoma genome and amniote genomes have 

arisen through convergent evolutionary events. When genetic maps are developed for 

other amphibian species, it will be possible to more completely address the possibility 

that changes have evolved independently. Features that are shared between Ambystoma 

and another amphibian species are more likely to have been shared by a common 

ancestor, and presumably less likely to have evolved in parallel. With the progress that 

has been made toward developing genome wide resources for the frog Xenopus the 

possibility of obtaining independent validation of known amphibian (Ambystoma)/ 

amniote syntenies may soon become reality. 

 It is not an impossibility that mapping data could be generated for many other 

amphibian species. It should be possible to apply essentially the same methods that we 

describe in Chapters 2 and 3 to generate large numbers of genetic markers for many 

amphibian species. In theory, any amphibian species that can be manipulated to produce 

meiotic products (i.e. gametes or offspring) could be used to generate an informative 

mapping panel.  

 

met 

In the near future it should be possible to more precisely characterize the met locus and 

identify other QTL that contribute to variation in age at metamorphosis or the expression 

of metamorphic vs. paedomorphic life histories. Identification of the gene(s) that 

underlies met will provide a critical next step toward understanding the molecular basis 

of this adaptive phenotype. Indeed, much of the time that I have spent at the University of 

Kentucky has been dedicated toward this goal. The comparative genomic studies that are 

described in Chapters 6 and 7 were largely motivated by the prospect of leveraging 

information from other vertebrate species (especially human and chicken) to identify 

candidates for the met gene: genes that participate in thyroid hormone signaling and are 
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likely to have orthologs that lie within the met QTL region. 

It should also be possible to gain additional insights into the evolutionary/ 

developmental effects of met and other loci hat contribute to metamorphic variation by 

using the markers that were developed for mapping in the LAB cross (also known as 

AxTg) to perform genome-wide scans for metamorphosis QTLs in WILD2 and crosses 

that can and have been made between other species pairs (e.g. Voss and Shaffer, 1996; 

Voss et al, 2003). In essence, every tiger salamander population represents a genetic line 

that has experienced a unique history of selection for metamorphic timing and the 

expression of metamorphosis vs. paedomorphosis. Natural populations of Ambystoma 

therefore represent an almost limitless source of genetic information on the molecular 

processes that govern metamorphosis.  

 

Sex 

Much in the same way that identifying the met gene will shed critical insight into the 

molecular basis of adaptation and development, identifying the sex-determining gene(s) 

will shed new light on the causes and consequences of sex-determination. By identifying 

the sex locus, it will be possible to achieve immense insight into the developmental/ 

genetic basis of sex and the effects of sex on variation in physiology, development and 

gene expression in Ambystoma, and in vertebrates in general.  

It is important to recognize, however, that many insights can also be gained before the 

sex-determining locus is identified. More in-depth studies of sex-linked regions of the 

genome can elucidate the evolutionary consequences of single locus (ZW) sex 

determination, and the sex-linked markers that were identified in Chapter 9 can be used 

to identify males and females prior to the completion of gonadal differentiation  (with a 

minimal amount to error due to recombination). The ability to ascertain the genetic sex of 

individuals at all stages of development will also be invaluable in describing the 

transcriptional and developmental events that characterize the normal process of sex 

determination, as well as investigating the effects of natural variation (e.g. quantitative 

trait loci) or perturbations of gene function (e.g. endocrine disruptors, RNA interference, 

transgenes). 

Copyright © Jeramiah J. Smith 2007 
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