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Summary of Major Accomplishments in Year 1 
 
During the first year of the project we optimized protocols for isolating, spreading, 
and capturing chromosomes for library construction and DNA sequencing. We 
found that 20 chromosomes (dyads) yields approximately 1.5 micrograms of 
amplified DNA, an amount that should be sufficient for library prep and sequencing 
via Illumina HiSeq technology. We contacted scientists at the Craig Venter Institute 
(CVI) because we had heard through a third party that they had developed expertise 
in making libraries for DNA sequencing in cases where the amount of starting 
material is limiting. Also, they quoted a very low price to make the libraries because 
they wanted to engage us in a lasting partnership. We sent CVI two DNA samples 
under the idea that they would make two libraries using different approaches, with 
the goal of identifying the best approach to move forward. Neither approach they 
tried was successful and thus after investing 4 months of time in this collaboration, 
we decided to try a different vendor.  We were not charged by CVI for this 
collaboration. We isolated additional dyads and delivered these to Hudson Alpha 
Genomic Services Laboratory for library preparation and sequencing. We are 
currently awaiting the sequencing results from this experiment.  
 
Concurrent with this aspect of 
the project, we generated whole 
genome sequence data for three 
different “long” fragment 
libraries (3kb, 5-10 kb and 
40kb). The 3kb and 5-10kb mate 
pair libraries were produced and 
sequenced by Ion Torrent for 
free. They did not charge us 
because they too would like to be 
involved in our project and they 
value our skills in assessing new 
products that they are currently 
developing. In this case, they are 
developing new ways to make 3 
and 10kb jumping libraries for 
Illumina sequencing. By mapping 
these fragments to our 
previously assembled BAC 
sequences, we verified that the 
libraries are of high quality and 
validated the fragment size 
distributions. These libraries 
have also yielded new 
scaffolding information that has 
resolved a few remaining 
linkages among previously 

 
Figure 1 – Observed fragment length distributions for 
mate pair libraries, based on mapping to assembled 
BAC sequences. Observed distributions match expected 
distributions for these “long” fragment libraries. 

 3KB  10KB 

Total #reads  8628692 17297824 

Reads mapped to transcriptome 10955 25433 

Total bp (reads) 706436083 1244522971 

Mapped bp  24283 52829 

Avg read length  81.9 71.9 

% of reads mapped to transcriptome  0.13% 0.15% 

% of transcripts mapped 21.3% 31.0% 

 
Table 1 – Read mapping statistics for alignments 
between 3 kb and 5-10 kb fragment libraries and the 
salamander transcriptome (genes).  
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assembled BAC contigs that were not resolved by shotgun sequencing alone.  
 
We also mapped the 3 and 5-10 kb libraries to our collection of cDNA contigs (Table 
1; Figure 2). We found that 20% and 30% of our contigs have one or more reads in 
the 3 and 5-10 kb libraries 
respectively, and thus a total of > 
40% of all contigs are covered by at 
least one of the libraries. These 
observed percentages meet our 
expectations. For example, assuming 
that the number of coding bases is 
similar between salamander and 
human, one would estimate that 
roughly .2% of the genome should 
be coding, which approximates the 
percentage of cDNA contigs with 
mapped reads  (0.13 and .15% from 
the 3 and 5-10 kb libraries, 
especially if you consider that 
intron/exon breaks will tend to 
disrupt these sort of alignments 
 
A 40kb (fosmid ditag) library was 
also generated and evaluated; QC 
analyses were performed by mapping the resulting reads to assembled BACs and 
the axolotl transcriptome. The results show that the library is of high quality and 
yields useful long-range scaffolding information. Fosmid pools that were produced 
for this library have also been preserved as freezer stocks and thus present 
additional genomic resources that can be tapped for targeted sequencing studies. 
This library was generated from start-up funds to Jeramiah Smith and thus our 
budget was spared this expense too. 
 
In summary, we accomplished a lot in the first year without having to expend much 
money. This will obviously change in the second year as we scale up for deep 
sequencing runs that will allow us to assemble a whole salamander chromosome. 
We anticipate that sequencing will be completed in the next year and we should also 
begin genome assembly and annotation. Thus, we are on schedule to accomplish the 
objectives of the project.  
 
 

 
 
Figure 2 – Distribution of hits from 3 kb and 5-10 
kb libraries when aligned to the salamander 
transcriptome. Most aligned genes have a single 
hit, while smaller numbers have more hits, 
consistent with expected patterns expected for 
non-repetitive sequence.  Only a small fraction of 
mappings are consistent with repetitive/ 
duplicated sequence.  



Summary	  of	  Major	  Accomplishments	  in	  Year	  2	  

We optimized protocols for amplifying salamander chromosomes and generated pilot sequencing 
runs. These pilot runs demonstrate that our whole genome amplification (WGA) approach 
generates specific sequence information from targeted chromosomes, validate previous genetic 
studies, and further resolve the structure of the salamander genome. Thus far we have generated 
30Gb of sequence from three target chromosomes. These sequences validate our prediction that 
the NOR-containing chromosome (Chromosome 2) corresponds to linkage group 3. While this 
was previously inferred on the basis of association with the white mutant with NOR length 
variants and linkage mapping of the white locus, this association is made abundantly clear by 
direct comparisons between WGA sequence and the sequences that have been anchored to the 
salamander genetic map. These experiments also reveal that a smaller linkage group (LG13: a 
candidate target for this project) is physically linked to 
linkage group 3 (Chr 2) and verify previous studies 
indicating that another small linkage group (LG11) is 
physically linked to a larger linkage group  (together 
comprising Chr3).  

We have identified a third, small and physically 
distinguishable, chromosome as the target of the current 
study. Our initial pilot runs have generated ~3X 
sequence coverage of this chromosome, robustly identify 
the linkage group that corresponds to this chromosome 
and provide sampling of the majority of the loci that are 
known to reside on the chromosome (Figure 1). We are 
beginning production sequencing runs of this target 
chromosome that include several technological advances 
that were gained through our pilot runs. We anticipate 
that sequencing runs will be completed next quarter and 
that all sequence resources will be in place to initiate 
assembly by the last quarter of 2013.  

As mentioned above, these studies have also led to 
significant advances in our ability to sequence individual 
chromosomes. We are working directly with Genomic 
Services Laboratory at Hudson Alpha (Huntsville, AL) 
to increase the fidelity of WGA sequence. Through these 
efforts we have found that the inclusion of a short leader 
sequence dramatically improves cluster calling and base 
accuracy as reads traverse low complexity sequence 
derived from WGA amplification adapters. These findings have spurred a collaboration with 
Rubicon Genomics targeted at improving these same aspects of WGA library preparation. 

We have also completed two other studies in support of the assembly of our target chromosome, 
specifically aimed at resolving mid-range linkages (4-40 kb): 

1) We have outsourced the development of a fosmid library by Lucigen Corporation, 
providing blood drawn from the female salamander that is being used for BAC 
development. This project provides resolution of linkages at the 40kb scale, and appears 
to provide excellent representation of genic regions (Figure 2). 

 
 
Figure 1 – Genes sampled from sequencing 
of material derived from a single dyad of 
the chromosome targeted by this project 
(Chr14/LG7).   



2) We have generated pilot sequence data for the salamander genome (~0.2X) depth using 
long read technology recently released by Pacific Biosciences. We are currently 
evaluating the utility of this resource, but it appears that this technology will significantly 
improve our ability to bridge repetitive sequences in genic regions. This project provides 
resolution of linkages at the 2-10kb scale (mean 4.5kb).  

 

 

 

 

 

 
 
 
 
 
	  

	  
Figure 2 – Sequenced fosmid ditags provide representation of a 
large number of genic regions. Several known salamander genes 
(cDNAs) are represented by one or more fosmid end sequence.  



Summary of Major Accomplishments in Year 3 
 
We have collaborated with Rubicon Genomics and the Genomic Services 
Laboratory at Hudson Alpha in order to optimize the PicoPlex whole genome 
amplification kit to incorporate a modified leader that permits cluster 
identification, Illumina-specific priming sequences, and multiplex barcodes. 
Besides improving our ability to sequence the amplified chromosome fragments, 
including library preparation in our amplification protocol decreased the overall 
sequencing cost and has permitted us to generate additional sequence data that 
improve our ability to assemble our target chromosomes. Through beta testing of 
this kit, we were able to sequence two sample pools of 10 Nucleolus Organizer 
Region (NOR) containing dyads covering 89.34% of LG3. In addition to the larger 
pools of NOR-containing dyads, we sequenced 2 pools of 5 NOR-containing 
chromosomes, 2 single NOR-containing chromosomes, 3 other single 
chromosomes, and a human control provided by Rubicon Genomics. 
 
Among the single dyads sequenced, reads from one sample were enriched on 
two different LGs, 4 and 13, and corresponds roughly to the fourth largest 
chromosome in the Ambystoma karyotype. The sampling of markers suggests 
that portions of each LG correspond to one chromosome. The reads mapped to 
LG4 were clustered downstream of a large marker-free interval in the distal 138 
cM of the linkage group. A previous study predicted the linkage of these 
segments to form a conserved synteny with segments of Xenopus tropicalis chr9 
and chicken chr 3. In addition to providing LG-specific libraries, the samples from 
these tests yielded the smallest fraction of alignments to the human genome 
(>7% each). Using the same kit, we were able to sequence 12 single dyad 
samples of the two smallest chromosomes in the Ambystoma karyotype. Four of 
those samples specifically mapped to and recovered 73% of the genetic markers 
in LG15 and 17. Two other samples specifically mapped to LG14 and recovered 
78.9% of LG14 genetic markers. 
 
We have continued working with HAIB GSL and Rubicon Genomics to test a new 
WGA kit (PicoPLEX ™ DNA-seq) that includes a dual indexing plate. We have 
performed extensive testing of this kit and have identified optimal clustering and 
base calling parameters. Our recent test runs have generated data for several 
chromosomes, including those that correspond to LG2, LG5, LG6, LG9, LG10 
and the half of LG4 not previously sampled. Further sequencing of the library that 
mapped specifically to LG2, containing the metamorphic timing QTL (met1) for 
the species, recovered 80.1% of genetic markers from LG2 and allowed us to 
assign LG2 to approximately the second largest chromosome of the Ambystoma 
karyotype. Additional sequencing of the single dyad that mapped to LG9, which 
contains the amphibian sex-determining locus, ambysex, recovered almost 70% 
of LG9 genetic markers.  
 
In order to proceed with assembly of individual chromosomes, we have also 
generated ~1.5 TB of whole genome shotgun (WGS) data that will be used to 



improve our chromosome-specific assemblies by permitting the correction 
inherent base calling errors associated with sequencing of whole chromosome 
amplified DNA. We are currently evaluating several error correction and 
assembly pipelines and expect to identify optimal assembly parameters within 
the coming month. After completion of the initial chromosome-specific 
assemblies, we will incorporate additional scaffolding information from long insert 
libraries. To this end, we recently outsourced the development and QC of a 4 kb 
insert library. Sequencing of this library will be initiated at the onset of Year 4.   
 
We have updated Sal-Site (www.ambystoma.org) to make the community aware 
of this project and our progress. Below, we provide examples of this progress. 
The figures show the mapping of short-sequence reads generated from shotgun 
sequencing to genetic markers of the Ambystoma linkage map. The red and blue 
circles present results from two separate chromosome sequencing experiments.  
 
 
 
 
 
 



Summary of Major Accomplishments in Extension Year 4 

As we near the end of our project, we restate the objectives of our project: Generate datasets and 
develop computational approaches to assemble and analyze salamander chromosomes and the overall 
genome. In the last year we completed sequencing and an initial assembly of chromosome 14 and 
submitted a manuscript detailing the assembly and analysis of this and one other chromosome (in 
revision, Scientific Reports). We uploaded this manuscript in support of this progress report. Our 
assemblies have allowed us to uniquely place a total of 2062 previously characterized genes and ESTs 
on the two smallest chromosomes and identify genomic sequences that flank these genes. Comparative 
genomic analyses reveal strong conservation of gene content between salamander and other vertebrates 
(as expected) and lend further support to the idea that our assemblies represent single chromosomes. As 
part of these sequencing efforts, we have also identified high quality libraries corresponding to an 
additional six chromosomes. 

During the last year we also generated a whole genome shotgun sequence dataset for the axolotl (using 
both long- and short- insert mate pair reads). This turned out to be an incredibly valuable dataset because 
it facilitated error correction of reads that were generated from amplified chromosomes and it permitted 
the first genome-scale characterization of repetitive content. However, we have found that existing 
algorithm/computational platforms are incapable of assembling this large genome (in revision, Scientific 
Reports). To resolve this issue, we recruited a talented programmer and have implemented several 
modifications to an existing assembler (Sparse) that recently achieved the first successful assembly of the 
salamander genome. The current genome assembly covers >26 Gb of the salamander genome, with an 
N50 scaffold length of 19.7 Kb. Ongoing efforts are aimed at further improving contiguity, including the 
integration of chromosome sequencing information and ultradense linkage mapping information. We are 
also currently assessing the capabilities of an assembler that was recently developed recently developed 
to leverage extreme scale architectures (meraculous) in collaboration with the Rokhsar group at the Joint 
Genome Institute. 

Final Report: The objective of this project was to originate an approach to sequence whole salamander 
chromosomes and verify the approach by sequencing one of the 14 Mexican axolotl chromosomes. We 
accomplished this objective. In December 2015, we published a paper in the journal Scientific Reports 
that details our approach and results, which include assemblies for more than one chromosome. These 
assemblies allowed us to place a total of 2062 previously characterized genes and ESTs on the two 
smallest chromosomes and identify genomic sequences that flank these genes. Comparative genomic 
analyses performed in this paper reveal strong conservation of gene content between salamander and 
other vertebrates (as expected) and lend further support to the idea that our assemblies represent single 
chromosomes. 
The current genome assembly covers >26 Gb of the salamander genome, with an N50 scaffold length of 
19.7 Kb. Ongoing efforts are aimed at further improving contiguity, including the integration of 
chromosome sequencing information and ultradense linkage mapping information, and building and 
sequencing HiC libraries. The work accomplished under this grant will greatly accelerate genomic and 
genetic work in the tissue regeneration field because the Mexican axolotl is one of the primary model 
organisms. 




