The Tuatara (Sphenodon spp.) endemic to New Zealand are the only extant members of the
Rhynchocephalia, comprising one of the five extant major groupings of Sauropsids (birds and
reptiles). Rhynchocephalians, (the majority found within the suborder Sphenodontia) are known from
several fossil species up to Triassic in age from both Hemispheres, and largely retained a
conservative, unspecialised ‘lizard-like’ morphology similar to the modern forms throughout their
history (Wu 1994, Evans & Borsuk-Białynicka 2009). The group disappeared from the global fossil
record shortly preceding the K/T mass extinction 65 Ma, and it is unknown whether they persisted
outside New Zealand during the Tertiary (e.g. Apesteguía & Roughier 2007, Jones et al. 2009).
Rhynchocephalians are widely accepted as the sister group to the extant ~8,000 species of squamates
(snakes, lizards, amphisbaenians and mosasaurs) forming the Lepidosauromorpha as supported by
several morphological synapomorphies and phylogenetic studies (e.g. Hedges 1994, Hedges & Poling
1999, Rest et al. 2003, Crawford et al. 2012, Mulcahy et al. 2012). The two groups are likely to have
diverged near to the Permo-Triassic boundary 252 Ma, close to the radiation of sauropsids (Evans
2003, Evans & Jones 2010, Rest et al. 2012, Mulcahy et al. 2012). For these reasons Tuatara are
popularly known as ‘living fossils’, and constitute a taxon of considerable evolutionarily importance
and a national conservation priority.
With the upcoming developments in genomics and next-generation sequencing, it has become
increasing possible to develop large amounts of genetic material of non-model organisms, and thus
use of high numbers of orthologous regions in contemporary phylogenetic studies. ‘Phylogenomics’
are now being used in the exploration of poorly understood and particularly deep evolutionary
relationships, such as interfamily relationships of neognathous birds (Hacket et al. 2008, Künster et al.
2010) and mammals (McCormack et al. 2011, Reis et al. 2012); to studies at the kingdom or domain
level (e.g. Hampl et al. 2009). The radiation of the major amniote lineages has been explored in
several molecular studies including a number at a phylogenomic level (Tzika et al. 2011, Chiari et al.
2012, Crawford et al. 2012). The recent article by Chiari et al. (2012) as well as the braintranscriptome assemblies of Tzika et al. (2011, http://www.reptilian-transcriptomes.org), developed
large alignments from a synthesis of completed genome projects and de novo transcriptome
assemblies, although Tuatara were not explored in either. There has since been the release of a
Tuatara developmental transcriptome (Miller et al. 2012), as well as the recent completion of the first
turtle genome (Pelodiscus sinensis). The relationship of the major amniote lineages still remains
largely equivocal, and as a result there is a significant opportunity towards the development of a new
and more complete synthesis.

The initial aims of this project have been to use the developmental transcriptome of Tuatara
(Miller et al. 2012), and experiment in the development of an alignment using large and recently
released genetic data assemblies. This project at the time of this report has now progressed to a rough
completion of this alignment from a number of differing sources; although this is still yet to undergo a
phylogenetic analysis.

This particular study was largely based off the approach used by Chiari et al. (2012), who
used a total of 248 orthologous coding regions of 16 taxa in the exploring the phylogenetic
relationships of turtles. This included several species available from ensembl, new transcriptomic
assemblies from other sources (Künster et al. 2010, Castoe et al. 2011), as well as new material
developed from the team (some of which was previously published in Gayral et al. 2011). However
the pipeline used an approach whereby orthologs were constricted to whole taxonomic groupings as
opposed to individual species, and for no single region are all species represented as a result. The
alignment used is available on Dryad Digital Repository (http://datadryad.org/).
An initial approach was to experiment developing orthologs using a one-way tBLASTx
search against Gallus from the alignment from Chiari et al. to the Tuatara transcriptome, which
resulted in 87 orthologs. Experimental neighbor-joining analyses confirmed a nested position of
Tuatara within the tree obtained. A second approach was using the recently released set of reptile
brain-transcriptome assemblies released by Tzika et al. (Crocodylus niloticus, Elaphe guttata, Pogona
vitticeps and Trachemys scripta). A reciprocal tBLASTx search from the cDNA transcript of Gallus
gallus against these four species, with Tuatara returned a total of 158 orthologous regions for all taxa.
It was decided to construct a new alignment, utilising material from genome projects on
ensembl and a number of de novo transcriptome assemblies. Additionally, the use of merging
distantly related taxa in single sequences as explored in Tzika et al., or using a gapped dataset as in
Chiari et al. was decided not to be used. A large number of trial runs were attempted, initially
incorporating the transcriptomes from Tzika et al., however after consistently poor returns these
assemblies were omitted from the final analysis. In addition, contact was made with the team
responsible for the transcriptomes released in Gayral et al. (2011) and Chiari et al. (2012), to which
we were granted access.

A pipeline closely based off that of Chiari et al. (2012) was devised to develop a new set of
orthologs from a synthesis of several differing sources. The cDNA sequences from the chicken
(Gallus gallus) genome were used to find and download orthologous coding regions as predicted by
the EnsemblCompara phylogenetic assessment of orthology (Vilella et al. 2009) from completed
genome projects using a customized perl script. The taxon set covers most amniote lineages (Ensembl
release 70): Homo sapiens, Monodelphis domestica, Ornithoryhnchus anatinus, Anolis carolinensis,
Pelodiscus sinensis and Taeniopygia guttata; as well as one amphibian, Xenopus tropicalis, and the
coelacanth, Latimeria chalumnae to serve as outgroups; of which a total of 7,807 orthologous coding
regions were found shared between all nine taxa (see Table. 1).

For the selection of additional taxa, reciprocal tBLASTx searches were performed (1e-100
expectancy value, >50% identity, default parameters), on a number of selected transcriptome
assemblies. The use of closely related taxa was avoided to cover the widest taxonomic range without
compromising the final ortholog count, and these were performed sequentially and ranked according
to priority and taxonomic significance (see Table 2). This was continued until a compromise between
taxonomic coverage and ortholog count was reached. The final dataset as found here comprised 195
orthologs shared between a total of 14 taxa covering all major lineages, as well as incorporating
representatives of each of the major groupings of mammals and turtles, and also covering a significant
span of squamate and avian diversity.

It needs to be noted that although this is currently likely the final set of taxa to be used in the
complete phylogeny, there are a number of unassembled cDNA libraries available on the sequence
read archive (http://www.ncbi.nlm.nih.gov/sra), which require extensive analysis prior to use. Among
these include large multi-tissue transcriptomes of a Crocodilian, Alligator mississipiensis (Künster et
al. 2011), and two paleognathous birds, Apteryx australis (Subramanian et al. 2010) and Dromaius
novaehollandiae (Künster et al. 2011). In addition the crocodile genome project (St. John et al. 2012,
http://crocgenomes.org/) is currently developing assemblies from a representative of each of the three
extant crocodilian families; Alligator mississipiensis (Alligatoroidea), Crocodylys porosus
(Crocodyloidea) and Gavialis gangeticus (Gavialidae), and we are in negotiations with the team
involved.
Our project was constrained to the necessity of a crocodilian for complete taxonomic
coverage and the use of a restrictive jaw-tissue transcriptome of Caiman crocodylus, which appears to
have significantly affected on our final ortholog count. Pending on time, and logistical limitations, we
would hope to include one or more of the more complete Crocodilian cDNA libraries to our assembly,
which should result in a much larger set of orthologs. Additionally our dataset does not include any
paleognathous birds (one of the two avian superorders), and we have compromised by use of two
neognaths; a galliform (Gallus) and a derived passerine (Taeniopygia); aiming to cover a wide span of
genetic diversity due to the widely accepted basal relationship of galliformes in the neognathidae (e.g.
Hackett et al. 2008). In addition the blast results as shown were those obtained by the author, and my
colleague Kim Rutherford running a different script has obtained a lower number using stricter
criteria and accounting for possible duplicates, which suggests a smaller final set will be used than
indicated here.
Once the final dataset is complete, we will be utilizing the NeSI supercomputer (New Zealand
eScience Infrastructure), for use of Bayesian and maximum likelihood methodologies to develop a
phylogenetic tree. A molecular clock may be established pending on logistical developments. The
results of this analysis will aim to be drafted for publication in a peer-reviewed journal early this year.
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Set of taxa used in the EnsemblCompara phylogenetic prediction of orthology to develop a base dataset. Shown are the number of cDNA Gallus
regions where at least one ortholog was found. The cell in the bottom right corner shows the total number of Gallus regions found to be shared between all
taxa.
Species
Latimeria chalumnae
Xenopus tropicalis
Ornithorhynchus anatinus
Monodelphis domestica
Homo sapiens
Anolis carolinensis
Pelodiscus sinensis
Taeniopygia guttata
Gallus gallus

Common Name
West Indian Coelacanth
Western Clawed Frog
Platypus
Gray Short-Tailed Opossum
Human
Carolina anole
Chinese Softshell Turtle
Zebra finch
Chicken

Major Clade
Sarcopterygii
Amphibia
Mammalia
Mammalia
Mammalia
Squamata
Testudines
Aves
Aves

Othologs to Gallus
Subclade
Coelacanthiformes
12,622
Anura
12,341
Prototheria
11,916
Metatheria
12,947
Eutheria
13,161
Iguania
12,432
Cryptodira (Trionychia)
13,137
Neognathidae (Passeriformes)
13,604
Neognathidae (Galliformes)
7,807

Additional taxa and transcriptomal assemblies used in the development of the final ortholog set. Taxa are listed sequentially (line breaks indicate
each step-wise group), and the assembly with the highest reciprocal ortholog count to the prior set of Gallus cDNA shared between all taxa was selected
(highlighted). The addition of new taxa was terminated at 195 orthologs.
Species
Sphenodon punctatus
Caiman crocodilus
Thamnophis elegans
Python molorus
Phrynops hilarii
Podarcis sp.
Caretta caretta
Chelonoidis nigra

Common Name
Tutatara
Spectacled Caiman
Western Garter Snake
Burmese Python
Hilaire’s Side-necked Turtle
Wall Lizard
Loggerhead Sea Turtle
Galápagos Giant Tortoise

Major Clade
Rhynchocephalia
Crocodylomorpha
Squamata
Squamata
Testudines
Squamata
Testudines
Testudines

Orthologs to Gallus Orthologs to Prior step
Subclade
Sphenodontia
2,517
1,740
Alligatoridae
1,270
536
Scleroglossa (Serpentes)
5,264
363
Scleroglossa (Serpentes)
1,417
311
Pleurodira
2,193
202
Scleroglossa (Scincomorpha)
978
100
Cryptodira (Chelonioidea)
2,570
163
Cyrptodira (Testudinoidea)
3,357
195

Tissue
Embryo
Jaw
Multi-Tissue
Multi-Tissue
Blood
Liver
Blood
Blood

Reference
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