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Background 

The cartilaginous fishes diverged from other jawed vertebrates ~450 million years ago (mya) 

[1]. Despite this key evolutionary position, the only high-quality cartilaginous fish genome 

available is for the elephant shark (Callorhinchus milii) [2], a chimaera that split from the 

elasmobranch (sharks and batoids [skates and rays]) lineage ~420 mya [1].  

 

1. Immunity 

Initial analysis of the elephant shark genome resource led to proposals that components of 

the cartilaginous fish adaptive immune system, notably the repertoire of CD4+ T cell subsets, 

were primitive compared to mammals [2]. This was surprising, as robust immune responses 

are reported in elasmobranchs after immunization [3,4], and the importance of CD4+ T cells 

to vertebrate immune responses is exemplified by the prognosis of HIV patients. This 

indicates a need for deeper investigation of cartilaginous fish immunogenetics. 

 

2. Phylogeny 

The earliest split in the cartilaginous fish phylogeny is generally considered to fall between 

sharks and batoids, with this scenario being supported by mitogenome analyses [1] and some 

morphological studies [5]. However, more recent morphological studies, and the largest 

dataset of nuclear genes [6] used to date do not support this, rather supporting links between 

batoids and either of two major shark groups, Galeomorphii or Squalomorphii. Further 

mitochondrial data is not always appropriate for resolving deep relationships in vertebrate 

phylogenetic trees [7,8]. While, a draft assembly for the little skate (Leucoraja erinacea) was 

available at the outset of this project [9], the lack of genomic data for these two shark groups 

prohibits the application of phylogenomics to this question. 

 

The project 

The goal of this project was to generate multi-tissue transcriptome data for two distantly 

related, model shark species, the small-spotted catshark (Scyliorhinus canicula; 
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Galeomorphii) and the spiny dogfish (Squalus acanthias; Squalomorphii) to provide genomic 

insight into this poorly studied vertebrate lineage. And then use this data in phylogenomic 

analyses, with that for elephant shark and little skate to resolve the root of the elasmobranch 

phylogeny (i.e. whether sharks are likely to be mono- or para-phyletic), and explore the 

origins of vertebrate immunity, particularly of the CD4+ T cell gene repertoire. 

 

Use of Funds 

The funds awarded in this grant, in combination with a Royal Society grant to Helen Dooley 

(University of Maryland) and a PhD studentship to myself from University of Aberdeen Centre 

for Genome-Enabled Biology and Medicine, enabled the procurement of equipment and 

reagents required for animal sampling, through to RNA and cDNA preparation, and RNA-seq 

of small-spotted catshark and spiny dogfish. This grant funded the computational 

requirements of de novo transcriptome assembly and phylogenomic analyses.  

 

Materials & Methods 

 A full suite of organs and other major tissues was harvested from a single mature female 

each for small-spotted catshark (captive-bred) and spiny dogfish. High quality RNA samples 

were pooled to create a single species multi-tissue RNA sample which was used for 

subsequent cDNA synthesis and normalization (to maximize representation of lowly 

expressed transcripts) using the Evrogen Mint-2 and Trimmer-2 kits, respectively. Small-

spotted catshark sequencing was performed on the Ion Proton (Life Technologies) using 2x 

Ion PI v2 BC Chips (Life Technologies). Spiny dogfish sequencing was intended for the Illumina 

NextSeq 500, however an initial chip failed, and we then discovered from collaborators also 

attempting to sequence Evrogen normalized cDNA, that such libraries appear to produce poor 

yield on the NextSeq. However, we have obtained preliminary spiny dogfish RNA-seq data 

from a Roche 454ti run.  

Following assembly, bioinformatic searches of these datasets were used to identify putative 

immune genes of interest, and to identify one-to-one orthologues for phylogenomic analyses. 

Multiple sequence alignments were generated using MAFFT v7 [10]. Maximum likelihood 

phylogenetic analyses were performed in IQ-tree (omp-1.5.4) [11]. Bayesian phylogenetics 

were carried out in BEASTv1.8.3 and/or Phylobayes 4.1b [12].  
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Results 

1. Immune genes in cartilaginous fish transcriptomes 

Bioinformatic searches of the new transcriptome data for elasmobranchs resulted in the 

discovery of putative orthologues for many previously undiscovered immune genes in 

cartilaginous fishes. Most interestingly, I found sequences showing similarity to those of the 

CD4+ T cell pathways thought to be restricted to bony vertebrates. Phylogenetic analyses 

employing complex modelling strategies and a variety of tree rooting strategies, revealed that 

IL-6R (Fig. 1A), IL-9 (Fig. 1B), IL4/13 (Fig. 1C), IL-23R (Fig. 1D), IL-23, IL-27, IL-11 (Fig. 1E), and 

RORC (Fig. 2), all existed in the ancestor of jawed vertebrates, contrary to previous reports. 

This data is consistent with the presence of a sophisticated, mammalian-like, T cell repertoire 

in cartilaginous fishes, in line with the evidence for immunological memory and antibody 

affinity maturation in this lineage. In summary, a mammalian-like repertoire of CD4+ helper 

and regulatory T cell subsets evolved in the jawed vertebrate ancestor and still exist in 

cartilaginous fishes (Fig. 3). 

 

2. The root of the elasmobranch phylogeny 

143 one-to-one orthologues were identified to be present in each of elephant shark, little 

skate, small-spotted catshark, and spiny dogfish datasets (i.e. no missing data in cartilaginous 

fishes), as well as most other vertebrates. These were aligned and concatenated into a 

supermatrix to perform phylogenomic analyses to investigate whether sharks are 

paraphyletic. Results under partitioned analyses, and under the mixture model CAT [13], 

which permits across site rate heterogeneity and thereby helps to mitigate phylogenetic 

artefacts [14], provide maximal support for a sister group relationship between small-spotted 

catshark and spiny dogfish, to the exclusion of little skate (Fig. 4). This best fits a placement 

of the elasmobranch root such that batoids are sister to a monophyletic shark group, rather 

than derived from within, in line with mitogenome data, and early morphological work [1,5].  

 

Publication plan & impact of new datasets to community 
 
I intend to publish this work in two parts, the first of which is currently in preparation: 

 

1. Phyloimmunogenomics of the ancestral jawed vertebrate 
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2. Phylogenomic resolution of the elasmobranch root 

 

Because of the broad utility of genomic datasets, the new datasets generated here have 

already provided benefit to other research: 

 

1. Pettinello, R., Redmond, A.K., Secombes, C.J., Macqueen, D.J. and Dooley, H., 2017. 

Evolutionary history of the T cell receptor complex as revealed by small-spotted 

catshark (Scyliorhinus canicula). Developmental & Comparative Immunology, 74, 

pp.125-135. 

 

2. Gillespie, K.M., Bachvaroff, T.R. and Jagus, R., 2016. Expansion of eIF4E and 4E-BP 

Family Members in Deuterostomes. In Evolution of the Protein Synthesis Machinery 

and Its Regulation (pp. 165-185). Springer International Publishing. 

 

Future Work 

-> Obtaining further spiny dogfish RNA-seq data. 

-> Sequencing multi-tissue transcriptomes and/or genomes for more shark species. 

-> Further exploring the origins of vertebrate immunity and other vertebrate novelties using         

the current datasets.   
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FIGURE 1. Phylogenetic analyses reveal orthologues of ‘missing’ genes in cartilaginous fishes. 
Trees represent the (A) IL-6Rα family, (B) IL-7/9 family, (C) IL-4/IL-13 family, (D) Class-1 Group-
2 cytokine receptors, and (E) IL-6 superfamily. Branches are coloured according to the 
taxonomic key in the figure. Statistical support is shown for key nodes as per boxes 
accompanying each tree, wherein the analysis shown in bold is the topology shown. Root 
Posterior Probability <0.5 not shown. Posterior probabilities from Phylobayes analyses using 
poorly fitting mixture models are shown for completeness where applicable (fifth support 
value). 
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FIGURE 2. Phylogenetic analyses of the vertebrate ROR family shows that ROR-γ existed in 
the jawed vertebrate ancestor, and reveals a new vertebrate ROR-β paralog not found in 
mammals (which we dub ROR-δ). Alternative rooting strategies, using (A) RARs as outgroup, 
(B) HR3 as outgroup, or (C) a relaxed clock model, show that the root of the ROR phylogeny 
cannot be congruently placed. Other details as per Fig. 1. 
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FIGURE 3. Revised summary of the presence/absence of major CD4+ T-cell lineages and 
associated genes in the jawed vertebrate ancestor. The figure and gene selection are based 
on Fig. 5 from Venkatesh et al. [2]. Boxed lineages or encircled genes represent 
genes/lineages that were predicted to have emerged in the ancestor of bony vertebrates due 
to absence from the elephant shark genome [2], but for which evidence has been presented 
here (red circles/boxes), by Dijkstra [15] (black circles/boxes), or both (blue circles/boxes). 
Dotted edges indicate uncertainty of presence (e.g. IL-2R) may not have duplicated until the 
evolution of bony vertebrates), or function (e.g. FOXP3).  
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FIGURE 4. Consensus topology from IQ-tree analysis of 143 gene vertebrate phylogenomic 
dataset. IQ-tree (partitioned by gene) and Phylobayes (CAT) support values are maximal for 
all nodes. 
 
 
 

 
 
 
 
 

 


