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Elephant shark genome provides unique
insights into gnathostome evolution
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The emergence ofjawed vertebrates (gnathostomes) from jawless vertebrates was accompanied by major morphological
and physiological innovations, such as hinged jaws, paired fins and immunoglobulin-based adaptive immunity.
Gnathostomes subsequently diverged into two groups, the cartilaginous fishes and the bony vertebrates. Here we
report the whole-genome analysis of a cartilaginous fish, the elephant shark (Callorhinchus milii). We find that the
C. milii genome is the slowest evolving of all known vertebrates, including the diving fossii’ coelacanth, and features
extensivesynteny conservation with tetrapod genomes, making it agood model for comparative analyses ofgnathostome
genomes. Our functional studies suggest that the lack of genes encoding secreted calcium-binding phosphoproteins in
cartilaginous fishes explains the absence of bone in their endoskeleton. Furthermore, the adaptive immune system of
cartilaginous fishes is unusual: it lacks the canonical CD4 co-receptor and most transcription factors, cytokines and
cytokine receptors related to the CD4 lineage, despite the presence of polymorphic major histocompatibility complex

class Il molecules. It thus presents a new model for understanding the origin of adaptive immunity.

The emergence of gnathostomes from jawless vertebrates marks a
major event in the evolution ofvertebrates. This transition was accom-
panied by many morphological and phenotypic innovations, such as
jaws, paired appendages and an adaptive immune system based on
immunoglobulins, T-cell receptors and major histocompatibility com-
plex (MHC) molecules14(Fig. la). How these novelties emerged and how
they facilitated the divergence, adaptation and dominance ofgnathos-
tomes as the major group (99.9%) ofliving vertebrates are key unresolved
questions. The living gnathostomes are divided into two groups, the
cartilaginous fishes (Chondrichthyes) and bony vertebrates (Osteichthyes),
which diverged about 450 Myr ago (Fig. la). A key feature distinguish-
ing the two groups is that chondrichthyans have largely cartilaginous
endoskeletons whereas osteichthyans have ossified endoskeletons. Although
fossiljawless vertebrates (for example galeaspids) and jawed vertebrates
(for example placoderms) possessed dermal and perichondral bone,
endochondral bone is found only in osteichthyans5. Chondrichthyans
include about 1,000 living species that are grouped into two lineages,
the holocephalans (chimaeras) and elasmobranchs (sharks, rays and
skates), which diverged about 420 Myr ago6(Fig. 1a). A detailed whole-
genome evaluation ofa chondrichthyan and comparative analysis with
the available genome information on osteichthyans and ajawless verte-
brate7might help us to understand features unique to chondrichthyans
and provide insights into the ancestral state of gnathostome-specific
morphological features and physiological systems.

We previously identified C. milii, aholocephalan, as a chondrichthyan
genome model89because ofits relatively small genome (—1.0 gigabase).

Compared with elasmobranchs, the unique features ofholocephalans
include a single gili opening, a complete hyoid arch, fusion ofthe upper
jaw to the cranium, and non-replaceable hypermineralized tooth plates10
(Fig. 1b). Callorhinchus milii inhabits temperate waters of the contin-
ental shelves offsouthern Australiaand New Zealand, typically at depths
0f200 to 500m (ref. 11). Here, we report the generation and analysis
ofa high-quality genome sequence of C. milii. Several key findings are
presented here and further details on our in-depth characterization of
this genome are presented in Supplementary Notes I to XI.

Genome assembly and annotation

Genomic DNA ofa single male C. milii was sequenced and assembled
(Supplementary Note I) to a size 0£0.937 gigabases, comprising 21,208
scaffolds (N50 contig, 46.6 kilobases; N50 scaffold, 4.5 megabases; Sup-
plementary Table 1.1). The average GC content ofthe C. milii genome
is 42.3%, and approximately 46% ofthe genome is organized into iso-
chores (Supplementary Note II). Using the Ensembl annotation pipe-
lineR2and RNA-seq transcript evidence, we predicted a total of 18,872
protein-coding genes. In addition, microRNA (miRNA) genes were
identified by small-RNA sequencing and annotation of the genome
assembly (Supplementary Note IIl). Callorhinchus milii have more
miRNA gene loci (693 genes and 136 families) than do teleosts (for
example, zebrafish have 344 genes and 94 families) but fewer than do
humans (1,527 genes and 558 families) and other mammals (mirBase
release 19). Several novel C. mr'Zn-specific miRNAs are expressed at
high levels in a tissue-specific manner (Supplementary Figs III. 1 and
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Figure 1 jPhylogeny of chordates. a, Major shared features of various
vertebrate taxa; b, unique features of C. milii. Lampreys and hagfishes
(cyclostomes) lack mineralized tissues. In contrast, cartilaginous fishes produce
extensive dermal bone such as teeth, dermal denticle and fin spine. However,
they lack the ability to make endochondral bone which is unique to bony
vertebrates. Divergence times are from refs 6, 36. Ceno, Cenozoic era;

PC, Precambrian era.

I11.2). Notably, a considerable number (16%; 22/136) of C. milii miRNA
families conserved in mammals have been secondarily lost in teleosts.
Their explicit tissue-specific expression patterns in C. milii and mam-
mals suggest that they have important roles in gene regulation. A total of
63,877 noncoding elements (average size, 271 base pairs) conserved
between C. milii and bony vertebrates represent potential ds-regulatory
elements (Supplementary Note IV). Surprisingly, only a tiny fraction
(less than 1.0%) ofthese are found in the genomes of sea lamprey, sea
squirt and amphioxus, suggesting that the emergence of gnathostomes
was accompanied by major innovations in ds-regulatory elements and
gene regulatory networks.

Phylogenomics and evolutionary rate
Morphological and palacontological studies have placed Chondrichthyes
as a sister group to bony vertebrates5. However, subsequent molecular
phylogenetic analyses based on mitochondrial or nuclear genes have
produced conflicting topologies13 IS Using a genome-scale data set
comprising 699 one-to-one orthologues from C. milii and 12 other
chordates, we provide robust support for the traditional phylogenetic
tree with an unambiguous split between Chondrichthyes and bony
vertebrates (Supplementary Fig. V.1). Furthermore, analysis of gains
and losses ofintrons provided independent support for Chondrichthyes
as a sister group to bony vertebrates (Supplementary Note V).
Previous studies based on a few mitochondrial and nuclear protein-
coding genes indicated that the nucleotide substitution rate in elasmobranchs
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is an order of magnitude lower than that in mammals1§l7 Using the
genome-wide set 0 {699 orthologues, we estimated the molecular evolu-
tionary rate of C. milii and compared it with other gnathostomes, with
sea lamprey as the outgroup. Callorhinchus milii protein-coding genes
have evolved significantly slower than all other vertebrates examined
(P < 0.01 for all comparisons; Supplementary Tables VI.1-V1.3), includ-
ing the coelacanth, which has been considered to be the slowest evol-
ving bony vertebratel8 A neutral tree based on fourfold-degenerate
sites indicated that the low evolutionary rate is a reflection of the
neutral nucleotide mutation rate, and confirmed that the neutral evolu-
tionary rate of C. milii is the lowest (Fig. 2a).

The lower rates of molecular evolution of C. milii are also evident in
the fewer changes in the intron-exon organization of its genes (Sup-
plementary Note VII). Callorhinchus milii has experienced fewer
intron gains or losses than any bony vertebrate since their divergence
from the gnathostome ancestor (Fig. 2a). The highest rates of change
were found in two teleost fishes, the stickleback and zebrafish, with the
stickleback lineage experiencing the highest number of changes (603
gains and 126 losses after it split from the zebrafish lineage) recorded
in any vertebrate lineage (Fig. 2a). In addition to a lower rate ofintron
changes, the C. milii genome also has experienced a relatively low rate
of major interchromosomal rearrangements, comparable to that of
chicken, which has one of the most stable karyotypes among tetra-
pods1920 (Supplementary Note VIII). An extensive conservation of
synteny was observed in comparisons of C. milii scaffolds with chicken
and human chromosomes, with a majority of C. milii scaffolds (93%)
showing a one-to-one correspondence with chicken chromosomes
(Supplementary Figs VIII. 1and VIIL.2). A three-way comparison between
C. milii, chicken and teleosts (medaka and zebrafish) revealed that
teleosts have undergone a substantially higher number ofinterchromo-
somal rearrangements than previously demonstrated by simple tetrapod-
teleost comparisons (Fig. 2b and Supplementary Tables VIII.7 and
VIILS).

Evolution of protein-coding gene families

Protein domains

Comparisons of Pfam domains (Supplementary Note IXa) identified 17
C. milii domains that are missing in bony vertebrates (Supplementary
Table IX.2). Sixteen of'these are present in amphioxus or other eukar-
yotes, and are thus ancient protein domains that are still retained in
C. milii but have been lost from bony vertebrates. We note that 13
domains shared between C. milii and tetrapods are absent in teleosts
(Supplementary Table IX.4), indicating that they have been secondarily
lost from the teleost lineage.

Lineage-specific gene losses

Orthologues of more C. milii genes were found to be lost from the
teleost lineage (271 genes; Supplementary Note IXb and Supplemen-
tary Table IX.6) relative to the tetrapod lineage (34 genes; Supplemen-
tary Table IX.7). Human orthologues of many genes lost from teleosts
are associated with genetic diseases (104 genes, 38%; Supplementary
Table 1X.6), indicating their importance for human physiology. The
loss of'these genes from teleosts supports the idea that teleosts repres-
ent a more derived group than do other gnathostomes. The functional
annotation of zebrafish orthologues ofthe 34 genes lost from tetrapods
highlighted several genes that are specific to the aquatic lifestyle, such
as those regulating fin and lateral-line development and those encod-
ing receptors for water-soluble odorants (Supplementary Table 1X.7).

Genetic basis of bone formation

Bone is the most widespread mineralized tissue in vertebrates, and its
formation represents a major leap in vertebrate evolution. Although
chondrichthyans produce dermal bone (for example teeth, dermal
denticles and fin spines) and calcified cartilage52l, unlike bony verte-
brates, their cartilage is not replaced with endochondral bone. Among
vertebrates, the earliest mineralized tissue was found in the feeding
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Figure 2 Callorhinchus milii possesses the slowest evolving vertebrate
genome, a, Neutral tree of 13 chordates based on fourfold degenerate sites.
Pairwise distances to amphioxus are shown for each species above their
respective branches. Intron gain/loss (+/—) events are shown in red below
taxon labels and at ancestral nodes, b, Circos plots showing syntenic

apparatus ofextinctjawless fishes, the conodonts2l. Early dermal bone
was found in extinct jawless vertebrates such as heterostracans,
whereas perichondral bone surrounding the cartilage was found in
several fossil jawless vertebrates (osteostracans, galeaspids) and jawed
vertebrates5 (placoderms, acanthodians; Fig. 3). However, the highly
complex process ofendochondral ossification is unique to bony verte-
brates. The C. milii genome sequence provided aunique opportunity to
address the question of why the endoskeleton of chondrichthyans is
not ossified.
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Figure 3 Genetic events underlying the emergence of bone formation in
vertebrates. Duplication of Sparc by whole-genome duplication initially gave
rise to Sparcll, and the subsequent tandem duplication of Sparcll gave rise to
the SCPP gene family responsible for endochondral ossification. Because the
sea lamprey genome contains only Sparcbutno Sparcil (ref. 22), we have placed
the genome duplication event that gave rise to Sparcll after the divergence of
jawless vertebrates from the jawed vertebrate ancestor. The sister relationship
of chondrichthyans and acanthodians is based on ref. 37. SCPP, secretory
calcium-binding phosphoprotein gene family member, f, extinct.
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relationships between C. milii scaffolds and chicken and zebrafish
chromosomes. Most C. m ilii scaffolds show a one-to-one relation with chicken
chromosomes whereas they show a correspondence of one-to-two, or more,
with zebrafish chromosomes. Chicken microchromosomes are labelled in red.

We searched the C.milii genome assembly and transcriptomes
for genes known to be involved in bone formation in osteichthyans
(Supplementary Note X). All gene family members involved in bone
formation were present, except the secretory calcium-binding phos-
phoprotein (SCPP) gene family (Supplementary Table X.1). This gene
family encodes a diverse array of secreted phosphoproteins that arose
from the gene Sparc-like I (Sparcll) through tandem duplication, and
Sparcll itself arose from an ancient metazoan gene, Sparc, through
whole-genome duplication2 There are two main categories of SCPP
genes: one group encodes acidic proteins and the other encodes proline-
and glutamine-rich (P/Q-rich) proteins. In the human genome, the two
groups are found in two different clusters on chromosome 4; the acidic
SCPP genes (SPP1, MEPE, IBSP, DMP1 and DSPP, collectively known
as SIBLING genes) occur between PKD2 and SPARCLI, whereas the
P/Q-rich SCPP genes are found in the enamel matrix protein-SCPP
cluster —17 megabases downstream 0iSPARCLI (Supplementary Fig. X.2).
Acidic SCPP or SIBLING genes are involved in the ossification of col-
lagenous matrix in bone and dentine, and P/Q-rich SCPP genes are
involved in the production of enamel, milk, tears and saliva. Although
there are variable numbers ofP/Q-rich SCPP genes in teleosts25 there is a
single SIBLING gene, sppl/, in zebrafish and medaka. Zebrafish spp/
(also known as osteopontin) is expressed specifically in osteoblasts4
and has therefore been proposed to have a primary function in bone
formation similar to its mammalian orthologue25.

The C. milii genome contains both Sparc and Sparcll on different
scaffolds that show extensive conserved synteny with orthologous loci
in human and other bony vertebrates (Supplementary Figs X.1 and
X.2). However, there is no SCPP gene cluster in the intergenic region
between Pkd2 and Sparcll or elsewhere in the genome (Supplementary
Fig. X.2). The genomic and transcriptomic resources available for other
cartilaginous fishes such as the little skate (Leucoraja erinacea) and the
small-spotted catshark (Scyliorhinus canicula) as well as the genome
assembly ofthe sea lamprey, a jawless vertebrate, also do not contain
any SCPP genes (Supplementary Note X). These findings suggest that
the tandem duplication of Sparcil that gave rise to SCPP genes
occurred in the common ancestor of osteichthyans after this lineage
split from the chondrichthyan lineage (Fig. 3). Because SCPP genes
have a crucial role in the formation of bone, we propose that their
absence from C. milii explains the absence ofbone from the endoskel-
eton of cartilaginous fishes.

To test this hypothesis, we used two different methods to disrupt the
function of the single bone-specific SIBLING gene spp!/ in zebrafish.

©2014 Macmillan Publishers Limited. All rights reserved



The knockdown of sppl using two gene-specific morpholinos (ATG
MO and E2-12 MO) resulted in a significant reduction in endochondral
and dermal bone formation by comparison with embryos injected with
5-base-pair-mismatch control morpholinos (Supplementary Fig. X.4).
Unlike the transient effects exerted by morpholinos, the genetic inter-
ference afforded by the CRISPR/Cas9 system25results in heritable geno-
mic modifications; indeed, targeting exons 6 and 7 ofthe spp/ gene using
the CRISPR/Cas9 system resulted in the generation ofspecific insertion/
deletion mutations at the target sites, including a —2.6-kilobase dele-
tion when exons 6 and 7 were simultaneously targeted (Supplementary
Fig. X.6). Embryos 5days post-fertilization (dpf) with deletions in
exon 7 alone or in both exon 6 and exon 7 ofspp/ showed a significant
reduction in the formation ofendochondral and dermal bone (Fig. 4),
with the defect in bone formation persisting in 15-dpfmutant embryos
(Supplementary Fig. X.9). The similar phenotypes obtained using two
different methods of manipulation indicate that the effects on bone
formation are specific, and strongly suggest that spp/ has an essential
role in the modulation ofbone formation in zebrafish.

The results of the zebrafish spp/ knockdown experiments provide
strong support for our hypothesis that the absence of SCPP genes
from cartilaginous fishes is related to the unossified nature of their
endoskeleton. In turn, the absence of SCPP genes from chondrichth-
yans raises questions about the genetic basis of dermal and perichon-
dral bone formation in chondrichthyans, placoderms, acanthodians
and extinct jawless vertebrates. We speculate that one or more SCPP-
related genes, probably Sparc, Sparcil or both, mediate the minerali-
zation of skeleton in these vertebrates.

Primordial adaptive immune system
The chondrichthyan immune system shares many features of the
innate and adaptive immune systems of mammals926 However,

a d Mild phenotype

Figure 4 | Targeted mutagenesis o f zebrafish spp/ by sgRNA:Cas9 results in
reduced bone formation, a, sppl is specifically expressed in cells surrounding
the bone matrix. Ventral view ofa 5-dpfembryo hybridized with aspp/-specific
RNA probe. Yellow labels, endochondral bones (cb5, ceratobranchial 5; ch,
ceratohyal); white labels, dermal bones (bsr, branchiostegal ray; cl, cleithrum;
d, dentary; en, entopterygoid; op, operculum; ps, parasphenoid). b, Ventral
view ofa 5-dpfwild-type (WT) embryo stained with alizarin red to reveal sites
ofbone deposition (red fluorescence), mx, maxilla, ¢, Bright-field image merged
with b to visualize anatomical structures and locations ofbone deposition
simultaneously, d, Ventral views of 5-dpfembryos injected with Cas9 mRNA
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several important differences, confirmed by transcriptome analysis of
an elasmobranch cartilaginous fish, the nurse shark (Ginglymostoma
cirratum), which diverged from the C. milii lineage —420 Myr ago6 high-
light several unexpected features ofthe primordial state of gnathostome
immune systems, especially for adaptive immunity (Supplementary Note
XI, Supplementary Figs XI.1-XI.10 and Supplementary Tables XI.1-
XI.13). First, the genome assembly suggests a close linkage of immuno-
globulin and T-cell receptor genes, compatible with the notion that the
somatically diversifying antigen receptor genes evolved from a common
ancestor via en bloc duplications27. Indeed, the presence of the variant
antigen receptor NAR-TCR, but lack of other specialized forms of anti-
gen receptors, such as [gW and IgNAR in the C. milii genome suggest that
the single-domain V region, subjected to somatic diversification by Rag
proteins, was at first part ofa T-cell receptor (TCR)-like structure before
being co-opted by immunoglobulins. Second, the linkage of antigen
receptor genes with certain MHC genes, whose products functionally
interact in regulating the immune response, supports the co-evolutionary
origin of antigen presentation and recognition282, Third, the immuno-
genome of C. milii is compatible with the presence of cytotoxic natural-
killer and CD8+ T cells; by contrast, the absence of the canonical CD4
co-receptor, the transcription factor RORC, several cytokines and cyto-
kine receptors that are associated with helper and regulatory functions of
CD4+ T cells in mammals (Fig. 5) suggests the presence of'a primordial
type ofhelper function in cartilaginous fishes. Restricted helper functions
(exemplified by the lack ofthe T-follicular helper lineage) in cartilaginous
fishes may explain the long lag time required to generate humoral immun-
ity (affinity maturation and memory) in sharks30. Thus, the emerging
adaptive immune system seems to have been characterized by the
presence of a full-blown cytotoxic system and a primordial helper
system that was geared towards a THI-type response.

Strong phenotype

Normal
Mild phenotype
Strong phenotype

together with single guide RNA (sgRNA) targeting sppl exon 6, exon 7 or both
(alizarin red staining). The embryos were scored as normal (resembling wild
type), mild or strong bone phenotypes, with the latter showing the greatest
reduction in bone formation. The variations in the extent ofbone reduction are
presumably due to somatic chimaerism with regard to spp! disruption,
e, Proportions of mild and strong bone phenotypes induced by disruption of
sppl by sgRNA/Cas9. Targeting of exon 7 in = 206 embryos) or both exons 6
and 7 (n = 143) resulted in significantly higher proportions of strong bone
phenotype (P < 0.01, Fisher’s exact test) compared with control injections of
Cas9 mRNA (n = 190) and exon 7 sgRNA (n = 143) (Ex6, Cas9: n = 72).
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Figure 5 | T-cell lineages in mammals and cartilaginous fishes, a, Schematic
diagram of mammalian CD8+ cytotoxic cells producing various effector
molecules, such as PRF1 (perforin), GZM (granzymes), INF-y (interferon-y)
and TNF-ot (tumour necrosis factor-a). Interleukins 7 (IL-7) and 15 (IL-15) are
indispensable for induction ofthe transcription factor RUNX3, which controls
expression of the genes encoding the CD8 co-receptor that interacts with the
TCR and MHC classI molecules. All key elements of this T-cell lineage are
present in the genomes of cartilaginous fishes, b, Diversification of CD4

Despite the apparent lack of Tregcells in cartilaginous fish, the elim-
ination of self-reactive lymphocytes during the process of central tol-
erance seems to be a primordial vertebrate feature, as demonstrated by
the presence of AIRE, which is responsible for the expression of peri-
pheral self-antigens for presentation via MHC to T cells in the medulla
ofthe thymus3l The absence ofthe gene encoding a bona fide CD4 co-
receptor despite the presence of polymorphic MHC class II genes sug-
gests the presence ofunusual types of CD8 helper T cells, capable of
exerting THI-like activities through IFN-y, IL-12 and TNF-a (Fig. 5).
We suggest that such cells are capable of recognizing exogenous anti-
gens presented by MHC class II molecules but might also interact with
other antigens in an MHC-independent, antibody-like recognition
mode, as recently demonstrated in mice deficient in both CD8 and
CD4 co-receptors32 It is to be noted that the secondary loss of CD4,
MHC class II and invariant chain genes in a teleost, the Atlantic cod
(Gadus morhua), is accompanied by compensatory changes, such as
amplification of MHC class I and Toll-like receptor genes33 most prob-
ably related to the disappearance of T-helper lineages only in this spe-
cies. In stark contrast, the lack of such compensatory features in
cartilaginous fishes, demonstrated in two highly divergent species,
C.milii and G. cirratum, supports the hypothesis that the features
described here are primordial. Our data also suggest that CD8 and
CD4 were co-opted as co-receptors for the TCR at different times in
evolution, and that T cells recognizing MHC class II molecules in car-
tilaginous fish recruit the downstream signalling components to the
immunological synapse entirely through the TCR complex.

Conclusion

Among the three living lineages of vertebrates (cyclostomes, cartilagin-
ous fishes and bony vertebrates), bony vertebrates are the largest and
most diverse group of vertebrates. Because cartilaginous fishes are the
sister group of bony vertebrates, they constitute a critical outgroup for
understanding the evolution and diversity of bony vertebrates. The
whole-genome analysis of C. milii, a holocephalan cartilaginous fish,
shows thatthe C. milii genome is evolving significantly slower than other
vertebrates, including the coelacanth, which is considered a ‘living fossii’.
Although several physiological and environmental factors have been
proposed to explain the interspecific variation in molecular evolutionary
rates3435 the factors contributing to the lower evolutionary rate of
C. milii are not known. Overall, the C. milii genome is the least derived

178 1 NATURE 1 VOL 505 I 9 JANUARY 2014

~hPOK
MHCII
J[IPA]
IL-6
TGF-1  TGF-8  TGF-R  TGF- IL-6
L3
GATA3 TOXP3-
-H=-& IFN-y IL-17 IL-10 4L21
+=5- IL-10 IL-10 IL22  TGF-R
L -ip

lineages in mammals. The transcription factor ThPOK controls expression of
the co-receptor CD4, which interacts with the TCRand MHC class I molecules
and represses the CD8 lineage programme. The listed inducer cytokines
activate key transcriptional regulators that define the multiple CD4+ lineages
specialized for producing various effector molecules; genes not found in
cartilaginous fishes are struck through. Cartilaginous fishes probably possess
only Th 1 cells (red rectangle) and lack other helper subsets. TGF-8,
transforming growth factor-f.

among known vertebrates and is therefore a good model for inferring the
state of the ancestral chondrichthyan and gnathostome genomes. Its
value for comparative genomic studies is illustrated by our analysis of
genetic events that led to the ossification of endoskeleton in bony verte-
brates. Unexpected was our finding that the adaptive immune system of
cartilaginous fishes possesses highly restricted subsets of T helper cells
(perhaps only one) with unconventional antigen-binding properties;
this suggests that helper and regulatory functions of T cells that recog-
nize MHC class II molecules became more elaborate in the ancestor of
bony vertebrates through the acquisition oftranscription factors such as
RORC, the CD4 co-receptor, conventional FOXP3 and a host of CD4-
lineage-specific cytokines and cytokine receptors. Thus, the whole-genome
analysis of C. milii provides fresh insight into the mechanism ofbone for-
mation and the origin of adaptive immunity of gnathostomes.

METHODS SUMMARY

Genomic DNA was obtained from the testis ofa single C milii caught in Tasmania,
Australia, and used to prepare libraries with inserts ofdifferent sizes. Sequencingwas
conducted on the Roche 454 GS FLX Titanium platform (for shotgun fragments and
3-kilobase and 8-kilobase inserts) and the ABI3730 instrument (for plasmid, fosmid
and BAC ends). The C milii genome was assembled using CABOG vo6.1. PolyA-
selected RNA from ten tissues of C milii (brain, gills, heart, intestine, kidney, liver,
muscle, ovary, spleen and testis) and the spleen and thymus of G cirratum were
sequenced on the Illumina GAIlx platform. Transcripts were assembled de novo
using Trinity r2011-07-13. MicroRNA genes were identified by deep sequencing of
small RNA from 16 tissues (brain, blood, eye, gills, heart, intestine, kidney, liver,
muscle, ovary, pancreas, rectal gland, skin, spleen, testis and uterus) on the Illumina
GAIlIx platform. Annotation ofthe genome was carried out using the Ensembl gene
annotation pipeline which integrated ab initio gene predictions and evidence-based
gene models. The gene set can be viewed at http://esharkgenome.imcb.a-star.edu.sg/.
Annotation ofprotein domains in the C. miliiproteome was carried outby searching
it against the Pfam v26 database using HMMER v3.0. Zebrafish spp/ was knocked
down using morpholinos or the CRISPR/Cas9 system. Methods are described in
detail in individual sections ofthe Supplementary Information.

Allanimals were cared forin strictaccordance with National Institutes ofHealth
(USA) guidelines. The protocolwas approved by the Institutional Animal Care and
Use Committee ofthe Biological Resource Centre, A*STAR (protocol #100520).
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