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The genome sequence of Atlantic cod reveals a
unique immune system
Bastiaan Star1, Alexander J. Nederbragt1, Sissel Jentoft1, Unni Grimholt1, Martin Malmstrøm1, Tone F. Gregers2, Trine B. Rounge1,
Jonas Paulsen1,3, Monica H. Solbakken1, Animesh Sharma4, Ola F. Wetten5,6, Anders Lanzén7,8, Roger Winer9, James Knight9,
Jan-Hinnerk Vogel10, Bronwen Aken10, Øivind Andersen11, Karin Lagesen1, Ave Tooming-Klunderud1, Rolf B. Edvardsen12,
Kirubakaran G. Tina1,13, Mari Espelund1, Chirag Nepal4,8, Christopher Previti8, Bård Ove Karlsen14, Truls Moum14, Morten Skage1,
Paul R. Berg1, Tor Gjøen15, Heiner Kuhl16, Jim Thorsen17, Ketil Malde12, Richard Reinhardt16, Lei Du9, Steinar D. Johansen14,18,
Steve Searle10, Sigbjørn Lien13, Frank Nilsen19, Inge Jonassen4,8, Stig W. Omholt1,13, Nils Chr. Stenseth1 & Kjetill S. Jakobsen1

Atlantic cod (Gadusmorhua) is a large, cold-adapted teleost that sus-
tains long-standing commercial fisheries and incipient aquaculture1,2.
Here we present the genome sequence of Atlantic cod, showing
evidence for complex thermal adaptations in its haemoglobin gene
cluster and an unusual immune architecture compared to other
sequenced vertebrates. The genome assembly was obtained exclu-
sively by 454 sequencing of shotgun and paired-end libraries, and
automated annotation identified 22,154 genes. The major histo-
compatibility complex (MHC) II is a conserved feature of the
adaptive immune system of jawed vertebrates3,4, but we show that
Atlantic codhas lost the genes forMHC II,CD4and invariant chain
(Ii) that are essential for the function of this pathway. Nevertheless,
Atlantic cod is not exceptionally susceptible to disease under
natural conditions5. We find a highly expanded number of
MHC I genes and a unique composition of its Toll-like receptor
(TLR) families. This indicates how theAtlantic cod immune system
has evolved compensatorymechanisms in both adaptive and innate
immunity in the absence of MHC II. These observations affect
fundamental assumptions about the evolution of the adaptive
immune system and its components in vertebrates.
We sequenced the genome of a heterozygous male Atlantic cod

(NEAC_001, Supplementary Notes 1 and 2), applying a whole-
genome shotgun approach to 403 coverage (estimated genome size
of 830megabases (Mb), Supplementary Note 4 and Supplementary
Fig. 2) using 454 technology (Supplementary Note 3). Two programs
(Newbler6 and Celera7, Supplementary Notes 5 and 6) produced
assemblies with short contigs, yet with scaffolds of comparable size to
those of Sanger-sequenced teleost genomes (SupplementaryNote 10 and
Supplementary Fig. 8). Although fragmentation due to short tandem
repeats is difficult to address (Supplementary Note 7), we resolved
numerous gaps attributable to heterozygosity (Supplementary Note 8).
The assemblies differ in scaffold and contig length (Table 1), although
their scaffolds align to a large extent (Supplementary Note 9 and Sup-
plementary Fig. 7). We obtained about one million single nucleotide
polymorphisms (SNPs) by mapping 454 and Illumina reads from the
sequenced individual to theNewbler assembly (SupplementaryNote 11).
Both assemblies cover more than 98% of the reads from an extensive
transcriptome data set, indicating that the proteome is well represented
(Supplementary Note 13). The assemblies are consistent with four

independently assembled bacterial artificial chromosome (BAC) insert
clones (Supplementary Note 14 and Supplementary Fig. 9), and with
the expected insert size of paired BAC-end reads (SupplementaryNote
15 and Supplementary Fig. 10).
A standard annotation approach based on protein evidence was

complemented by a whole-genome alignment of the Atlantic cod with
the stickleback (Gasterosteus aculeatus), after repeat-masking 25.4% of
the Newbler assembly (Supplementary Note 16 and Supplementary
Table 6). In this way, 17,920 out of 20,787 protein-coding stickleback
genesweremappedonto reorganized scaffolds (SupplementaryNote 17).
Additional protein-coding genes, pseudogenes and non-coding RNAs
were annotated using the standardEnsembl pipeline. These approaches
resulted in a final gene set of 22,154 genes (Supplementary Table 7).
Comparative analysis of gene ontology classes indicates that the major
functional pathways are represented in the annotated gene set
(Supplementary Note 18 and Supplementary Fig. 11). We anchored
332Mb of the Newbler assembly to 23 linkage groups of an existing
Atlantic cod linkagemap using 924 SNPs8 (SupplementaryNote 19 and
Supplementary Table 8). These linkage groups have distinct orthology
to chromosomes of other teleosts, on the basis of the number of co-
occurring genes, showing that the whole-genome shotgun assembly
reflects the expected chromosomal ancestry (Fig. 1, Supplementary
Note 20 and Supplementary Table 9).
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N-5817 Bergen, Norway. 13Department of Animal and Aquacultural Sciences, CIGENE, Centre for Integrative Genetics, Norwegian University of Life Sciences, PO Box 5003, 1432 Ås, Norway. 14Faculty of
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Table 1 | Assembly statistics
Number Bases (Mb) N50L (bp)* N50 (n){ ML (bp){

Newbler

Contigs1 284,239 536 2,778 50,237 76,504
Scaffolds 6,467 611 687,709 218 4,999,318
Entire assemblyI 157,887 753 459,495 344 4,999,318

Celera

Contigs1 135,024 555 7,128 19,938 117,463
Scaffolds 3,832 608 488,312 373 2,810,583
Entire assemblyI 17,039 629 469,840 395 2,810,583

*Minimum sequence length in which half of the assembled bases occur.
{Number of sequences with lengths of N50L or longer.
{Maximum length.
1Contigs longer than 500bp.
IScaffolds and unplaced contigs.

0 0 M O N T H 2 0 1 1 | V O L 0 0 0 | N A T U R E | 1

Macmillan Publishers Limited. All rights reserved©2011

gadMor1	
  



gadMor1:	
  Consequences	
  

Gaps	
  in	
  genic	
  regions	
  -­‐>	
  lost	
  exons?	
  

	
  

	
  

40,000 42,000 44,000 46,000 48,000 50,000 52,000

UniProtKB protein

Unigene EST clus...

ENA vertebrate c...

contig207004 > contig207005 > contig207006 >Contigs

< ENSGMOT00000011787 

protein coding 

Ensembl gene

ENA vertebrate c...

Unigene EST clus...

UniProtKB protein

%GC

40,000 42,000 44,000 46,000 48,000 50,000 52,000

 protein codingGene Legend

There are currently 39 tracks turned off.

Ensembl Gadus morhua version 65.1 (gadMor1) GeneScaffold_2185: 38,487 - 53,872

15.39 Kb Forward strand

Reverse strand 15.39 Kb



Cod	
  genome:	
  repeats	
  

Dinucleotide AG (%)

0 1 2 3 4 5 6 7

0

0.5

1.0

1.5

2.0

2.5
Atlantic codCat

Hedgehog

Dog
Rabbit Cave fish

Tetraodon

Fugu

Rat
Mouse

Zebrafish

Stickleback

Dinucleotide AC (%)
0 5 10 15 20

20

15

10

5

0

a

bAverage fragment 
length (bp)

Norway                  85
Canada                  57

Location

Rainbow trout
Salmon

Dinucleotide AG (%)

0 1 2 3 4 5 6 7

0

0.5

1.0

1.5

2.0

2.5
Atlantic codCat

Hedgehog

Dog
Rabbit Cave fish

Tetraodon

Fugu

Rat
Mouse

Zebrafish

Stickleback

Dinucleotide AC (%)
0 5 10 15 20

20

15

10

5

0

a

bAverage fragment 
length (bp)

Norway                  85
Canada                  57

Location

Rainbow trout
Salmon

Di
nu

cl
eo

4d
e	
  
AG

	
  (%
	
  o
f	
  b

as
es
)	
  

Dinucleo4de	
  AC	
  (%	
  of	
  bases)	
  

Percentage	
  of	
  bases	
  in	
  63	
  vertebrate	
  genomes	
  classified	
  as	
  dinucleo4de	
  tandem	
  repeats	
  

Bas4aan	
  Star	
  



Cod	
  genome:	
  repeats	
  

Percentage	
  of	
  bases	
  in	
  63	
  vertebrate	
  genomes	
  classified	
  as	
  dinucleo4de	
  tandem	
  repeats	
  

Bas4aan	
  Star	
  

Dinucleotide AG (%)

0 1 2 3 4 5 6 7

0

0.5

1.0

1.5

2.0

2.5
Atlantic codCat

Hedgehog

Dog
Rabbit Cave fish

Tetraodon

Fugu

Rat
Mouse

Zebrafish

Stickleback

Dinucleotide AC (%)
0 5 10 15 20

20

15

10

5

0

a

bAverage fragment 
length (bp)

Norway                  85
Canada                  57

Location

Rainbow trout
Salmon

Dinucleotide AG (%)

0 1 2 3 4 5 6 7

0

0.5

1.0

1.5

2.0

2.5
Atlantic codCat

Hedgehog

Dog
Rabbit Cave fish

Tetraodon

Fugu

Rat
Mouse

Zebrafish

Stickleback

Dinucleotide AC (%)
0 5 10 15 20

20

15

10

5

0

a

bAverage fragment 
length (bp)

Norway                  85
Canada                  57

Location

Rainbow trout
Salmon

Di
nu

cl
eo

4d
e	
  
AG

	
  (%
	
  o
f	
  b

as
es
)	
  

Dinucleo4de	
  AC	
  (%	
  of	
  bases)	
  



Cod:	
  phase	
  2	
  

Illumina	
  sequencing	
  
Paired	
  end 	
  >200x	
  
Mate	
  Pair	
  5kb	
  >100x	
  

New	
  data	
  

PacBio	
  sequencing	
  
~16x	
  coverage	
  

C2,	
  C2XL	
  and	
  XLXL	
  data	
  
3.6	
  Kbp	
  average	
  read	
  length	
  

454	
  sequencing	
  
~40	
  x	
  shotgun	
  

Many	
  mate	
  pair	
  libs	
  

Exis,ng	
  data	
   New	
  data	
  



Cod2:	
  assemblies	
  

ALLPATHS-­‐LG:	
  Illumina	
  

Newbler:	
  454	
  +	
  BAC	
  ends	
  

Celera:	
  454	
  +	
  Illumina	
  

Celera:	
  454	
  +	
  raw	
  (!)	
  PacBio	
  

gadMor2	
  

Ole	
  Kris4an	
  Tørresen	
  



40,000 42,000 44,000 46,000 48,000 50,000 52,000

UniProtKB protein

Unigene EST clus...

ENA vertebrate c...

contig207004 > contig207005 > contig207006 >Contigs

< ENSGMOT00000011787 

protein coding 

Ensembl gene

ENA vertebrate c...

Unigene EST clus...

UniProtKB protein

%GC

40,000 42,000 44,000 46,000 48,000 50,000 52,000

 protein codingGene Legend

There are currently 39 tracks turned off.

Ensembl Gadus morhua version 65.1 (gadMor1) GeneScaffold_2185: 38,487 - 53,872

15.39 Kb Forward strand

Reverse strand 15.39 Kb

23	
  pseudochromosomes	
  

Below	
  2%	
  gap	
  bases	
  

Much	
  longer	
  con4gs	
  

gadMor2	
  

Ole	
  Kris4an	
  Tørresen	
  



Cod	
  genome:	
  repeats	
  

gadMor2

gadMor1

hoxc13a hoxc12a hoxc11a hoxc10a hoxc9a hoxc8a hoxc6a hoxc5a hoxc4a hoxc3a

0 kbp 10 kbp 20 kbp 30 kbp 40 kbp 50 kbp 60 kbp 70 kbp 80 kbp 90 kbp 100 kbp

Dinucleotide AG (%)

0 1 2 3 4 5 6 7

0

0.5

1.0

1.5

2.0

2.5
Atlantic codCat

Hedgehog

Dog
Rabbit Cave fish

Tetraodon

Fugu

Rat
Mouse

Zebrafish

Stickleback

Dinucleotide AC (%)
0 5 10 15 20

20

15

10

5

0

a

bAverage fragment 
length (bp)

Norway                  85
Canada                  57

Location

Rainbow trout
Salmon

Dinucleotide AG (%)

0 1 2 3 4 5 6 7

0

0.5

1.0

1.5

2.0

2.5
Atlantic codCat

Hedgehog

Dog
Rabbit Cave fish

Tetraodon

Fugu

Rat
Mouse

Zebrafish

Stickleback

Dinucleotide AC (%)
0 5 10 15 20

20

15

10

5

0

a

bAverage fragment 
length (bp)

Norway                  85
Canada                  57

Location

Rainbow trout
Salmon

Di
nu

cl
eo

4d
e	
  
AG

	
  (%
	
  o
f	
  b

as
es
)	
  

Dinucleo4de	
  AC	
  (%	
  of	
  bases)	
  



Exploring	
  the	
  genome	
  

Short	
  tandem	
  
repeats	
   AG	
  x	
  86	
   AG	
  x	
  51	
   AG	
  x	
  121	
   AC	
  x	
  204	
  

William	
  Brynildsen	
  Ole	
  Kris4an	
  Tørresen	
  



Exploring	
  the	
  genome	
  

Short	
  tandem	
  
repeats	
  

454	
  reads	
  

Illumina	
  
reads	
  

PacBio	
  
reads	
  

AG	
  x	
  86	
   AG	
  x	
  51	
   AG	
  x	
  121	
   AC	
  x	
  204	
  

William	
  Brynildsen	
  Ole	
  Kris4an	
  Tørresen	
  



STRs	
  



gadMor2	
  

PacBio	
  to	
  the	
  rescue	
  



AquaGenome	
  project	
  

Adapta4on	
  in	
  Atlan4c	
  cod	
  



AquaGenome	
  project	
  

Adapta4on	
  in	
  Atlan4c	
  cod	
  

Local	
  
adapta4on	
  

Migra4on	
  

Behavior	
  

Climate	
  



AquaGenome	
  project	
  

The	
  usual	
  suspect	
  



1bp 10bp 100bp 1 kb 10 kb 100 kb 1 Mb 10 Mb 100 Mb 

Size of Variant 

Variant 
Type 

SNPs 

Small Indels 

STRs & 
VNTRs 

Large 
Insertions, 

Deletions, CNV 

Mobile 
Elements 

Complex 
Variants 

Phased SV’s 

Indels 

Repeat Expansions 

One PacBio Read Spans Most Variants  

Assembled PacBio Reads Span Euchromatic Genome Variation 

L1, Alu, SVA 

Copy Number Variation 

 Inversions 

Phased SNVs Phased  Alleles 

Very Large SV’s 

Phased Haplotypes 

Large Structural Rearrangement 

STRUCTURAL VARIATION DETECTION 

Discovery or validation of 
many types of structural 

variation 

Courtesy	
  of	
  Pacific	
  Biosciences	
  

Polymorphic	
  (Short	
  )Tandem	
  Repeats	
  



0 5 10 15 20 25 30

0.
00

0.
05

0.
10

0.
15

Lofoten48

Coverage

Fr
eq
ue
nc
y

The	
  data	
  

Instrument	
   Chem.	
   Coverage	
  

PacBio	
  RSII	
   P5C3	
   2.3x	
  

PacBio	
  RSII	
   P6C4	
   26.8x	
  

Instrument	
   Chem.	
   Coverage	
  

PacBio	
  RSII	
   P6C4	
   24.2x	
  

	
  
Individual	
  from	
  different	
  popula4on	
  2	
  

	
  
Individual	
  used	
  for	
  reference	
  genome	
  



Doing	
  bioinforma4cs	
  
Step	
   Outcome	
  

Find	
  tools	
   mul4ple	
  tools	
  



Doing	
  bioinforma4cs	
  
Step	
   Outcome	
  

Find	
  tools	
   mul4ple	
  tools	
  

Install	
  tools	
   fewer	
  tools	
  



Doing	
  bioinforma4cs	
  
Step	
   Outcome	
  

Find	
  tools	
   mul4ple	
  tools	
  

Install	
  tools	
   fewer	
  tools	
  

Understand	
  tools	
   ready	
  	
  to	
  run	
  tools	
  



Doing	
  bioinforma4cs	
  
Step	
   Outcome	
  

Find	
  tools	
   mul4ple	
  tools	
  

Install	
  tools	
   fewer	
  tools	
  

Understand	
  tools	
   ready	
  	
  to	
  run	
  tools	
  

Run	
  tools	
   many	
  result	
  files	
  



Doing	
  bioinforma4cs	
  
Step	
   Outcome	
  

Find	
  tools	
   mul4ple	
  tools	
  

Install	
  tools	
   fewer	
  tools	
  

Understand	
  tools	
   ready	
  	
  to	
  run	
  tools	
  

Run	
  tools	
   many	
  result	
  files	
  

Filter,	
  filter,	
  filter	
  	
   fewer	
  results	
  



Doing	
  bioinforma4cs	
  
Step	
   Outcome	
  

Find	
  tools	
   mul4ple	
  tools	
  

Install	
  tools	
   fewer	
  tools	
  

Understand	
  tools	
   ready	
  	
  to	
  run	
  tools	
  

Run	
  tools	
   many	
  result	
  files	
  

Filter,	
  filter,	
  filter	
  	
   fewer	
  results	
  

Integrate	
  results	
   publishable	
  results	
  



Analysis	
  

Assembly	
  
•  canu	
  
•  falcon	
  

Mapping	
  
•  Blasr	
  
•  Bwa-­‐mem	
  

Base	
  modifica,ons	
  
•  AgIn	
  

Structural	
  varia,ons	
  
•  Bridgemapper	
  
•  Sniffles	
  
•  PBHoney	
  
•  pacmonstr	
  
•  Parliament?	
  

Integra4on	
  
&	
  

Interpreta4on	
  



Sniffles	
  
Note:	
  before	
  filtering	
  and	
  valida4on	
  

*Excluding	
  transloca4ons	
  

0	
  
2000	
  
4000	
  
6000	
  
8000	
  
10000	
  
12000	
  

DEL	
   DUP	
   INS	
   INV	
   TRA	
   Average	
  
length*	
  

Reference	
   Popula4on	
  2	
  individual	
  



Analysis	
  

Assembly	
  
•  canu	
  
•  falcon	
  

Mapping	
  
•  Blasr	
  
•  Bwa-­‐mem	
  

Base	
  modifica,ons	
  
•  AgIn	
  

Structural	
  varia,ons	
  
•  Bridgemapper	
  
•  Sniffles	
  
•  PBHoney	
  
•  pacmonstr	
  
•  Parliament?	
  

Integra4on	
  
&	
  

Interpreta4on	
  



Base	
  modifica4on	
  

Chi4nase	
  

Reference	
  
Popula4on	
  2	
  

Cell-­‐cycle	
  related	
  

Reference	
  
Popula4on	
  2	
  



THE	
  reference?	
  



Analysis	
  

Assembly	
  
•  canu	
  
•  falcon	
  

Mapping	
  
•  Blasr	
  
•  Bwa-­‐mem	
  

Base	
  modifica,ons	
  
•  AgIn	
  

Structural	
  varia,ons	
  
•  Bridgemapper	
  
•  Sniffles	
  
•  PBHoney	
  
•  pacmonstr	
  
•  Parliament?	
  

Integra4on	
  
&	
  

Interpreta4on	
  



Conclusion	
  

23#pseudochromosomes#

Much#longer#con2gs#



To	
  sequence	
  a	
  genome	
  

www.genome.gov/sequencingcostsdata	
  [accessed	
  May	
  2016]	
  

De	
  novo	
   Not	
  de	
  novo	
  

50x	
  pacbio	
  
de	
  novo	
  



h`ps://www.etsy.com/lis4ng/90627510/in-­‐cod-­‐we-­‐trust-­‐sign	
  


