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Abstract

Combining high‐throughput sequencing with targeted sequence capture has become

an attractive tool to study specific genomic regions of interest. Most studies have

so far focused on the exome using short‐read technology. These approaches are not

designed to capture intergenic regions needed to reconstruct genomic organization,

including regulatory regions and gene synteny. Here, we demonstrate the power of

combining targeted sequence capture with long‐read sequencing technology for

comparative genomic analyses of the haemoglobin (Hb) gene clusters across eight

species separated by up to 70 million years. Guided by the reference genome

assembly of the Atlantic cod (Gadus morhua) together with genome information

from draft assemblies of selected codfishes, we designed probes covering the two

Hb gene clusters. Use of custom‐made barcodes combined with PacBio RSII

sequencing led to highly continuous assemblies of the LA (~100 kb) and MN

(~200 kb) clusters, which include syntenic regions of coding and intergenic

sequences. Our results revealed an overall conserved genomic organization of the

Hb genes within this lineage, yet with several, lineage‐specific gene duplications.

Moreover, for some of the species examined, we identified amino acid substitutions

at two sites in the Hbb1 gene as well as length polymorphisms in its regulatory

region, which has previously been linked to temperature adaptation in Atlantic cod

populations. This study highlights the use of targeted long‐read capture as a versa-

tile approach for comparative genomic studies by generation of a cross‐species
genomic resource elucidating the evolutionary history of the Hb gene family across

the highly divergent group of codfishes.

K E YWORD S

codfishes, comparative genomics, Gadiformes, PacBio sequencing, targeted sequence capture,

teleosts

*These authors contributed equally to this work.

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.

© 2018 The Authors. Molecular Ecology Resources Published by John Wiley & Sons Ltd.

Received: 3 August 2018 | Revised: 5 October 2018 | Accepted: 9 October 2018

DOI: 10.1111/1755-0998.12955

Mol Ecol Resour. 2019;19:245–259. wileyonlinelibrary.com/journal/men | 245

http://orcid.org/0000-0001-8113-338X
http://orcid.org/0000-0001-8113-338X
http://orcid.org/0000-0001-8113-338X
https://orcid.org/0000-0002-4161-3247
https://orcid.org/0000-0002-4161-3247
https://orcid.org/0000-0002-4161-3247
https://orcid.org/0000-0002-1932-8212 
https://orcid.org/0000-0002-1932-8212 
https://orcid.org/0000-0002-1932-8212 
https://orcid.org/0000-0002-8861-5397
https://orcid.org/0000-0002-8861-5397
https://orcid.org/0000-0002-8861-5397
https://orcid.org/0000-0001-8707-531X
https://orcid.org/0000-0001-8707-531X
https://orcid.org/0000-0001-8707-531X
http://creativecommons.org/licenses/by/4.0/
http://www.wileyonlinelibrary.com/journal/MEN


1 | INTRODUCTION

The rapid advancement of high‐throughput sequencing has over the

last decade revolutionized genomic research with the increasing

numbers of whole‐genome resources available for multiple verte-

brate species, including the diverse group of teleost fishes (Ellegren,

2014; Goodwin, McPherson, & McCombie, 2016; Malmstrøm,

Matschiner, Tørresen, Jakobsen, & Jentoft, 2017; Malmstrøm et al.,

2016; Volff, 2004). For investigations concerning specific genomic

regions, however, there is no need for complete genome informa-

tion, which has spurred the development of reduction complexity

approaches such as targeted sequence capture (Grover, Salmon, &

Wendel, 2012; Samorodnitsky et al., 2015; Teer et al., 2010). The

basic idea of targeted sequence capture involves design of specific

probes covering the particular genomic area of interest generating

an enriched coverage of the targeted sequences in a cost‐ and time‐
efficient manner (Grover et al., 2012; Turner, Ng, Nickerson, & Shen-

dure, 2009). Thus, target capture is an attractive method for larger

investigations of specific genomic regions from multiple individuals,

that is, population studies and/or across closely related species

(Jones & Good, 2015; Wang et al., 2015). Most studies using tar-

geted sequence capture have to a large extent been directed

towards the exome, often supported by the existence of a reference

genome (Broeckx et al., 2014; Yoshihara et al., 2016), or transcrip-

tome assemblies (Syring et al., 2016). Recent reports have, however,

been focusing on off‐target sequences in noncoding regions (Guo et

al., 2012; Morin et al., 2016; Syring et al., 2016; Yoshihara et al.,

2016), as they may contain crucial regulatory elements varying in

sequence and length between populations or species and could be

of functional and evolutionary importance (Woolfe et al., 2004).

To date, comparative studies using sequence capture have been

mainly based on short‐read sequencing technology and probe design

targeting genic regions (Bragg, Potter, Bi, & Moritz, 2015; George et

al., 2011; Li et al., 2015; Samorodnitsky et al., 2015). Consequently,

construction of continuous sequences enabling resolution of gene

organization across species has not yet been looked into. Compara-

tive genomic studies of gene organization or synteny requires longer,

more continuous stretches of DNA containing more than one gene

(Huddleston et al., 2014). By its ability to span long stretches of

repeats, long‐read sequencing technology has been successfully

applied to improve genome assembly statistics and generation of

highly continuous genome assemblies for a growing number of spe-

cies (English et al., 2012; Kim et al., 2014; Lin et al., 2016; Tørresen

et al., 2017, 2018). Incorporation of long PacBio reads has for

instance resulted in a significantly improved version of the Atlantic

cod (Gadus morhua) genome assembly, that is, a 50‐fold increase in

sequence continuity and a 15‐fold reduction in the proportion of

gap (Tørresen et al., 2017). Furthermore, recent studies report the

combination of capture and long‐read sequencing as highly efficient

in enriching and assembly of full‐length complex genes as well as

detailed characterization of chromosomal structural variations (Giolai

et al., 2017; Wang et al., 2015; Witek et al., 2016). Correspondingly,

utilizing long‐read sequencing technology in combination with

targeted capture could yield longer continuous assemblies of specific

genomic regions of interest, allowing in‐depth comparative genomic

studies including synteny analyses, in species where reference gen-

omes are not available.

In fishes, the haemoglobin (Hb) gene family, encoding the protein

subunits Hba and Hbb, has shown to be of importance for ecological

adaptation, as environmental factors such as temperature directly

influence the ability of Hb to bind O2 at respiratory surfaces and its

subsequent release to tissues (Wells, 2005). In a recent report, a

characterization of the Hb gene repertoire by comparative draft gen-

ome analysis uncovered a remarkably high Hb gene copy variation

among species of codfishes (Baalsrud et al., 2017). Based on the

gene copy number, a negative correlation between the number of

Hb genes and depth of which the species occur was observed, as

well as signs of diversifying selection on the gene paralogues sug-

gesting that the variable environment in epipelagic waters, has facili-

tated a larger more diverse Hb gene repertoire (Baalsrud et al.,

2017). However, the rather fragmented draft genomes did not allow

for reconstruction of the gene organization and a deeper under-

standing of the evolution of the Hb clusters.

Moreover, two tightly linked polymorphisms at amino acid posi-

tions 55 and 62 of the Hbb1‐globin suggested associated with ther-

mal adaptation have been demonstrated in Atlantic cod populations.

These polymorphisms exhibit a latitudinal cline in allele frequency in

populations inhabiting varying temperature and oxygen regimes for

Atlantic cod in the North Atlantic and Baltic Sea (Andersen et al.,

2009). Populations found in the southern regions display the Hbb1‐1
variant (Met55Lys62), whereas more northern populations largely

display the Hbb1‐2 variant (Val55Ala62) (Andersen et al., 2009). The

Hbb1‐1 variant has been proposed by protein modelling to be insen-

sitive to temperature, whereas Hbb1‐2 is temperature‐dependent
with a higher O2 affinity than Hbb1‐1 at colder temperatures

(Andersen et al., 2009). However, this assumption has recently been

questioned by Barlow, Metcalfe, Righton, & Berenbrink, 2017, where

in vitro experimental testing shows inconsequential results with

respect to haemoglobin–oxygen binding and temperature sensitivity

of haemoglobin–oxygen binding of these two Hbb1 variants.

Additionally, an indel polymorphism within the promoter of the

Hbb1 gene has been reported to be in linkage disequilibrium with

the above‐mentioned polymorphisms (Star et al., 2011). Examination

of multiple Atlantic cod populations uncovered that a longer pro-

moter variant is associated with Hbb1‐2 and found to upregulate its

gene expression at higher temperatures, that is, aiding in the mainte-

nance of total oxygen‐carrying capacity (Star et al., 2011).

In teleosts, the Hb genes are found to reside at two distinct

genomic regions, named the MN and LA clusters according to the

genes that flank the Hbs (e.g., Hardison, 2012; Opazo, Butts, Nery,

Storz, & Hoffmann, 2012). Earlier reports have shown that there is a

high evolutionary turnover of Hb genes across teleosts, with lineage‐
specific duplications and losses, which is in stark contrast to genes

flanking the Hb genes, where the synteny is highly conserved (Feng

et al., 2014; Opazo et al., 2012; Quinn et al., 2010). In this study,

the overall goal was to elucidate the evolutionary past of the Hb
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clusters—including Hb genes, flanking genes and intergenic

sequences—within the phylogenetically diverse group of codfishes

(Gadiformes) by taking advantage of long‐read sequencing technol-

ogy combined with targeted sequence capture. Eight codfish species

were carefully selected on the basis of both phylogenetic and habitat

divergence, implying that they are exposed to a variety of environ-

mental factors as well as displaying distinct life‐history traits. A

highly continuous genome assembly of Atlantic cod (Tørresen et al.,

2017) as well as low‐coverage draft genome assemblies of all eight

species (Malmstrøm et al., 2016, 2017) was used in the design of

the probes covering the genomic regions of interest. To enable tar-

geted sequence capture for PacBio RSII sequencing, we modified the

standard protocol for sequence capture offered by NimbleGen, the

SeqCap EZ (Roche NimbleGen), an in‐solution capture hybridization

protocol, as well as generated custom‐made barcodes. This combined

approach resulted in successful capturing and assembling of the two

Hb gene clusters across the codfishes examined. The generation of

highly continuous assemblies—for most of the species—enabled

reconstruction of micro‐synteny revealing lineage‐specific gene dupli-

cations and identification of a relatively large and interspecies vari-

able indel located in the promoter region between the Hbb1 and

Hba1 genes.

Our study demonstrates that combining sequence capture tech-

nology with long‐read sequencing is a highly efficient and versatile

method to investigate specific genomic regions of interest—with

respect to micro‐synteny, regulatory regions and genetic organiza-

tion—across distantly related species where genome sequences are

lacking.

2 | RESULTS

2.1 | Capture and de novo assembly of the LA and
MN regions

The probe design (workflow schematically shown in Figure 1)

resulted in a total of 7,057 capture probes based on the target

regions in Atlantic cod, covering 337 kbp of sequence. 26,774

probes were designed for the additional codfishes, covering a total

of 1.82 Mbp of target sequence. The Hb gene clusters (LA and MN)

were successfully captured and enriched for eight codfishes (see

Table S8); Atlantic cod (Gadus morhua), haddock (Melanogrammus

aeglefinus), silvery pout (Gadiculus argenteus), cusk (Brosme brosme),

burbot (Lota lota), European hake (Merluccius merluccius), marbled

moray cod (Muraenolepus marmoratus) and roughhead grenadier

(Macrourus berglax), with number of reads spanning from 35,573 to

73,005 (Table 1). The average read length was 3,032 bp, varying

from 2,836 bp in European hake to 3,265 bp in burbot, resulting in

the capture of an average of 16.71 Mbp per species (Table 1). By

mapping reads back to the Atlantic cod target regions, we found that

the average mapping depth (i.e., coverage) was variable across the

LA and MN regions for all species (Figures 2 and 3). Because of the

skewed distribution of mapping depth, we also calculated median

depth, which was, as expected, the highest for Atlantic cod at 242x

(Table S1). The median mapping depth was consistently high for

most of the other species as well, with the lowest for roughhead

grenadier (12x). Both median and average depths for the MN region

were persistently higher than for the LA region for all species, with

the exception of silvery pout (Table S1). Furthermore, positions with

high degree of mapping corresponded to the location of the genes

used in the design of the capture probes across all species (Figures 2

and 3). The percentage of reads mapping to the target regions ran-

ged from 25 to 43%; however, the percentage of the target regions

covered by reads ranged from 53 to 100% with five species having

more than 90% of the target regions covered by reads (Figure 4c

and Table S1).

To address factors influencing capture success, we compared

various capture statistics to overall genomic divergence between the

Atlantic cod genome and independent WGS data for each species

from (Malmstrøm et al., 2016, 2017) (Table S1). We found a strong

negative correlation between genomic divergence to Atlantic cod

and median mapping depth against the target regions (r = −0.90, Fig-

ure 4a), percentage of reads mapped to the target regions

(r = −0.90, Figure 4b) and percentage of reads mapped to the target

regions (r = −0.84, Figure 4c).

We constructed de novo assemblies with quite consistent assem-

bly statistics across species. Contig N50 ranged from 8,055 bp in

burbot to 6,523 bp in European hake and the total number of con-

tigs varied from 205 in burbot to 455 in marbled moray cod. How-

ever, there was some variation in the size of the largest contig,

which ranged from 79 kbp in Atlantic cod to 30 kbp in marbled

moray cod (Table 1). To evaluate whether the assemblies represent

the actual target regions, we mapped the de novo assemblies for

each species to the target regions in Atlantic cod, for which the cap-

ture design is largely based upon (Figures 2 and 3). As expected, the

assemblies corresponded to the regions with high coverage of reads,

that is, the areas of the target regions containing genes included in

the probe design.

2.2 | Organization of the Hb gene regions

Our capture design combined with long‐read PacBio sequencing

allowed us to reconstruct micro‐synteny of the MN and LA regions

for Atlantic cod, haddock, silvery pout, cusk, burbot, European hake,

marbled moray cod and roughhead grenadier (Figure 5). From the de

novo assemblies, we were able to identify the majority of the Hb

genes and all of the flanking genes, which show that our capture

design was successful. However, the degree of continuity varied in

the different assemblies. In Atlantic cod, haddock, silvery pout, cusk,

burbot and European hake, we could infer micro‐synteny revealing

that Hb and their flanking genes organization largely followed what

has previously been reported for Atlantic cod (Figure 5) (Star et al.,

2011). We found Hbb4 only to be present in Atlantic cod (Fig-

ure 5b), which is in line with Baalsrud et al., 2017. Furthermore, the

de novo assemblies confirmed a linage‐specific duplication of Hbb2

in the roughhead grenadier (Baalsrud et al., 2017). Additionally, we

identified a complete Hba4‐like gene in the assembly of the marbled
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moray cod, not earlier identified in this species. However, the Hba4‐

like gene in marbled moray cod is likely a pseudogene due to a fra-

meshift mutation causing multiple stop codons. Furthermore, we

were able to identify most of the Hb genes reported in the recent

study by Baalsrud et al. (2017); however, a few are missing from our

data set (Figure 5a,b). Pairwise sequence alignment of these

Target region

Target 
genes

Repeat-masked high-quality 
genome Atlantic cod

BLAST of target region against 
low-coverage genomes 

selected species

BLAST hits

Probe design

DNA isolation

Sequence capture

Tiling

Probes

PacBio sequencing

de novo assembly

Mapping reads to
target region

Multiplexing
Illumina barcodes

Multiplexing
PacBio barcodes

Demultiplexing species 

Low-coverage genomes 
selected species

Mapping assemblies
 to target region

(a)

(b) (c) (d)

F IGURE 1 Flowchart of sequence capture approach. (a) Sequence data from the Atlantic cod genome (Tørresen et al., 2017; gadMor2)
combined with gene sequences of target genes and sequences from low coverage genomes of the additional codfishes are combined to
generate probes. (b) Isolated DNA is multiplexed with Illumina and PacBio barcodes. (c) Raw reads for each species are used to score all
probes, ensuring that no repeated sequences are present. DNA probes are used in solution on isolated DNA for all of the included species,
hybridizing to the target sequences. Target sequences are then captured and sequences on the PacBio RSII sequencing platform. (d)
Downstream bioinformatics includes demultiplexing of reads and trimming, making the reads ready for downstream analysis such as mapping
and de novo assembly
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paralogous Hb genes from Baalsrud et al. (2017) revealed sequence

identities up to 98% (Table S2).

2.3 | Target regions in the haddock and Atlantic
cod genome assemblies

As a proof of concept, we reconstructed the micro‐synteny of the

target regions in the recent genome assemblies of Atlantic cod

(Tørresen et al., 2017; gadMor2) and haddock (Tørresen et al., 2018;

melAeg). In Atlantic cod, the MN region is located on linkage group

2 (Figure 5a) and LA on linkage group 18 (Figure 5b); in haddock,

MN is located on scaffold MeA_20160214_scaffold_771 (Figure 5a)

and LA on scaffold MeA_20160214_scaffold_1676 (Figure 5b). The

overall gene organization in Atlantic cod was congruent with Wetten

et al. (2010) except for the relative direction of the genes foxj1a and

rhbdf1. Furthermore, the organization of Hbs and their flanking

genes in the genome assembly of haddock is conserved compared to

Atlantic cod with the exception of Hbb4 in the MN region, which is

absent in haddock (Figure 5).

2.4 | Repetitive sequences in the Hb gene regions

Quantifying the amount of repetitive sequences in the target regions

was only possible for Atlantic cod (gadMor2) and haddock (melAeg),

for which high‐quality genome assemblies exist. The amount of

repetitive sequences in the target regions differed between the MN

cluster and the LA cluster in Atlantic cod. The MN region (214 kb)

contained a total of 10.7% repeated sequences, including 1.0%

retro‐elements, 1.3% transposons, 5.8% simple repeats and 2.6% of

various low‐complexity and unclassified repeated sequences

(Table S3). In comparison, in the smaller LA region (123 kb), the pro-

portion of repeated sequences was twice as high (20.3%), which

comprised of 2.8% retro‐elements, 2.4% transposons, 13.8% simple

repeats and 1.3% of various low‐complexity and unclassified

repeated sequences. Furthermore, the orthologous target regions in

haddock followed the same pattern. The MN region contained

16.3% repeated sequences, in contrast to 19.8% found in the LA

region (Table S3).

2.5 | Insertions and deletions in the promoter
region of Hba1–Hbb1

The previously shown 73‐bp indel in the bidirectional promoter

region of Hba1 and Hbb1—discerning the cold‐adapted migratory

Northeast Artic (NEA) cod from the more temperate‐adapted south-

ern Norwegian coastal (NC) cod (Star et al., 2011)—was confirmed

by the improved version of the NEA cod assembly (gadMor2). The

continuity of our capture assemblies (Figure 5) enabled location of

the orthologous captured regions in haddock, silvery pout and cusk.

In each of the species, an indel of variable length was identified (Fig-

ure 6). Compared to the long promoter variant—found to be linked

with the Hbb1‐2 in Atlantic cod—the indel is shorter in the other

species by 11 bp in haddock, 22 bp in silvery pout and 56 bp in cusk

(Figure 6). Although the indels are varying in length, the conserved

flanking sequences in the alignment clearly show that they represent

orthologous regions. Moreover, we found the amino acid positions

at 55 and 62 of the Hbb1 gene to vary between species; Haddock

has Val55‐Lys62, silvery pout has Met55‐Gln62, while cusk has

Met55‐Lys62 similar to NEA cod (Figure 6). Additionally, we investi-

gated amino acid positions 55 and 62 in the Hbb1 gene across a

number additional codfish species for which we have available gene

sequences from Baalsrud et al. (2017), revealing these sites to be

variable across this lineage (Table S4). Ancestral reconstruction of

Hbb1 demonstrated that the ancestral state in position 55 was Met

in codfishes and in position 62 was Lys in all codfishes except Breg-

maceros cantori (Supporting Information Figures S1 and S2).

3 | DISCUSSION

3.1 | Capture of Hb gene clusters with 70 million
years divergence time reveal conserved gene synteny
and lineage‐specific Hb duplications

We here demonstrate a successful in‐solution targeted sequence

capture and assembling of coding and noncoding sequences of the

Hb clusters from codfish species separated by up to 70 million

years (My) of evolution. Two features make our approach unique

TABLE 1 Number of reads and bases captured and sequenced for each species, number of unitigs (utg), largest utg and N50 values for the
assemblies

Species Latin name
Number
of reads

Number of
bases

Number of
utgs

Largest utg
(bp)

N50
(bp)

Atlantic cod Gadus morhua 73005 217252583 278 79,020 7,728

Haddock Melanogrammus

aeglefinus

35573 107839552 227 52,433 7,227

Silvery pout Gadiculus argenteus 69775 212519845 410 35,801 7,098

Cusk Brosme brosme 55348 175883008 394 64,145 7,322

Burbot Lota lota 56155 165360828 205 70,602 8,055

European hake Merluccius merluccius 65661 180558336 311 31,558 6,523

Marbled moray cod Muraenolepus marmoratus 52076 148100933 455 30,019 6,632

Roughhead

grenadier

Macrourus berglax 46195 129085001 325 35,216 7,122
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from earlier studies. First, the target regions consisted of both cod-

ing and noncoding genomic sequences. Second, we designed cus-

tom‐made probes in order to utilize the long‐read PacBio

sequencing platform. In contrast to previous targeted capture

sequencing studies based on short‐read sequencing technologies

(George et al., 2011; Mascher et al., 2013), our approach enabled
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silvery pout, cusk, burbot, European hake, marbled moray cod and roughhead grenadier. The positions of genes in the target region are
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the generation of highly continuous assemblies of the Hb clusters

across distantly related codfishes.

The organization and orientation of the Hb flanking genes that

we identified were conserved across all species (Figure 5a,b).

However, in concordance with earlier studies of the Hb regions, we

found significant variation in copy numbers of the Hb genes, with

linage‐specific duplications and losses (Baalsrud et al., 2017; Feng et

al., 2014; Opazo et al., 2012; Star et al., 2011). We only found Hbb4
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in Atlantic cod, supporting earlier studies showing that Hbb4 is the

result of a recent duplication in this species (Baalsrud et al., 2017;

Borza, Stone, Gamperl, & Bowman, 2009). Interestingly, the presence

of two copies of Hbb2 on the same contig in the roughhead grena-

dier de novo assembly confirmed a lineage‐specific gene duplication

of Hbb2 in this species. This duplication was postulated in recent

study of Hbs in codfishes (Baalsrud et al., 2017), but due to the lack

of gene synteny in the draft genome assemblies, it was not possible

to determine with certainty. Additionally, a copy of the Hba4 gene

was found in the de novo assembly of the marbled moray cod not

found in the previous study by Baalsrud et al. (2017). The presence

of a frame‐shifting mutation that is causing multiple stop codons

indicated that this Hba4 gene is most likely a pseudogene. Hba4 is

also a pseudogene in the closely related species Mora moro,

Trachyrincus scabrus, T. murrayi and Melanonus zugmayeri (Baalsrud et

al., 2017). Although we identified most of the Hb genes from Baal-

srud et al. (2017), a few were absent from this data set (Figure 5a,b),

which we suspect may be due to collapse of paralogous Hb genes,

as they may have as high as 98% sequence identity (Table S2).

3.2 | Length variation in the bidirectional Hba1‐
Hbb1 promoter within the codfishes

The discovery of a promoter of variable length between Hba1 and

Hbb1 in different species (Figure 6) was concordant with earlier find-

ings of length variation in the homologous region in different popu-

lations of Atlantic cod (Star et al., 2011). The migratory NEA cod

population has been shown to harbour the 73‐bp‐longer variant at a
higher frequency compared to coastal cod populations (see Figure 6

and Star et al., 2011). Interestingly, we found relatively long promot-

ers with high sequence similarity to the NEA cod indel in haddock

and silvery pout. In contrast, cusk displayed a relatively short pro-

moter, however, still 17 bp longer than in NC cod (Figure 6). Fur-

thermore, we found the amino acid positions 55 and 62 in Hbb1,

known to be polymorphic in Atlantic cod, to be variable across all

codfishes included in this study (Figure 6). Investigations of the same

positions in a number of additional codfishes for which we have

available gene sequences (Baalsrud et al., 2017) revealed that these

positions are highly variable across this linage (Table S4). Notably,

the most likely ancestral state of codfish Hbb1 is Met55Lys62
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F IGURE 4 The relationship between capture success and
genomic divergence to Atlantic cod. Linear regression of the
relationship between the genomic divergence to Atlantic cod
(SNPs × 105) and (a) median mapping depth for the MN region
(blue), LA region (red) and the combined target regions (black); (b)
the percentage of reads mapping to the target regions; (c) the
percentage of the target regions covered by reads to a minimum
depth of 10×. For each regression, the correlation coefficient, r, is
shown along with a p‐value. Each data point is labelled by species
according to this code: Ac = Atlantic cod, H = haddock, Sp = silvery
pout, C = cusk, B = burbot, Eh = European hake, Mm = marbled
moray cod and Rg = roughhead grenadier

252 | HOFF ET AL.



Atlantic 
cod

Haddock

Reference genomes

Capture assemblies

80.0

Atlantic 
cod

Haddock

Cusk

Burbot

European 
hake

Marbled
moray cod

Roughhead 
grenadier

Silvery 
pout

70 50 30 10

Hba2 Hba3 Hbb2

Hba3Hba2 Hbb2

Hbb2Hbb2

Hbb3

Hbb3

Hba2 Hba3 Hbb2

Hba3Hba2 Hbb2

Hba2 Hba3 Hbb2

Hba2 Hba3Hbb3 Hbb2

Hba2Hbb4 Hba3Hbb3 Hbb2

Hba2Hbb4 Hba3Hbb3 Hbb2aqp8a rhbdf1 foxj1alcmt1

Hba2 Hba3Hbb3 Hbb2

Hba2

Hbb3 Hba2 Hba3 Hbb2

arghap17

Atlantic 
cod

Haddock

Reference genomes

Capture assemblies

80.0

Atlantic 
cod

Haddock

Cusk

Burbot

European
hake

Marbled
moray cod

Roughhead 
grenadier

Silvery
pout

70 50 30 10

MN cluster

Hba1 Hbb1

Hbb1 Hba4Hbb1Hba1

Hba1Hbb5 Hbb1 Hbα4

LA cluster

Hbb1Hba1 Hba4Hbb5

Hbb1Hba1 Hba4Hbb5

Hbb1Hba1 Hba4Hbb5

Hbb1Hbα1 Hbα4Hbb5

Hbb1Hbα1 Hbα4Hbb5

Hbb1 Hba4Hbb5 Hba1

Hbb1Hba1 Hba4Hbb5polr3k mgrn1 rhbdf1 nprl3 kank2 dock6 elavl3 prkcshaanat mpg

(a)

(b)(b)

F IGURE 5 Organization of the Hb gene clusters. At the top, the reconstructed micro‐synteny of the haemoglobin gene clusters is shown
based on the genomes of Atlantic cod (Tørresen et al., 2017; gadMor2) and haddock (Tørresen et al., 2018; melAeg). Below, we illustrate the
genomic synteny inferred from the de novo assemblies for the eight species included in the capture experiment, mapped on a time‐calibrated
species phylogeny modified from Malmstrøm et al. (2016) with time given in million years (Ma). Stippled lines indicate assembly gaps; here, we
assume that the orientation of genes corresponds to the genomes of Atlantic cod and haddock. Gray boxes indicate genes that have been
identified in Baalsrud et al. (2017) but are absent in the de novo assemblies. (a) Display the micro‐synteny across the MN region. (b) Display
the micro‐synteny across the LA region
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(Supporting Information Figures S1 and S2). Cusk and the coastal/

southern Atlantic cod thus both display the ancestral state as well as

a short promoter, although the cusk promoter was 17 bp longer (Fig-

ure 6). Collectively, these results suggest two different scenarios for

promoter length evolution. Scenario 1: The short promoter repre-

sents the ancestral state of the Gadidae family (including cusk and

Atlantic cod; see Malmstrøm et al., 2016) and that silvery pout and

some populations of Atlantic cod have evolved a longer promoter.

Scenario 2: The long promoter is the ancestral state with indepen-

dent deletions of variable lengths in cusk, silvery pout, haddock and

coastal/southern Atlantic cod (Hbb1‐1). To disentangle this, we would

need to obtain promoter sequences from a broader spectrum of gad-

iform species as well as data at the population level for some of the

same species. Moreover, in both scenarios, cusk and coastal/southern

Atlantic cod (Hbb1‐1) have maintained the ancestral Met55Lys62,

while silvery pout, haddock and NEA cod (Hbb1‐2) have acquired

substitutions at these positions due to similar selection pressures or

genetic drift. In this regard, it could be mentioned that the NEA cod,

haddock and silvery pout display migratory behaviour (e.g., diurnally

feeding movements as well as seasonal spawning migrations) com-

pared to the more stationary cusk and coastal cod (Eschemeyer &

Fricke, 2017) which could mean that they have a higher O2 demand

and are exposed to greater temperature variation, which in turn has

selected for a temperature‐dependent long promoter. Furthermore,

given that promoter length and positions 55/62 at Hbb1 are impor-

tant genetic components of temperature adaptation in Atlantic cod

populations (Star et al., 2011), they most likely play a role in temper-

ature adaptation in the other codfishes.

3.3 | Assembly success affected by probe design
and repeat content

In some species, nearly the complete LA and MN regions were

assembled in large contigs containing multiple genes including cusk,

whereas in other species such as the more distantly related rough-

head grenadier, the cluster is more fragmented (Figure 5). In all spe-

cies, the areas of the target regions that harbour genes of which

probes are designed for, as well as any areas containing repeated

sequences, have very high depths in comparison with the areas of

intergenic sequences (Figures 2 and 3). This poses a challenge for

the assembly software, which is based on the assumption of uniform

depth over the sequencing data (Miller, Koren, & Sutton, 2010).

Overall, the MN cluster seems to be more successfully assembled

than the LA cluster, which is more fragmented (Figure 5). Differ-

ences in assembly completeness between the two regions might be

a result of several factors. Firstly, the MN region has more flanking

genes in closer proximity to the Hb region, which results in a higher

density of probes. Secondly, the overall repeat content of the LA

region is one order of magnitude larger than in the MN region, lar-

gely due to the larger proportion of simple repeats. Repeat content

is a major interference in capture experiments because unwanted

repetitive DNA may be enriched for, especially if there are repeated

sequences included in the probe design. Furthermore, if probes were

not completely covered by target DNA, they get single‐stranded
sticky ends that can hybridize to repetitive or other nontarget DNA

(Newman & Austin, 2016). Lastly, unless there were some longer

reads that bridged such areas, this would in turn have led to gaps in
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representation of Hba1 and Hbb1 with the promoter region between them. The region contains an indel polymorphism of variable length
across the five species, as indicated by gaps. For each species/variant, the alignment is shown along with amino acid substitutions at positions
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the downstream de novo assemblies. Following that the assembly

success was possibly a result of read length, we reason that a future

increase of the average read length from 3 kbp to 5‐10 kbp would

be sufficient to substantially increase the completeness of the

assemblies. Due to the current circular consensus (CCS) PacBio

sequencing technology, however, which is a trade‐off between accu-

racy and length of reads, longer reads with sufficient accuracy are

not feasible.

3.4 | Long‐read sequencing capture across species
harbours new potential for comparative genomic
studies

The number of reads mapping to the target regions was in the range

of 23–43%, which may be seemingly low compared with other cap-

ture studies. For instance, a whole‐exome capture study on humans

reported 56.1% of reads mapped to the target regions (Guo et al.,

2012) and a similar study in rats reported to have 78.3% of reads on

target (Yoshihara et al., 2016). In contrast to our study, however,

these capture experiments enriched either the exome or ultra‐con-
served elements within a single species, allowing for more efficient

capture of conserved sequences. We were, however, able to cover

up to 98% of the target regions with a sequencing depth of >10

reads across species (Table S1) which is similar to what mentioned

experiments within human and rat exomes reported (Guo et al.,

2012; Yoshihara et al., 2016) and the main difference is the higher

percentage of nontarget sequences in our study.

We were able to capture complete genes for species with 70 My

divergence time from the Atlantic cod (Figure 5). As expected, we

found that capture success declines with increased sequence diver-

gence between the reference genome of which we chiefly based our

capture probes and the genomes of the included codfishes (Fig-

ure 4). It has been reported that orthologous exons were success-

fully captured in highly divergent frog species (with 200 My of

separation); nevertheless, the capture success greatly decreased with

increased evolutionary distance (Hedtke, Morgan, Cannatella, & Hil-

lis, 2013). Similarly, it has been demonstrated that it is possible to

capture >97% of orthologous sequences in four species of primates

that diverged from humans 40 My ago, using probes entirely based

on the human exome (George et al., 2011). Further, exomes were

effectively captured from skink species that diverged up to 80 My

from the reference, yet reporting a substantial decline in capture

efficiency for sequences >10% different from the reference species

(Bragg et al., 2015). Our study stands out from previous capture

experiments because intergenic, noncoding sequences in addition to

genes were captured across distantly related species. Efficient cap-

ture of intergenic sequences requires lower divergence time, as

these regions usually evolve faster than genes (Koonin & Wolf,

2010). Thus, the most distantly related species from Atlantic cod for

which we captured both coding and noncoding sequences was bur-

bot, which diverged from Atlantic cod 46 My (Figure 5). We argue,

in line with Schott et al. (2017), that sequence divergence may be a

more exact predictor of capture success than evolutionary distance,

as the sequence capture process is mainly influenced by the differ-

ence between the probe sequence and the target sequence. Euro-

pean hake, marbled moray cod and roughhead grenadier all diverged

from cod about 70 My ago; however, the European hake Hb regions

were more successfully captured and assembled (Table 1; Figure 2).

This could be due to European hake having a lower genomewide

divergence to Atlantic cod than marbled moray cod and roughhead

grenadier (809k vs 879k and 907k SNPs; Table S1).

Finally, it should be mentioned that cusk—which diverged from

Atlantic cod 39 My ago—was added to the experimental design after

the probes were generated. Thus, the successful capture of cusk was

therefore solely based on cross‐species target enrichment, demon-

strating the power of heterologous probe targeting.

3.5 | Concluding remarks and future perspectives

Here, we have successfully demonstrated that combining targeted

sequence capture with long‐read sequencing technology is as an effi-

cient approach to obtain high‐quality sequence data of a specific

genomic region, including both coding and noncoding sequences,

across evolutionary distant species. We show that genomewide

divergence is of importance for capture success across species. Fur-

thermore, the use of long‐read sequencing augmented the de novo

assembly of regions containing repeated sequences that would

otherwise fragment assemblies based on short‐read sequencing. This

is crucial for capturing complete intergenic sequences that may be

highly divergent compared to genic regions even among fairly closely

related species. Given the rapid development in sequencing tech-

nologies, future methods will enable read‐through of repeated

regions and thus further increase the completeness of assemblies.

Moreover, a less stringent hybridization protocol should make it pos-

sible to capture sequences across even deeper evolutionary time. In

sum, our approach has generated a cross‐species genomic resource

across distantly related codfishes and shows the potential of enhanc-

ing comparative genomic studies of continuous genic and intergenic

regions between any eukaryotic species‐group where genomic

resources are scarce.

4 | MATERIAL AND METHODS

4.1 | Defining target regions and probe design

The probe design was chiefly based on the high‐quality genome of

Atlantic cod, known as gadMor2 (Tørresen et al., 2017). In addition,

species‐specific probes were designed based on low‐coverage
assembled genomes (Malmstrøm et al., 2016, 2017) for ten selected

species representing six families in the Gadiformes order. These spe-

cies were Atlantic cod (Gadus morhua), Alaskan Pollock (Gadus

chalcogrammus), polar cod (Boreogadus saida), haddock (Melanogram-

mus aeglefinus), Silvery pout (Gadiculus argenteus), burbot (Lota lota),

European hake (Merluccius merluccius), roughhead grenadier (Macrou-

rus berglax), roughsnout grenadier (Trachyrincus scabrus) and marbled

moray cod (Muraenolepus marmoratus).
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To retrieve relevant sequence data for the probe design, the MN

and LA Hb regions were extracted from gadMor2 (Figure 1). These

sequences, hereby known as the target regions, were then used as

queries in BLAST (Altschul, Gish, Miller, Myers, & Lipman, 1990)

searches with an E‐value threshold of <0.1 against the genome

assembly data of all ten species.

In total, 5604 sequences from the chosen species were supplied

to NimbleGen probe design. Protein‐coding genes from the

ENSEMBL database were used to define the regions to be tiled in

the probe design (Table S5) within the target regions of the Atlantic

cod and the unitigs (i.e., high confidence contigs) for each of the

additional codfishes.

NimbleGen SeqCap EZ capture probes were designed by Nim-

bleGen (Roche, Madison, USA) using a proprietary design algorithm.

NimbleGen offers an in‐solution sequence capture protocol, which

includes custom‐made probes. Uniquely, the capture probes from

NimbleGen are tiled to overlap the target area. 50–100 bp (average

75 bp) probes were designed tiled over the target regions (subset of

gadMor2) resulting in each base, on average, being covered by two

probes. Additionally, raw reads from Illumina sequencing from Malm-

strøm et al. (2016, 2017) were used for each species to estimate

repetitive sequences in each of the species genomes, aiming to dis-

card probes containing any repeats. A more detailed description of

the probe design is provided in Supporting Information Materials

and Methods and Table S6.

4.2 | Sample collection and DNA extraction

Our goal working with animals is always to limit any harmful effects

of our research on populations and individuals. Whenever possible,

we try to avoid animals being euthanized to serve our scientific pur-

pose alone by collaborating with commercial fisheries or museums.

The tissue samples used in this study are either from commercially

fished individuals intended for human consumption or museum spec-

imen. The commercially caught fish were immediately stunned, by

bleeding following standard procedures by a local fisherman. There

is no specific legislation applicable to this manner of sampling in

Norway; however, it is in accordance with the guidelines set by the

“Norwegian consensus platform for replacement, reduction and

refinement of animal experiments” (www.norecopa.no).

DNA was extracted from tissue samples using high‐salt DNA

extraction method by Phill Watts (https://www.liverpool.ac.uk/~ke

mpsj/IsolationofDNA.pdf, last day accessed: December 2017). The

concentration and purity of the DNA samples were quantified

using NanoDrop (Thermo Fisher Scientific, Waltham, MA, USA) and

a Qubit fluorometer (Invitrogen, Thermo Fisher Scientific, Waltham,

MA, USA). Due to poor DNA quality, three species included in the

probe design; Alaskan Pollock, polar cod and roughsnout grenadier

were excluded from further analysis. In total, eight species were

sequenced (Table S8); seven of these species were included in the

probe design and one closely related species (cusk), which serves

as a cross species capture experiment without species‐specific
probes.

4.3 | Capture, library preparation and sequencing

The sequencing libraries were prepared following a modified Pacific

Biosciences SeqCap EZ protocol. As multiplexing of the samples

before capture was required, barcodes were designed at the Norwe-

gian Sequencing Centre (http://www.sequencing.uio.no) using guide-

lines from Pacific Biosciences (for more information see Supporting

Information Materials and methods, Table S7 and Figure S3). Geno-

mic DNA was sheared to 5‐kb fragments using MegaRuptor (Diagen-

ode, Seraing (Ougrée), Belgium). Due to poorer DNA quality,

fragmenting was not done for European hake. For this sample

together with fragmented DNA from roughhead grenadier, short

fragments were removed using BluePippin (Sage Science, Beverly,

MA, USA) before library preparation. Illumina libraries were prepared

using KAPA Hyper Prep Kit (Kapa Biosystems, Wilmington, MA,

USA) and barcoded using different Illumina barcodes. PacBio bar-

codes were implemented during precapture amplification of libraries.

After amplification, fragment length distribution was evaluated using

Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA) and sam-

ples were pooled in equimolar ratio. During hybridization, SeqCap EZ

Developer Reagent (universal repeat blocker for use on vertebrate

genomes) and oligos corresponding to Illumina and PacBio barcodes

were used for blocking. Captured gDNA was amplified to ensure

that sufficient amount of DNA was available for PacBio library

preparation. Size selection of the libraries was performed using

BluePippin. Final libraries were quality‐checked using Bioanalyzer

and Qubit fluorometer (Invitrogen, Thermo Fisher Scientific, Wal-

tham, MA, USA) and sequenced on RS II instrument (PacBio, Menlo

Park, CA, USA) using P6‐C4 chemistry with 360 minutes movie time.

In total, nine SMRT cells were used for sequencing.

4.4 | De novo assemblies

Reads were filtered and demultiplexed using the “RS_reads of

insert.1” pipeline on SMRT Portal (SMRT Analysis version smrtanaly-

sis_2.3.0.140936.p2.144836). Each set of reads corresponding to a

given species was cross‐checked with their respective six‐nucleotide
Illumina adapter. Reads containing an incorrect Illumina adapter were

removed. Adapter sequences were then trimmed using the applica-

tion Prinseq‐lite v0.20.4 (Schmieder & Edwards, 2011). The trimmed

reads were assembled de novo using Canu v1.4 + 155 changes

(r8150 c0a988b6a106c27c6f993dfe586d2336282336a6) (Berlin et

al., 2015). The Canu software is optimized for assembling single‐
molecule high noise sequence data. We specified genome size as the

size of the target regions (300 kbp). Additionally, we ran PBJelly

(English et al., 2012) on the Canu de novo assemblies, using the raw

reads to possible bridge gaps between scaffolds, settings given in

Supporting Information Materials and Methods.

We assessed the assemblies by running Assemblathon 2 (Brad-

nam et al., 2013), which reports assembly metrics such as the long-

est contig, the number of contigs and the N50 value. De novo

assemblies of the MN and LA regions of Atlantic cod and haddock

were aligned and compared to their reference genomes, gadMor2
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and melAeg, respectively, using BLAST and BWA v0.7.10 (Li & Dur-

bin, 2009) to determine syntenic similarities and assembly complete-

ness.

4.5 | Estimating capture success

PacBio reads for all the species were mapped back to the Atlantic

cod genome assembly (gadMor2) in order to determine sequence

capture success and target mapping depths. Mapping was done

using BWA‐MEM v0.7.10 (Li & Durbin, 2009). Target‐area read

depth for all the species based on mapping against gadMor2 was cal-

culated using Samtools v1.3.1 (Li et al., 2009). We calculated both

average and median mapping depth against the target regions as a

whole and for the MN and LA regions separately. We also calculated

percentage of reads that mapped to the target regions and the per-

centage of the target regions covered by reads to a minimum depth

of 10x. To compare assembled target regions, we additionally

mapped the assemblies to the Atlantic cod target regions. In order

to verify the sequence capture process, sequence data for Atlantic

cod and haddock were mapped back to their reference genomes

using BWA‐mem v0.7.10 (Li & Durbin, 2009). The results were visu-

alized using Integrative Genome Viewer (Robinson et al., 2011).

To obtain an independent measure of divergence between spe-

cies in the capture experiment, we calculated genomewide level of

divergence of each species to the reference genome of Atlantic cod

using low‐coverage whole‐genome sequence data from Malmstrøm

et al. (2016, 2017). We mapped raw reads to Atlantic cod using

BWA‐MEM (Li & Durbin, 2009) and called SNPs using the Freebayes

variant caller (Garrison & Marth, 2012). Some species are more clo-

sely related to Atlantic cod than others, which could introduce a bias

in mapping. To avoid this, we only looked at genomic regions where

all species mapped. The number of SNPs was then used as an esti-

mate of genomewide divergence of each species to Atlantic cod. We

also mapped a low‐coverage genome of Atlantic cod to the Atlantic

cod reference genome as a control.

In pursuance of factors explaining capture success, we tested for

correlations and plotted the relationship between the genomewide

level of divergence and the following variables; median mapping

depth against the target regions (for total, LA and MN, respectively);

percentage of reads that mapped to the target regions; and the per-

centage of the target regions covered by reads. All tests and plots

were done using R version 3.2.5 (R Core Team, 2013).

Assembly continuity is very often hampered by the presence of

repeats, which create gaps. We therefore quantified repeat content

in the target regions extracted from gadMor2 and orthologous

regions in haddock using Repeatmasker Open 3.0 (Smit, Hubley, &

Green, 2010) for the MN region and the LA region separately.

4.6 | Identifying gene location and synteny

In order to identify the genes of interest and their location in the

assembly, we used local sequence alignment algorithm BLAST v2.4.0

(Altschul et al., 1990) with protein sequences of the genes of

interest (Table S5) as queries. tblastn was used with an e‐value of

0.1. Investigation of Hbb1‐Hba1 promoter region was done for four

species, Atlantic cod, haddock, silvery cod and cusk. Sequences were

aligned with ClustalW default settings using MEGA7 (Kumar, Ste-

cher, & Tamura, 2016). Ancestral sequence reconstruction was car-

ried out for Hbb‐1 gene sequences from 24 species of codfishes

from Baalsrud et al. (2017) using a maximum‐likelihood method

implemented in MEGA7 (Kumar et al., 2016).

Additionally, we estimated sequence identity using EMBOSS

Needle (Rice, Longden, & Bleasby, 2000) with default settings,

between Hbb gene sequences from Baalsrud et al. (2017) that were

missing and present in the de novo assemblies to evaluate similarity

(Table S2).

ACKNOWLEDGEMENTS

We would like to thank Marianne H. Selander Hansen and Dr.

Alexander J. Nederbragt for help with the initial design of this pro-

ject. Additionally, we want to thank Dr. Reinhold Hanel (Johann

Heinrich von Thünen Institute, Germany) for providing samples of

burbot and marbled moray cod. All computational work was per-

formed on the Abel Supercomputing Cluster (Norwegian Metacenter

for High‐Performance Computing (NOTUR) and the University of

Oslo), operated by the Research Computing Services group at USIT,

the University of Oslo IT Department. Sequencing library creation

and high‐throughput sequencing were carried out at the Norwegian

Sequencing Centre (NSC), University of Oslo, Norway. This work

was funded by a grant awarded to K.S.J. from the Research Council

of Norway (RCN Grant 222378).

AUTHOR CONTRIBUTIONS

H.T.B. and S.J. initially conceived and designed the study, with input

from S.N.K.H, A.T.‐K., M.S., G.O., R.S. and K.S.J. Tissue samples were

provided by S.J. and H.T.B. Probe design was carried out by T.R.

with assistance from S.N.K.H and H.T.B. DNA extraction and

sequence library preparation were performed by S.N.K.H and A.T.‐K,
respectively. Sequence capture was carried out by S.N.K.H, A.T.‐K.,
M.S. and G.O. Filtering, mapping of sequences and de novo assem-

blies were done by S.N.K.H., assisted by O.K.T and H.T.B. Annota-

tion of genes, synteny analyses, statistical analyses and construction

of all figures and tables were done by S.N.K.H and H.T.B. The manu-

script was written by S.N.K.H and H.T.B. with input from S.J. and

K.S.J.

COMPETING INTERESTS

The authors declare that they have no competing interests.

DATA AND MATERIALS AVAILABILITY

All reads and assemblies (unitigs) reported in this study plus the tar-

get regions (subset of gadMor2), the relevant sequence data for the

HOFF ET AL. | 257



probe design from the chosen species supplied to NimbleGen and

the probe sequences have been deposited at figshare: https://doi.

org/10.6084/m9.figshare.5875842.

ORCID

Siv Nam Khang Hoff http://orcid.org/0000-0001-8113-338X

Helle T. Baalsrud https://orcid.org/0000-0002-4161-3247

Ole Kristian Tørresen https://orcid.org/0000-0002-1932-8212

Kjetill S. Jakobsen https://orcid.org/0000-0002-8861-5397

Sissel Jentoft https://orcid.org/0000-0001-8707-531X

REFERENCES

Altschul, S. F., Gish, W., Miller, W., Myers, E. W., & Lipman, D. J. (1990).

Basic local alignment search tool. Journal of Molecular Biology, 215(3),

403–410. https://doi.org/10.1016/S0022-2836(05)80360-2
Andersen, Ø., Wetten, O. F., De Rosa, M. C., Andre, C., Carelli‐Alinovi, C.,

Colafranceschi, M., … Colosimo, A. (2009). Haemoglobin polymor-

phisms affect the oxygen‐binding properties in Atlantic cod popula-

tions. Proceedings of the Royal Society B: Biological Sciences, 276

(1658), 833–841. https://doi.org/10.1098/rspb.2008.1529
Baalsrud, H. T., Voje, K. L., Tørresen, O. K., Solbakken, M., Matschiner,

M., Malmstrøm, M., … Jentoft, S. (2017). Evolution of hemoglobin

genes in codfishes influenced by ocean depth. Scientific Reports, 7, 1–
10. https://doi.org/10.1038/s41598-017-08286-2

Barlow, S. L., Metcalfe, J., Righton, D. A., & Berenbrink, M. (2017). Life

on the edge: O2 binding in Atlantic cod red blood cells near their

southern distribution limit is not sensitive to temperature or haemo-

globin genotype. The Journal of Experimental Biology, 220, 414–424.
https://doi.org/10.1242/jeb.141044

Berlin, K., Koren, S., Chin, C.‐S., Drake, J. P., Landolin, J. M., & Phillippy,

A. M. (2015). Assembling large genomes with single‐molecule

sequencing and locality‐sensitive hashing. Nature Biotechnology, 33(6),

623–630. https://doi.org/10.1038/nbt.3238
Borza, T., Stone, C., Gamperl, A. K., & Bowman, S. (2009). Atlantic cod

(Gadus morhua) hemoglobin genes: multiplicity and polymorphism. BMC

Genetics, 10(51), 1–14. https://doi.org/10.1186/1471-2156-10-51
Bradnam, K. R., Fass, J. N., Alexandrov, A., Baranay, P., Bechner, M., Birol,

I., & Korf, I. F. (2013). Assemblathon 2: evaluating de novo methods

of genome assembly in three vertebrate species. Giga Science, 2(1),

10. https://doi.org/10.1186/2047-217X-2-10

Bragg, J. G., Potter, S., Bi, K., & Moritz, C. (2015). Exon capture phyloge-

nomics: efficacy across scales of divergence.Molecular Ecology Resources,

16(5), 1059–1068. https://doi.org/10.1111/1755-0998.12449
Broeckx, B. J. G., Coopman, F., Verhoeven, G. E. C., Bavegems, V., De

Keulenaer, S., De Meester, E., … Deforce, D. (2014). Development

and performance of a targeted whole exome sequencing enrichment

kit for the dog (Canis Familiaris Build 3.1). Scientific Reports, 4(1),

1522–1524. https://doi.org/10.1038/srep05597
Ellegren, H. (2014). Genome sequencing and population genomics in non‐

model organisms. Trends in Ecology & Evolution, 29(1), 51–63.
https://doi.org/10.1016/j.tree.2013.09.008

English, A. C., Richards, S., Han, Y., Wang, M., Vee, V., Qu, J., & Gibbs, R.

A. (2012). Mind the gap: upgrading genomes with Pacific Biosciences

RS long‐read sequencing technology. PLoS ONE, 7(11), e47768.

https://doi.org/10.1371/journal.pone.0047768

Eschemeyer, W. N., & Fricke, R. (2017). Catalog of fishes. Retrieved

September 2018, from http://researcharchive.calacademy.org/researc

h/ichthyology/catalog/fishcatmain.asp

Feng, J., Liu, S., Wang, X., Wang, R., Zhang, J., Jiang, Y., … Liu, Z. (2014).

Channel catfish hemoglobin genes: Identification, phylogenetic and

syntenic analysis, and specific induction in response to heat stress.

Comparative Biochemistry and Physiology ‐ Part D: Genomics and Pro-

teomics, 9, 11–22. https://doi.org/10.1016/j.cbd.2013.11.002
Garrison, E., & Marth, G. (2012). Haplotype‐based variant detection from

short‐read sequencing, bioRxiv, arXiv:1207.3907v2

George, R. D., McVicker, G., Diederich, R., Ng, S. B., MacKenzie, A. P.,

Swanson, W. J., & Thomas, J. H. (2011). Trans genomic capture and

sequencing of primate exomes reveals new targets of positive selec-

tion. Genome Research, 21(10), 1686–1694. https://doi.org/10.1101/
gr.121327.111

Giolai, M., Paajanen, P., Verweij, W., Witek, K., Jones, J. D. G., & Clark,

M. D. (2017). Comparative analysis of targeted long read sequencing

approaches for characterization of a plant's immune receptor reper-

toire. BMC Genomics, 18(1), 521. https://doi.org/10.1186/s12864-

017-3936-7

Goodwin, S., McPherson, J. D., & McCombie, W. R. (2016). Coming of age:

ten years of next‐generation sequencing technologies. Nature Reviews

Genetics, 17(6), 333–351. https://doi.org/10.1038/nrg.2016.49
Grover, C. E., Salmon, A., & Wendel, J. F. (2012). Targeted sequence cap-

ture as a powerful tool for evolutionary analysis. American Journal of

Botany, 99(2), 312–319. https://doi.org/10.3732/ajb.1100323
Guo, Y., Long, J., He, J., Li, C.‐I., Cai, Q., Shu, X.‐O., & Li, C. (2012). Exome

sequencing generates high quality data in non‐target regions. BMC

Genomics, 13(1), 194. https://doi.org/10.1186/1471-2164-13-194

Hardison, R. C. (2012). Evolution of hemoglobin and its genes. Cold Spring

Harbor Perspectives in Medicine, 2(12), a011627–a011627. https://doi.
org/10.1101/cshperspect.a011627

Hedtke, S. M., Morgan, M. J., Cannatella, D. C., & Hillis, D. M. (2013).

Targeted enrichment: maximizing orthologous gene comparisons

across deep evolutionary time. PLoS ONE, 8(7), e67908. https://doi.

org/10.1371/journal.pone.0067908

Huddleston, J., Ranade, S., Malig, M., Antonacci, F., Chaisson, M., Hon, L.,

& Eichler, E. E. (2014). Reconstructing complex regions of genomes

using long‐read sequencing technology. Genome Research, 24(4), 688–
696. https://doi.org/10.1101/gr.168450.113

Jones, M. R., & Good, J. M. (2015). Targeted capture in evolutionary and

ecological genomics. Molecular Ecology, 25(1), 185–202. https://doi.

org/10.1111/mec.13304

Kim, K. E., Peluso, P., Babayan, P., Yeadon, P. J., Yu, C., Fisher, W. W., &

Landolin, J. M. (2014). Long‐read, whole‐genome shotgun sequence

data for five model organisms. Scientific Data, 1(140045), 1–10.
https://doi.org/10.1038/sdata.2014.45

Koonin, E. V., & Wolf, Y. I. (2010). Constraints and plasticity in genome

and molecular‐phenome evolution. Nature Reviews Genetics, 11(7),

487–498. https://doi.org/10.1038/nrg2810
Kumar, S., Stecher, G., & Tamura, K. (2016). MEGA7: molecular evolu-

tionary genetics analysis version 7.0 for bigger datasets. Molecular

Biology and Evolution, 33(7), 1870–1874. https://doi.org/10.1093/mol

bev/msw054

Li, C., Corrigan, S., Yang, L., Straube, N., Harris, M., Hofreiter, M., & Nay-

lor, G. J. P. (2015). DNA capture reveals transoceanic gene flow in

endangered river sharks. Proceedings of the National Academy of

Sciences, 112(43), 13302–13307. https://doi.org/10.1073/pnas.

1508735112

Li, H., & Durbin, R. (2009). Fast and accurate short read alignment with

Burrows‐Wheeler transform. Bioinformatics, 25(14), 1754–1760.
https://doi.org/10.1093/bioinformatics/btp324

Li, H., Handsaker, B., Wysoker, A., Fennell, T., Ruan, J., Homer, N., &

Durbin, R. (2009). The Sequence Alignment/Map format and SAM-

tools. Bioinformatics, 25(16), 2078–2079. https://doi.org/10.1093/

bioinformatics/btp352

Lin, Y., Yuan, J., Kolmogorov, M., Shen, M. W., Chaisson, M., & Pevzner,

P. A. (2016). Assembly of long error‐prone reads using de Bruijn

graphs. Proceedings of the National Academy of Sciences, 113(52),

E8396–E8405. https://doi.org/10.1073/pnas.1604560113

258 | HOFF ET AL.

https://doi.org/10.6084/m9.figshare.5875842
https://doi.org/10.6084/m9.figshare.5875842
http://orcid.org/0000-0001-8113-338X
http://orcid.org/0000-0001-8113-338X
http://orcid.org/0000-0001-8113-338X
https://orcid.org/0000-0002-4161-3247
https://orcid.org/0000-0002-4161-3247
https://orcid.org/0000-0002-4161-3247
https://orcid.org/0000-0002-1932-8212 
https://orcid.org/0000-0002-1932-8212 
https://orcid.org/0000-0002-1932-8212 
https://orcid.org/0000-0002-8861-5397
https://orcid.org/0000-0002-8861-5397
https://orcid.org/0000-0002-8861-5397
https://orcid.org/0000-0001-8707-531X
https://orcid.org/0000-0001-8707-531X
https://orcid.org/0000-0001-8707-531X
https://doi.org/10.1016/S0022-2836(05)80360-2
https://doi.org/10.1098/rspb.2008.1529
https://doi.org/10.1038/s41598-017-08286-2
https://doi.org/10.1242/jeb.141044
https://doi.org/10.1038/nbt.3238
https://doi.org/10.1186/1471-2156-10-51
https://doi.org/10.1186/2047-217X-2-10
https://doi.org/10.1111/1755-0998.12449
https://doi.org/10.1038/srep05597
https://doi.org/10.1016/j.tree.2013.09.008
https://doi.org/10.1371/journal.pone.0047768
https://researcharchive.calacademy.org/research/ichthyology/catalog/fishcatmain.asp
https://researcharchive.calacademy.org/research/ichthyology/catalog/fishcatmain.asp
https://doi.org/10.1016/j.cbd.2013.11.002
https://doi.org/10.1101/gr.121327.111
https://doi.org/10.1101/gr.121327.111
https://doi.org/10.1186/s12864-017-3936-7
https://doi.org/10.1186/s12864-017-3936-7
https://doi.org/10.1038/nrg.2016.49
https://doi.org/10.3732/ajb.1100323
https://doi.org/10.1186/1471-2164-13-194
https://doi.org/10.1101/cshperspect.a011627
https://doi.org/10.1101/cshperspect.a011627
https://doi.org/10.1371/journal.pone.0067908
https://doi.org/10.1371/journal.pone.0067908
https://doi.org/10.1101/gr.168450.113
https://doi.org/10.1111/mec.13304
https://doi.org/10.1111/mec.13304
https://doi.org/10.1038/sdata.2014.45
https://doi.org/10.1038/nrg2810
https://doi.org/10.1093/molbev/msw054
https://doi.org/10.1093/molbev/msw054
https://doi.org/10.1073/pnas.1508735112
https://doi.org/10.1073/pnas.1508735112
https://doi.org/10.1093/bioinformatics/btp324
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.1073/pnas.1604560113


Malmstrøm, M., Matschiner, M., Tørresen, O. K., Jakobsen, K. S., & Jen-

toft, S. (2017). Whole genome sequencing data and de novo draft

assemblies for 66 teleost species. Scientific Data, 4(160132), 1–13.
https://doi.org/10.1038/sdata.2016.132

Malmstrøm, M., Matschiner, M., Tørresen, O. K., Star, B., Snipen, L. G.,

Hansen, T. F., … Jentoft, S. (2016). Evolution of the immune system

influences speciation rates in teleost fishes. Nature Genetics, 48(10),

1204–1210. https://doi.org/10.1038/ng.3645
Mascher, M., Richmond, T. A., Gerhardt, D. J., Himmelbach, A., Clissold,

L., Sampath, D., … Stein, N. (2013). Barley whole exome capture: a

tool for genomic research in the genus Hordeumand beyond. The

Plant Journal, 76(3), 494–505. https://doi.org/10.1111/tpj.12294
Miller, J. R., Koren, S., & Sutton, G. (2010). Assembly algorithms for next‐

generation sequencing data. Genomics, 95(6), 315–327. https://doi.

org/10.1016/j.ygeno.2010.03.001

Morin, A., Kwan, T., Ge, B., Letourneau, L., Ban, M., Tandre, K., Pastinen,

… T. (2016). Immunoseq: the identification of functionally relevant

variants through targeted capture and sequencing of active regula-

tory regions in human immune cells. BMC Medical Genomics, 9(59), 1–
12. https://doi.org/10.1186/s12920-016-0220-7

Newman, C. E., & Austin, C. C. (2016). Sequence capture and next‐gener-
ation sequencing of ultraconserved elements in a large‐genome sala-

mander. Molecular Ecology, 25(24), 6162–6174. https://doi.org/10.

1111/mec.13909

Opazo, J. C., Butts, G. T., Nery, M. F., Storz, J. F., & Hoffmann, F. G.

(2012). Whole‐genome duplication and the functional diversification

of teleost fish hemoglobins. Molecular Biology and Evolution, 30(1),

140–153. https://doi.org/10.1093/molbev/mss212

Quinn, N. L., Boroevich, K. A., Lubieniecki, K. P., Chow, W., Davidson, E. A.,

Phillips, R. B., & Davidson, W. S. (2010). Genomic organization and evo-

lution of the Atlantic salmon hemoglobin repertoire. BMC Genomics, 11

(539), 1–17. https://doi.org/10.1186/1471-2164-11-539
R Core Team (2013). R: A Language and Environment for Statistical Com-

puting (3.3.1) Software. Vienna, Austria: R Foundation for Statistical

Computing. ISBN 3‐900051‐07‐0. https://www.R-project.org/

Rice, P., Longden, I., & Bleasby, A. (2000). EMBOSS: The European

molecular biology open software suite. Trends in Genetics, 16(6), 276–
277. https://doi.org/10.1016/S0168-9525(00)02024-2

Robinson, J. T., Thorvaldsdóttir, H., Winckler, W., Guttman, M., Lander, E.

S., Getz, G., & Mesirov, J. P. (2011). Integrative genomics viewer. Nature

Biotechnology, 29(1), 24–26. https://doi.org/10.1038/nbt.1754
Samorodnitsky, E., Datta, J., Jewell, B. M., Hagopian, R., Miya, J., Wing, M.

R., & Roychowdhury, S. (2015). Comparison of custom capture for tar-

geted next‐generation DNA sequencing. The Journal of Molecular Diag-

nostics, 17(1), 64–75. https://doi.org/10.1016/j.jmoldx.2014.09.009

Schmieder, R., & Edwards, R. (2011). Quality control and preprocessing

of metagenomic datasets. Bioinformatics, 27(6), 863–864. https://doi.
org/10.1093/bioinformatics/btr026

Schott, R. K., Panesar, B., Card, D. C., Preston, M., Castoe, T. A., &

Chang, B. S. W. (2017). Targeted capture of complete coding regions

across divergent species. Genome Biology and Evolution, 9(2), 398–
414. https://doi.org/10.1093/gbe/evx005

Smit, A., Hubley, R., & Green, P. (2010). RepeatMasker Open 3.0.

Retrieved December 2017, from https://www.repeatmasker.org

Star, B., Nederbragt, A. J., Jentoft, S., Grimholt, U., Malmstrøm, M., Gre-

gers, T. F., … Jakobsen, K. S. (2011). The genome sequence of Atlan-

tic cod reveals a unique immune system. Nature, 477(7363), 207–
210. https://doi.org/10.1038/nature10342

Syring, J. V., Tennessen, J. A., Jennings, T. N., Wegrzyn, J., Scelfo‐Dalbey,

C., & Cronn, R. (2016). Targeted capture sequencing in whitebark

pine reveals range‐wide demographic and adaptive patterns despite

challenges of a large, repetitive genome. Frontiers in Plant Science, 7

(403), 403–415. https://doi.org/10.3389/fpls.2016.00484
Teer, J. K., Bonnycastle, L. L., Chines, P. S., Hansen, N. F., Aoyama, N.,

Swift, A. J., & Biesecker, L. G. (2010). Systematic comparison of three

genomic enrichment methods for massively parallel DNA sequencing.

Genome Research, 20(10), 1420–1431. https://doi.org/10.1101/gr.

106716.110

Tørresen, O. K., Brieuc, M. S. O., Solbakken, M. H., Sørhus, E., Neder-

bragt, A. J., Jakobsen, K. S., … Jentoft, S. (2018). Genomic architec-

ture of haddock (Melanogrammus aeglefinus) shows expansions of

innate immune genes and short tandem repeats. BMC Genomics, 19

(1), 51. https://doi.org/10.1186/s12864-018-4616-y

Tørresen, O. K., Star, B., Jentoft, S., Reinar, W. B., Grove, H., Miller, J. R.,

… Nederbragt, A. J. (2017). An improved genome assembly uncovers

prolific tandem repeats in Atlantic cod. BMC Genomics, 18(1), 95.

https://doi.org/10.1186/s12864-016-3448-x

Turner, E. H., Ng, S. B., Nickerson, D. A., & Shendure, J. (2009). Methods

for genomic partitioning. Annual Review of Genomics and Human

Genetics, 10(1), 263–284. https://doi.org/10.1146/annurev-genom-

082908-150112

Volff, J.‐N. (2004). Genome evolution and biodiversity in teleost fish.

Heredity, 94(3), 280–294. https://doi.org/10.1038/sj.hdy.6800635
Wang, M., Beck, C. R., English, A. C., Meng, Q., Buhay, C., Han, Y., &

Gibbs, R. A. (2015). PacBio‐LITS: a large‐insert targeted sequencing

method for characterization of human disease‐associated chromoso-

mal structural variations. BMC Genomics, 16(1), 214. https://doi.org/

10.1186/s12864-015-1370-2

Wells, R. M. G. (2005). Blood‐gas transport and hemoglobin function in

polar fishes: does low temperature explain physiological characters?

In A. P. Farrell & J. F. Steffensen. (Eds.), Physiology of Polar Fishes

(Vol. 22, pp. 281–316). Academic Press. https://doi.org/10.1016/

S1546-5098(04)22007-6

Wetten, O. F., Nederbragt, A. J., Wilson, R. C., Jakobsen, K. S., Edvard-

sen, R. B., & Andersen, Ø. (2010). Genomic organization and gene

expression of the multiple globins in Atlantic cod: conservation of

globin‐flanking genes in chordates infers the origin of the vertebrate

globin clusters. BMC Evolutionary Biology, 10(1), 315. https://doi.org/

10.1186/1471-2148-10-315

Witek, K., Jupe, F., Witek, A. I., Baker, D., Clark, M. D., & Jones, J. D. G.

(2016). Accelerated cloning of a potato late blight–resistance gene

using RenSeq and SMRT sequencing. Nature Biotechnology, 34(6),

656–660. https://doi.org/10.1038/nbt.3540
Woolfe, A., Goodson, M., Goode, D. K., Snell, P., McEwen, G. K., Vavouri,

T., & Elgar, G. (2004). Highly conserved non‐coding sequences are

associated with vertebrate development. PLoS Biology, 3(1), e7.

https://doi.org/10.1371/journal.pbio.0030007

Yoshihara, M., Saito, D., Sato, T., Ohara, O., Kuramoto, T., & Suyama, M.

(2016). Design and application of a target capture sequencing of

exons and conserved non‐ coding sequences for the rat. BMC Geno-

mics, 1–11. https://doi.org/10.1186/s12864-016-2975-9

SUPPORTING INFORMATION

Additional supporting information may be found online in the

Supporting Information section at the end of the article.

How to cite this article: Hoff SNK, Baalsrud HT, Tooming‐
Klunderud A, et al. Long‐read sequence capture of the

haemoglobin gene clusters across codfish species. Mol Ecol

Resour. 2019;19:245–259. https://doi.org/10.1111/1755-
0998.12955

HOFF ET AL. | 259

https://doi.org/10.1038/sdata.2016.132
https://doi.org/10.1038/ng.3645
https://doi.org/10.1111/tpj.12294
https://doi.org/10.1016/j.ygeno.2010.03.001
https://doi.org/10.1016/j.ygeno.2010.03.001
https://doi.org/10.1186/s12920-016-0220-7
https://doi.org/10.1111/mec.13909
https://doi.org/10.1111/mec.13909
https://doi.org/10.1093/molbev/mss212
https://doi.org/10.1186/1471-2164-11-539
https://www.R-project.org/
https://doi.org/10.1016/S0168-9525(00)02024-2
https://doi.org/10.1038/nbt.1754
https://doi.org/10.1016/j.jmoldx.2014.09.009
https://doi.org/10.1093/bioinformatics/btr026
https://doi.org/10.1093/bioinformatics/btr026
https://doi.org/10.1093/gbe/evx005
https://www.repeatmasker.org
https://doi.org/10.1038/nature10342
https://doi.org/10.3389/fpls.2016.00484
https://doi.org/10.1101/gr.106716.110
https://doi.org/10.1101/gr.106716.110
https://doi.org/10.1186/s12864-018-4616-y
https://doi.org/10.1186/s12864-016-3448-x
https://doi.org/10.1146/annurev-genom-082908-150112
https://doi.org/10.1146/annurev-genom-082908-150112
https://doi.org/10.1038/sj.hdy.6800635
https://doi.org/10.1186/s12864-015-1370-2
https://doi.org/10.1186/s12864-015-1370-2
https://doi.org/10.1016/S1546-5098(04)22007-6
https://doi.org/10.1016/S1546-5098(04)22007-6
https://doi.org/10.1186/1471-2148-10-315
https://doi.org/10.1186/1471-2148-10-315
https://doi.org/10.1038/nbt.3540
https://doi.org/10.1371/journal.pbio.0030007
https://doi.org/10.1186/s12864-016-2975-9
https://doi.org/10.1111/1755-0998.12955
https://doi.org/10.1111/1755-0998.12955

