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Abstract 

Teleost fishes is an extremely species rich group of vertebrates, showing a remarkable 

ability to adapt to a variety of aquatic environments. The fishes within this group display 

a wide diversity of hemoglobin variants, which is most likely linked to the array of 

different environments they inhabit and by such, acts as signatures of genetic 

adaptation. A main environmental factor – and a strong selective force – is temperature, 

as temperature directly influences the ability of teleost hemoglobin to bind oxygen at 

respiratory surfaces and its subsequently release in tissues. The overall goal of this 

study was to investigate the genetic basis of the evolution within the Hb gene clusters in 

Gadiformes – the codfishes – an order displaying a wide range of adaptations to 

temperature and depth. To do so, I determined the organization and synteny of the 

hemoglobin gene region in a selection of species of codfishes by targeted sequence 

capture using Pacific Biosciences long-read sequencing. Targeted capture technology 

involves the use of DNA probes to capture the genetic region of study. I here 

demonstrate successful targeted sequence capture and enrichment with custom made 

probes largely designed based on a published reference genome of the Atlantic cod for 

eight species of codfishes, with the most distant species sharing a most recent common 

ancestor with the Atlantic cod 70 million years ago. I present the syntenic relationship 

amongst Hb genes in six species – Atlantic cod, haddock, silvery cod, cusk, burbot and 

European hake. Interestingly, the sequenced data revealed that an indel suggested to be 

associated with thermal adaption in Atlantic cod populations, is present in the bi-

directional promoter region of the Hb genes  and  in haddock, silvery cod and cusk. 
Overall, this study sheds light on the evolutionary history of the Hb clusters by revealing 

an overall conservation of genetic structure and synteny, but also lineage specific gene 

duplications, as well as variation in regulatory regions between genes.  
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Introduction 
 
The infraclass Teleostei is the most species-rich group of vertebrates, containing 

approximately 27,000 fish species (Nelson 2006). Teleosts are distributed across all 

oceans – from tropical to polar environments and from the shore down to the deepest 

ravines – as well as found in almost every freshwater habitat throughout the world (Ravi 

& Venkatesh 2008). These distinct environments represent a wide span in abiotic 

variables, such as temperature, hydrostatic pressure and thus, dissolved oxygen (O2), 

since both water temperature and hydrostatic pressure affect the solubility of O2. 

Dissolved O2 in seawater is inversely proportional to temperature, meaning that ocean 

waters at low temperatures yield higher O2 concentrations. Moreover, hydrostatic 

pressure increases linearly with depth, which greatly influences gas solubility (Robison 

2004). In order to inhabit these highly variable environments, adaptations to optimize 

uptake of dissolved O2, i.e. crucial for survival, has most likely taken place. Hemoglobin 

(Hb) – defined, as the key component of respiration – is a protein that transports oxygen 

to cells and tissues throughout the body by reversely binding O2. The protein is 

composed of four polypeptide chains, two - and two -chains, which form a tetramer.  

Each chain holds a heme group, which in turn contains one iron ion in its center. This is 

where the protein binds O2 (reviewed in Hardison 2012). Hb binds O2 cooperatively; 

meaning that binding of one molecule facilitates the binding of subsequent O2 molecules. 

Hb proteins also act as a transporter for carbon dioxide out of the tissue/cell. 

Furthermore, as teleosts are ectotherms, the environmental temperature directly 

influences the ability of Hb to bind O2 at respiratory surfaces and its subsequent release 

in tissues (Wells 2005). Hb – encoded by multiple - and -genes –  

is thus, a prime candidate for investigating molecular adaption to different temperature 

regimes in teleosts.  

It is hypothesized that during their evolution, the vertebrate genome underwent 

two rounds of whole genome duplications (WGDs) and is referred to as the 2R 

hypothesis (Makalowski 2001; Dehal & Boore 2005; Meyer & Van de Peer 2005). 

Evidence for the 2R hypothesis is the number of genes and gene families in vertebrate 

genomes and how they tend to be organized.  According to the 3R hypothesis the teleost 

fishes underwent an additional round of whole genome duplication in their lineage 

(TGD) (Meyer & Schartl 1999). One finding pointing towards an additional WGD in the 
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lineage of teleosts was the discovery of more hox gene clusters in several species of teleost s than the predicted four clusters that would have been expected from the 2R 

(Aparicio et al. 1997; Amores et al. 1998). Whole genome duplications are thought to 

provide raw material for evolution as the copied genes can be unchained from their 

functional constrains (Holland et al. 1994; Meyer & Schartl 1999; Hoffmann et al. 2012). 

As natural selection act on these duplicated genes, they can acquire new functions 

(neofunctionalization), functions can be divided amongst paralogous genes 

(subfunctionalization)(Ohno 1970) or paralogous genes may lose their function and 

become pseudogenes.  The three rounds of WGDs are postulated to be a central reason 

for the high number of genes, including the high number of Hbs found in teleosts. High 

multiplicity of Hbs has for instance been reported in Anarhichas minor (Verde et al. 

2002)   and Gadus morhua (Star et al. 2011). 

The organization of globin genes varies across vertebrates. All gnathostomes 

(jawed vertebrates) possess a Hb gene cluster named the MN cluster, after the genes 

that flank this cluster, mpg and nprl3. In amniotes, there has only been found -globin 

genes at this locus and the -like globin genes are found at a different chromosomal 

location in a gene cluster named the DS locus. It is hypothesized that an ancestral -

globin gene transposed to this location early in the amniotic lineage (Hardison 2009, 

2012; Storz et al. 2013). However, in fish and amphibians, both - and -like globin 

genes are present in a common cluster, which is orthologous to the amniotic MN locus. 

Further analysis of fish genomes have shown that fish also possess a second Hb gene 

cluster named the LA cluster, named after the genes lcmt1 and aqp8 flanking this cluster 

(Hardison 2009). This locus is also present in amniotes, but here it does not contain any 

Hb genes. Currently, there are two main hypotheses (models) on how the LA locus was 

organized in the most recent common ancestor (MRCA) of gnathostomes (Hardison 

2012). The first model states that the LA locus of the MRCA in fact contained Hb genes, 

but these genes were later lost in amniotes and retained in the lineage of teleosts. The 

second hypothesis suggests that the LA locus did not contain any Hb genes in the MRCA, 

but that these genes moved into this locus in the lineage of fishes. Thus, the LA locus is a 

derived feature of this group. Studies of the Hb regions in a deep branching non-teleost 

ray finned fish, the spotted gar (Lepisosteus oculatus), provides support towards the MN 

and LA locus being paralogous results of the WGD (Opazo et al. 2013). The spotted gar 

only has one Hb locus, i.e. homologous with the MN locus found in teleosts, as the loci 
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contain several homologous genes. As the spotted gar diverged from the lineage of pre-

TGD teleost fishes, the discovery of one Hb locus agrees with the hypothesis that the MN 

and LA locus are paralogous. 

After the duplication event the MN and LA clusters have undergone successive 

gene duplications, gene losses, and gene rearrangements, which have led to a large 

variety in Hb gene repertoires as well as clear distinctions at the level of micro-synteny 

(i.e. gene order), both within and between different lineages of teleosts (Opazo et al. 

2013). Within teleosts, the synteny of Hb regions has been mapped in pufferfish 

(Takifugu rubripes) (Flint et al. 2001; Gillemans et al. 2003), medaka (Oryzias 

latipes)(Aparicio et al. 2002), zebrafish (Denio rario), platyfish (Xiphophorus maculatus) 

(Patel et al. 2008), three-spined stickleback (Gasterosteus aculeatus) (Wetten et al. 2010; 

Opazo et al. 2013), Atlantic salmon (Salmo salmar) (Quinn et al. 2010), tilapia 

(Oreochromis niloticus) (Opazo et al. 2013), channel catfish (Ictalurus punctatus) (Feng 

et al. 2014), and Atlantic cod (Gadus morhua) (Wetten et al. 2010). Collectively, these 

reports show that the genomic context and organization seem to be conserved across 

teleosts. In particular, the MN region is highly conserved with the genes mgrn1, aanat, 

RHBDF1, mpg and nprl3 flanking leftwards and the genes kank2 and dock6 flanking 

rightwards in the same order across seven species of teleosts (Opazo et al. 2013). The 

number of Hb gene copies on the other hand, varies between the species studied, from 

fugu that possess two Hb-like genes in the MN cluster, to 13 genes in tilapia and 

zebrafish (Opazo et al. 2013).  These earlier studies have been either on single species or 

across distant species of teleosts. A more in-depth study within a single order or family 

have not yet been conducted.   

Gadiformes, or codfishes, is an order within teleostei that consists of 

approximately 600 species (Nelson 2006). Gadiformes are distributed across the world 

oceans, at various depths (Eschemeyer WN, Fricke R Catalog of fishes). Most of them are 

benthopelagic, living in close proximity to the bottom of the sea along the continental 

slope (Cohen David M et al. 1990). Because of its commercial significance, the Atlantic 

cod is the best studied of the codfishes – having its genome sequenced in 2011 (Star et 

al. 2011) as well as numerous papers describing the population genetic (and genomic) 

structure in detail (Jorde et al. 2007; Nielsen et al. 2009; Berg et al. 2015). Furthermore, 

it is so far the only codfish where the Hb gene clusters are fully described in detail 

(Wetten et al. 2010). Atlantic cod is a marine species that inhabits large areas of the 



 9 

North Atlantic Ocean. The genome contains nine Hb genes: Four -like and five -like Hb 

genes. The order of these genes are 5–1–1–4 at the MN locus and 3–4–2–3–
2 at the LA locus (Wetten et al. 2010; Star et al. 2011). It is well known that the Atlantic 

cod harbor a multiplicity of hemoglobins which has been postulated to be a functional 

molecular adaptation to temperature variation (Sick 1961; Andersen et al. 2009; Wetten 

et al. 2010). Additionally, two haplotypes of the Hb gene 1 are found along a latitudinal 

gradient, and thus linked to temperature adaptation in different populations. 

Populations at the far northern parts of the North Atlantic Ocean largely display 

genotype ( -2/2 whereas populations in southern parts of the north Atlantic oceans 

display the genotype H -1/1. The former genotype is therefore associated with colder 

waters and the latter with more temperate waters (Karpov & Novikov 1980; Andersen 

et al. 2009). A new and comprehensive analysis of Hb gene clusters in codfishes has 

revealed that there are variations in Hb gene copies within the order (Baalsrud et al, 

submitted). The study also reveals that there is a negative correlation between the 

number of Hb genes and the depth of which the species occur. These findings support 

the hypothesis that the MRCA of codfishes may have been a deep-sea species (Kriwet & 

Hecht 2008; Jamieson et al. 2009). Thus, the diversification to shallow water habitat may 

have been facilitated by the expansion of Hb genes. Albeit the Hb gene numbers and 

abundances have been characterized within this lineage, the full gene architecture of the 

Hb regions remains unknown. This is due to the fragmented nature of the low coverage 

genome data used in the above-mentioned study (Baalsrud et al, submitted), and thus, to 

be able to infer the evolutionary history of the Hb clusters in the codfishes a detailed 

syntenic reconstruction is needed 

Next generation sequencing (NGS) technology is today seen upon as a robust and 

well-established methodology, and the amount of genomic data generated for 

biomedical as well as more biological purposes is steadily increasing. It has become the 

number one technology for collecting data when conducting genome research. 

Sequencing of an entire genome, with high coverage for construction of a reference 

genome (up to 100x coverage), however, is still a costly and time-consuming approach 

(Jones & Good 2016). When biological questions and interests concern a subset of the 

genome, whole genome sequencing might be both unfeasible and unnecessary as it 

generates a huge amount of data. On a smaller scope, were specific regions is of interest 

to the study this means a lot of extra noise . Targeted capture technology makes it 
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possible to target specific sequences, and construct a sequencing library containing only 

the specific region(s) of interest for a given study. The combination of targeted capture 

and NGS technology allows for an efficient and precise way of obtaining sequence data 

for particular regions of interest. Targeted sequence capture technology involves the 

design of appropriate oligonucleotide sequences (probes) (Turner et al. 2009; Grover et 

al. 2012), which will capture the genomic area of interest and eliminate unwanted 

genomic sequences. The probes are complimentary designed to a given genomic region 

of interest and capture sequences by hybridizing. The non-bound genome sequences in 

the solution are subsequently washed away, and the result is a pool of only relevant 

sequences that is enriched, meaning that identical sequences will be caught multiple 

times. This largely reduces the sequencing complexity, and the enrichment provides 

great coverage for each of the targeted sequences (Grover et al. 2012). Additionally, by 

making custom barcodes, it is possible to multiplex the samples, i.e. performing the 

targeted capture reaction simultaneously on multiple species samples.  Consequently, 

this approach provides high-resolution sequence data at less cost than whole genome 

sequencing of multiple species.   

Most commonly, prior genome data is required to design probes for targeted 

sequence capture, as the probes are complimentary to the sequences of interest. Recent 

studies have shown that cross-species capture can be highly effective (George et al. 

2011; Bragg et al. 2015), even over deep evolutionary time. Cross-species capture is 

when sequence capture probes are designed based on one species and applied on 

another related species, in order to capture orthologous sequences. One study aiming to 

investigate the usefulness of targeted capture on non-model species separated by deep 

evolutionary time show that it is possible to generate sequence data useful for 

phylogenetic analysis for species with a recent common ancestor 65-200 million years 

ago (Ma) based on a single reference genome (Hedtke et al. 2013). Another study show 

that targeted sequence capture designed on exome-sequences from one species very 

effectively captures the orthologous sequences between species diverged 20 Ma, and 

remains effective for species with a most recent common ancestor of about 80 Ma 

(Bragg et al. 2015). These studies, however, generally use short read technologies as 

they aim for capturing only the exome and not intergenic regions. Using this sequence 

strategy it is not possible to investigate organization and synteny of genetic regions, 

which requires contiguous sequences including intergenic regions. This can be 
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accomplished using sequencing technology such as PacBio, which is a sequencing 

platform that produces reads up to 20 kb (Goodwin et al. 2016). Reads of this length can 

potentially span the region between two genes.  

The PacBio sequencing platform utilize single molecule real time (SMRT) sequencing or sequencing by synthesis . The technology exploits the natural DNA 

replication machinery in order to read genomic templates. SMRT sequencing is based 

upon two key technical features, the zero mode waveguide (ZMW) chamber, and the use 

of phospho-linked nucleotides. SMRT sequencing takes place in a ZMW well, which is a 

small chamber in which the genomic template DNA attaches. The ZMW well is 

constructed so that it is illuminated only at the bottom of the well, which is the location 

where the DNA-template and polymerase complex is attached. Consequently, the 

PacBio-machine is able to register the small emission of light that occurs as the DNA 

polymerase cleaves off the phosphor-linked-nucleotides (Buermans & den Dunnen 

2014). The fluorescent signal of each attached nucleotide is recorded in real time at 75 

frames per second. The PacBio sequencing technique yields long read length at a quick 

timeframe. The challenges of using polymerases in real time are increased error rates 

compared to amplicon-based sequencing, such as Illumina. The accuracy of PacBio 

sequencing is at about 87%, which is a lot lower than on the Illumina platform, which is 

99,9 % accurate.  Nevertheless, as this error-rate is randomly dispersed, The SMRT 

sequencing platform uses a unique circular consensus sequence (CCS) based on 

sequences being sequenced multiple times giving a consensus base call based on 

multiple reads. Shorter reads may be sequenced multiple times, yielding multiple sub-

reads, and thus increasing the accuracy. Subsequently, accuracy can be increased to 99 

% with help from the CCS technology (Goodwin et al. 2016). 

In this study I have implement targeted sequence capture technology by SeqCap 

EZ (Roche NimbleGen) on eleven species of fishes in order to capture and sequence the 

Hb gene region. Sequence capture probes was custom designed by NimbleGen to target 

the genomic region of interest, capturing only regions that are relevant to this particular 

study and use these to make PacBio sequencing libraries. Additionally, I applied custom 

made barcodes in order to multiplex, i.e. perform the targeted capture reaction 

simultaneously on samples from multiple species.  

I have chosen ten species, in addition to Atlantic cod, representing multiple 

families of codfishes to be included in the study. These species reside in a range of 
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habitats that are subject to a variety of environmental factors (Edwards 1992). In 

addition, several of these species display distinct life history traits. I have here chosen to 

investigate one pelagic species, Silver cod (Gadiculus argentus), one bento-pelagic 

species, Marbled moray cod (Muranolepis marmoratus), two dial vertical migratory 

species, Polar cod (Boreogadus saida) and Alaskan Pollock (theragra chalcogrammus), 

two demersal species, Haddock (Melanogrammus aeglefinus) and European hake 

(Merlucciius merlucciius), two deep ocean species, Roughhead grenadier (Macrourus 

berglax) and Roughtsnout grenadier (Trachyrinus scrabrus), Burbot (Lota lota) – the 

only codfish that resides in fresh water habitat, and Cusk (Brosme brosme) – a marine 

demersal species (www.fishbase.org).  Lastly, the Atlantic cod (Gadus morhua) was 

included as a quality control, since I for this species have a high quality reference 

genome (Tørresen et al. 2016) , thus, making it possible to do a proper comparison of 

the data generated and by such evaluate the success of this approach.  

 

Aim of this study 

 

The overall goal of this study was to investigate and determine the organization and 

synteny of the Hb gene region in a selection of gadiformes species by targeted sequence 

capture using long reads sequencing (PacBio) on non-model vertebrate organism.  

To my knowledge, this is the first time that targeted sequence capture have been 

applied to build a PacBio sequencing library from vertebrate non-model genomes. 

PacBio was chosen for this study as it will allow us to sequence through stretches of 

repeats, and intergenic regions which makes it possible to accurately assemble 

otherwise problematic genomic areas. Accordingly, by combining targeted capture with 

long read technology, I hypothesize to capture only the relevant region of the genome, 

the Hb gene clusters, and accurately assemble them in a manner in which gene synteny 

and organization can be determined. Furthermore, I aimed at accurately map the 

architecture of this genomic region and to identify any gene duplications or pseudo 

genes, and ultimately reveal patterns of conserved synteny and other evolutionary 

events that might have shaped the codfishes Hb repertoire.  
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2.Material and methods 

Data generated from targeted sequence capture combined with NGS is usable for a 

multitude of downstream analysis in molecular ecology and evolution (Grover et al. 

2012; Salmon et al. 2012; Tennessen et al. 2014; Jones & Good 2016). 

In this study I implemented targeted sequence capture technology by NimbleGen on 

eight fish species in order to capture and sequence the Hb gene regions, i.e. the LA and 

MN clusters (Wetten et al. 2010). The sequence capture probes were custom designed 

by NimbleGen (Madison, USA) to target the genomic region of interest, capturing the 

relevant sequences of interest, for subsequent library preparation and sequencing using 

the PacBio RS II system. Additionally, by using custom made barcodes, I was able to 

multiplex the samples, i.e. perform the targeted capture reaction simultaneously on 

multiple species samples. Primers with attached asymmetrical barcode sequence were 

used, meaning that the barcode sequence on each side of the gDNA fragments were 

different. This enables accurate filtering of reads corresponding to each species in the 

bioinformatical steps downstream of sequencing. The nucleotide sequence of the 

primers containing the barcodes is shown in Figure 2.2.  

 

The species samples 

I included a total of eleven species of codfishes in the study, which represents five 

families within the Gadiformes order. The five families included are Gadidae, Lotidae, 

Merlucciidae, Muraenolepididae, and Macrouridae. The species selected reside in a 

range of ocean depths; from the Atlantic cod with a bentopelagic lifestyle, to the deep-

sea living marbled moray cod (Muraenolepis) that are found down to 1600 meters 

(Table 2.1). The species selected are distributed from the north Atlantic to the southern 

oceans, and I have included the only gadoid freshwater species, the burbot (Table 2.1). 

Samples were provided by Malmstrøm et al (see Malmstrøm et al. 2016 - 

supplementary). Sample types include muscle tissue, fin tissue and spleen tissue (Table 

2.1).  

Two of my eight species, the Atlantic cod and the haddock serve as controls  as I 

have high quality reference genomes for these two species Atlantic cod (Tørresen et al. 

2016) and haddock (Tørresen et al in preparation). By including species that have 
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reference genomes, I can be confident that mapping of reads to the reference genomes 

will reflect the success and quality of the capture design, as well as give us directions on 

what might be the challenges in this type of sequencing design. 

The species included have diverged from the Atlantic cod with minimum of 13,4 million 

years between Atlantic cod and haddock, and at most 70,9 million years between 

Atlantic cod and rough headed grenadier (Figure 2.1). 

 

Figure 2.1 Phylogenetic relationships amongst the eight species of codfishes included in the study. Time 

since divergence given at each node in millions of years. Phylogenetic three is a subset from Malmstrøm et 

al (2016) . 
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Table 2.1 Sample species information (information from fishbase.org)  

Species Tissue Depth Habitat 

Atlantic cod 

Gadus 

morhua 

 

spleen Range 0-
600m but 
usually 
found at 
150–200 m 

North Atlantic and Arctic oceans 

Haddock 

Melanogram

mus 

aeglefinus 

Muscle/
speen 

10–450 m, 
usually 
found 10– 
200 m 

Northeast Atlantic: Bay of Biscay to 
Spitzbergen; in the Barents Sea to 
Novaya Zemlya; around Iceland; rare 
at the southern Greenland. Northwest 
Atlantic: Cape May, New Jersey to the 
Strait of Belle Isle. 

 

 

Silver cod 

Gadiculus 

argentus 

 

 
 
finclip 

 
 
100-1000 m 

 
 
Northeast Atlantic: found in the 
western Mediterranean and in the 
Atlantic around the Strait of Gibraltar 
and to the south along the Moroccan 
coast. 

 

Cusk 

Brosme 

brosme 

 
spleen 

 
150– 450 m 

 
Northwest Atlantic: New Jersey to the 
Strait of Belle Isle and on the Grand 
Banks of Newfoundland. Rare at the 
southern tip of Greenland. Northeast 
Atlantic: off Iceland, in the northern 
North Sea, and along the coast of 
Scandinavia to the Murmansk Coast 
and at Spitzbergen. 

Burbot 

Lota lota 

 

muscle/
spleen 

Lives at the 
bottoms of 
rivers and 
lakes at 0.5 
-230 m 

Holarctic in freshwater. 

European 

hake 

Merluccius 

merluccius 

 

finclip/
muscle 

70-370 m Atlantic coast of Europe and western 
North Africa; northward to Norway 
and Iceland, southward to Mauritania. 
Also found in the Mediterranean Sea 
and along the southern coast of the 
Black Sea. 

 

Marbled 

moray cod 

Muraenolepis 

marmoratus 

 

 
finclip 

 
30–1600 m 

 
Southern Ocean: known only from the 
Crozet, Kerguelen and Heards islands. 

 

Roughhead 

grenadier 

Macrourus 

berglax 

 

 
finclip 

 
100– 
1000m, 
usually 
found at 
300–500 m 

 
North Atlantic ocean 
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DNA extraction 

DNA was extracted from tissue samples using the High Salt DNA Extraction protocol 

described in SOP:038 (see Supplementary 1).  The concentration and purity of the DNA 

samples were quantified using a Qubit fluorometer and NanoDrop. 

 

Retrieval of the target sequence data  

The probe design was chiefly based on a new high quality reference genome of the 

Atlantic cod, known as Gadmor2 (Tørresen et al. 2016). In addition, species-specific 

probes were designed based on low-coverage assembled genomes for the other selected 

species. The low-coverage genomes were generated by Malmstrøm et al. 2016 by 

paired-end sequencing, using the Illumina HiSeq2500 platform, libraries with an insert 

size of about 350 bp and sequence coverage ranging from 18-40x with average coverage 

at 28x. The low-coverage genomes were assembled using Celera software (Miller et al. 

2010) with average contig N50 sizes, which is the value is the length of the smallest 

contig in a combined set of contigs that represent 50% of the contigs,  ranging from 1.5 

to 8.1 Kb. The sequencing strategy preformed here yielded assembled genomes with 

contig length that are ideal for identifying genes, however, due to the relative short 

contig length, not ideal for resolving gene synteny and organization (Malmstrøm et al. 

2016). 

To retrieve relevant sequence data for the probe design, I extracted the MN and 

LA Hb regions from Gadmor2 (Tørresen et al. 2016). These sequences, hereby known as 

the target region, were then used as a query in a BLAST (Altschul et al. 1990) search 

with the E-value threshold set at <0.1 against a database containing the genome 

assembly data of all of the additional 10 species. Consequently, unitigs identified with 

relevance to the Hb regions were kept for further analyses, whereas unitigs with hits 

less than the E-value threshold were discarded. The retained sequences after the BLAST 

search was 5604 for in total for all species. These sequences were used as a baseline for 

designing the probes and supplied to NimbleGen. Furthermore, protein coding regions 

for both Hb genes and the additional Hb-cluster flanking genes defined in other teleost 

fishes, i.e. annotated genes in the ENSEMBL database, were then used to define the 

regions to be tiled in the probe design (see Table 2.1). 
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Table 2.2 Genes used to define probe regions.(from www.Ensembl.org).  

Gene name ENSEMBL name ENSEMBL Gene ID 

c17orf28 UBALD1B ENSGMOG00000015870 

foxj1 FOXJ1B ENSGMOG00000015882 

RHBDF1b RHBDF1 ENSGMOG00000017919 

aqp8 AQP8A ENSGMOG00000015825 

aqp8 AQP8A ENSGMOG00000001220 

lcmt LCMT1 ENSGMOG00000001230 

arhgap17 ARHGAP8 ENSGMOG00000001252 

polr3k polr3k  ENSGMOG00000004334 

mgrn1 mgrn1b  ENSGMOG00000004288 

aanat aanat2 ENSGMOG00000004277 

rhbdf1a rhbdf1b  ENSGMOG00000004239 

mpg mpg  ENSGMOG00000004225 

nprl3 nprl3 ENSGMOG00000004199 

kank2 kank2  ENSGMOG00000003897 

dock6 dock6 ENSGMOG00000003777 

elavl3 elavl3  ENSGMOG00000003760 

prkcsh prkcsh  ENSGMOG00000003727 

hbz HBZ ENSGMOG00000017953 

  ENSGMOG00000020266 

  ENSGMOG00000005709 

alpha1  ENSGMOP00000004430 

Hemoglobin beta 2  ENSGMOP00000021753 

hemoglobin, zeta  ENSGMOG00000017953.1 

hemoglobin alpha 

embryonic-3 

 ENSGMOG00000003938.1 

  ENSGMOG00000020497 

Hemoglobin beta 2;  ENSGMOG00000020266 

Hemoglobin beta 3  ENSGMOG00000015840.1 

Hemoglobin beta chain   ENSGMOG00000015832 

beta5  ENSGMOG00000019722 
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The probe design 

 

NimbleGen SeqCap EZ capture probes were designed using a proprietary design 

algorithm developed by NimbleGen (Roche, Madison, USA). To design capture probes 

NimbleGen generally uses a reference genome, and in addition the DNA sequences of 

desired targets, which in my design are Hbs and flanking genes, that is the sequences to 

be captured. The reference genome is needed to determine and exclude repeated areas, 

and the target sequences (i.e. genes) are used as a basis for the capture probes (Todd 

Richmond, NimbleGen Madison, personal communication). 

The target sequences for the selected species were refined using Hb protein 

sequences and the protein sequences of genes flanking the Hb genes (Table 2.2). 

Matches less then 20 amino acids or with less than 65% identity match were discarded. 

Lastly, each candidate region was padded on each side by 10 000 bases. Candidate 

probes with a length of 50-100 bp were generated to cover the MN and LA regions. In 

addition, all probes were scored for repeat content to ensure low to no repeat content in 

the final probes (see supplementary 2)(Todd Richmond, NimbleGen Madison, personal 

communication). 

  The probe design was done for in total 10 species. The study preceded with seven 

of the 10 initial species, as three of the species, Alaskan Pollock, polar cod and 

roughsnout grenadier yielded too poor DNA quality to be feasible in long-read 

sequencing. Cusk (Brosme brosme), was not included in the probe design, however it 

was used in the capture experiment as an additional control to evaluate the efficiency of 

the probes on a close relative of the selected species from which the custom-made 

capture probes were designed. Thus, altogether eight species were sequenced, seven of 

which had species-specific probes, and additionally the cusk, which serves as a cross 

species capture experiment without species-specific probes.   

Barcode design 

The current Pacific Biosciences SeqCap EZ protocol do not contain barcodes, and thus, 

appropriate barcodes were custom made by Morten Skagen and Ave Tooming 

Klunderud at the Norwegian Sequencing Centre using guidelines from Pacific 

Biosciences (Supplementary). Samples were barcoded with two different barcodes 
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separately during pre-capture amplification of the library made using the KAPA kit and 

libraries were pooled in equal amounts before capture. Post-capture amplification 

primers could in theory be the same as pre-capture in a multiplex reaction, but there is a 

risk of introducing the wrong barcode to fragments that was not properly barcoded 

during pre-capture amplification step. To avoid this, I used primers that consisted of the 

barcode and five nucleotides of the )llumina adapter at its  ́-end, as this will most likely 

amplify the captured fragments with the right design (Fig. 2.2b). However, as those five end nucleotides are identical for all barcodes, using low annealing temperature during 
post-capture amplification might yield mispriming and introducing the wrong barcode. 

To avoid such mispriming, all samples were barcoded with unique Illumina adapter 

during library preparation of captured DNA in the targeted capture workflow.  

From the NimbleGen SeqCap EZ kit following reagents was used: adapter kits, 

blocking oligos and oligos 1 & 2 (Fig. 2.2). The blocking oligos used were Block –x-

fwd/rev as well as blocking reagents for Illumina adapters (part of the SeqCap EZ kit, 

not shown). 

 

 

  

               

 

Figure 2.2 Barcode design by Norwegian sequencing centre (1A for pre- capture and 1B for post-

capture) 
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Capture and library preparation 

The sequencing libraries were prepared following the NimbleGen Sequence Capture EZ 

protocol and workflow (Figure 2.3) with some modifications (see Supplementary 4 for 

the detailed protocol). 

Shearing of genomic DNA 

Using MegaRuptor, Genomic DNA (gDNA) samples from all eight species were 

fragmented using 5 kb settings.  Further the gDNA samples were cleaned and 

concentrated using AMPure beads. Following cleaning, I selected for the correct size for 

some of the samples that showed non-uniform fragmentation to ensure uniform gDNA 

fragment length in the sequencing libraries.  

Library preparation of size selected genomic DNA 

Next, I prepared sequencing libraries using KAPA Hyper Prep kit for Illumina. The 

prepared libraries were then amplified to ensure enough templates for sequencing. The 

custom barcodes were implemented in this amplification step. The amplified libraries 

were then cleaned using AMPure beads. 

Hybridization and sequence capture 

After cleanup, the sample libraries were ready for the capture hybridization reaction. 

First, the sample libraries were pooled in equimolar amounts in a low-bind Eppendorf 

tube containing all the species samples. Second, capture probes (from SeqCap EZ oligo 

pool), as well as blocking reagents that served to minimize enrichment of repetitive 

areas. I used the SeqCap EZ Developer Reagents, a universal repeat blocker for use on 

vertebrate genomes. The pooled sample library and capture probes were incubated at 

+47 °C for 48 h. After hybridization, hybridized DNA was captured with Dynabeads M-

270 Streptavidin beads. After capture, non-bound DNA was removed by washing beads 

multiple times using a NimbleGen SeqCap EZ wash kit according to the manufacturers 

protocol (see Supplementary Materials protocol for more details).  
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Capture library amplification 

Captured gDNA was amplified to ensure that sufficient amount of DNA was available for 

PacBio library preparation. Size selection of the final library was performed using 

BluePippin.  Final libraries were quality checked using Bioanalyzer and Qubit and 

sequencing was performed following manufacturers protocol (Supplementary 

Materials), using the PacBio P6-C4 chemistry and 360 minutes movie time. In total, x 

SMRT cells were used for sequencing. 

 

 

Figure 2.3. The sequence capture laboratory workflow. 

 

Data processing and assembly 

The datasets for this study was received as raw reads in the fastq file format, a text 

based file for storing biological sequence data with its corresponding quality 

information. The dataset was filtered, removing contaminated reads and the adapters 

that were attached prior to multiplexing. After the dataset was processed it was used for 

a wide range of analysis including mapping to reference genomes and de novo 

assemblies (fig, 2.4). 

 

 

Figure 2.4. Data analysis workflow – showing the software that were applied shown in green. 
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Trimming and quality control 

Reads were filtered and de-multiplexed using the RS_reads of insert.1  pipeline on 

SMRT Portal (SMRT Analysis version smrtanalysis_2.3.0.140936.p2.144836) using 

following settings: Min number of passes = 0, minimum accuracy = 0.8, minimum 

barcode score = 24. As a consequence of the multiplexing and subsequent pooling of 

multiple species samples prior to sequencing, it was important to make sure that all the 

reads stem from the correct species.  After the SMRT portal filtering, each set of reads 

corresponding to a given species was crossed-checked with their respective six-

nucleotide Illumina adapter. Reads containing an incorrect Illumina adapter were 

removed using a combination of Bioawk (Li) and Quiime. Bioawk was used to search the 

30 first nucleotides of every read for a given six-nucleotide tag, and subsequently print 

the name of these reads to a file. Qiime (Caporaso et al. 2010) a program able to remove 

reads by name according to the list produced in the previous step.   

Illumina adapter sequences were then trimmed using the application Prinseq-lite 

v0.20.4(Schmieder & Edwards 2011), which trims a given number of nucleotides on 

each side of the reads.  30 nucleotides were removed from each side of each read. Fast 

QC v08.11.2(Patel & Jain 2012) was used to investigate if adapter sequences were 

successfully removed. 

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 

2013) with options supporting PacBio data. The results were visualized in Integrative 

Genome Viewer (Manuscript & Viewer 2012).  

Mapping to a reference genome 

Pacbio reads for all the species were mapped back to the Atlantic cod reference genome, 

Gadmor2 in order to determine sequence capture success and target coverage rates. 

Mapping was done using BWA-mem v0.7.10(Li 2013) with options appropriate for 

PacBio raw data.  

Target-area coverage for all the species based on mapping against Gadmor2, 

were calculated using SamTools V 1.3.1 depth (Li & Durbin 2009)  which outputs a table 

of positions of the target, and the number of reads covering the position.  Mean coverage 

was calculated using awk. 
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Investigating the target region for repeats 

Repeat-content in the target sequence from Gadmor2 were calculated using Repeatmasker open – .  (Smit et al.). Repeat content were calculated for the MN 

region and the LA region separately. 

De novo assembly 

The adapter-trimmed reads were assembled de novo using Canu v 

April_21st_2016_bogartedges (Berlin et al. 2015), an assembler based on the Celera 

assembly algorithm. The Canu software is optimized for assembling single molecule high 

noise sequence data. Options were set to match the data to the genome size, set to 300 

kb and min overlap length set to 200 bp. 

 The assemblies were assessed by running Quast v3.0 (Gurevich et al. 2013), 

which is a software that reports assembly metrics such as the longest unitig, the number 

of unitigs, and the N50 value. 

De novo assemblies of the Atlantic cod and the Haddock were aligned and 

compared to their reference genome, Gadmor2 and Melaeg respectively, using BLAST 

and BWA v0.7.10(Li 2013) to determine syntenic similarities and assembly success.  

 

Identifying gene location and synteny 

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

local sequence alignment algorithm BLAST v2.4.0 (Altschul et al. 1990).  The coding 

sequences of the genes of interest were compiled into FASTA files. For each species I ran 

BLAST searches against the de novo assembly using alpha-globins, beta-globins, and 

genes flanking the Hb clusters (Table 2.2) as query sequences. Searches were performed 

using Megablast, which is optimized for highly similar sequences.  

Investigating β1-α1 promoter  

Investigation of 1- 1 promoter region was done for three species, haddock, silvery cod 

and cusk. Extraction of the nucleotide positions from assemblies containing - 1 was 

done using bedtools v 2.17(Quinlan & Hall 2010). Sequences were then aligned with 

MUSCLE using MEGA V.6.06 (Tamura et al. 2013). 

 



 24 

3. Results 

The target region and the Hb gene clusters were successfully captured and enriched for 

eight species; Atlantic cod, haddock, silvery cod, cusk, burbot, European hake, marbled 

moray cod, and roughhead grenadier. For the Atlantic cod, which served as a control 

sample in the experiment, I achieved a sequencing depth of approximately 158 reads 

over the target region on a total of 59 066 reads. For the other seven species I achieved 

depths ranging from 36 - 93x over the full target region (Table 3.1). The average depths 

over the MN region are persistently higher than over the LA region for all species, except 

the silver pout (Table 3.1). Initially, the sequencing library was planned to include 11 

species of Gadiformes, but due to poor DNA quality three of the species; Roughsnout 

grenadier, Polar cod and Alaskan Pollock had to be excluded.  

Capture stats and success 

Table 3.1 Sequence capture results statistics, including number of reads produced, number of total bases, 

the hexanucleotide index sequence added to each species in order to properly de-multiplex, average depth 

individually for the MN and LA region and for both regions combined. Average depths for each species is 

calculated by mapping reads back to the target region used from Gadmor2. 

 Number 

of reads 

Number of 

bases 

Index Index 

sequence 

Index 

sequence 

(reveres 

Complim-

entary) 

Average 

depth 

over the 

MN 

region 

Average 

depth 

over the 

LA 

region 

Average 

depth- 

total 

target 

region 

Atlantic 

cod 

59 066 174209585 A4 TGACCA TGGTCA 174.8 130.5 158.7 

Haddock 28 857 85218614 A2 CGATGT ACATCG 74.2 56.1 67.7 

Silver pout 55 602 163724650 A19 GTGAAA TTTCAC 65.5 76.5 69.5 

Cusk 43 053 131249685 A12 CTTGTA TACAAG 88.8 69.7 82.0 

Burbot 45 734 133196001 A5 ACAGTG CACTGT 103.3 76.5 93.8 

European 

hake 

47 951 130467708 A7 CAGATC GATCTG 79.7 46.8 68.4 

Marbled 

moray cod 

39 704 108684540 A16 CCGTCC GGACGG 39.0 33.0 36.9 

Roughhead 

grenadier 

34 085 93877988 A14 AGTTCC GGAACT 51.3 28.5 43.6 

 

 

Raw reads were successfully filtered based on their hexanucleotide index sequence for 

each species, ensuring that the correct reads from each of the species were placed in 
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separate datasets. Following this, each read were trimmed for index and adapter 

sequences, resulting in reads used in the mapping and assembly. 

By mapping reads back to the capture target region, it is evident that the Atlantic cod 

data has a high depth across the target region (Figure 3.2 and Figure 3.3). The other 

species shows more variable mapping results. However, there is a distinct patterning in 

the mapping results from all the species. The regions of where the reads map well, 

correspond to the positions of the genes used in the design of the capture probes (see 

top of (Figure 3.2 and Figure 3.3). This patterning is enhanced in the fish species more 

distantly related to the Atlantic cod, like the marbled moray cod and rough head 

grenadier. Furthermore, coverage across the MN and LA region for each species is 

negatively correlated to evolutionary distance to Atlantic cod (fig. 3.1). For the MN 

region, evolutionary distance to Atlantic cod explains about 45% (R² = 0.46) of the 

variation in coverage, and for the LA region 65% (R² = 0.64). 

 

 

Figure 3.1 Coverage across the MN and LA region for each of the eight sample species, plotted against 

evolutionary distance between Atlantic cod and each of the species, respectively. A linear regression is 

fitted for both regions, red line for MN and blue line for LA. 
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Figure 3.2. Mapping of PacBio raw reads to the MN target region of Atlantic cod reference genome 

(gadMor2). Hb-gene positions are 90-100 kb into the target region. Flanking genes corresponding to those 

described in Table 1.1 are shown with arrows. 
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Figure 3.3 Mapping of PacBio raw reads to the LA target region from Atlantic cod (gadMor2). Hb-gene 

positions are 60 – 80 Kb into the region. Flanking genes corresponding to those described in Table 1.1 are 

indicated with arrows. 
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Repeat-content in the target region 

 
The MN and LA target region in Atlantic cod and haddock were investigated for repeated 

sequences (supplementary table 5),. Analysis show that the Atlantic cod MN region 

contains in total 10.7% repeated sequences, which makes up 21611 of 214525 bp. 

Retro-elements comprise 1%, 1.26% is transposons, 5.80% is simple repeats, and the 

rest is various low complexity and unclassified repeated sequences. In contrast, 

repeated sequences covers a total of 20.29%, making up 24946 of 122939 bp in the LA 

region. 2.81% is retro-elements, 2.36% is transposons, 13.79% simple repeats, and the 

rest are various low complexity and unclassified repeated sequences. The orthologous 

regions in haddock follow the same trend, MN region containing 14.70 % repeated 

sequences, compared to 19.79 % in the LA region. 

 

Assembly results and statistics 

 
The assemblies of the eight species yielded similar statistics. Table 3.2 shows the 

resulting de novo assembly statistics for each of the fish species achieved when I 

assembled the read data using Canu v April_21st_2016_bogartedges (Berlin et al. 2015). 

Overall, the N50 lies between approximately 8000 and 10 000 kb for all the species with 

burbot having the highest N50 (10 360 bp) and the European hake the lowest N50 

(7037 bp). The GC % content and the total number of unitigs are very similar for all of 

the species (Table 3.2). 
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Table 3.2 Assembly statistics for each of the sequenced species. N50 value is the length of the smallest 
contig in a combined set of contigs that represent 50% of the contigs (Miller et al. 2010). Similarly, N75 
value is the same measurement for 75% of the contigs. 

 

 

Total 

length (>= 

1000 bp) 

Total 

number 

unitigs 

Largest 

unitigs 

(bp) 

GC (%) N50 N75 

Atlantic Cod 1757471 215 41343 44.91 8575 5750 

Haddock 971706 116 44949 45.20 8776 6169 

Cusk 2232327 248 117090 42.62 9260 6405 

Silvery cod 1713941 210 41689 45.41 8649 5879 

Burbot 943952 103 58914 44.23 10360 6386 

European 

Hake 
1410818 197 36393 46.01 7037 5400 

Roughhead 

grenadier 
1407647 182 42357 48.44 8192 5655 

Marbled 

moray Cod 
1552724 206 38697 45.02 7963 5539 

 

The de novo assembly as well as processed PacBio reads from the Atlantic cod data were 

mapped back to the target region in gadMor2, for which the capture design is largely 

based upon (Fig. 3.5 and 3.6 for the MN and LA region, respectively). It seems like the 

assembled unitigs somewhat follows the regions with high depth, i.e. the regions that 

are the locations of the genes (Fig. 3.2 and 3.3). Correspondingly, the de novo assembly 

and PacBio reads from the haddock mapped back to the haddock reference genome 

shows the same trend as with Atlantic cod – i.e. the unitigs cluster around the positions 

of genes (Fig. 3.7 and 3.8 for the MN and LA region, respectively).  
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 By plotting the contig N50 value against evolutionary time since divergence from 

the Atlantic cod (figure 3.4), I find that there is a degreasing trend, though not very 

prominent with a R2 value of 0.18 suggesting that evolutionary distance account for 

about 18% of the variation between the N50 values. 

 

 

Figure 3.4 Contig N50 for the assembly for each species plotted against evolutionary distance to Atlantic 

cod, with a fitted linear regression. 

 

 

Synteny of the hemoglobin gene region 

 
I were able to reconstruct the synteny of the MN (Fig. 3.10) and LA (Fig. 3.11) region in 

the following six species; Atlantic cod, haddock, silvery cod, cusk, burbot, and partially in 

European hake. The regions are assembled into multiple unitigs, hereby noted as tig. 

The tigs placements in relation to each other are based on the synteny amongst Hb and 

their flanking genes from the reference genome of the Atlantic cod (gadMor2) and 

Haddock (melaeg), assuming this is conserved between species.  
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The Hb genes were found on two distinct linkage groups probably corresponding 

to two chromosomes as found in Atlantic cod and other teleost fishes (Wetten et al. 

2010; Opazo et al. 2013). The orientation of the Hb genes identified, are in identical 

orientation as found in the Atlantic cod (Wetten et al. 2010). Additionally, all of the 13 

the flanking genes in approximation to the Hb cluster in Atlantic cod, both in the MN and 

LA region are present in haddock. 

 

The hemoglobin region in the reference genomes  

 
The Hb region in the most recent draft genome of Atlantic cod (gadmor2) has the same 

organization of MN and LA as described in previous studies (Wetten et al. 2010), with 

MN on linkage group 18 and LA on linkage group 02. The genome of the haddock 

(melaeg) contains eight Hb genes, four -like and five -like globin genes. The Hb genes 

were found on two scaffolds, probably corresponding to two chromosomes in 

concordance with Atlantic cod and other teleost fishes (Wetten et al. 2010; Opazo et al. 

2013). The genes are organized as following; at the MN locus at scaffold 771 there are 

two - and two -like globin genes, 5–1–1–4, where 5 and 1 has a tail-to-tail 

organization, 1 follows 1 head to head on the right-hand side, and 4 is organized 

head to tail rightwards of 1.  5 is flanked by the genes Nprl13, MPG, RHBDF1, AANAT, 

Mgrn1 and POLR3K leftwards. 4 is flanked by Kank2, Dock6, Elavl3, and Prkcsh 

rightwards (Figure 3.9). In the LA region at scaffold 167 there are three  and two -like 

globin genes, 3–4–2–3–2. They are organized as following; 3, 4, and 2 follows 

each other head-to-tail-to-head, 3 is located tail to tail with 2, and 2 follows 2 tail-

to-head rightwards. 3 is flanked by the genes Aqp8a LCMT1, and Arhgap17 leftwards, 

and 2 is flanked by the genes RHBDF1 and Foxj1 rightwards (Figure 3.10).  

This organization of Hbs and their flanking genes is conserved between Haddock and 

Atlantic cod (Wetten et al. 2010) in the MN region, with exception of 4, which haddock 

lacks (Figure 3.10).  

 

De novo assemblies - MN region 

 
In the de novo assemblies of Atlantic cod and haddock, I was able to identify all of the Hb 

genes that were expected from what was found in the reference genomes. I also found 
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all of the flanking genes except LCMT1 of the LA region in Atlantic cod. The Hb gene 

organization seems to follow that of the Atlantic cod reference genome in cusk and 

Silver cod, with 5 and 1 organized tail-to-tail, 1 and 1, organized head to head, and 

1 and 4 organized tail to head. Both in Silver cod and cusk, 5 is flanked by gene Nprl3 

on the left hand side, and 4 is flanked by gene Kank2 on the right hand side. On tig 0 

belonging to cusk (Figure 3.9), I found flanking genes to be organized in the order of 

Nprl13, MPG, RHBDF1, AANAT Mgrn1, and then POLR3K leftwards of 5. Furthermore, 

the Hb region was partially assembled in Atlantic cod, haddock, burbot and European 

hake. The MN clusters were assembled into two unitigs in Atlantic cod, haddock and 

burbot.  

In Atlantic cod 5, 1 and 1 were in the same orientations as in the reference 

genome (gadmor2). 5 is flanked in the left side by the genes NPr13 and MPG. The Hb 

gene 4 is found on a separate unitig, 0228, where it is flanked by Kank2 on the right 

side. In the haddock assembly, 5 and 1 are found on tig 0028 with a tail-to-tail 

orientation, and 1 and 4 tail to head on tig 2820. Nprl3 and AANAT flank 5 leftwards. 

Kank2 flanks 4 to the right. 5 is found on tig 5202 in Burbot flanked by Nprl3 

leftwards. 1 and 4 is found on a separate unitig, tig 0024 in tail to head orientation. 

Kank2 and Dock6 flanks 4 leftwards. I found only two Hb genes belonging to the MN 

region in European hake. 5 and 1, in tail-to-tail orientation on tig 0446. This unitig is 4 

Kb in size and no flanking genes were found within it. 

Further, many of the flanking genes included in the probe design are found on 

separate unitigs than Hb genes. Most of the genes are linked on one unitig. However, 

some unitigs contain single genes. Some of the genes are found on multiple unitigs, this 

is noted with a star ( * ) in the figure 3.9 and 3.10.  

 

De novo assemblies - LA region 

 
The LA Hb cluster is assembled into two unitigs in Atlantic cod, Haddock, Silver cod, and 

Cusk. In Atlantic cod, 3 and 4 were found on tig 4552, with head-to-tail orientation. 

2, 3 and 2 were found on tig 0043. 2 and 3 were found in tail-to-tail orientation, 

and 2 head to tail right of 3. Gene RHBDF1 was found flanking 2 rightwards. In 

Haddock 3, 2 and 3 were found together on tig 2834. 3 was in head to tail 
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organization to 2 and 3 in tail-to-tail orientation on the right side of 2. On tig 2833 I 

found a 3 copy linked tail to head with 2. 

 2 and 3 is found linked tail to tail on tig 0106 in silver cod. On tig 0101 I found 

a copy of 3 linked head to tail with 2 rightwards.  The same organization of 2 and 3 

was found on tig 0039 in cusk. In addition, I found RHBDF1 and Foxj1 flanking 3 

leftwards on the unitig.  Further, in burbot only a single unitig containing Hb genes was 

found for the LA cluster, tig 42. This unitig contained 2 and 3 in the same organization 

as the previously mentioned fishes, with gene RHBDF1 flanking 3 on the right-hand 

side. The 2 gene is absent from both the cusk and burbot de novo assemblies. The gene 

is located between 3 and flanking gene RHBDF1 in the other species, but absent on the 

orthologous tig in cusk and burbot. 
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Figure 3.9 Comparative genomics of the MN region in gadiformes. On top (dark grey shading) – The synteny of MN region in the reference genomes for Atlantic 

cod (Gadmor2) and Haddock (Melaeg), Below (Light grey shading) - The synteny in the MN gene region of six codfishes based on de novo assembly. 
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Figure 3.10 Comparative genomics of the LA region in gadiformes. On top (dark grey shading) – The synteny of LA region in the reference genome for the 

Atlantic cod (Gadmor2) and in the reference genome for Haddock (melaeg), Below (Light grey shading) - The Conserved synteny in the LA gene region of six 

codfishes based on de novo assembly. 
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Insertions and deletions in the promoter region of α1 – β1 

 
The successful assembly of the area of which 1 to 1 Hb genes are located, allowed for 

investigation of a previously discovered insertion-deletion  polymorphism indel) in 

the promoter sequence between the two genes in Atlantic cod populations. This is a 73 

bp indel, which occurs in linkage disequilibrium with two amino acid substitution 

polymorphisms in 1. The two haplotypes are long promoter - Val55-Ala62 and short 

promoter – Met55-Lys62 (Figure 3.11 A)(Star et al. 2011). 

 

Figure 3.11: Indel polymorphisms in the alpha1 and beta 1 bi-directional promoter region of five codfishes a  A schematic representation of  and  gene with promoter region between them. The region contains 
indel polymorphisms of variable length in the five studied codfishes as indicated with a red box. B) 

Excerpt from the alignment of the intergenic promoter region, aligned using MUSCLE (Edgar 2004).   

 

 This insertion has been demonstrated to act as a enhancer element promoting 

increased transcription of beta-1 at high temperatures by heterolog expression of 

promoter-reporter constructs in a salmonid derived cell line (Star et al. 2011). I 

discovered that an indel of the intergenic promoter region is present of variable length 

in three additional species; haddock, silvery cod and cusk. Haddock has an indel in this 

region of 65 bp, silvery cod 60 bp, and cusk 17 bp (figure 3.11 A).  

Furthermore, I investigated the amino acids at the polymorphic sites in  in 

haddock, silvery cod and cusk and found considerable variation at these sites, Haddock 
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harbors Val55-Lys62, silvery cod Met55-Gln62 and cusk have Met55-Lys62 (Figure 3.11 

A). 
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4. Discussion  

To the best of my knowledge, the data generated in this master project represent the 

first report combining targeted sequence capture with long-read sequencing data on 

non-model vertebrates.  I demonstrate successful, multiplexed targeted sequence 

capture and enrichment with custom-made probes for seven species of codfishes. In 

addition, I was able to document that the species-specific probes capture the targeted 

sequences in the closely related cusk, which were not included in the original design of 

the probes. This is most likely due to high sequence similarity between these species, 

and that cusk shares a common ancestor with the Atlantic cod approximately 39 My ago. 

Importantly, this study shows that probe design and sequence similarity is the main 

factors determining the capture efficiency of the target regions.  

The data generated show that the MN cluster is more conserved across the 

investigated species compared to LA. The conservation is manifested with respect to the 

number of global genes, which is constant among the species in MN, but varies between 

6 and 8 in the LA cluster. Another notable difference between the two clusters is the 

substantially higher content of repeated (non-coding) sequences in the LA compared to 

MN. Among the approximately twice as many repeats I find in the LA cluster these 

include simple repeats, more complex interspersed repeats and transposons. It is well 

documented that repeats may facilitate crossing over (Hastings et al. 2009), and further 

the tandem nature of the repeated globin (Hb) genes is likely to promote unequal 

crossing over or gene conversion events. Thus, the more variable evolutionary 

appearance of the LA cluster may be associated with its higher repeat content. 

Furthermore, transposons may also be involved in gene duplications.  

Overall, this study sheds new light on the evolutionary history of the Hb clusters 

by revealing an overall conservation of genetic structure and synteny, but also lineage 

specific gene duplications, as well as variation in regulatory regions between genes.  
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Evolution of hemoglobin gene clusters 

MN cluster 

The successful assembly of the MN region demonstrates remarkable conserved synteny 

across species investigated. The organization and orientation of the Hb and their 

flanking genes that I was able to identify are conserved in all the species investigated. In 

the cusk, I find conservation of five genes flanking the Hb cluster to the left, AANAT, 

mgrn1, RHBDF1, mpg, and nprl3 corresponding to Atlantic cod and haddock. This 

conservation of genes flanking the Hb genes in the MN region is also found in a 

multitude of other teleost fishes. Opazo et al found this conserved organization in 

Zebrafish, Tilapia, Medaka, Platyfish, stickleback, Green spotted puffer and Fugu (Opazo 

et al. 2013). Additionally, an investigation of the Channel catfish hemoglobin repertoire 

and organization revealed the same conserved organization(Feng et al. 2014) suggesting 

this organization to be highly conserved over evolutionary time. 

Furthermore, a more detailed investigation of the - 1 bidirectional promoter 

region in this cluster revealed that an indel of variable length is present in the haddock, 

silvery cod and cusk (Figure 3.11 A). These findings are in concordance with the genome 

sequencing of the Atlantic cod, which demonstrated this intergenic promoter region to 

be polymorphic within different populations. It was shown that the northeast Atlantic 

cod harbor an indel of 73 bp resulting in a long variant whereas the coastal cod displays 

the short variant (Star et al. 2011) (shown in figure 3.11 A). This long promoter is 

reported to be in linkage disequilibrium with two amino acid substitution polymorphisms in the 1 globin gene. The result of this linkage disequilibrium is two 

predominant haplotypes: Long promoter with Val55-Ala6  ( 1-2) and short promoter 

with Met55-Lys6  ( 1-1) (Star et al. 2011).  

There is a clear latitudinal cline in these haplotypes in Atlantic cod populations, with the ( 1-1/1 more prevalent in the north and the ( 1-2/2 more prevalent in the 

south, it is thus thought to be a molecular adaptation to temperature variation in the 

oceans of the northern hemisphere (Sick 1961; Andersen et al. 2009).  Further analyses 

of the haplotypes have shown that the individuals with the H 1-2/2 genotype display 

higher oxygen binding affinity at temperatures lower then 12°C then that of ( -1/1, in contrast the ( 1-1/1 binds oxygen with higher affinity at temperatures from 12 to 20°C 
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(Brix et al. 1998, 2004). A study by Andersen et al (2009) on structural differences 

between the two haplotypes corroborates the haplotype differences in oxygen binding 

abilities. The study showed that the amino acid substitutions Met55-b1Val and Lys62-

b1Ala were located in the heme pocket, which is a crucial part of the Hb protein in 

relation to O2 binding (Andersen et al. 2009).  

By heterologous expression of promoter-luciferase constructs in a salmonid cell 

line, the long promoter has been shown to display increased transcriptional activity 

compared with the short promoter at higher temperatures. This has been hypothesized 

to be a molecular compensatory mechanism as the ( 1-1 allele has a lower O2 affinity at higher temperatures than the ( 1-2 allele (Star et al. 2011). The discovery of indels 

with high sequence similarity in four species of codfishes might point towards the 

longer promoter being the ancestral state, and that the allele observed in costal cod is a 

deletion. The indels identified, however are not of the exact same length across the 

different species (Figure 3.11 A). A striking characteristic of the indel and the 

surrounding sequence is the presence of mononucleotide repeats (figure 3.11 B), which 

is a type of microsatellite. Such repeats might promote replication slippage or perhaps 

recombination and in turn result in repeated sequence of variable length (Ellegren 

2004). If length is an important factor determining the transcriptional activity, i.e. acting 

as a spacing element with the longer intergenic promoter sequence promoting higher 

transcriptional activity (Gilmartin & Chua 1990), the length of the indels could have be 

driven by directional selection. However, as the sequence homology between the indel 

sequences are highly conserved (Figure 3.11 B) the sequence in itself might be vital for 

gene regulation, perhaps binding specific transcriptional regulators.   

  

LA cluster 

When comparing the genome of haddock (melaeg, Tørresen et al, unpublished data) 

towards the high quality reference genome of Atlantic cod (Tørresen et al. 2016), I found 

that the genome contains all of the Hb genes found in the Atlantic cod, with exception of 

4 in the LA region. Further investigations of the region in the four species with 

successful de novo assemblies, silvery cod, cusk, burbot and European hake, revealed that these species lack the 4 gene as well.  Earlier studies on Atlantic cod Hb genes 

found significant sequence similarities between  and 4, suggesting a recent duplication event of 3, leading to a paralogous copy named 4 in the Atlantic cod 
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(Borza et al. 2009). Absence of 4 in five of the investigate species in this study, further support that 4 is a product of a gene duplication event in the linage of the Atlantic cod. 

Moreover, comparative analyses show that the assemblies of cusk and burbot 

have only six out of the eight Hb genes that are present in haddock.  The de novo cusk 

assembly seems to lack  and , and ) was unable to find 3 and 1 in the burbot 

assembly (Figure 3.9 and 3.10). From the syntenic context of the de novo assembly of 

cusk, tig 0039 of the LA region (Figure 3. , the 2 Hb gene should be located between 

3 and the gene flanking the Hb cluster rightwards, Rhbdf1.  The absence of 2 in this 

unitig suggests that cusk lacks 2 altogether. Further, this same organization is found in 

the LA cluster of burbot, meaning and that burbot also lacks . Unsuccessful 

identification of 2 in the de novo assemblies may imply a) that the gene was not 

captured in the targeted capture protocol, or b) that the gene is absent from the genome 

of cusk and burbot. As the region between 3 and Rhbdf1 is well assembled, the gene is 

most likely not present in the genomes. Consequently, the 3 gene is most likely the ancestral gene copy of / / 4 paralogs in the Gadiformes lineage. 

 

Assessment of the sequencing success 

 
Atlantic cod has the most reads (59 066) and haddock has the fewest (28 857). The 

number of reads for a given species from one round of sequencing on PacBio is 

influenced by the length of the sequencing libraries that are multiplexed together, where 

shorter reads are favored and compete with longer reads in the SMRT cell. Thus, 

libraries of shorter length will be favored, and could have influenced the low number of 

reads shown in haddock. The read length distribution is on average around 3 kb for all 

the eight species. Moreover, DNA extraction and the quality of gDNA may also influence 

read length, as broken or degenerated DNA may yield shorter sequencing libraries. In 

this study I went for an average of 3 Kb read length to ensure a ccs average count of at 8 

subreads resulting in raw reads with an error rate no higher than 97%.  

Assessment of targeted sequence capture 

Plotting coverage across MN and LA region against time since divergence from Atlantic 

cod (Figure 3.1) for each of the species suggests a decrease in mapping success with 

increased evolutionary time since divergence from Atlantic cod. This result might be a 

reflection of the probes largely being designed based on the Atlantic cod sequence. 



 42 

Additionally, it is important to note that if the sequence divergence between two species 

is high enough, reads may not be mapped back to the target area of the Atlantic cod (Fig. 

3.2 and 3.3). Thus, mapping reads back to the target may not entirely reflect capture 

success for a particular species. In a simulation by Hedke et al. (Hedtke et al. 2013) they 

found that this form of bias was indeed possible. De novo assembly of sequence data 

eliminates this form of bias by avoiding mapping between different species.  

Looking at the evolutionary relationships amongst the codfishes studied in 

relation to the mapping success, the targeted sequence capture was very successful for 

the group Atlantic cod, haddock, silvery cod, cusk, and burbot, sharing a common 

ancestor approximately 45 My ago. The three species European hake, marbled moray 

cod and roughead grenadier that shared a common ancestor with the Atlantic cod about 

70 My ago, have a significant lower amount of reads that map back to the target region. 

Multiple studies attempting to capture orthologous sequences between species have had 

similar results (George et al. 2011; Hedtke et al. 2013; Bragg et al. 2015). Hedtke et al. 

(Hedtke et al. 2013) attempted to capture orthologous sequences across frog species 

that diverged up to 250 My ago, based on genomic data from single species. The probes 

used in this study were mainly designed based on highly conserved sequences, exons, 

and the study found that enrichment was most efficient when the target and reference 

species diverged between 0 – 200 My ago (Hedtke et al. 2013). Similarly, a project 

aiming to capture orthologous sequences in four species of primates, using probes 

entirely based on the human exome was able to capture of >97% of the target area for 

the most divergent of the primate species included, the Velvet monkey with a MRCA 

with humans 40 My ago (George et al. 2011).  A third study, compiled by Bragg et al. 

(2015) across divergent skink linages. Also in this study the probes for the targeted 

capture experiment was designed using exon data from one species of skink lizards and 

applied on multiple divergent species. Here, they were successful in capturing and 

generating very good data in species diverging 20 My ago from the capture based 

species, and found the capture to be still effective with species sharing a MRCA up to 80 

My (Bragg et al. 2015). Lastly, a capture study done in 2013 on Barley wheat show 

similar results (Mascher et al. 2013). The four above mentioned capture studies 

performed consistently with this study; in that capture effectively declines with 

evolutionary divergence. Our study is unique compared to earlier capture studies, 

because here intergenic and noncoding gene-sequences in addition to genes are 
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captured.  Efficient capture of intergenic sequences may require less divergence time, as 

these regions usually evolve faster than genes (Koonin & Wolf 2010).  

The mapping results suggests for this study that 70 My is a threshold for capture 

effectivity, when attempting to include intergenic regions of the target sequence. 

Interestingly, sequencing results from the cross-species capture of orthologous 

sequences in the cusk, with a common ancestor with Atlantic cod 39 Ma ago, is very 

successful. The cusk sequencing data contains 43 053 reads. The average coverage over 

the MN region is 82x and 69x for the LA region. A lower than average substitution rate 

between the Atlantic cod and cusk target region, as compared with the other species, 

might explain such a result. Similarly, George et al (2011) found while comparing the 

exome capture success between human and species of primates, that the capture data 

from macaque display low association between the ability to capture macaque sequence 

and the nucleotide differences or number of indels in the target region. The findings 

suggested that unknown conserved sequence features may largely determine capture 

efficiency between human and macaque(George et al. 2011).  

When looking at what actually maps back to the target region in the three species 

that diverged 70 My ago relative to Atlantic cod, it is clear that this is the most conserved 

parts of the target sequence, i.e. the gene sequences (Figure 3.2 and 3.3). However, as I  

have long reads up to 7000 bp, some reads span the region between two genes, which 

allowed me to assemble the intergenic regions as well as the genes which formed the 

main basis for the probe design.  

Furthermore, mapping of read sequences back to the target area of MN and LA, 

shows non-uniform distribution of reads, and this is most prominent in the species most 

distantly related to Atlantic cod, which is as expected since the capture probes are 

largely designed based on sequence data from Atlantic cod. The pattern is consistent 

throughout all studied species. The non-uniform coverage patters follow that of the 

positions of the genes, for which the probes were designed (fig. 3.1 and 3.2). The non-

uniform patterning is a result of enrichment of certain sequences; thereby giving 

datasets that contains a high number of reads corresponding to certain areas of the 

target sequence. 
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The assemblies 

The sequenced data was successfully de novo assembled for Atlantic cod, haddock, 

silvery cod, cusk, burbot, and European hake. The assemblies were of high quality, with 

N50 values ranging from 10 360 bp in cusk to 7037 bp in European hake (Table 3.2). 

Other sequence capture studies have also performed de novo assemblies of captured 

sequences. George et al. assembled the exome of primates, captured based on a human 

exome probe design. They were successful in de novo assembling about 90% of the 

macaque exome that has a MRCA with humans dating back about 10 My (George et al. 

2011). Matcher et al did successful de novo assembly on barley managing to assemble 90 

% of the captured reads (Mascher et al. 2013). However, in both of these studies 

sequencing is done on the Illumina short-read platform (reviewed in Goodwin et al. 

2016) and hence fragmented assemblies. The de novo assemblies in these experiments 

are mainly constructed to assess the amount of target space that is effectively captured.  

The use of long-read technology in sequence capture is a major new development and 

sets this study apart from earlier targeted capture experiments.  By using long-read 

technology, I have been able to assemble long contiguous stretches of gene sequence 

and intergenic sequences, up to 117 090 bp in cusk, which is the longest unitig 

assembled in the entire sequence capture dataset.  

Assembly success will naturally follow the effectiveness of the capture and 

enrichment of the target region. Plotting the N50 value against evolutionary time 

(Figure 3.4) reveals a decrease in N50 size with evolutionary time and this relationship 

explains 18 % of the variation, meaning that other factors are also important for efficient 

assembly of reads. It is consistent with the negative relationship between coverage 

across the target region in different species with evolutionary distance to Atlantic cod 

(Figure 3.1), as less reads corresponding to the target region results in more fragmented 

assemblies.   

 Another reason for variation in assembly success for the different species is the 

non-uniform distribution of reads over the target region. That is, the areas of the target 

regions, that harbor genes, have a very high coverage in comparison to the areas of 

intergenic sequences. This pose as a challenge for the assembly software as an 

assembler expects the coverage over a genome to be somewhat uniform (Miller et al. 

2010). Read length also greatly influences the N50 value. For example, shorter reads 

that do not span repeated are ambiguous, meaning it is impossible for the software to 
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know were in the assembly they might belong, this in turn may create gaps in the 

assembly. Poor sample quality yielding fragmented DNA may thus be a factor for 

variable assembly success using the long read technology.  

Overall, the MN cluster seems to be more successfully assembled than the LA 

cluster for all the six species examined in detail (Figure 3.9 and 3.10). Differences in 

assembly success between the two regions might be due to several reasons. First, the 

custom capture probes were designed on Hb and flanking genes. The MN region has 

more flanking genes in closer proximity to the Hb region, with eight genes included in 

the probe design compared with the LA region, which has five genes included. Second, 

results from RepeatMasker shows that the LA region has a simple repeat content of 

13.79% and a total repeat content of 20.29%, were the MN region has 5.8% simple 

repeats and 10.7% in total repeats.  This finding is somewhat expected from prior 

analysis of repeat content in Atlantic cod. Star et al. (2016) reported that the Atlantic cod 

contains an unusually high abundance of dinucleotide repeats AC and AG, compared to 

any other vertebrates (figure 4.1)(Star et al. 2016; Tørresen et al. 2016). High repeat 

content has also been shown for the Gadiformes lineage compared to other vertebrates 

(pers. comm. Tørresen), which is in concordance with the data generated in this in this 

study, f. ex. the target regions in haddock revealed high content of simple repeat with 

the MN region containing 14.70 % repeated sequences, compared to 19.79% in the LA 

region.  

Lastly, although the assemblies had comparable statistics, the marbled moray cod 

and rough head grenadier assemblies turned out too fragmented to determine synteny 

or gene organization.  
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Figure 4.1: Showing the unusual high AC dinucleotide repeat content in the Atlantic cod genome in 

comparison to other vertebrates.  Figure is reprinted from (Star et al. 2016) with permission. 

 

This difference in repeat content between the two regions may explain the 

discrepancy in assembly success between the two regions. Repeats may be a challenge 

for success of the capture process. If there is repeated sequences in the probes, and 

repeats are in any way enriched, these areas result in ambiguous sequences that will be 

problematic to assemble, and thus create fragmentations and gaps in areas of which 

repeats are located in the target sequence. 

Finally, heterozygosity in the genomes is also problematic for the assembly 

software and result in fragmented unitigs. Heterozygosity in a diploid organism poses a 

challenge for the buildup of de Bruijn graph under the assembly process. This results in 

borders, and thus junctions between what is homozygous and heterozygous between 

two chromosomes in the genome (Kajitani et al. 2014). As the individuals I used for 

sequencing were all wild-caught from species with relatively large populations sizes, 

heterozygosity could very well pose a challenge for assembling in our study. This is 

already known to be a factor in the whole genome assembly of Atlantic cod (Star et al. 

2011). Investigations of populations genetics in Atlantic cod have shown that there is 

high heterozygosity in many of the populations (Moen et al. 2008; André et al. 2016). I 

expect this also to be the case for several of the other codfish species in this study. 
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Future perspectives 

 

For future custom target capture on non-model vertebrates, it is advisable to take into 

consideration the evolutionary divergence time between the species used for probe 

design and the other species of interest. Our data, as well as earlier studies, show that 

evolutionary relationships and divergence-time play a critical role in successfully 

capturing orthologous sequences. Especially is this true for intergenic, non-coding 

sequences, which are potentially highly divergent in comparison to genes. Our targeted 

capture experiment was successful in capturing the orthologous sequences of species 

sharing MRCA of approximately 70 Ma, in a manner where the data could be accurately 

assembled and syntenic relationships determined.  

Furthermore, results from this project show that if it was possible to increase the 

average read length to 5-10 kb, this might be sufficient to increase the completeness of 

the assemblies. An increase in read length might be achievable if the CCS system is 

further developed, as its important to achieve high read accuracy and this pose as a 

tradeoff concerning read length on the PacBio platform. Furthermore, less stringent and 

higher sensitivity of the capture probes might make it possible to capture sequences 

across deeper evolutionary time, although also this is a tradeoff as a less stringent 

designed probe set might capture more irrelevant and ambiguous parts of the genome. 

This projects shows that the use of targeted sequence capture coupled with long 

read technology is an efficient way of obtaining relevant, high quality sequence data that 

results in de novo assemblies of high quality that thus may be used to untangle the 

syntenic relationships amongst genes, and molecular evolutionary events in intergenic 

regions. This type of experimental approach is thus important in comparative genomics 

in order to understand evolution of genetic regions across species, where genomic 

resources might be scarce.  

 

Conclusions 

 

In this study I have successfully developed a protocol for multiplexed PacBio sequencing 

using custom targeted sequence capture. The resulting data were successfully de novo 

assembled at such quality that syntenic relationships within Hb clusters could be 

determined. Furthermore, our data reveled several biological significant findings.  First, 

an indel previously identified to affect gene regulation in the MN region (of  1 globin) of 
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the Atlantic cod was also in found in three additional codfishes.  The indel was variable 

in length in the three species, and sheds light on the ancestral state of this indel, and 

how it has evolved. Secondly, the absence of the B2 Hb gene of the LA region in burbot 

and cusk suggests an expansion of beta globin genes in silvery cod, haddock and Atlantic 

cod arising from duplication of the B3 gene.  These findings would not have been 

obtained in classic exome capture sequencing and highlights the value of long read 

sequencing in order to obtain contiguous sequences optimal for examining genetic 

architecture.   
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Probe	design	description	
Todd	Richmond	NimbleGen	Madison	

	

Initial	target	sequences	from	related	species	were	identified	using	blastn	using	the	DNA	sequence	of	the	

hemoglobin	clusters	in	Gadus	morhua	as	the	query	sequences.		Candidate	target	regions	for	each	

species	were	then	further	refined	by	using	tblastn	and	the	protein	sequences	from	the	Gadus	morhua	

hemoglobin	genes	and	flanking	genes	[1,2].	tblastn	hits	were	then	filtered	to	remove	matches	less	than	

20	amino	acids	in	length,	or	with	less	than	65%	identity.	Each	candidate	region	was	then	padded	on	each	

side	by	10000	bases,	resulting	in	the	following	candidate	region	totals:	

Species	 Number	of	Regions	

Number	of	

Bases	

Boreogadus_saida	 47	 177632	

Gadiculus_argentus	 57	 208963	

Lota_lota	 42	 284866	

Macrourus_berglax	 26	 137930	

Melanogrammus_aeglefinus	 44	 184666	

Merluccius_merluccius	 37	 193995	

Muraenolepis_marmoratus	 50	 196574	

Theragra_chalcogramma	 45	 201877	

Trachyrincus_scabrus	 38	 234180	

Grand	Total	 386	 1820683	

	

Candidate	probes	of	variable	length,	50	to	100	nucleotides,	were	generated	at	a	5	bp	step	(5’	start	to	5’	

start).	Individual	probes	were	each	scored	for	repeat	content	using	the	following	methodology:	

1)	FASTQ	sequence	(2x150	HiSeq	reads)	for	each	species	were	adapter	trimmed	and	quality	

filter	trimmed	

2)	Overlapping	read	pairs	were	merged	using	FLASH	1.2.8	software	

(ccb.jhu.edu/software/FLASH/)	

3)	Overlapping	read	pairs,	and	the	remaining	unmerged	quality	trimmed	read	pairs,	were	

filtered	by	length,	keeping	only	those	at	least	100	bp	in	length	

4)	A	15mer	histogram	was	created	was	created	for	each	species	using	a	random	sampling	of	4.2	

Gbp	of	sequence,	to	represent	5X	genome	equivalents.		



6)	The	repetitiveness	of	the	probes	was	checked	using	each	species	histogram	sequentially.	For	

each	probe,	the	highest	repeat	score	across	the	10	species	was	retained.	Each	probe	was	

uniqueness	checked	against	each	of	the	10	species	individually,	and	again,	the	highest	match	

value	was	retained.	For	the	9	related	species,	the	uniqueness	total	was	divided	by	5	to	

compensate	for	the	5X	genome	equivalents	that	were	screened.	By	saving	the	highest	repeat	

score	and	the	highest	number	of	matches,	the	probes	selected	for	the	design	are	very	

conservative.	

7)	For	both	Gadus	morhua	and	the	related	species,	only	unique	probes	were	selected	and	used	

a	very	stringent	threshold	for	our	repeat	score	(average	15-mer	frequency	less	than	25),	to	

minimize	the	amount	of	off-target	fragments	that	will	be	captured.		Probes	were	selected	at	an	

average	spacing	of	35	bp	(5’	start	to	5’	start).	The	average	probe	length	is	75	bp,	meaning	that,	

on	average,	each	base	is	covered	by	2	probes.	For	Gadus	morhua,	7057	probes	were	selected	to	

cover	the	337	kb	of	sequence.	The	selected	probes	cover	265	kb	(78.7%)	of	the	target	directly,	

and	335	kb	(99.4%)	of	the	target	would	be	estimated	to	be	covered	by	captured	fragments	

using	an	offset	of	1000	bp.	For	the	related	species,	29774	probes	were	selected	to	cover	the	

1.82	Mbp	of	target	sequence.	The	selected	probes	cover	1.27	Mbp	(69.6%)	of	the	targets	

directly	and	1.818	(99.9%)	of	the	target	would	be	estimated	to	be	covered	by	captured	

fragments	using	an	offset	of	1000	bp.		Each	selected	probe	was	represented	on	the	final	design	

a	total	of	57	times.	

	

[1]		ncbi-blast-2.2.31+/bin/tblastn	-query	../Gadus_morhua_hemoglobin_proteins.fa	-db	

MN_LA_candidates_dusted.fa	-out	Hemoglobin_hits.txt	-outfmt	6	-lcase_masking	-num_threads	8	

[2]	ncbi-blast-2.2.31+/bin/tblastn	-query	flanking_genes/Gadus_morhua.gadMor1.flanking_proteins.fa	-

db	MN_LA_candidates_dusted.fa	-out	Flanking_gene_hits.txt	-outfmt	6	-lcase_masking	-num_threads	8	
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Please note: the shared protocols described herein may not have been validated by Pacific Biosciences and are provided as-is and 

without any warranty. Use of these protocols is offered to those customers who understand and accept the associated terms and 

conditions and wish to take advantage of their potential to help prepare samples for analysis using the PacBio
®
 RS II system. If any of 

these protocols are to be used in a production environment, it is the responsibility of the end user to perform the required validation. 

 

 

Guidelines for Using PacBio
®
 Barcodes for 

SMRT
®
 Sequencing  

 

A set of 384 barcodes, each comprised of 16 bp, are custom-designed for the PacBio System.  By adding 

these barcodes to PCR primers, users can perform parallel or multiplex sequencing using SMRT Analysis v1.4 

or later. This set of barcodes is ordered for optimal discrimination with SMRT Sequencing; the barcodes at the 

beginning of the list have maximum sequence differences.   

 

There are several different options for barcoding samples: 

 PCR Primers with Symmetric (Reverse Complement) Barcodes 

 PCR Primers with Asymmetric Barcodes 

 Barcoded SMRTbell™ Adapters 

 

The decision of which option to use depends on the sample type, insert size, multiplex level, and number of 

primers desired: 

 

 Barcoded PCR primers vs. Barcoded Adapters: in general, it is more efficient to incorporate 
barcodes into PCR primers, which allows for pooling of samples for SMRTbell library preparations.  
With barcoded adapters, samples must be prepared separately through the ligation step.  Barcoded 
adapters can be used to multiplex sheared libraries and amplicons that have been already prepared.  

 

 PCR Primers with Symmetric Barcodes: in SMRT Analysis, select “The same on both ends 
(symmetric)” from the drop-down menu. Symmetric barcodes allow the most flexibility in insert size 
and analysis options, as binning requires reading the barcode on only one end of a SMRTbell molecule.  
This option may be used to multiplex up to 384 samples.  Reads with symmetric barcodes have the 
following structure:  
 

 
 

 PCR Primers with Asymmetric Barcodes: in SMRT Analysis, select “Different on each end 
(paired)” from the drop-down menu.  Asymmetric barcodes may be used to multiplex any number of 
samples up to 73,536. Fewer barcoded PCR primers are required when multiplexing less than 384 
samples with asymmetric barcodes, however, the sequences of both barcodes are required for de-
multiplexing.  This limits the insert sizes to lengths where barcodes on both ends of a molecule are 
detected. Reads with asymmetric barcodes have the following structure:  

 
 
 

 Barcoded SMRTbell adapters are used with sheared libraries and amplicons that are already 
prepared. A second use is for samples of limited input amounts, where pooling yields SMRTbell 
libraries of normal concentrations. Note that with barcoded adapters, samples to be multiplexed must 
be prepared separately through the ligation step.   

 

Barcode 1 Barcode 1 Fwd primer Insert Rev primer 

Barcode 1 
 

Barcode 2 Fwd primer Insert Rev primer 
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When designing barcode-tailed PCR primers, check for secondary structures in the primers, using a program 

such as Mfold:   http://mfold.rna.albany.edu/    

Tools for oligonucleotide design are also available on IDT’s website:   https://www.idtdna.com/pages/scitools 

For more information on using the barcoding protocol in SMRT Analysis v1.4 and later, go to 

https://github.com/PacificBiosciences/Bioinformatics-Training/wiki/Barcoding 

A .fasta file with barcode sequences is available on github: 
https://github.com/PacificBiosciences/Bioinformatics-Training/wiki/Barcoding 

Excel spreadsheets with barcodes for PCR primers, barcoded adapter sequences and simplified ordering of 
barcoded PCR primers from IDT may be found on the barcodes Shared Protocols page of SampleNet: 

http://www.smrtcommunity.com/Share/Protocol?id=a1q70000000J4m5AAC&strRecordTypeName=Protocol 

Error! Reference source not found. may be found at the end of this document. 

 

 
PCR Primers with Symmetric Barcodes  

With symmetric PCR primer barcodes, the same barcode (5’ to 3’) is at both ends of an amplicon, so the 
reverse PCR primer uses the reverse complement barcode (RC=reverse complement).  Barcode 0003 is 
shown below: 

5’-TACTAGAGTAGCACTC-Forward PCR Primer- INSERT-RC Reverse PCR Primer-TACTAGAGTAGCACTC-3’ 
3’-ATGATCTCATCGTGAG-RC Forward PCR Primer- INSERT- Reverse PCR Primer-ATGATCTCATCGTGAG-5’ 

When ordering barcoded primers, be sure to order the reverse complement barcode for the reverse PCR 
primer. In the example above, the reverse PCR primer would have the following sequence:  

5’ – GAGTGCTACTCTAGTA - Reverse PCR Primer – 3’ 

As mentioned above, with symmetric barcodes only one end of a SMRTbell template needs to be sequenced 
for de-multiplexing a read. 

Note: Use of PCR primers with the same (instead of reverse complement) barcodes for forward and reverse 
PCR primers is not recommended.  Amplicons may form hairpins, leading to lower PCR yield. 
 

 
PCR Primers with Asymmetric Barcodes 

With asymmetric barcodes, completely different barcode sequences are used for the forward and reverse PCR 
primers for one sample. As mentioned above, asymmetric barcodes may be used if the multiplex level is 
greater than 384, or to minimize the number of PCR primers required.  Note that the sequence of both forward 
and reverse barcodes is needed for de-multiplexing. 

Note: When using the PacBio_PCR_Primer_Barcode Excel Templates from SampleNet to order asymmetric 
barcodes, choose barcodes for forward PCR primers from the ‘Forward_Template’ tab, and choose barcodes 
for reverse PCR primers from the ‘Reverse_Template’ tab. 

An example of PCR primers with asymmetric barcodes is shown below: 

Forward (using barcode 0001F):   5’ – TCAGACGATGCGTCAT - Forward PCR Primer – 3’ 

Reverse (using barcode 0011R):   5’ – CGATCAGCTGAGCGCG - Reverse PCR Primer – 3’ 

A template containing the above pair of barcodes would have the following structure:  

Adapter - Forward Barcode - PCR Primer - INSERT - RC Reverse PCR Primer - Reverse Barcode - Adapter 

5’ – TCAGACGATGCGTCATNNNNNNNNNNN–INSERT–NNNNNNNNNNNCGCGCTCAGCTGATCG – 3’ 

http://mfold.rna.albany.edu/
https://www.idtdna.com/pages/scitools
https://github.com/PacificBiosciences/Bioinformatics-Training/wiki/Barcoding
https://github.com/PacificBiosciences/Bioinformatics-Training/wiki/Barcoding
http://www.smrtcommunity.com/Share/Protocol?id=a1q70000000J4m5AAC&strRecordTypeName=Protocol
http://www.smrtcommunity.com/Share/Protocol?id=a1q70000000J4m5AAC&strRecordTypeName=Protocol
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Optional Addition of Pad Sequences to Barcodes  

If concerned about unequal ligation efficiencies (due to different sequences at the ends of inserts), consider 
adding a pad sequence to the 5’ end of any of the barcode types.  The same pad is added to both forward and 
reverse PCR primers. To date, PacBio has not observed a need for pads. However, some may prefer to 
include pads as a cautionary measure against biased representation.   

Below is an example of PCR primers with symmetric barcodes (0003) and 5-base padding sequences: 

Forward:  5’ – GGTAG-TACTAGAGTAGCACTC - Forward PCR Primer – 3’   

Reverse: 5’ – GGTAG-GAGTGCTACTCTAGTA - Reverse PCR Primer – 3’ 

A template containing the above symmetric barcoded PCR primers, with the padding sequence, would have 
the following structure (all sequences 5’ to 3’):  

Adapter – Padding Sequence – Barcode – PCR Primer – INSERT – RC Reverse PCR Primer – Barcode –  

RC Padding Sequence – Adapter 

5’-GGTAG-TACTAGAGTAGCACTC-NNNNNNN–INSERT-NNNNNNN-TACTAGAGTAGCACTC-CTACC-3’ 
 
 
 

Barcoded SMRTbell Adapters 

Barcoded SMRTbell adapters can be used for multiplexing samples that do not go through PCR amplification, 
or for samples with limited input.  Note that with barcoded SMRTbell adapters, samples to be multiplexed must 
be prepared separately through the ligation step. They can then be pooled for exonuclease treatment and 
the subsequent steps. For limited input samples, follow all the steps (through ligation) of the relevant 
Procedure & Checklist for each sample.   

There are two options for barcoded SMRTbell adapters, 7-base barcoded adapters and 16-base barcoded 
adapters.  In general, 16-base barcoded adapters will provide more confident barcode identification due to the 
extra barcode length, and a higher multiplex level is possible.  Additionally, 16-base barcodes provide high 
confidence binning after sequencing through one adapter, whereas 7-base barcodes are suggested for shorter 
inserts where the barcodes are read multiple times.  However, there is a higher initial cost with 16-base 
barcoded adapters due to the longer oligo length.  The table below provides information on each option: 

Barcode Length Maximum Multiplex Level Oligo Size Oligo Purification 

16 bases Up to 24* 77 bases HPLC 

7 bases Up to 12 59 bases HPLC 

*Additional 16-base barcoded adapters are being tested. 

Note: 7-base barcodes and 16-base barcodes were designed separately and are not intended to be combined.  
This use case has not been optimized or tested. 

As an example, the sequence of the 7-base barcoded SMRTbell adapter 1 (adapter sequences shown in lower 
case) is shown below:  

5’ –pTATGCTAatctctctcttttcctcctcctccgttgttgttgttgagagagatTAGCATA – 3’ 

One strand of a template containing Symmetric sample barcodes would have the following structure:  

5’ - Adapter -- Barcode –  INSERT – Reverse Complement Barcode– Adapter – 3’ 

A read with barcoded SMRTbell adapter 1 would have the following sequence: 

5’ –TAGCATA–INSERT–TATGCTA–3’ 
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Annealing Barcoded Adapters to Form Hairpins 

SMRTbell adapter oligonucleotides must be annealed to form hairpins prior to ligation, following the steps 
below.  

1. Prepare 10x annealing buffer:  

100 mM Tris-HCl, pH 7.5 

1 M NaCl 

2. Re-suspend or dilute adapters to 20  M in 1X annealing buffer. 

3. Anneal as follows (same as annealing primers to SMRTbell templates): 

Incubate @ 80°C for 2 minutes, then ramp temperature to 25°C at a rate of 0.1°C/second. 

4. Transfer to 4°C location for immediate use or store at -20°C. 

No changes are required for SMRTbell library prep, annealing, binding, or loading with these adapters. 

 

General Guidelines for Ordering Oligonucleotides 

HPLC–purified oligonucleotides are recommended for SMRT Sequencing applications.  A minimum of 85% 
purity is required, however, the higher the purity, the better.  

Excel spreadsheets with barcodes for PCR primers, barcoded adapter sequences and simplified ordering of 
barcoded PCR primers from IDT may be found on the barcodes Shared Protocols page of SampleNet: 

http://www.smrtcommunity.com/Share/Protocol?id=a1q70000000J4m5AAC&strRecordTypeName=Protocol 

 Four Excel® spreadsheets (one for each 96-wells up to 384-wells) are provided for convenient ordering 
of barcoded primers from IDT. These Excel sheets can be used to create forward and reverse 
barcoded primers (see tabs at the bottom each sheet) and then directly uploaded to IDT. At the top of 
each page, there are instructions on which columns to populate and how to upload to IDT. 

 An Excel spreadsheet is also provided for ordering barcoded adapters.  Note that there are 2 pages, 
one with 16-base barcodes and a second with 7-base barcodes. 

 

Legacy Barcodes 

The current set of 384 barcodes was not designed to be combined with the legacy set of 96 barcodes.  This 
use case has not been tested nor optimized. 
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Target	Sequence	Capture	Using	Roche		

NimbleGen	SeqCap	EZ	Library			(with	modifications)	

Before	You	Begin		

This	document	describes	the	process	for	enrichment	of	sample	libraries	using	SeqCap	EZ	

Libraries,	subsequently	sequenced	on	the	PacBio
®	
System.		

Materials	Needed		

Item		
	 	

Vendor		

	

Part	Number		

KAPA	Hyper	Prep	Kits	for	Illumina		 	 	
KAPA	Biosystems		

	
KK8503		

SeqCap	EZ	Hybridization	and	Wash	Kit		
	 	
NimbleGen/Roche		

	 		

	
5634261001		

		

SeqCap	EZ	Accessory	Kit		 NimbleGen/Roche		 7145594001		

SeqCap	HE-Oligo	Kit	A	or	B		 	 	
NimbleGen/Roche		

	
06	777	287	001		

	KAPA	HiFi	enzyme	kit		 Techtum	 KK2101	

Dynabeads	M-270	Streptavidin		
	 	
Life	Technologies		

	 		

	
65305		

		
AMPure	PB		 PacBio		 	



PCR	oligo	1	(AAT	GAT	ACG	GCG	ACC	ACC	GAG	A)		 	 	
IDT		 		

	
N/A		

		

PCR	oligo	2	(CAA	GCA	GAA	GAC	GGC	ATA	CGA	G)		
IDT		

	 		

N/A		

	

	

1)	Shear	Genomic	DNA		

1.1)	Dilute	2	μg	of	genomic	DNA	(gDNA)	to	150	μL	total	volume	in	molecular	biology	grade	

water,	TE	or	EB.		

	

1.2)	Shear	DNA	using	Megaruptor	instrument,	aim	for	5	kb	fragment	size.	

1.2)		

	

2)	Clean	and	Concentrate	Genomic	DNA		

2.1)	Add	120	μL	(0.8X)	AMPure	PB	beads	to	each	sheared	gDNA	sample.	Mix	the	

thoroughly	by	tapping	the	LoBind	tube	until	the	sample	is	homogeneous.		

2.2)	Incubate	at	room	temperature	shaking in a vortex mixer at 2000 rpm		for	15	minutes.	

Place	on	magnetic	rack	plate	until	solution	clears.	

2.3)	Remove	and	discard	supernatant.		

2.4)	With	LoBind	tube	still	on	magnetic	rack,	add	1000		μL	freshly	prepared	70%	ethanol	to	

the	tube	containing	beads	plus	DNA.		

2.5)	Remove	and	discard	70%	ethanol.		

2.6)	Repeat	steps	4	to	6	for	total	of	two	washes	with	70%	ethanol.		

2.7)	Let	beads	air-dry	for	1	minute.	(Note	-	over	drying	the	beads	will	result	in	reduced	DNA	

yield.)		

2.8)	Add	34	μL	Elution	Buffer.	Mix	by	tapping	the	tube	gently	until	the	sample	is	

homogeneous	and	incubate	at	room	temperature	shaking in a vortex mixer at 2000 rpm		for	2	

minutes.		



2.9)	Place	back	on	magnet.	When	the	solution	clears,	transfer	32	μL	supernatant	into	new	

1.5mL	LoBind	tube.		

2.10)	Determine	concentration	using	Qubit	or	similar	DNA	quantification	assay.		

2.11)	Run	1	μL	of	sample	on	Agilent	DNA	12000	chip	according	to		

manufacturer’s	instructions.		

3)	Size	Select	Sheared	Genomic	DNA		

Not	done		

	

4)	Library	Preparation	of	Size	Selected	Genomic	DNA		

4.1)	Note:	When	“mixing	or	pipette	mixing”	was	indicated	at	a	step,	hand	mixing	by	gently	

tapping	the	tube	was	performed	in	order	to	reduce	the	potential	for	shearing	the	gDNA.		

Use	200	ng	size	selected	genomic	diluted	to	50	μL	in	EB	as	input	into	End	Repair	and	A-

tailing	reaction.		

Assemble	each	End	Repair	an	A-Tailing	reaction	as	follows	in	a	single	LoBind	tube	reaction.		

Component		 	 	
Volume		

Size-selected,	double-stranded	DNA		 	 	
50	μL		

End	Repair	&	A-Tailing	Buffer†		
	 	
7	μL		

End	Repair	&	A-Tailing	Enzyme	

Mix†		

	 	
3	μL		

	 		
Total	volume		 60	μL		

†	The	buffer	and	enzyme	mix	may	be	pre-mixed	and	added	in	a	single	pipetting	step.	Premixes	are	

stable	for	≤24	hours	at	room	temperature,	for	≤1	week	at	4°C,	and	for	≤3	months	at	-20°C.		

a) Mix	thoroughly	and	centrifuge	briefly.		

b) Incubate	in	a	thermo-cycler	with	the	following	thermal		

profile:		



Step		
	

Temp		
	
Time		

End	Repair	&	A-

Tailing		

	 	
20	°C		

	
30	min		

	 	
65	°C		

	 		

	
30	min		

		

HOLD		
		

4	°C		

	∞		

	

	

c) Proceed	immediately	to	the	next	step.		

	

4.2)	Adapter	Ligation.	Add	5	μL	of	10	μM	adapter	(SeqCap	Adapter	Kit	A	or	B)	to	End	repair	

and	A-Tailing	reaction	at	this	step.		

• Resuspend	the	adapter	lyophilisate	by	adding	50	μL	Molecular	Biology	grade	water.	The	

concentration	is	10	μM.			

• Assemble	each	Adapter	Ligation	reaction	as	follows:			

Component		 	 	
Volume		

End	Repair	&	A-Tailing	reaction	

product		
	 	
60	μL		

PCR-grade	water†		
	 	
5	μL		

	 		

Ligation	Buffer†		 30	μL		

DNA	Ligase†		
	 	
10	μL		

Adapter	stock	(10	μM)		 	 	
5	μL		



Total	volume		 	 	 	 	
110	μL		

†The	water,	buffer	and	ligase	enzyme	may	be	premixed	and	added	in	a	single	pipetting	step.	

Premixes	are	stable	for	≤24	hours	at	room	temperature,	for	≤1	week	at	4°C,	and	for	≤3	

months	at	-20°C.		

• Mix	thoroughly	and	centrifuge	briefly.			

• Incubate	at	20°C	for	15	min.			

• Proceed	immediately	to	the	next	step.			

	

4.3)	Perform	a	0.8X	AMPure	PB	cleanup	by	combining	the	following:		

Component		 	 	
Volume		

Adapter	Ligation	reaction	

product		
	 	
110	μL		

AMPure	PB	reagent		 	 	
88	μL		

Total	volume		 	 	 		
198	μL		

	

a) Mix	the	LoBind	tube	thoroughly	by	tapping	the	tube	until	the	sample	is	

homogeneous.			

b) Incubate	the	tube	at	room	temperature	for	15	min	to	bind	DNA	to	the	beads.			

c) Place	the	tube	on	a	magnetic	rack	to	capture	the	beads.			

d) After	solution	clears,	carefully	remove	and	discard	the		supernatant.			

e) Keeping	the	tube	on	the	magnet,	add	200	μl	of	70%	ethanol.			

f) Carefully	remove	and	discard	the	70%	ethanol.			

g) Keeping	the	tube	on	the	magnet,	add	200	μl	of	70%	ethanol.			



h) Carefully	remove	and	discard	the	ethanol.	Try	to	remove	all		residual	ethanol	

without	disturbing	the	beads.			

i) Air-dry	the	beads	at	room	temperature	for	1	minute.	Caution:		over-drying	the	beads	

may	result	in	dramatic	yield	loss.			

j) Remove	the	tube	from	the	magnet.			

	

k) 4.4)	Add	52	μL	EB	to	the	beads.	Mix	thoroughly	by	tapping	the	LoBind	tube	until	the	

sample	is	homogenous.	Incubate	at	room	temperature	for	2	minutes	to	elute	DNA	off	

the	beads.		

l) 4.5)	Place	tube	back	on	magnet.	After	solution	clears,	transfer	supernatant	to	a	new	

1.5	mL	LoBind	tube	and	proceed	to	the	amplification	step.		

	

5)	Library	Amplification		

In	this	section,	you	will	need	the	following:		

• Kapa	HiFi	DNA	polymerase			

• 50	μM	PCR	Oligos	1	and	2	(see	page	1)			

5.1)	For	each	sample,	assemble	2	reactions	of	100	μL	each	using	Kapa	HiFi	DNA	polymerase	

Polymerase	Hot-Start	Version.		

To	25	μL	of	library,	add	75	μL	PCR	mix	as	given:		

Component		 	 	
Volume		

Water		 	 	
59.4	μL		

10x	LA	PCR	Buffer		
	 	
10	μL		

	 		
2.5	mM	each	dNTPs		 2	μL		

Mixture	of	PCR	Oligos	1&2	(50uM	each)		 	 	
11	μL		



KAPA	HiFi	DNA	polymerase		 	 	 	 	
1.5	μL		

	

5.2)	Amplify	using	the	following	PCR	conditions:		

Step		 Temp		 	 	
Time		

1		 95°C		 	 	
2	minutes		

2	 98°C		
	 	
20	seconds		

	 		
3	 60°C	

3	seconds	

4	 72°C		
10	minutes		

	 		
5	 Repeat	Step	2,	6	times		

6	 72°C		
	 	
10	minutes		

	 		
7	 4°C		

	 	∞	

	

	

	

6)	Post	Amplification	Clean-Up		

6.1)	Add	80	μL	(0.8X)	AMPure	PB	beads	to	each	amplified	library.	Mix	thoroughly	by	

tapping	the	tube	until	the	sample	is	homogenous.	

6.2)	Incubate	at	room	temperature	for	15	minutes.	Place	on	magnetic	rack	until	solution	

clears.	

6.3)	Remove	and	discard	supernatant	



6.4)	With	the	tube	still	on	magnet,	add	200	μL	freshly	prepared	70%	ethanol	to	the	LoBind	

tube	containing	beads	plus	DNA.	

6.5)	Remove	and	discard	70%	ethanol.	

	6.6)	Repeat	steps	4	to	6	for	total	of	two	washes	with	70%	ethanol.	

6.7)	Let	beads	air-dry	for	1	minute.	(Note	-	over	drying	the	beads	will	result	in	reduced	DNA	

yield)	

6.8)	Add	27	μL	water	and	remove	LoBind	tube	from	the	magnet,	mix	by	tapping	the	tube	

gently	until	the	sample	is	homogeneous	and	incubate	at	room	temperature	for	2	minutes.	

6.9)	Place	back	on	magnet.	When	the	solution	clears,	remove	25	μL	supernatant	into	new	

1.5	mL	LoBind	tube.	

6.10)	Determine	concentration	using	Qubit	or	similar	quantification	assay	(can	combine	

PCR	reactions	from	the	same	sample	before	determining	concentration	and	running	on	

Bioanalyzer	system).	

6.11)	Run	1	μL	of	sample	on	Agilent	DNA	12000	chip	according	to	manufacturer’s	

instructions.	

	

	

	

	

7)	Prepare	the	Hybridization	Sample		

In	this	section,	you	will	need	the	following:		

• COT	Human	DNA	contained	in	the	SeqCap	EZ	Accessory	Kit	v2			

• SeqCap	HE	Universal	Oligo	contained	in	SeqCap	HE-Oligo	kits	A	or		B	resuspended	in	120	

μL	Molecular	Grade	water			

• SeqCap	HE	Index	oligo	contained	in	SeqCap	HE-Oligo	kits	A	or	B		resuspended	in	10	μL	

molecular	grade	water			



• 2X	Hybridization	Buffer	(vial	5)	contained	in	SeqCap	EZ		Hybridization	and	Wash	Kit			

• Hybridization	Component	A	(vial	6)	contained	in	SeqCap	EZ		Hybridization	and	Wash	Kit			

• EZ	Library	(target	probes)			

7.1)	Add	5	μL	COT	Human	DNA	(1	mg/mL)	to	a	new	1.5	mL	LoBind	tube		

•	Note:	When	working	with	non-human	gDNA,	consider	using	the	SeqCap	EZ	Developer	Reagent	

(catalog	number	06684335001)	in	place	of	COT	Human	DNA.	When	using	the	SeqCap	EZ	Developer	

Reagent,	add	10	μL	of	this	reagent	to	each	hybridization	instead	of	COT	Human	DNA.		

7.2)	Add	1.5	to	2	μg	amplified	library	(combine	both	PCR	reactions	to	use	for	amplified	

library	input)	to	the	LoBind	tube	containing	the	5	μL	COT	Human	DNA.		

7.3)	Add	1	μL	SeqCap	HE	Universal	Oligo	(1000μM)	and	1	μL	SeqCap	HE	Index	Oligo	(1000	

μM)	that	matches	DNA	Adapter	Index	used	during	library	preparation.		

7.4)	Close	the	tube’s	lid	and	make	a	hole	in	the	top	of	the	tube’s	cap	with	an	18	–	20	gauge	

or	smaller	needle.		

7.5)	Dry	the	DNA	Sample	Library/COT	Human	DNA/Blocking	Oligos	in	a	DNA	vacuum	

concentrator	(speed	vac)	on	high	heat	(+60°C).		

7.6)	To	each	dried-down	DNA	Sample	add:		

Component		 		
Volume		

2X	Hybridization	Buffer	–	vial	5		 		
10	μL		

Hybridization	Component	A	–	vial	6		 		 		
4	μL		

	

7.7)	Seal	the	hole	in	the	tube’s	cap	with	a	sticker	or	small	piece	of	laboratory	tape.		

7.8)	Mix	the	reaction	by	tapping	the	tube	and	centrifuge	at	maximum	speed.		

7.9)	Place	the	tube	in	a	+95°C	heat	block	for	10	minutes	to	denature	the	DNA.		

7.10)	Centrifuge	the	tube	at	maximum	speed	at	room	temperature.		

7.11)	Transfer	14	μL	of	the	sample	to	a	0.2	mL	PCR	LoBind	tube	containing	a	6	μl	aliquot	of	



EZ	Library.		

7.12)	Spin	at	maximum	speed.	

7.13)	Incubate	in	a	thermocycler	at	+47°C	over	the	weekend	(	48	h)	thermocycler’s	heated	

lid	should	be	turned	on	and	set	to	maintain	+57°C	(10°C	above	the	hybridization	

temperature).	

	

8)	Wash	and	Recover	Captured	DNA	Sample		

In	this	section,	you	will	need	the	following:		

• Vials	1,	2,	3,	4	and	7	contained	in	the	SeqCap	EZ	Hybridization	and	Wash	Kit			

• Dynabeads	M-270	Streptavidin			

8.1)	Prepare	sequence	capture	and	bead	wash	buffers:		

a) Label	five	1.5	mL	LoBind	tubes	as	Buffer	1,	2,	3,	4,	and	7	and	make	the	following	1x	

working	solutions	by	diluting	the	10X	Wash	buffers	(I,	II,	III	and	Stringent)	and	2.5X	

Bead	Wash	Buffer	as	shown	below.

	

*Store	working	solutions	at	room	temperature	(+15	to	+25°C)	for	up	to	2	weeks.	The	volumes	in	this	

table	are	calculated	for	a	single	experiment;	scale	up	accordingly	if	multiple	samples	will	be	

processed.		

b) Preheat	the	following	wash	buffers	to	+47°C	in	a	water	bath:	o	400	μL	of	1X	

Stringent	Wash	Buffer	o	100	μL	of	1X	Wash	Buffer	I		

8.2)	Prepare	the	capture	beads:		

a) Allow	the	Dynabeads	M-270	Streptavidin,	to	warm	to	room	temperature	for	30	

minutes	prior	to	use.			

b) Mix	the	beads	thoroughly	by	vortexing	for	15	seconds.			

•

•

 

Amount of Concentrated Buffer Amount of PCR 
Grade Water 

Total Volume of 
1X Buffer* 

30 μL – 10X Wash Buffer I (vial 1) 270 μL 300 μL 

20 μL – 10X Wash Buffer II (vial 2) 180 μL 200 μL 

20 μL – 10X Wash Buffer III (vial 3) 180 μL 200 μL 

 40 μL – 10X Stringent Wash Buffer (vial 4) 360 μL 400 μL 

200 μL – 2.5X Bead Wash Buffer (vial 7) 300 μL 500 μL 

* Store working solutions at room temperature (+15 to +25°C) for up to 2 weeks. The volumes in this 

μL
μL



c) Aliquot	50	μL	beads	for	each	capture	into	a	single	1.5	mL	LoBind		tube.	Enough	

beads	for	twelve	captures	can	be	prepared	in	a	single		tube.			

d) Place	the	LoBind	tube	in	a	magnetic	rack.	When	the	liquid	becomes		clear	remove	

and	discard	the	liquid	being	careful	to	leave	all	of	the	beads	in	the	tube.	Any	

remaining	traces	of	liquid	will	be	removed	with	subsequent	wash	steps.			

e) While	the	LoBind	tube	is	in	the	magnetic	rack,	add	twice	the	initial	volume	of	beads	

of	1X	Bead	Wash	Buffer	(i.e.	for	one	capture	use	100	μL	of	buffer	and	for	four	

captures	use	400	μL	buffer,	etc.).			

f) Remove	the	tube	from	the	magnetic	rack	and	vortex	for	10	seconds.			

g) Place	the	LoBind	tube	back	in	the	magnetic	rack	to	bind	the	beads.		Once	clear,	

remove	and	discard	the	liquid.			

h) Repeat	steps	e	-	g	for	a	total	of	two	washes.			

i) After	removing	the	buffer	following	the	second	wash,	resuspend	by		vortexing	the	

beads	in	1x	the	original	volume	using	the	1X	Bead	Wash	Buffer	(i.e.	for	one	capture	

use	50	μL	buffer	and	for	four	captures	use	200	μL	buffer,	etc.).			

j) Aliquot	50	μL	of	resuspended	beads	into	new	0.2	mL	LoBind	tubes.			

k) Place	the	tube	in	the	magnetic	rack	to	bind	the	beads.	Once	clear,		remove	and	

discard	the	liquid.			

l) The	capture	beads	are	now	ready	to	bind	the	captured	DNA.		Proceed	immediately	to	

the	next	step	as	quickly	as	possible.	Do	not	allow	the	capture	beads	to	dry	out.	Small	

amounts	of	residual	Bead	Wash	Buffer	will	not	interfere	with	binding	of	DNA	to	the	

capture	beads.			

8.3)	Bind	DNA	to	the	capture	beads:		

a) Transfer	the	hybridization	samples	to	the	prepared	in	the	previous	step.			

b) Mix	thoroughly	by	tapping	the	tube	until	the	sample	is	homogeneous.			

c) Incubate	in	a	thermocycler	set	to	+47°C	for	45	minutes	(heated	lid	set	to	+57°C).	

Hand	mix	by	gently	tapping	the	tube.			

8.4)	

a) After	the	45-minute	incubation.	Add	100	μL	1X	Wash	Buffer	I	heated	to	47°C	to	the	

20	μL	of	capture	beads	plus	Bound	DNA.		

b) Mix	thoroughly	by	tapping	the	tube	until	the	sample	is	homogeneous.		

c) Transfer	the	entire	contents	of	each	0.2	mL	tube	to	a	1.5	mL	LoBind	tube.	

d) Place	the	tubes	in	the	magnetic	rack	to	bind	the	beads.	Remove	and	discard	the	

liquid	once	clear.		

e) Remove	the	tubes	from	the	magnetic	rack	and	add	200	μL	of	1X	Stringent	Wash	

Buffer	heated	to	+47°C.	Mix	thoroughly	by	tapping	the	tube	until	the	sample	is	

homogeneous.	Work	quickly	so	that	the	temperature	does	not	drop	much	below	

+47°C.		



f) Incubate	at	+47°C	for	5	minutes.		

g) Repeat	steps	d	-	f	for	a	total	of	two	washes	using	1X	Stringent	Wash	Buffer	heated	to	

+47°C.		

h) Place	the	tubes	in	the	magnetic	rack	to	bind	the	beads.	Remove	and	discard	the	

liquid	once	clear.		

i) Add	200	μL	of	room	temperature	1X	Wash	Buffer	I.	Hand	mix	by	gently	tapping	the	

tube.	If	liquid	has	collected	in	the	tube’s	cap,	tap	the	tube	gently	to	collect	the	liquid	

into	the	tube’s	bottom	before	continuing	to	the	next	step.	

	

Place	the	tubes	in	the	magnetic	rack	to	bind	the	beads.	Remove	and	discard	the	

liquid	once	clear.		

j) Add	200	μL	of	room	temperature	1X	Wash	Buffer	II	and	mix	thoroughly	by	tapping	

the	tube	until	Sample	is	homogeneous		

k) Place	the	tubes	in	the	magnetic	rack	to	bind	the	beads.	Remove	and	discard	the	

liquid	once	clear.		

l) Add	200μL	of	room	temperature	1XWashBufferIII	and	mix	thoroughly	by	tapping	

the	tube	until	Sample	is	homogeneous.		

m) Place	the	tubes	in	the	magnetic	rack	to	bind	the	beads.	Remove	and	discard	the	

liquid	once	clear.		

n) Remove	the	tubes	from	the	magnetic	rack	and	add	50	μL	PCR	grade	water	to	each	

tube	of	bead-bound	captured	sample.		

o) Store	the	beads	plus	captured	samples	at	-15	to	-25°C	or	proceed	to	the	next	step.	

There	is	no	need	to	elute	DNA	off	the	beads.	The	bead/sample	mix	is	added	to	the	

PCR	reaction	directly.		

	

9)	Amplification	of	Captured	DNA	Sample		

In	this	section,	you	will	need	the	following:		

•	KAPA	HiFi	DNA	polymerase	

•	50μLPCROligos1and2(seepage1)		

9.1)	For	each	captured	sample,	assemble	2	reactions	of	100	μL	each	using	KAPA	HiFi	DNA	

Polymerase	Hot-Start	Version.	To	25	μL	of	captured	library,	add	75	μL	library	PCR	mix	as	

follows:		

Component		 	 	
Volume		

Water		 	 	
55.4	μL		



10x	LA	PCR	Buffer		 	 	
10	μL		

2.5	mM	each	dNTPs		 	 	
2	μL		

Mixture	of	PCR	Oligos	1&2	(50	μM	each)		
	 	
1	μL		

	 		
KAPA	HiFi	DNA	polymerase	 1	μL		

Note:	the	above	reaction	is	for	1	PCR	reaction.	Per	sample,	2	reactions	are	required.		

	

9.2)	Amplify	using	the	following	PCR	protocol:		

Step		
	

Temp		

	

Time		

1		
	

95°C		

	

2	minutes		

2		

	

98°C		

		

	

20	seconds		

		

	
60°C	 	3	seconds	

4	
72°C		

		

10	minutes		

		

5	 Repeat	Step	2,	14	times		

7	

	

72°C		

		

	

10	minutes		

		

8	
	

4°C		

	

Hold	

	

	

	



10)	Post	Amplification	Clean	UP		

10.1)	Add	80	μL	(0.8X)	AMPure	PB	beads	to	each	amplified	library	sample.	Mix	thoroughly	

by	tapping	the	LoBind	tube	until	the	sample	is	homogeneous.		

10.2)	Incubate	at	room	temperature	for	15	minutes.	Place	on	magnetic	rack	until	solution	

clears.		

10.3)	Remove	and	discard	supernatant		

10.4)	With	the	tube	still	on	magnet,	add	200	μL	freshly	prepared	70%	ethanol	to	the	tube	

containing	beads	plus	DNA.	

10.6)	Remove	and	discard	70%	ethanol.	

10.7)	Repeat	steps	4	to	6	for	total	of	two	washes	with	70%	ethanol.	

10.8)	Let	beads	air	dry	for	1	minute.	(Note	-	over	drying	the	beads	will	result	in	reduced	

DNA	yield.)	

10.9)	Add	27	μL	EB	and	remove	the	tube	from	the	magnet.	Mix	thoroughly	by	tapping	the	

tube	until	the	sample	is	homogeneous.	Then	incubate	at	room	temperature	for	2	minutes.	

10.10)	Place	back	on	magnet.	When	the	solution	clears,	remove	25	μL	supernatant	into	new	

1.5	mL	LoBind	tube.	

10.11)	Determine	concentration	using	Qubit	or	similar	quantification	assay.	

10.12)	Run	1	μL	of	sample	on	Agilent	DNA	12000	chip	according	to	manufacturer’s	

instructions.	

10.13)	The	captured	library	is	now	ready	for	SMRTbell	library	construction.		
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Repair DNA Damage 
 

Use the following table to repair any DNA damage. If preparing larger amounts of DNA, scale the reaction volumes 

accordingly (i.e., for 10 μg of DNA scale the total volume to 100 μL). Do not exceed 

100 ng/μL of DNA in the final reaction. 

 

1. In a LoBind microcentrifμge tube, add the following reagents: 
 

 

Reagent Cap Color Stock Conc. Volume Final Conc. Notes 

 
Sheared DNA − 

 

DNA Damage Repair 
Buffer 

    μL for 5.0 μg − 
 

10 X 5.0 μL 1 X 

 

NAD+ 100 X 0.5 μL 1 X 
 
 

ATP high 10 mM 5.0 μL 1 mM 
 
 

dNTP 10 mM 0.5 μL 0.1 mM 
 

 

DNA Damage Repair 
Mix 

 

H2O  − 

2.0 μL 
 

 

    μL to adjust to − 
50.0* μL 

 

Total Volume 50.0 μL − 
 

*To determine the correct amount of H2O to add, use your actual DNA amount noted in the Notes column. 

2. Mix the reaction well by gentle mixing. 

3. Spin down contents of LoBind tube with a quick spin in a microfuge. 

4. Incubate at 37ºC for 20 minutes, then return the reaction to 4ºC for 1 minute. 

 

Repair Ends 
 
Use the following table to prepare your reaction then purify the DNA. 

 

 

Reagent Tube Cap Color Stock Conc. Volume Final Conc. Notes 

 

DNA (Damage 
Repaired) 

− 50 μL − 

 

End Repair Mix 20 X 2.5 μL 1X 
 
 

Total Volume 52.5 μL − 
 

 

1. Mix the reaction well by gentle mixing. 

2. Spin down contents of LoBind tube with a quick spin in a microfuge. 

3. Incubate at 25ºC for 5 minutes, return the reaction to 4ºC. 
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STEP Purify DNA Notes 
 

1 Add 0.45X volume of AMPure PB beads to the End-Repair reaction. (For detailed 

instructions on AMPure PB bead purification, see the Concentrate DNA section). 
 

2 Mix the bead/DNA solution by tapping the tube. 

3 Quickly spin down the LoBind tube (for 1 second) to collect the beads.  

4 Allow the DNA to bind by letting it sit at room temperature for 10 minutes.    
10 minutes at room temperature. 

 

5 Spin down the LoBind tube (for 1 second) to collect beads. 

6 Place the LoBind tube in a magnetic bead rack to collect the beads to the side of the tube. 
 

7 Slowly pipette off cleared supernatant and save (in another tube). Avoid disturbing the 

bead pellet. 
 

8 Wash beads with freshly prepared 70% ethanol. 

9 Repeat step 8 above. 

10 Remove residual 70% ethanol and dry the bead pellet. 

– Remove the LoBind tube from the magnetic bead rack and spin to pellet beads. 

Both the beads and any residual 70% ethanol will be at the bottom of the tube. 

– Place the LoBind tube back on magnetic bead rack. 

– Pipette off any remaining 70% ethanol. 
 

11 Check for any remaining droplets in the tube. If droplets are present, repeat step 
10. 

 

12 Remove the LoBind tube from the magnetic bead rack and allow beads to air-dry (with 

LoBind tube caps open) for 30 to 60 seconds. 
 

13 Elute the DNA off the beads in 30 μL Elution Buffer. Mix by gently tapping the LoBind 

tube until homogenous, then let stand at room temperature for 2 minutes. 
 

14 Optional: Verify your DNA amount and concentration using a Nanodrop or Qubit 

quantitation platform, as appropriate. 
 

15 Optional: Perform qualitative and quantitative analysis using a Bioanalyzer system 

instrument with the DNA 12000 Kit. Note that typical yield at this point of the process 

(following End-Repair and one 0.45X AMPure PB bead purification) is approximately 

between 80-100% of the total starting material. 
 

16 The End-Repaired DNA can be stored overnight at 4ºC or at -20ºC for longer 

duration. 
 

17 Actual recovery per μL and total available sample material:    
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Prepare Blunt-Ligation Reaction 
 

Use the following table to prepare your blunt-ligation reaction: 
 

1. In a LoBind microcentrifuge LoBind tube (on ice), add the following reagents in the order shown. Note that you can 

add water to achieve the desired DNA volume. If preparing a Master Mix, ensure that the adapter is NOT mixed with 

the ligase prior to introduction of the inserts. Add the adapter to the well with the DNA. All other components, including 

the ligase, should be added to the Master Mix. 
 

 

Reagent                Tube Cap Color 
Stock 
Conc. 

 

Volume Final Conc. Notes 

 

DNA (End Repaired) − 29.0 μL to 30.0 μL 
 

Annealed Blunt 
Adapter (20 μM) 

 

20 μM 1.0 μL 0.5 μM 

 

Mix before proceeding 
 

Template Prep Buffer 10 X 4.0 μL 1X 
 
 

ATP low 1 mM 2.0 μL 0.05 mM 
 

 

Mix before proceeding 
 

Ligase 30 U/μL 1.0 μL 0.75 U/μL 
 

 

H2O  − −     μL to adjust to − 
40.0 μL 

 

Total Volume − − 40.0 μL − 
 

2. Mix the reaction well by gentle mixing. 

3. Spin down contents of LoBind tube with a quick spin in a microfuge. 

4. Incubate at 25ºC for 15 minutes. At this point, the ligation can be extended up to 24 hours or cooled to 4ºC (for 

storage of up to 24 hours). 

5. Incubate at 65ºC for 10 minutes to inactivate the ligase, then return the reaction to 4ºC. You must proceed with 

adding exonuclease after this step. 

Add exonuclease to remove failed ligation products. 
 

 

Reagent Tube Cap Color Stock Conc. Volume 

 
Ligated DNA  40 μL 

Mix reaction well by pipetting 

ExoIII 100.0 U/μL  1.0 μL 

ExoVII  10.0 U/μL 1.0 μL 

Total Volume 42 μL 

 

1. Spin down contents of LoBind tube with a quick spin in a microfuge. 
2. Incubate at 37ºC for 1 hour, then return the reaction to 4ºC. You must proceed with purification after this step. 
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Purify SMRTbell™ Templates 
 

There are 3 purification steps, 2 using 0.45X volume of AMPure PB beads and a final purification with either 

0.40X or 0.45X volumes of AMPure PB beads. 

 

STEP 
 

Purify SMRTbell Templates - First Purification Notes 

1  Add 0.45X volume of AMPure PB beads to the exonuclease-treated reaction. (For 

detailed instructions on AMPure PB bead purification, see the Concentrate DNA 

section). 

 

2  Mix the bead/DNA solution by tapping the tube.  

3  Quickly spin down the LoBind tube (for 1 second) to collect the beads.   

4  Allow the DNA to bind to beads by letting the sample sit at room temperature for 15 
minutes. 

 

5  Spin down the LoBind tube (for 1 second) to collect beads.  

6  Place the LoBind tube in a magnetic bead rack to collect the beads to the side of the 

tube. 

 

7  Slowly pipette off cleared supernatant and save (in another tube). Avoid 

disturbing the bead pellet. 

 

8  Wash beads with freshly prepared 70% ethanol.  

9  Repeat step 8 above.  

10  Remove residual 70% ethanol and dry the bead pellet. 
 

– Remove the LoBind tube from the magnetic bead rack and spin to pellet beads. 

Both the beads and any residual 70% ethanol will be at the bottom of the tube. 

– Place the LoBind tube back on the magnetic bead rack. 

– Pipette off any remaining 70% ethanol. 

 

11  Check for any remaining droplets in the tube. If droplets are present, repeat step 

10. 

 

12  Remove the LoBind tube from the magnetic bead rack and allow beads to air-dry (with 

LoBind tube caps open) for 60 seconds. 

 

13  Elute the DNA off the beads in 50 μL of Elution Buffer.  Mix thoroughly by gently tapping 

the LoBind tube and let sit at room temperature for 2 minutes.  

 

14  The eluted DNA in 50 μL Elution Buffer should be taken into the second 0.45X 

AMPure PB bead purification step. 
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STEP Purify SMRTbell Templates - Second Purification Notes 
 

1 Add 22.5 μL (0.45X volume) of AMPure PB beads to the 50 μL of eluted DNA 
from the first AMPure PB bead purification step above. 

 

2 Mix the bead/DNA solution by tapping the tube. 
 

3 Quickly spin down the LoBind tube (for 1 second) to collect the beads. 
 

4 Allow the DNA to bind to beads letting the sample sit at room temperature for 15 minutes. 
 

5 Spin down the LoBind tube (for 1 second) to collect beads. 
 

6 Place the LoBind tube in a magnetic bead rack to collect the beads to the side of the 

tube. 
 

7 Slowly pipette off cleared supernatant and save (in another tube). Avoid 

disturbing the bead pellet. 
 

8 Wash beads with freshly prepared 70% ethanol. 

9 Repeat step 8 above. 

10 Remove residual 70% ethanol and dry the bead pellet. 

– Remove LoBind tube from magnetic bead rack and spin to pellet beads. Both the 

beads and any residual 70% ethanol will be at the bottom of the tube. 

– Place the LoBind tube back on magnetic bead rack. 

– Pipette off any remaining 70% ethanol. 
 

11 Check for any remaining droplets in the tube. If droplets are present, repeat step 
10. 

 

12 Remove the LoBind tube from the magnetic bead rack and allow beads to air-dry (with 

LoBind tube caps open) for 60 seconds. 
 

13 Elute the DNA off the beads in 100 μL of Elution Buffer. Mix thoroughly by gently 

 tapping the LoBind tube and let sit at room temperature for 2 minutes.   
 

14 Verify the DNA amount and concentration with a Qubit system. 
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STEP Purify SMRTbell™ Templates - Third Purification Notes 
 

1 Add 45 μL (0.45X volume) of AMPure PB beads to the 100 μL of eluted DNA. 
 

2 Mix the bead/DNA solution by tapping the tube. 
 

3 Quickly spin down the LoBind tube (for 1 second) to collect the beads. Do not pellet 

beads. 
 

4 Allow the DNA to bind to beads by letting the sample sit at room temperature for  

 15 minutes. 

5 Spin down the LoBind tube (for 1 second) to collect beads. 
 

6 Place the LoBind tube in a magnetic bead rack to collect the beads to the side of the 

tube. 
 

7 Slowly pipette off cleared supernatant and save (in another tube). Avoid 

disturbing the bead pellet. 
 

Note: In case of low recovery, perform a 1X AMPure PB purification step of the saved 

supernatant to recover the DNA. 
 

8 Wash beads with freshly prepared 70% ethanol. 

9 Repeat step 8 above. 

10 Remove residual 70% ethanol and dry the bead pellet. 

– Remove LoBind tube from magnetic bead rack and spin to pellet beads. Both the 

beads and any residual 70% ethanol will be at the bottom of the tube. 

– Place the LoBind tube back on the magnetic bead rack. 

– Pipette off any remaining 70% ethanol. 
 

11 Check for any remaining droplets in the tube. If droplets are present, repeat step 
10. 

 

12 Remove the LoBind tube from the magnetic bead rack and allow beads to air-dry (with 

LoBind tube caps open) for 60 seconds. 
 

13 Elute the DNA off the beads in 10 μL of Elution Buffer. Mix thoroughly by gently tapping 

the LoBind tube and let sit at room temperature for 2 minutes. 

 

14 Verify your DNA amount and concentration with either a Nanodrop or Qubit quantitation 

platform reading. For general library yield expect 20% total yield from the Damage Repair 

input. If your yield concentration is below 12 ng/μL, use the Qubit system for quantitation. 
 

To estimate your final concentration: 
 

(  ng of DNA going into Damage Repair X 0.2) /    
 
of Elution Buffer =  ng/μL 

 

15 Perform qualitative and quantitative analysis using a Bioanalyzer instrument. 
Note that typical DNA yield, at this point of the process (at the end of library 

preparation) is between approximately 5-20% of the total starting DNA amount. 
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Control Complex Dilution 
You must have the PacBio Control Complex for this step. Dilute the Control Complex according to the volumes and 
instructions specified in the Calculator. 

 

Anneal and Bind SMRTbell™ Templates 
Before adding the primer to the SMRTbell template, the primer must go through a melting step at 80ºC. This avoids 
exposing the sample to heat. The template and primer mix can then be incubated at 20ºC for 30 minutes. Note that you 

must have the PacBio DNA/Polymerase Kit and use LoBind microcentrifuge tubes for this step. 

 
For polymerase binding, incubation at 30ºC for 30 minutes is sufficient. Instructions for polymerase binding are provided 

by the calculator. 

 

For more information about using the Binding Calculator, see the Pacific Biosciences Template Preparation and 

Sequencing Guide and QRC - Annealing and Binding Recommendations. 

 

Sequence 
To prepare for sequencing on the instrument, refer to the RS Remote Online Help system or Pacific Biosciences Software 
Getting Started Guide for more information. Follow the touchscreen UI to start your run. Note that you must have a DNA 

Sequencing Kit and SMRT® Cells for standard sequencing. 
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Supplementary 5.1

RepeatMasker version open-4.0.5
Search Engine: ABBlast/WUBlast [ 3.0SE-AB [2009-10-30] [linux26-x64-
I32LPF64 2009-10-30T17:06:09] ]
Master RepeatMasker Database: /u1/local/rmserver/share/Libraries/
RepeatMaskerLib.embl ( Complete Database: 20140131 )

==================================================
file name: MN region Atlantic cod
sequences:             1
total length:     214525 bp  (214505 bp excl N/X-runs)
GC level:         45.01 %
bases masked:      21611 bp ( 10.07 %)
==================================================
               number of      length   percentage
               elements*    occupied  of sequence
--------------------------------------------------
Retroelements           29         2155 bp    1.00 %
   SINEs:                0            0 bp    0.00 %
   Penelope              0            0 bp    0.00 %
   LINEs:                2          175 bp    0.08 %
    CRE/SLACS            0            0 bp    0.00 %
     L2/CR1/Rex          1           73 bp    0.03 %
     R1/LOA/Jockey       0            0 bp    0.00 %
     R2/R4/NeSL          0            0 bp    0.00 %
     RTE/Bov-B           0            0 bp    0.00 %
     L1/CIN4             1          102 bp    0.05 %
   LTR elements:        27         1980 bp    0.92 %
     BEL/Pao             0            0 bp    0.00 %
     Ty1/Copia           1           92 bp    0.04 %
     Gypsy/DIRS1         6          381 bp    0.18 %
       Retroviral       11          891 bp    0.42 %

DNA transposons         41         2694 bp    1.26 %
   hobo-Activator       19         1355 bp    0.63 %
   Tc1-IS630-Pogo        1           18 bp    0.01 %
   En-Spm                0            0 bp    0.00 %
   MuDR-IS905            0            0 bp    0.00 %
   PiggyBac              0            0 bp    0.00 %
   Tourist/Harbinger     2          228 bp    0.11 %
   Other (Mirage,        0            0 bp    0.00 %
    P-element, Transib)

Rolling-circles          0            0 bp    0.00 %

Unclassified:            4          418 bp    0.19 %

Total interspersed repeats:        5267 bp    2.46 %

Small RNA:               1          157 bp    0.07 %



Satellites:             12         2306 bp    1.07 %
Simple repeats:        178        12439 bp    5.80 %
Low complexity:         33         2575 bp    1.20 %
==================================================

* most repeats fragmented by insertions or deletions
  have been counted as one element
                                                      

The query species was assumed to be vertebrata metazoa
RepeatMasker version open-4.0.5 , default mode
                                   
run with blastp version 3.0SE-AB [2009-10-30] [linux26-x64-I32LPF64 
2009-10-30T17:06:09]
RepBase Update 20140131, RM database version 20140131
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RepeatMasker version open-4.0.5
Search Engine: ABBlast/WUBlast [ 3.0SE-AB [2009-10-30] [linux26-x64-
I32LPF64 2009-10-30T17:06:09] ]
Master RepeatMasker Database: /u1/local/rmserver/share/Libraries/
RepeatMaskerLib.embl ( Complete Database: 20140131 )

==================================================
file name: LA region Atlantic cod 
sequences:             1
total length:     122939 bp  (122798 bp excl N/X-runs)
GC level:         45.91 %
bases masked:      24946 bp ( 20.29 %)
==================================================
               number of      length   percentage
               elements*    occupied  of sequence
--------------------------------------------------
Retroelements           35         3460 bp    2.81 %
   SINEs:                2          183 bp    0.15 %
   Penelope              0            0 bp    0.00 %
   LINEs:                6         1391 bp    1.13 %
    CRE/SLACS            0            0 bp    0.00 %
     L2/CR1/Rex          4         1025 bp    0.83 %
     R1/LOA/Jockey       0            0 bp    0.00 %
     R2/R4/NeSL          0            0 bp    0.00 %
     RTE/Bov-B           1           72 bp    0.06 %
     L1/CIN4             1          294 bp    0.24 %
   LTR elements:        27         1886 bp    1.53 %
     BEL/Pao             0            0 bp    0.00 %
     Ty1/Copia           0            0 bp    0.00 %
     Gypsy/DIRS1         5          419 bp    0.34 %
       Retroviral       11          736 bp    0.60 %

DNA transposons         37         2896 bp    2.36 %
   hobo-Activator       19         1499 bp    1.22 %
   Tc1-IS630-Pogo        2          164 bp    0.13 %
   En-Spm                0            0 bp    0.00 %
   MuDR-IS905            0            0 bp    0.00 %
   PiggyBac              0            0 bp    0.00 %
   Tourist/Harbinger     0            0 bp    0.00 %
   Other (Mirage,        0            0 bp    0.00 %
    P-element, Transib)

Rolling-circles          0            0 bp    0.00 %

Unclassified:            7          623 bp    0.51 %

Total interspersed repeats:        6979 bp    5.68 %

Small RNA:               2          156 bp    0.13 %



Satellites:              4          430 bp    0.35 %
Simple repeats:        174        16958 bp   13.79 %
Low complexity:         18         1423 bp    1.16 %
==================================================

* most repeats fragmented by insertions or deletions
  have been counted as one element
                                                      

The query species was assumed to be vertebrata metazoa
RepeatMasker version open-4.0.5 , default mode
                                   
run with blastp version 3.0SE-AB [2009-10-30] [linux26-x64-I32LPF64 
2009-10-30T17:06:09]
RepBase Update 20140131, RM database version 20140131



Supplementary 5.3

RepeatMasker version open-4.0.5
Search Engine: ABBlast/WUBlast [ 3.0SE-AB [2009-10-30] [linux26-x64-
I32LPF64 2009-10-30T17:06:09] ]
Master RepeatMasker Database: /u1/local/rmserver/share/Libraries/
RepeatMaskerLib.embl ( Complete Database: 20140131 )

==================================================
file name: Haddock_MN_reference.fasta_1472035034
sequences:             1
total length:     225428 bp  (224560 bp excl N/X-runs)
GC level:         45.24 %
bases masked:      33136 bp ( 14.70 %)
==================================================
               number of      length   percentage
               elements*    occupied  of sequence
--------------------------------------------------
Retroelements           36         8781 bp    3.90 %
   SINEs:                0            0 bp    0.00 %
   Penelope              0            0 bp    0.00 %
   LINEs:               11         6813 bp    3.02 %
    CRE/SLACS            0            0 bp    0.00 %
     L2/CR1/Rex          6         2574 bp    1.14 %
     R1/LOA/Jockey       0            0 bp    0.00 %
     R2/R4/NeSL          0            0 bp    0.00 %
     RTE/Bov-B           3         4132 bp    1.83 %
     L1/CIN4             1           55 bp    0.02 %
   LTR elements:        25         1968 bp    0.87 %
     BEL/Pao             0            0 bp    0.00 %
     Ty1/Copia           0            0 bp    0.00 %
     Gypsy/DIRS1         8          817 bp    0.36 %
       Retroviral        7          319 bp    0.14 %

DNA transposons         28         3609 bp    1.60 %
   hobo-Activator        9          823 bp    0.37 %
   Tc1-IS630-Pogo        1         1044 bp    0.46 %
   En-Spm                0            0 bp    0.00 %
   MuDR-IS905            0            0 bp    0.00 %
   PiggyBac              1           83 bp    0.04 %
   Tourist/Harbinger     1           56 bp    0.02 %
   Other (Mirage,        0            0 bp    0.00 %
    P-element, Transib)

Rolling-circles          0            0 bp    0.00 %

Unclassified:            3           96 bp    0.04 %

Total interspersed repeats:       12486 bp    5.54 %

Small RNA:               0            0 bp    0.00 %

Satellites:             11         2612 bp    1.16 %



Simple repeats:        220        18517 bp    8.21 %
Low complexity:         16          859 bp    0.38 %
==================================================

* most repeats fragmented by insertions or deletions
  have been counted as one element
                                                      

The query species was assumed to be vertebrata metazoa
RepeatMasker version open-4.0.5 , default mode
                                   
run with blastp version 3.0SE-AB [2009-10-30] [linux26-x64-I32LPF64 
2009-10-30T17:06:09]
RepBase Update 20140131, RM database version 20140131



Supplementary 5.4

RepeatMasker version open-4.0.5
Search Engine: ABBlast/WUBlast [ 3.0SE-AB [2009-10-30] [linux26-x64-
I32LPF64 2009-10-30T17:06:09] ]
Master RepeatMasker Database: /u1/local/rmserver/share/Libraries/
RepeatMaskerLib.embl ( Complete Database: 20140131 )

==================================================
file name: RM2_haddock_LA_reference.fasta_1472035010
sequences:             1
total length:     113824 bp  (112664 bp excl N/X-runs)
GC level:         46.05 %
bases masked:      22523 bp ( 19.79 %)
==================================================
               number of      length   percentage
               elements*    occupied  of sequence
--------------------------------------------------
Retroelements           33         4835 bp    4.25 %
   SINEs:                6          465 bp    0.41 %
   Penelope              0            0 bp    0.00 %
   LINEs:                7         2444 bp    2.15 %
    CRE/SLACS            0            0 bp    0.00 %
     L2/CR1/Rex          6         2011 bp    1.77 %
     R1/LOA/Jockey       0            0 bp    0.00 %
     R2/R4/NeSL          0            0 bp    0.00 %
     RTE/Bov-B           0            0 bp    0.00 %
     L1/CIN4             1          433 bp    0.38 %
   LTR elements:        20         1926 bp    1.69 %
     BEL/Pao             0            0 bp    0.00 %
     Ty1/Copia           0            0 bp    0.00 %
     Gypsy/DIRS1         3          156 bp    0.14 %
       Retroviral        7          511 bp    0.45 %

DNA transposons         25         2097 bp    1.84 %
   hobo-Activator       11          894 bp    0.79 %
   Tc1-IS630-Pogo        2          100 bp    0.09 %
   En-Spm                0            0 bp    0.00 %
   MuDR-IS905            0            0 bp    0.00 %
   PiggyBac              0            0 bp    0.00 %
   Tourist/Harbinger     1           49 bp    0.04 %
   Other (Mirage,        0            0 bp    0.00 %
    P-element, Transib)

Rolling-circles          0            0 bp    0.00 %

Unclassified:            6          875 bp    0.77 %

Total interspersed repeats:        7807 bp    6.86 %

Small RNA:               6          423 bp    0.37 %



Satellites:              2          354 bp    0.31 %
Simple repeats:        148        14178 bp   12.46 %
Low complexity:         10         1050 bp    0.92 %
==================================================

* most repeats fragmented by insertions or deletions
  have been counted as one element
                                                      

The query species was assumed to be vertebrata metazoa
RepeatMasker version open-4.0.5 , default mode
                                   
run with blastp version 3.0SE-AB [2009-10-30] [linux26-x64-I32LPF64 
2009-10-30T17:06:09]
RepBase Update 20140131, RM database version 20140131
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