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It’s the questions we can’t answer that teach us the most. They teach us

how to think. If you give a man an answer, all he gains is a little fact. But

give him a question and he’ll look for his own answers.

– Patrick Rothfuss, The Wise Man’s Fear

Getting an education was a bit like a communicable sexual disease. It

made you unsuitable for a lot of jobs and then you had the urge to pass it on.

– Terry Pratchett, Hogfather
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Thesis summary

During the last 20 years, genome sequencing and assembly projects have

changed from requiring large international collaborations to a task that a hand-

ful of people can plan and conduct. This has been driven by improvements in

sequencing technology and computational methods. More and more sequenc-

ing and assembly projects are being conducted, with older assemblies being

updated and improved, resulting in deeper understanding of the biology of

a large and steadily growing number of species. The projects described in

this thesis focus on genome assemblies created from species of the order Gad-

iformes, an order containing commercially and ecologically important fishes.

Here, these assemblies are investigated in detail and compared to other teleost

genome assemblies, with special attention to immune genes and short tandem

repeats.

We have updated and substantially improved the Atlantic cod (Gadus

morhua) genome assembly with the use of different sequencing technologies

and computational approaches. A major finding was that the presence of short

tandem repeats (STRs) is the main factor that led to the fragmentation of the

previous assembly. STRs are hypermutating loci that occur at high frequency

(loci/Mbp) and high density (bp/Mbp) in the cod genome, surpassing that of

other published genome assemblies. The STRs likely contribute to substantial

genetic variation in natural cod populations.

The Atlantic cod lacks genes involved in the major histocompatibility com-

plex (MHC) II pathway, which is the pathway that normally detects and ini-

tiates a response against bacterial pathogens and thus is a crucial part of the

adaptive immune system. To infer when in the ancestry of cod these genes

were lost, we sequenced and assembled the genomes of 66 teleost species. We

found that the loss is shared by all species in the order Gadiformes, and that

there is an expanded repertoire of MHCI genes in the Gadiformes, which is

likely connected with the large number of species in this order.

Since the 66 new teleost (including gadiform) genome assemblies are frag-

mented, the properties of STRs and multi-copy immune genes are not easily

investigated. To further elucidate their role in Gadiformes, we sequenced and

assembled the genome of haddock (Melanogrammus aeglefinus), a relative of

cod. Our result shows that the high density and frequency of STRs is a feature

likely shared by all codfishes (a family inside Gadiformes), and possibly all

Gadiformes. Cod and haddock share a similar repertoire of the innate immune

Toll-like receptor (TLR) genes, with both losses and expansions. The expan-

ix



sions might be part of a compensatory mechanism for the absence of MHCII.

Another class of genes, the NOD-like receptors (NLRs) has been reported in

large numbers in species without an adaptive immune system. We find that

cod and haddock as well as most other teleosts generally have a high number

of NLRs, with a likely expansion at the root of this clade. Thus, a high number

of NLRs in teleosts does not seem to be connected with the presence or absence

of MHCII.

This thesis shows what kind of questions genome assemblies created for

different purposes can answer. Ideally, genome assemblies for all kinds of

species should be created, upgraded and updated based on the best available

technologies. But this is costly. With the right planning and set-up, assem-

blies based on low-coverage sequencing can be very powerful with regards to

topics such as the presence/absence of genes and for phylogeny. Also, even

with moderate amounts of long-read PacBio sequencing, it is possible to create

highly contiguous genome assemblies addressing issues that are impossible to

elucidate with fragmented assemblies, such as the amount of multi-copy im-

mune genes.
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1 Introduction

Access to a genome assembly for a species of interest can contribute to knowl-

edge in numerous biological aspects, including ecology (Ekblom and Wolf,

2014), evolutionary biology and speciation (Ellegren, 2014) and evolutionary

developmental genomics (Braasch et al., 2015). The first vertebrate genome

sequencing and assembly project, i.e. human, was a huge and expensive en-

deavor, spanning more than a decade (International Human Genome Sequenc-

ing Consortium, 2004). Since then, with the advent of high-throughput se-

quencing (HTS), first with 454 (Margulies et al., 2005) and Illumina (Bentley

et al., 2008), and later PacBio (Eid et al., 2009), sequencing costs have decreased

drastically (reviewed in Goodwin et al. (2016)), making genome sequencing

and assembly feasible for even small research groups (Ekblom and Wolf, 2014).

1.1 Generating an annotated genome assembly

1.1.1 The underlying algorithms of genome assembly software

A genome assembly is a putative reconstruction of a genome based on infor-

mation found in sequencing reads and possibly other sources of information,

such as linkage maps (see below). There are two major approaches for genome

assembly, the de Bruijn graph and overlap/layout/consensus (OLC) methods.

The OLC approach was first implemented in Celera Assembler and used to

assemble the Drosophila genome in 2000 (Myers et al., 2000). This approach

works by first detecting overlap between all sequencing reads, creating a graph

based on the overlaps, simplifying and traversing the graph before outputting

so-called unitigs (sequences that are either unique in the genome or are col-

lapsed repeated sequence) based on a multiple sequence alignment from the

overlaps (Miller et al., 2010). Because the overlap step compares each read to all

other reads, computational demand can be high, but it is reduced with fewer

but longer reads because of fewer overlaps computed. The overlap step can

also tolerate mismatches and indels (insertions and deletions between pairs

of chromosomes in diploid organisms) between the reads, and therefore per-

forms well with longer reads even if these are error-prone. The unitigs are

further processed (categorized into unique and repeat unitigs), before they are

scaffolded based on information from paired reads, outputting contigs (con-

tiguous sequence based on consensus sequence from the reads) and their order

and orientation into scaffolds (Figure 1.1). The String Graph Assembler (SGA)

(Simpson and Durbin, 2011) is an alternative implementation of the overlap

1



graph, where a string graph is derived from the overlap graph. The main ad-

vantage of SGA compared to Celera Assembler is that it uses an efficient string

indexing data structure, requiring less amount of memory when creating the

string graph. The de Bruijn graph method, as implemented in assemblers such

as ALLPATHS-LG (Gnerre et al., 2011) and Velvet (Zerbino and Birney, 2008),

sidesteps the computationally expensive explicit overlap step, and creates a

graph where each node represents a fixed-length sequence (k-mer) found in the

reads, and the edges connect to k-mers with k-1 sequence in common (which

can be found in multiple reads) (Zerbino and Birney, 2008). This graph is then

parsed, and contigs are output. These contigs can be scaffolded in much the

same way as for the OLC method (Figure 1.1).

Reads generated for sequencing projects differ in their attributes. Illu-

mina (Bentley et al., 2008) reads are relatively short (100-250 bp), but contain

few errors (≥0.1 %) (Glenn, 2011). PacBio (Eid et al., 2009) and Nanopore

(Olasagasti et al., 2010) reads are much longer (1-100 kbp), but contain higher

amounts of errors (11-15 % for PacBio (Rhoads and Au, 2015), similar for

Nanopore (Weirather et al., 2017)). These characteristics often suggest an as-

sembly strategy, but there are many assembly programs to choose from. For

sequence alignment, a related area, a large number of different alignment

programs have been developed (more than 70 in 2012, more than 90 in 2016

(http://www.ebi.ac.uk/~nf/hts_mappers/) (Fonseca et al., 2012)). Questions

about the usefulness of producing this many different programs that differ

only slightly have been raised (http://www.opiniomics.org/an-embargo-

on-short-read-alignment-software/). A substantial number of genome as-

sembly programs have been released, but not as many as the alignment pro-

grams. Some are tailored to specific approach (e.g. ALLPATHS-LG requires

Illumina libraries created according to a specific recipe (Gnerre et al., 2011)),

while others can handle a multitude of different technologies and methods (e.g.

Celera Assembler and variants can assemble all the different sequencing tech-

nologies available (Miller et al., 2008; Koren et al., 2017)). Being able to run a

specific program is often the first hurdle to pass, and the second is being able

to assemble a specific dataset given a set of computing resources. De Bruijn

graph based assemblers often require substantial amounts of memory on one

computing node, and OLC based assemblers might require a large degree of

parallel computing resources available (a large multiple CPU node or comput-

ing farm) to be able to assemble datasets based on sequences from a genome

similar in size to the human genome.

Sometimes, a genome sequencing project might contain multiple forms of

2

http://www.ebi.ac.uk/~nf/hts_mappers/
http://www.opiniomics.org/an-embargo-on-short-read-alignment-software/
http://www.opiniomics.org/an-embargo-on-short-read-alignment-software/


(A) (B) (C)

Figure 1.1: The sequencing, assembly and annotation process in brief. Single, paired-

end or mate-pair reads are generated for a species. These are then assembled into con-

tigs (blue boxes). Paired information (both paired-end and mate-pair) can be used to

scaffold the contigs, with gaps representing unknown sequence between the contigs

(hatched pattern). The assembly is then annotated, often by utilizing RNA-Seq data

from the same species, where exons are shown in white boxes. If an annotation exists

for related species, this can also be used. Used under CC BY 3.0. From Ekblom and

Wolf (2014).
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sequencing data (such as for the budgerigar in Assemblathon 2 (Bradnam et al.,

2013)), and there might not be an obvious choice for the final assembly strategy.

Though, the use of different assemblers on the same data can lead to different

assemblies (Bradnam et al., 2013). Some assemblers, such as Celera Assembler,

can use multiple types of sequencing data, but might not be the most efficient

tools for a given task. For instance, a dataset consisting of Illumina reads gen-

erated for ALLPATHS-LG as well as PacBio reads, has multiple paths that lead

to a final assembly. One path might be an assembly with Celera Assembler us-

ing all reads (Koren et al., 2012). Another might be to create an assembly with

the Illumina reads and ALLPATHS-LG, and then use PBJelly (English et al.,

2012) to close gaps in the ALLPATHS-LG assembly based on the longer (and

presumably more repeat-spanning) PacBio reads. Both ALLPATHS-LG and

Celera Assembler implements tools to correct the errors in the reads, creating

more accurate reads before assembly, but standalone tools also exists (Alic et al.,

2016). A third path is to create several draft assemblies that could be merged

or reconciled with Metassembler (Wences and Schatz, 2015) or a similar recon-

ciliation tool (Alhakami et al., 2017). There are also tools specifically created to

use paired Illumina reads to close gaps, IMAGE (Tsai et al., 2010) and GapFiller

(Nadalin et al., 2012). Finally, there are programs that recall the consensus se-

quence and correct errors, such as Pilon (Walker et al., 2014) for Illumina reads

and Quiver (Chin et al., 2013) for PacBio reads. A second iteration of these

programs might further improve the accuracy because more reads will map

(because of the already increased accuracy of the consensus). In summary, for

a relatively modest genome sequencing and assembly project, the choices and

order of programs that can be run adds up to a multitude of possibilities.

1.1.2 Validation of genome assemblies

It is important to validate that the assembly generated is suitable for particu-

lar analyses. Simple statistics such as the N50 contig or scaffold lengths (the

lengths at which half the assembly consists of sequences of those lengths or

longer) are useful to get an impression of the contiguity and continuity, respec-

tively, of an assembly, but they do not reflect its quality. Some tools such as

FRCbam (Vezzi et al., 2012) and REAPR (Hunt et al., 2013) compare the assembly

to expectations based on the nature of the sequencing reads, i.e. insert size and

orientation of the reads, and can give an impression of the best assembly when

multiple have been generated. However, they are not as useful when only one

assembly has been generated. The genic content of an assembly is often of

particular interest, as sequencing and assembly of the genome of a particular
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species is often conducted to investigate that species’ repertoire of genes. The

tools CEGMA (Parra et al., 2007, 2009) and BUSCO (Simão et al., 2015) both

show the degree to which the genic content is captured by the assembly, and in

particular BUSCO is recommended for all genome assembly projects (http://

www.acgt.me/blog/2015/5/18/goodbye-cegma-hello-busco). To be scored

as complete genes, the genes have to be contained on one sequence (contig,

scaffold or chromosome), with most of its exons in correct order and orienta-

tion. Assemblies with most genes found complete by BUSCO and CEGMA can

be assumed to be of good quality.

It is also possible to use existing genomic data such as finished bacterial ar-

tificial chromosomes (BACs), different forms of expressed sequence tags (ESTs)

or complementary DNA (cDNA) sequences as validation of an assembly (War-

ren et al., 2010). Transcriptomes generated from RNA-Seq or similar HTS tech-

nology can also be used (Ryan, 2013). While the assembly of a transcriptome

and the validation of it might be more complicated than for a genome assembly

(Smith-Unna et al., 2016; Honaas et al., 2016), mapping the transcriptome to a

genome assembly gives a good indication of the quality of the latter. The more

complete the assembly is, the more transcripts are expected to map at complete

lengths.

For some species, such as human, a high-quality reference genome assem-

bly exists. This is a good standard to compare against, for instance when test-

ing a new sequencing technology or assembly approach. However, there are

many differences between populations of humans, e.g. large inversions (Bansal

et al., 2007). These differences might be tagged as assembly errors if one is un-

aware of them.

1.1.3 Finalizing a genome assembly and annotation

For many sequenced species, their genome is represented by a set of scaffolds

in a genome assembly, without information about which chromosome (or chro-

mosomal region) the scaffolds originate. During evolution, chromosomes split

and fuse, sometimes resulting in differences in chromosome number between

closely related species. For example, chimpanzees and humans differ in chro-

mosome number, with 24 and 23 pairs, respectively (Fan et al., 2002). Arranging

scaffolds into large scale reconstructions of chromosomes, like linkage groups

(see below), is important to disentangle the evolution of genes as it allows the

identification of syntenic regions (regions that share ancestry, often contain the

same genes) between two species (Braasch et al., 2015). Based on genotypes

of family material, linkage maps traditionally made it possible to arrange data

5

http://www.acgt.me/blog/2015/5/18/goodbye-cegma-hello-busco
http://www.acgt.me/blog/2015/5/18/goodbye-cegma-hello-busco


Identification	of	adaptive
genetic	variationDetailed	genetic

population	structure	and
demographic	history

Genetics of inbreeding
depression

• Evaluate	potential	to	disperse	and
adapt	to	changing	environments
• Define	functionally	relevant	conservation	units
• Facilitate	science-based	conservation	actions
to	reduce	potential	effects	of	inbreeding

Genetic	changes
due	to	local
adaptation

Connectivity	and	gene
flow	between
subpopulations

DNA	extraction

Fragment	amplificationHigh	throughput	shotgun	sequencing

Read
trimming

Contamination
removal

Quality
filtering

K-mer
counting

Genome	size
estimation

Error	rate
estimation

Read	error
correction

De-novo
contig
assembly

Gap	closing

Scaffolding

Validation
Contamination
scanning

Repeat	maskingAnnotation

Read	mapping Local	realignment

Variant/SNP	calling

Variant/SNP	validationGenotype	calling

Targeted	sequencing
and	gene	capture

DNA	fragmentation Fragment	size	selection

RNA-Seq
data

Reference
information
from	related

species

High	quality	tissue	sample	(with	attached	metadata)

Single	end,	paired	end	and	mate	pair	sequencing	data

Draft	genome	assembly

Genome	wide	population	level	data

W
et
-la

b
pr
oc
ed

ur
es

G
en

om
e

as
se
m
bl
y

Po
pu

la
tio

n
ge
no

m
ic
s

So
m
e	
ex
am

pl
es

of
	c
on

se
rv
at
io
n

ge
no

m
ic
	a
pp

lic
at
io
ns

Re-sequencing
data	from
population
sample

Figure 1.2: The workflow of a typical genome assembly and annotation project. The

black boxes with white text represent resources that are generated during the project.

The project starts with DNA extraction (preferably high-molecular weight DNA) and

sequencing of the DNA. The reads then are processed (trimming, filtering, error cor-

recting) before assembly, and the assembly validated before being annotated. As shown

here, based on the annotated assembly, population re-sequencing data can be used to

find genes under selection. The last box contains examples of uses of an annotated

genome assembly in a conservation biology setting. Used under CC BY 3.0. From Ek-

blom and Wolf (2014).
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into linkage groups by providing information on the order of sets of markers

and the approximate distances between them (Rastas et al., 2015). The scaf-

folds can be matched against these sets of markers, and ordered and oriented

into linkage groups. This process is often costly and time-consuming, since it

requires family material to track recombination events from the parents in the

offspring. Two markers physically close to each other will recombine less often

than two distant markers, which can in turn inform about the relative position

of the markers on the genome. Presently, there are alternative sources of long-

range information, enabling assemblies that have reconstructions (scaffolds)

close to chromosome size, such as optical mapping (Howe and Wood, 2015;

Seo et al., 2016), chromosome conformation capture (Bickhart et al., 2017) or

linked reads (Yeo et al., 2017; Weisenfeld et al., 2017). All these create scaffolds

with gaps of unknown sequence between contigs. For many species, sufficient

coverage in PacBio reads can create chromosome arm reconstructions (Vij et al.,

2016; Koren et al., 2017), which results in contiguous sequences without gaps.

A genome assembly is most useful when different features such as genes,

transposable elements and other repeats are annotated, i.e. when they have a

location on a scaffold/chromosome and an unique identifier (Figure 1.1 and

1.2). For instance, when investigating the difference in expression between

two experimental set-ups with RNA-Seq (Conesa et al., 2016), an annotated

genome is a useful background. We often distinguish between structural an-

notation, finding all the genes with their intron and exon structure, and func-

tional annotation, identifying the genes and their properties (active in which

pathways etc.) (Yandell and Ence, 2012; Hoff and Stanke, 2015). Annotation is

usually a multi-stage process. It starts with identifying as many repetitive el-

ements as possible, possibly creating a custom-made repeat library using both

homology-based and de novo tools (Bergman and Quesneville, 2007). Com-

plete transposable elements contain genes (to facilitate transposition), so using

a repeat library to mask them helps with identifying the genes of the species

under investigation, and not genes found in transposable elements. After re-

peat masking, ab initio gene prediction programs such as AUGUSTUS (Stanke

et al., 2008), GeneMark (Lomsadze et al., 2005), or SNAP (Korf, 2004) need to

be trained, i.e., optimized for the specific species with regards to codon bias

and splicing signals. RNA-Seq data can be used to train AUGUSTUS and

GeneMark-ET (Hoff et al., 2016), or a set of genes as annotated by CEGMA can

be used to train SNAP (Campbell et al., 2014a). A transcriptome assembled by

Trinity (Grabherr et al., 2011) or StringTie (Pertea et al., 2016) (or by a combina-

tion of these tools with PASA (Haas et al., 2003)) is often aligned to the genome

7



as evidence for expressed genes, and a non-redundant protein database such

as UniProtKB/SwissProt (UniProt Consortium, 2015) can be included as a set

of curated proteins, possibly in addition to proteins from well-annotated close

relatives. All this information can be integrated by using a program such as

MAKER (Campbell et al., 2014b; Holt and Yandell, 2011) or EVM (Haas et al.,

2008). This approach provides a set of predicted transcripts and proteins, to-

gether with a GFF (General Feature Format) track with positions of all the an-

notated features, describing their properties. The predicted proteins can be

used in InterProScan (Jones et al., 2014) to classify which pathways and func-

tions the different proteins have.

1.1.4 Impediments for optimal genome assembly

The most limiting aspect for obtaining a complete and contiguous genome as-

sembly is the extent of the repetitive content of the genome (Treangen and

Salzberg, 2012). Repeats are very similar or identical sequences that occur mul-

tiple times in a genome, and when they are longer than the read length (or the

k-mer length for de Bruijn graph based assemblers), the assembler is unable

to place reads originating from them uniquely. Repeats therefore fragment the

assembly by limiting the length of contigs. However, if paired reads with an

insert size longer than the longest repeat length are available, this limitation

can partly be compensated by joining the contigs on each side of a repeat into

scaffolds, with the repeat represented as a gap (Simpson and Pop, 2015) (Figure

1.1).

Repeats can be grouped into two categories: interspersed repeats (such as

transposable elements occurring in multiple loci) and tandem repeats (a mo-

tif repeated in tandem). Transposable element (TE) content is highly corre-

lated with genome size (Elliott and Gregory, 2015; Chalopin et al., 2015), and

is likely the largest factor contributing to fragmented assemblies (Sotero-Caio

et al., 2017). Large fractions of vertebrate genomes are filled with active and

inactive fragments of TEs, with more than 40 % of the genome of zebrafish,

and more than a third in the genomes of mammals consisting of TEs (Chalopin

et al., 2015). Evolutionary old TEs will accumulate mutations and will diverge

from the original sequence, and therefore losing their repetitive nature over

time. However, a high fraction of TEs in the genome might not be a large im-

pediment if they are dissimilar. Many genomes with a high fraction of TEs

have been assembled well; the human genome being a good example.

Tandem repeats, and in particular the short tandem repeats (STRs) also

called microsatellites (unit size 1-10 bp), are also a limiting factor, especially
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when these are longer than the read length. Additionally, tandem repeats mu-

tate at a high rate, creating heterozygous loci in the genome, hampering assem-

bly (see below). Variation in STRs has been a much-used genomic resource in

many applications, ranging from forensics to elucidating population structure.

They mutate by strand slippage or recombination (Ellegren, 2004), and have

mutation rates 10 to 10 000-fold higher than other types of DNA (Verstrepen

et al., 2005). Most mutate at a rate of 10−6 to 10−3 per cellular generation (Ver-

strepen et al., 2005), but mutation rates can be as high as >10−2 (Ellegren, 2004).

Tandem repeat content varies between 2,000 bp/Mbp to 55,000 bp/Mbp (0.2

to 5.5 %) in investigated eukaryotes (metazoans, green algae, plants and yeast)

(Mayer et al., 2010; Zhao et al., 2014) when measured for unit sizes 1-50 bp.

Contrary to TEs, STR content is not significantly correlated with genome size

(Mayer et al., 2010; Zhao et al., 2014).

Another limiting aspect of genome assembly is the size of the genome be-

ing assembled. The amount of sequencing data optimal for assembly is directly

based on the size of the genome under investigation. The larger the genome is,

the more sequencing data must be generated to reach coverage suitable for as-

sembly (depending on technology, this can be up to 100x). Insufficient coverage

can lead to some parts of the genome not being sequenced, therefore creating

gaps due to missing data. Smaller genomes require less computational power

since smaller amounts of data need to be generated and assembled. Most of

the genomes assembled to date have been less than 5 Gbp in size, and only a

few very large plant genomes have so far been assembled, such as the Norway

(Picea abies) and white spruce (Picea glauca) genomes (Nystedt et al., 2013; Birol

et al., 2013) that are both around 20 Gbp in size, requiring extraordinary com-

putational efforts. However, the resulting assemblies were quite fragmented,

with N50 scaffolds at 5 kbp and 20 kbp, respectively.

Although a minority among all living species, diploid species (with paired

chromosomes, one copy inherited from the mother and one copy from the fa-

ther) make up a large fraction of the species investigated by scientists. How-

ever, diploid genomes are problematic for an accurate genome assembly, as

most of the assemblers available today assume a haploid genome (a single set

of unpaired chromosmes). This was an appropriate approximation for the first

decade of genome sequencing and assembly, where most of the species assem-

bled had little variation in their genomes, due to small effective population size

(humans (Charlesworth, 2009)) or by being inbred lab strains (e.g. mouse (Mus

musculus, Mouse Genome Sequencing Consortium et al. (2002)). With more

and more non-model or wild-caught species being investigated, heterozygos-
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ity (differences between the two homologous chromosomes from the mother

and the father) is becoming a major issue. Since most assemblers are not de-

signed to handle heterozygosity, they output one of the two alternatives, and

the other is discarded. Alternatively, the heterozygous regions might induce

gaps. This means that the output of an assembly of a heterozygous genome

will not represent the actual genome it derives from. One solution is to output

a graph representing the homologous regions, a feature that is implemented

in, for instance, canu (Koren et al., 2017), Supernova (Weisenfeld et al., 2016)

and Falcon-Unzip (Chin et al., 2016). However, most downstream software is

currently designed to use single sequences per individual rather than graphs

and will also need to be updated. Ultimately, a single data structure represent-

ing the variation in a population or a species is a desired goal, and there are

ongoing efforts to create this (Paten et al., 2017) .

1.2 Comparative genomics

Comparing the genome assemblies of several species is a powerful method of

discovering what is common and unique among the assemblies. The second

vertebrate genome assembly published, that of fugu (Fugu rubripes, Aparicio

et al. (2002), was compared in detail to the first vertebrate genome assembly,

the human (Lander et al., 2001; Venter et al., 2001) and many similarities were

found despite the species being separated by 450 million years of evolution.

With HTS a multitude of genomes can be sequenced and assembled allowing

investigation into such complex traits as the evolution of song in birds (Zhang

et al., 2014). While subject to much research, there are still unanswered ques-

tions in genome evolution, such as what exactly make up the non-coding part

and how these sequences are gained and lost (Gregory, 2005). With multiple

genome assemblies it is possible to investigate what exactly exists in different

genomes, for instance, investigating the relationship between genome size and

transposable elements (Canapa et al., 2016). The roles of transposable elements

in genome evolution are beginning to be determined, but the roles of another

type of repeated element, the tandem repeats, are not.

1.2.1 STRs affecting function

Short tandem repeats (STRs) content varies across vertebrates, with frequen-

cies from approximately 100 loci/Mbp to 1,000 loci/Mbp, and densities from

1,000 bp/Mbp to 50,000 bp/Mbp (Adams et al., 2016) when measuring for unit

sizes 2-6 bp. While using a different approach and different definition for a STR
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Figure 1.3: Different known and proposed mechanisms whereby STRs can influence

function. Top, left to right: Transcription factors might bind to STRs, STRs can affect the

distance between binding sites, STRs can induce different DNA secondary structures

and can modulate DNA methylation and heterochromatinzation. Bottom, left to right:

STRs can affect alternative splicing, RNA protein binding sites, and large expansions of

STRs might create toxic RNA or protein aggregates. Purple boxes, exons; black lines,

DNA; red boxes, STRs; blue circles, RNA/DNA binding proteins; grey circles, amino

acids; green circles, DNA modifications. The main text discusses only the effect of STRs

in exons. From Gymrek (2017). Used with permission.
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(2-6 bp unit size in contrast to 1-50 bp), this is similar to the values found in eu-

karyotes in general above. Since genes only make up a fraction of vertebrate

genomes, most of these STRs would occur outside genes, evolving mostly neu-

trally. Some STRs are located in protein coding regions (Figure 1.3), i.e. 4500

STRs occur in protein coding regions in humans (Willems et al., 2014). Most of

these are found in genes categorized in functional groups such as transcription,

the regulation of transcription, and receptors (Mularoni et al., 2010; Legendre

et al., 2007) in humans, and in similar groups in yeast (Albà et al., 1999), fruit

fly (Huntley and Clark, 2007) and plants and algae (Zhao et al., 2014). An STR

residing within a gene often encodes an amino acid repeat if the repeated motif

is in the correct reading frame (Figure 1.3), and these can overlap with intrin-

sically unstructured regions (Simon and Hancock, 2009), which are abundant

in proteins that interact with other proteins such as transcription factors and

receptors (Huntley and Clark, 2007). STRs also occur in promotor regions (Fig-

ure 1.3), where they have been shown to affect the expression of genes in yeast

(Vinces et al., 2009) and humans (Gymrek et al., 2016; Quilez et al., 2016). Also,

STRs in introns can affect the splicing of RNA (Hefferon et al., 2004; Press et al.,

2017), and even contribute to speciation in primates by affecting gene expres-

sion divergence (Sonay et al., 2015).

Following the completion of the human genome project, many researchers

had hoped that we could start to untangle the genetic basis of traits and suscep-

tibility to disease. Genome wide association studies have made much progress

towards these goals. For instance, about 90 markers (single nucleotide poly-

morphisms, SNPs) have been found to explain 27.4 % of the heritability of

height (Marouli et al., 2017). Heritability is the concept of how much varia-

tion of a trait in a population is explained by genetic variation. For height, the

expectation has been that 80 % of the variation is explained by genetic vari-

ation (Visscher, 2008). The genetic basis for many traits is more complicated

and divided among more loci than many proponents expected, and gave rise

to discussions about “missing heritability” (Eichler et al., 2010), which would

explain the difference between 27.4 % and 80 % in the case of genetic basis of

height. Since studies only using SNPs cannot explain all the variation of a trait,

variation in STR length has been suggested as one factor that could explain

some of the “missing heritability” (Press et al., 2014; Sawaya et al., 2015). For

instance, when investigating STRs in promoters that affect gene expression, it

was found that variation in SNPs near these STRs does not necessary reflect

the variation in the STRs, implying that they are not linked and evolve inde-

pendently (Quilez et al., 2016). The allele of a SNP does not inform about the
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STR allele. This is in line with earlier theoretical studies, which showed that

high mutation rates in an STR creates linkage disequilibrium with close SNPs

(Sawaya et al., 2015). This indicates that studies incorporating variation in both

SNPs and STRs, and possibly other variation such as larger deletions and in-

sertions, would have the potential to explain more of the heredity of different

traits than current methods. Neither sequencing technology nor the tools used

in used in such analyses are currently designed to do this.

1.2.2 The Gadiformes and their immune system

The Gadiformes, or cods and allies, consists of 613 extant species (Eschmeyer

et al., 2017), with its members some of the most important commercial fish

species in the world (FAO, 2016). Many Gadiformes, and especially the cod-

fishes such as cod and haddock, are commercially important fishes for many

societies (Olsen et al., 2010). Because of this importance, there has been a

substantial research focus on Atlantic cod, with the release of its genome as-

sembly in 2011 as a major milestone (Star et al., 2011). This was the fourth

teleost genome assembly published after fugu (Takifugu rubripes), tetraodon

(Tetraodon nigroviridis and medaka (Oryzias latipes ), and the first non-model,

marine teleost. It was also the first vertebrate genome sequenced and assem-

bled with a pure 454 sequencing approach. The main reported finding was a

lack of the genes involved in the major histocompatibility complex (MHC) II

(involved in defense against bacterial pathogens), accompanied by expansions

in the MHCI (usually involved in defense against viral pathogens) and TLR

(recognizing both bacterial and viral pathogens) genes (Star et al., 2011). It is

not clear how, or why, cod lost these genes (Star and Jentoft, 2012). Continu-

ation of this work has identified that the MHCI genes have evolved into two

distinct clades, one of which has a novel signaling peptide resembling those

known from the MHCII pathway (Malmstrøm et al., 2013). Within the innate

defense the TLR genes have seen both expansions and losses in cod (Solbakken

et al., 2016b), and the expansions have been suggested to be associated with the

loss of MHCII genes throughout Gadiformes (Solbakken et al., 2017).

In addition to TLRs, other pattern recognition receptors (PRRs) such as

RIG-I like receptors (RLRs), NOD-like receptors (NLRs), and C-type lectin

receptors (CLRs) are responsible for the initial sensing of microorganisms

(via pathogen-associated molecular patterns, PAMPs) and damage (damage-

associated molecular patterns, DAMPs), and subsequently activating the in-

flammatory response (Takeuchi and Akira, 2010) (Figure 1.4). While the RLRs

consist of three members (Zhu et al., 2013), the NLRs have around 400 members
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Figure 1.4: . An overview of the cellular location of innate immune receptors. The Toll-

like receptors (TLRs) are located to the cell membrane and to endosomes together with

the C-type lectin receptors (CLRs) such as DC-SIGN. NOD-like receptors (NLRs) are

found in the cytosol, together with the RIG-like receptors (RLRs). These are all pattern-

recognition receptors, recognizing molecular patterns either associated with damage or

microbial pathogens. Used under CC BY 2.0. From Müller et al. (2011).
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in zebrafish (Howe et al., 2016), with varying numbers in other teleosts (Howe

et al., 2016; Stein et al., 2007). These additional families of PRRs are just in their

initial phase of characterization in teleosts, and the Gadiformes are especially

interesting since they have a “non-traditional” immune system compared with

other teleosts.

The first version of the cod genome (Star et al., 2011)). was a rather frag-

mented assembly compared with Sanger sequenced or current HTS teleost as-

semblies. Most of teleost species’ assemblies available at that time were tra-

ditionally Sanger sequenced, where reads were at least twice as long as those

generated with the 454 sequencing technology used for cod. This shorter read

length for cod could be expected to negatively influence the assembly conti-

guity. However, it was also found that 32 % of the contig edges contained an

STR and 24 % of the gaps in scaffold were flanked by STRs (Supplementary

Note 7 in Star et al. (2011)). Cod has further been identified as a species har-

boring a large amount of STRs compared to other marine species (Jiang et al.,

2014) and to a diverse set of vertebrates . Further, the Atlantic cod genome has

extreme amounts of the dinucleotide tandem repeat AC compared to all verte-

brate genomes within the Ensembl database (Star et al., 2016a). These findings

could therefore indicate that the fragmentation of the first version of the cod

genome assembly may be connected to a large amount of STRs.
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2 Aims

The main goal of this thesis has been to investigate and to evaluate how dif-

ferent aspects of the architecture of the genome (such as gene content, trans-

posable elements, STRs, SNPs) and technical aspects (such as sequencing plat-

forms, coverage, assembler and assembly algorithms) can affect the assembly

of a genome, and in addition gain insight into what is ‘good enough’ for par-

ticular biological questions being asked (presence/absence of genes, synteny,

usage in phylogeny, total gene content). A secondary goal has been to use

these assemblies to investigate the evolution of immune genes in teleosts, in

particular MHCI, TLRs and NLRs in Gadiformes and how their copy number

estimations in light of their repetitive nature is affected by the genome assem-

bly.
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3 Summary of works

3.1 Work I

The new era of genome sequencing using high-throughput sequencing tech-

nology: generation of the first version of the Atlantic cod genome

In 2008 my colleagues received funding to sequence, assemble, and anno-

tate the Atlantic cod (Gadus morhua) genome. This chapter published in the

book Genomics in Aquaculture gives a summary of the rational for sequencing

the Atlantic cod, the sequencing method, assembly methods, and annotation

method used. It is the first chapter of the book, written as an introduction to

sequencing and assembly using cod as a case study. Cod was one of the first

vertebrates to be sequenced, assembled, and annotated based on HTS technol-

ogy alone, and this was challenging compared to the older Sanger sequencing

projects, partly because the 454 technology provided reads of shorter length.

In this book chapter we discuss all the processes from sequencing to assembly,

and the different assembly approaches (OLC and de Bruijn). Some challenges

of genome assembly are described, including the size, repetitive content, het-

erozygosity and errors in sequencing reads. We discuss the relationship be-

tween repetitive sequences and paired reads (also called mate pair and paired-

end reads). Two assemblies were originally generated for the Atlantic cod, one

with Celera Assembler (long contigs) and one with Newbler (long scaffolds)

and both were more fragmented than other publicly available teleost assem-

blies. We also describe the annotation process and the synteny between cod

and other teleosts, before discussing the need for an improved genome assem-

bly for cod and different methods for creating it.

3.2 Work II

An improved genome assembly uncovers prolific tandem repeats in Atlantic

cod

While the Atlantic cod genome assembly published by Star et al. (2011)

(gadMor1) was suitable for many purposes, it was more fragmented than other

comparable assemblies, such as tetraodon, medaka and stickleback (Gasteros-

teus aculeatus). Short tandem repeats (STRs) were found at or near the end of

many contig termini (32 % of them) and were suspected to be responsible for

the fragmentation. We wanted to investigate the reason for the fragmentation

and identify its biological underpinning.

We generated four different draft assemblies using different combinations
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of sequencing technologies (Illumina, 454, PacBio, and Sanger), and assemblers

(Celera Assembler, Newbler and ALLPATHS-LG), and validated these with a

variety of tools. Each of them had its own strengths and weaknesses, there-

fore we created a reconciled assembly based on all four draft assemblies using

a custom created program. This reconciled assembly (gadMor2) has a 50-fold

increase in N50 contig length compared to the previous cod assembly, and re-

duced the amount of gap bases 15-fold. This new assembly was annotated

using the automated MAKER pipeline.

We confirmed the high density (bp/Mbp) and frequency (loci/Mbp) of

STRs in Atlantic cod, both inside and outside of genes. This amount of STRs

is significantly higher than that in any other species found in the Ensembl

database. By comparing the draft assemblies and gadMor1 to gadMor2, we

were able to measure how many contigs from each assembly were overlap-

ping with different features in gadMor2 (SNPs, indels, transposable elements,

sequencing read coverage and STRs). While there is about 10 % STRs in gad-

Mor2, up to half of the contig termini from gadMor1 and all draft assemblies

except the one based on PacBio reads, overlap with STRs. This is a significant

enrichment, and likely the reason why these assemblies are fragmented.

Because STRs are highly mutable, the high density and frequency of these

STRs both inside and outside protein-coding regions suggests most of the STR

loci are polymorphic at the population level, representing a substantial amount

of standing genetic variation.

3.3 Work III

Whole genome sequencing data and de novo draft assemblies for 66 teleost

species

To investigate when the loss of genes involved in the MHC class II path-

way occurred in the lineage leading to cod, we needed assemblies sampled

broadly enough to properly represent the teleost group, in addition to those

publicly available. To produce these by the traditional approach with multi-

ple sequencing libraries of different insert sizes would have been prohibitively

expensive. We therefore explored different sequencing and assembly methods

by utilizing publicly available sequencing data from the budgerigar (Bradnam

et al., 2013; Ganapathy et al., 2014) to arrive at an optimal, cost-effective strat-

egy for obtaining assemblies of sufficient quality for phylogenomic and gene

presence/absence analyses.

We sequenced the genomes of 66 teleost species, representing all major lin-

eages of teleosts, using a single sequencing library with insert size around 400
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bp and read lengths of 150 bp, at 9-39x coverage. The qualities of the assem-

blies were assessed by gene-space completeness as measured by CEGMA and

BUSCO. We found a significant correlation between N50 scaffold length and

the number of genes found by CEGMA and BUSCO, but no correlation be-

tween number of genes found and coverage, and no correlation between cov-

erage and N50 scaffold length.

We also report on a phylogeny based on mitochondrial sequences extracted

from the sequenced genomes and from GenBank as a validation of the nu-

clear marker phylogeny reported in Work IV. We show that sequences taken

from GenBank and the new mitochondrial genomes cluster according to ex-

pectation, indicating that there is little chance of contamination or taxonomic

mis-assignment.

3.4 Work IV

Evolution of the immune system influences speciation rates in teleost fishes

We used the data reported in Work III together with 10 publicly available

teleost genome assemblies to create a time-calibrated phylogeny using fossil

constraints. By searching for the relevant genes in the assemblies of the 76

species, we were able to infer when the genes involved in the MHCII path-

way were lost in the lineage leading to Atlantic cod. We found that this hap-

pened approximately 105 million years ago, in the common ancestor to all Gad-

iformes.

MHCI has expanded multiple times during the evolution of teleosts, in

Gadiformes but also within Percomorphaceae. The expansion of MHCI is cor-

related with species diversity, suggesting that the copy number of MHCI can

be a driving feature in speciation within Gadiformes and Percomorphaceae.

With a large number of nearly identical MHCI gene copies in a genome, these

may have the same effect as repetitive sequences for the assembly process, and

might be excluded from the assembly. Therefore, we could not use the assem-

blies to count the number of MHCI, but had to compare read depth of assem-

bled MHCI sequences, with the read-depth of assembled single-copy genes to

estimate MHCI copy numbers.

3.5 Work V

Genomic architecture of codfishes featured by expansions of innate immune

genes and short tandem repeats

According to the findings in Work II-IV, Gadiformes seem to have chosen
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different strategies with regard to immune genes and STR content compared

to other teleost species. Neither of these attributes is easily investigated with

fragmented assemblies such as those used in Work III and IV. Because of it

relatedness to cod (diverged from cod about 13 million years ago), and because

it is an important commercial and ecological species, we performed PacBio

and Illumina sequencing of haddock (Melanogrammus aeglefinus), generated a

genome assembly, and annotated it.

We first compared selected immune related genes to the cod genome assem-

bly (gadMor2), and found that about half of the estimated number of MHCI

genes (from Work IV) can be found in the assemblies. There were only minor

differences in the TLR repertoires of the two species. We also investigated the

genes encoding NOD-like receptors (NLRs) and found that the teleosts likely

have an expansion of these compared to other species. About twice as many

are found in cod compared to haddock, but most are found on short contigs/s-

caffolds with high sequencing read coverage, indicating that multiple copies

are collapsed into one. When investigating the unitigs from the assemblies that

contributed to the final assemblies of cod and haddock, we find approximately

the same number of putative NLRs in both species.

Both cod and haddock have a much higher density and frequency of STRs

compared to other fish species of the Ensembl database. This is also reflected

in the coding sequences, with about twice the number of genes containing an

STR compared to the other species. For all fish species, there is a significant

enrichment in STRs in genes involved in transcription, but for cod and haddock

there is also enrichment in STRs in genes involved in signal transduction.
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4 Discussion

4.1 The loss of MHCII and the background for a more contigu-
ous assembly for cod

It has long been known that Atlantic cod does not respond to vaccination in a

similar way that other teleosts do (Pilström et al., 2005). However, it was not

until the genome assembly of Atlantic cod and its annotation (Star et al., 2011)

became available that we properly understood the reasons why; i.e. the loss

of genes involved in the MHCII pathway. While the first assembly of the At-

lantic cod genome (gadMor1) was sufficiently complete to discover the loss of

MHCII, the assembly was fragmented and the scaffolds/contigs did not have

a chromosomal context; their relationship to each other was not clear. A low-

density linkage map was available(Hubert et al., 2010), but only half of the

assembly could be anchored to it. The gadMor1 assembly was published in

2011, the same year that ALLPATHS-LG (Gnerre et al., 2011) was published,

which demonstrated remarkable assembly statistics using Illumina sequences

alone. The PacBio sequencing platform was also beginning to gather momen-

tum with the publication of tracing the origin of E. coli after an outbreak in

Germany (Rasko et al., 2011). The need for a more contiguous genome, and

these developments in sequencing and assembly technologies, laid the foun-

dation for further work on the cod genome assembly (as discussed in Work I

(Tørresen et al., 2016)).

4.2 The creation of highly and less contiguous assemblies of
codfishes

For gadMor1, many genes are found on multiple contigs (e.g. Figure 2 in Work

II). The mean gene lengths of the annotated teleosts on Ensembl range from 6

to 30 kbp depending on species. As gene length (exons plus introns) is corre-

lated with genome size (Yandell and Ence, 2012), the gene length of Atlantic

cod is expected to be similar to teleost species with similar genome sizes. Of

the species included in the Ensembl database, platyfish, medaka, and Ama-

zon molly have the most comparable genome sizes to cod, and gene lengths in

these species range from 13 – 17 kbp. Thus, with a N50 contig size around 15

kbp, about half the genes of Atlantic cod should be fully contained in contigs.

Unfortunately, none of the Newbler, ALLPATHS-LG, and Celera Assembler as-

semblies based on 454 and Illumina data had sufficient contig lengths for most

of the genes to be fully contained (Work II (Tørresen et al., 2017)). PacBio reads
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are longer than Illumina and 454 reads, and therefore span more repeats. At

the time, the usual approach was to correct the error-prone PacBio with Illumi-

na/454 reads (Koren et al., 2012). When attempting this correction, we ended

up with fragmented datasets, likely since the limitations of the 454 and Illu-

mina data were transferred to the PacBio data. This was due to either lack

of coverage in certain regions or inability to span repeats in the PacBio reads.

We used an unconventional approach by performing an assembly without cor-

recting the PacBio reads first (also utilized in Work V). To our knowledge, the

only other such published assembly was used for the salmon assembly (Lien

et al., 2016), but no actual sequence from the assembly created from uncor-

rected PacBio reads went into the final salmon assembly as it was merely used

as quality control. However, there have been several recent publications advo-

cating such approach to assembly with these kinds of data (Vaser et al., 2017;

Kamath et al., 2017).

For both Work II and V, the amount of PacBio reads was moderate, with

about 20-25x coverage. Similar amounts of PacBio data have dramatically im-

proved the contiguity of assemblies compared to those without PacBio reads

(Conte and Kocher, 2015; Koren et al., 2012). Even higher numbers of PacBio

reads can lead to contigs the lengths of chromosome arms (Vij et al., 2016; Berlin

et al., 2015; Pendleton et al., 2015). This has until recently been considerably

costly. Notably, the moderate amounts of PacBio reads used in Work II and V

have yielded assemblies where most genes are fully contained in contigs (Fig-

ure 2 in Work II, Figure 4.1). Thus, presuming the annotation is correct; mul-

tiple genes can be found on one contig (with around 700 Mbp genome and 20

000 genes; that is one gene present every 30 kbp), giving more confidence when

looking at synteny between species. As an example of the improvements from

gadMor1 to gadMor2, the region on LG11 associated with sex-determination

(Star et al., 2016b), contains substantial amounts of gaps in gadMor1, but the

higher contiguity of gadMor2 provided more confidence in this region (also

see Figure 4.1).

gadMor2
gadMor1

hoxc13a hoxc12a hoxc11a hoxc10a hoxc9a hoxc8a hoxc6a hoxc5a hoxc4a hoxc3a

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

Figure 4.1: An example of the higher contiguity of gadMor2 compared to gadMor1.

Seen here is the HoxC cluster in both assemblies. Blocks in shades of blue represents

contig sequences, while white blocks are gaps and red lines tandem repeats. Gene mod-

els are drawn on top of the figure. In gadMor2 this region is a single contig, while it is

21 in gadMor1. Modified from Tørresen et al. (2017).
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However, used in the right way, less contiguous assemblies can also be very

powerful. We know that cod is missing the MCHIIa and MHCIIb genes (Star

et al., 2011). However, we did not know when this was lost from the evolution-

ary lineage leading to cod. By sequencing and assembling 66 teleost species

(Work III (Malmstrøm et al., 2017)), we were able to map the presence/absence

of relevant genes on a fossil calibrated phylogeny (Work IV (Malmstrøm et al.,

2016)). While these kinds of assemblies cannot be used to reliably detect ab-

sence of one particular gene for a single species, it is a powerful tool when

patterns emerge, for instance the absence of MCHIIa and MHCIIb in all Gad-

iformes despite their presence in all other species; Figure 2 in Work IV. These

less contiguous assemblies seem to contain most genes (Figure 2 in Work III),

and can therefore be used to investigate the evolution (for instance loss/expan-

sion) of almost any gene/gene family, such as opsins (Cortesi et al., 2015), Mx

(Solbakken et al., 2016a) and TLRs (Solbakken et al., 2017).

4.3 The high frequency and density of short tandem repeats in
codfishes

About 10 % of the cod genome assembly is found in short tandem repeats

(STRs) (Work II). STRs are overrepresented at the edges of contigs from

the previous assembly (gadMor1) and for three of the four draft assemblies

(CA454ILM, ALPILM, NEWB454) that went into gadMor2 (Figure 6 in Work

II). That is, around 30 – 50 % of contig edges overlap STRs. It is therefore

likely that STRs fragment these assemblies and thus impede proper assem-

bly. For CA454PB, the fourth draft assembly, we have utilized PacBio reads.

Because of their length these PacBio reads were successful in spanning most

STRs. Both cod and haddock (Work V) have a much higher amount of STRs in

their genomes than other species, both in terms of percentage of sequence in

STRs (density, bp/Mbp) and the frequency (loci/Mbp).

In Work V, we used the genome assemblies of two codfishes (haddock and

cod) and compared these to other teleosts to find features shared among cod-

fishes. The codfishes have about twice the number of genes with an STR (ap-

proximately 8000): 30 % of the annotated genes, with the other teleost at 17

% or less. All teleost assemblies are enriched for STRs in genes involved in

transcription, similar to other eukaryotes (Mularoni et al., 2010; Legendre et al.,

2007; Albà et al., 1999; Huntley and Clark, 2007; Zhao et al., 2014). The codfish

assemblies are also enriched for STRs in genes involved in signal transduc-

tion. These genes encode proteins that regulate small GTPases, the GTPase-
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activating proteins (GAPs) and guanine nucleotide-exchange factors (GEFs) by

suppression (GAPs) or promotion (GEFs) of activity. The small GTPases are in-

volved in a range of fundamental processes, from gene expression, cytoskeletal

reorganization to intracellular vesicle trafficking and cytokinesis (Takai et al.,

2001; van Dam et al., 2014). In mammals, some GTPases are involved in im-

mune signalling as they are important for TLR signal transduction, especially

for TLR2 and TLR4 (Bokoch, 2005). In codfishes, those particular TLRs are not

found (Solbakken et al., 2017), but other TLRs might have taken on their roles.

Given the fundamental roles of GTPases, it is likely that some are important for

signaling in the immune system of codfishes. The STRs in the genes encoding

GAPs and GEFs could modulate their function, leading to differences in signal

transduction of these pathways between populations of codfishes.

Cod and haddock seem unusual in their high density and frequency of

STRs. It is not clear what aspect of their biology facilitates such an expansion

compared with other species. However, the Atlantic herring also has a high

amount of STRs (Supplementary File E in Barrio et al. (2016)). Cod, herring

and haddock are all species with high fecundity and large population sizes

(Barrio et al., 2016) (Work V). Their genome sizes are moderate, around 700-900

Mbp. There have been indications that there is a negative correlation between

genome size in teleosts and effective population (Yi and Streelman, 2005), but

this disappears when correcting for phylogeny (Whitney and Garland Jr, 2010).

There is a negative correlation between fecundity and egg size, with smaller

eggs at higher fecundity (Sargent et al., 1987). Further, there is a correlation be-

tween genome size and egg size (Hardie and Hebert, 2004). Thus, genome size

and fecundity might influence the high density and frequency of STRs. There

is no clear consensus of how STRs originate (de novo). They might be induced

by transposon activity, but a high density of transposons does not necessarily

lead to a high density of STRs (Oliveira et al., 2006). However, it seems that

as soon as there is a repeated sequence (two dinucleotides in tandem for in-

stance), slippage in replication can then extend the STR. We are not aware of

any studies showing a tendency for higher polymerase slippage in codfishes.

Besides the origin of the high STR content, the maintenance of STRs also pro-

vides a puzzle: both cod, haddock and herring have large effective population

sizes (Barrio et al., 2016) (Work V) and should therefore be effective in remov-

ing deleterious or slightly deleterious alleles. Most likely, the large amount of

STRs is either advantageous or neutral for these species.

STRs, like most other elements of the genome, can be advantageous, dele-

terious, or neutral. Some studies highlight the functional role of STRs in "cre-
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ating and maintaining quantitative genetic variation" (Ohadi et al., 2015), how-

ever, this might not accurately represent the all STRs. Likely for as long as

we have been aware of them, investigators have discussed the role of STRs in

genic regions and non-genic regions (King et al., 1997; Sawyer et al., 1997). Junk

DNA has in the last decades been defined as the “fraction of the genome on

which selection does not operate” (Graur, 2016) and it has been claimed that

“a substantial percentage of the DNA in many eukaryotic genomes lacks an

organism-level function” (Palazzo and Gregory, 2014). Most STRs in eukary-

otic genomes do not play any role in “organism-level function”. For instance,

of 700,000 STRs in the human genome, only 4,500 are in protein coding regions

(Willems et al., 2014). In addition, 2,060 have been found to be significantly as-

sociated with expression of genes (Gymrek et al., 2016). While this adds up

to about 6,500 STRs in the human genome that can have direct effect on the

sequence of a protein or the expression of the gene encoding the protein, this

represents only about 1 % of the overall number of STRs. However, this is a

substantial fraction of the total amount of genes in the human genome, about

one third. Therefore, while STRs play a detrimental role in some human dis-

eases (Orr and Zoghbi, 2007), or can be important for many genes, most STRs in

the human genome are neutral. The genomes of codfishes are smaller than the

human genome, and likely contains a larger fraction of DNA with "organism-

level function". Given that there is a higher density and frequency of STRs in

the codfish genomes, a higher fraction of them might be under selection than in

the human genome. For instance, STRs are found in almost twice the amount

of genes in codfishes compared to humans (8,000 vs 4,500 genes). However,

many STRs would likely not be under selection, and therefore could be cate-

gorised as junk DNA.

4.4 The immune gene repertoire of species with an unusual
immune system

We mapped the presence/absence of relevant genes on a phylogeny (Work IV)

based on 76 species (the 66 new assemblies (Work III) plus 10 previously avail-

able assemblies) and found that the loss of the MHCII genes happened approx-

imately 105 millions years ago in the lineage that became the Gadiformes of

today. The absence of MHCII genes in Gadiformes has likely been compen-

sated by several mechanisms. Firstly, many of the Gadiformes have a vastly

expanded repertoire of MHCI genes (Work IV), with up to 100 gene copies in

cod itself (Star et al. (2011) and Work IV). Within the pattern recognition recep-
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tors (PRRs) family of Toll-like receptors genes (TLRs) some members are lost

and others are expanded (Solbakken et al., 2016b), with some expansions corre-

lated to MHCII loss and species latitudinal distributions (Solbakken et al., 2017).

There is a high number of TLRs in species such as purple sea urchin (Strongylo-

centrotus purpuratus) and Florida lancet (Branchiostoma floridae) which could be

connected to their lack of an adaptive immune system (Rast et al., 2006; Hibino

et al., 2006; Huang et al., 2008). Another PRR family, the NOD-like receptors

(NLRs), has also been discussed in connection with large numbers of genes in

species without an adaptive immune system such as cnidarians (Lange et al.,

2011) and the purple sea urchin (Rast et al., 2006).

However, there is no clear connection between increases in number of NLRs

and the loss of MHCII pathway genes in codfishes. While the NLRs are few in

numbers in mammals (Stein et al., 2007), there have been reports of 400 NLRs

in zebrafish, 100 in Mexican tetra (cavefish or Astyanax mexicanus) and 50 in

Northern pike (Esox lucius) (Howe et al., 2016), 70 in fugu and 49 in tetraodon

(Stein et al., 2007), and 50 in the miiuy croaker (Miichthys miiuy) (Xu et al., 2016).

All of these species have genes necessary for the MHCII pathway. In Work V,

we found that the NLRs are likely expanded in all teleosts, and possible lineage

specific expansions in zebrafish, stickleback, tilapia (Oreochromis niloticus) and

the codfishes. It is likely that the numbers of NLR genes are underestimated for

all species. For instance, in cod about half the scaffolds with NLRs are unplaced

in the linkage map, and have much higher average read coverage than the

placed scaffolds (Work V), while in zebrafish only about 10 % of the scaffolds

with putative NLRs are unplaced. Also, when investigating the unitig assem-

blies for cod (CA454PB) and haddock, the draft assemblies that contributed to

the final assemblies, much higher numbers of putative NLRs are found in both

species, around 600 copies. This is about three and nine times as many found

in the final assemblies for cod and haddock, respectively. It is therefore difficult

to confidently suggest a certain number of copies of NLRs in the assemblies of

different fishes, aside from stating that the numbers are likely underestimated.

Further improved assemblies for these species are needed to properly investi-

gate the intriguing nature of these genes, not least for understanding how they

propagate in the genome. This is continuing process, where new technologies

and new assembly approaches extend how much of the genome is actually

reconstructed in a genome assembly.
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4.5 Genome assemblies are crucial for understanding biology

Biologi is the study of life, with the goal to understand different aspects of liv-

ing creatures. One aspect of this is to understand the function and roles of the

genes and the proteins they encode in different species (Pavey et al., 2012). A

genome assembly is useful as a starting point for this. By annotating the genes

found on the assembly, we can get a catalogue of genes. However, the func-

tion of these are often unknown. Even for a species such as yeast, with more

researchers than the number of genes (Peña-Castillo and Hughes, 2007), many

genes are still uncharacterized, with unknown function (apparently 1,000 in

2007 (Peña-Castillo and Hughes, 2007), with many of these having a predicted

function, but no experimental evidence (Eisenhaber, 2012)). For species less

suited for experimental manipulation, and with a higher number of genes,

such as humans, about half the genes/proteins lack functional characterization

(Eisenhaber, 2012). This means that none these genes/proteins have a function

that is known in humans, nor have their homologs known functions in other

species. For humans and yeast we have good knowledge of the genomics

sequence, and know exactly which predicted genes/proteins lack functional

characterization.

How should we evaluate the situation for cod? While it is likely that most

genes are structurally annotated and therefore have a known location, they

might lack a proper functional characterization. Some of these might also

be fragmented. Most teleost fishes annotated at Ensembl have around 20,000

genes, while gadMor2 was annotated to 23,000 (Work II, up from around 20,000

for gadMor1). It is possible that some of these are divided across multiple con-

tigs/scaffolds, and this therefore increases the count (Denton et al., 2014). An-

other issue is that of the 600 putative NLR genes, only 200 are found in the final

assembly (Work V). It is not possible to assess the function of these multiple

gene copies when they cannot even be found in the assembly. More complete

genome assemblies are therefore needed.

While costly, highly contiguous assemblies that surpass even the earlier

Sanger-based assemblies in quality can be created using sufficient coverage

of PacBio reads (Bickhart et al., 2017; Vij et al., 2016; Warren et al., 2016). A

combination with longer range continuity information as generated by optical

mapping (Howe and Wood, 2015; Seo et al., 2016), chromosome conformation

(Bickhart et al., 2017) data, linked reads (Yeo et al., 2017; Weisenfeld et al., 2016),

or combinations of these (Jiao et al., 2017; Mostovoy et al., 2016) would yield as-

semblies that are almost complete. A broad sampling of such assemblies across

the teleosts would give much information about how multi-copy gene families
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proliferate and spread in genomes, and facilitate investigations into how STRs

originate and spread, thereby laying the groundwork for better understanding

the biology of various fish species.
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5 Concluding remarks and future perspectives

During their evolution, codfishes have changed fundamental aspects of their

biology to something different from most other vertebrate species. They have

reorganized their immune system with losses of genes previously thought to be

ubiquitous among jawed vertebrates (MHCII, CD4 and Invariant chain) with ex-

pansions of other gene families (TLRs, NLRs, MHCIs). They have an increased

density and frequency of STRs compared to other species, inside and outside

of protein coding sequence. It is striking that both of these features exists in

the same group of species, and it is tempting to suggest that there might be

some connections between them. For instance, there is enrichment of STRs in

signal transduction genes in these species, and that might be one connection to

the immune genes. In addition, codfishes have high fecundity and large effec-

tive population sizes, which would lead to even weak selection being effective,

leading to local adaptations possibly based on the STR variation. The intercon-

nections between these aspects of the codfishes require more investigation.

The present genome assemblies for cod and haddock reveal limitations

when considering cases such as the NLRs; this is also the case all investigated

teleost genome assemblies. These high copy-number genes collapse into fewer

sequences during the assembly process, and impede proper investigation of

their nature. Because of the collapse, surrounding sequence of the genes and

therefore synteny between species is unavailable. This makes inference into

the evolution of these genes difficult. The lack of properly updated genome

assemblies also impedes this. For instance, we downloaded the assemblies

we did not generate ourselves from a very convenient resource, the Ensembl

database. However, many of the assemblies present there have not been up-

dated for several years. For some, newer assemblies do exist, such as stick-

leback (Peichel et al., 2016) and fugu. The new stickleback assembly is not

found at Ensembl (N.B. neither is gadMor2 because funds have been priori-

tised to other purposes), but the consequence is that researchers will use an

older assembly, possibly of lower quality. The newest fugu assembly, FUGU5,

was produced in October 2011, and has been in Ensemble Pre! since then, i.e.

not on the main website. Many genome projects often produce their own an-

notations, such as our own, and these are therefore not standardized. While

this perspective deals with teleosts, these issues are likely affects other species

across the tree of life as well. There is a need for an up-to-date, standardized

resource, and hopefully initiatives such as Genome 10K (Bernardi et al., 2012;

Koepfli et al., 2015) might facilitate this. It is crucial for comparative analy-
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ses, as well. For a few selected species (mouse, human, chicken and zebrafish;

https://www.ncbi.nlm.nih.gov/grc) there is an ongoing effort to improving

their genome assemblies with new sequencing technologies and assembly ap-

proaches. However, as argued in this thesis, improved and updated genome

assemblies for other non-model species will reveal fascinating aspects of their

biology and evolution.
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