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Anglerfishes possess a number of extraordinary adaptations. Perhaps 
the strangest of these is male sexual parasitism, where the male clamps 
on to the female with his jaws and never lets go. In extreme cases the 
male’s body will degrade and simply become a pair of testicles that are 
fed by the female’s blood supply. In essence, the male’s testicles have 
been transplanted to the female’s body. In humans, and most vertebrates, 
it is not possible to simply transplant an organ from one individual 
to another as the immune system of the recipient will reject the organ 
and kill the transplanted cells. Why there is no rejection of sexually 
parasitic males is a bit of a mystery, but it does suggest that anglerfishes 
have a specialised immune system and that studying this may teach us 
how immune rejection can be avoided after transplantation. Though 
interesting, we currently, know very little about the anglerfishes and their 
immune system.In this thesis we provide the first genome assembly of 
a local anglerfish Lophius piscatorius (breiflabb). We discovered that L. 
piscatorius lacks an important part of the immune system that is known 
to be involved in rejection. Surprisingly, we also observed a previously 
unreported fundamental property of fish genomes that may indicate 
specific mechanisms of their genome evolution.The work described in 
this thesis provides a new genome resource which we have used to make 
discoveries that are both general to genome evolution and specific to 
anglerfish immunology.
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Abstract 

The anglerfishes comprise an extremely diverse order of teleosts with unique 

adaptations. The most notable is sexually parasitism of reproduction where the male 

attaches to the female. This can result in fusion of two genetically distinct organisms, 

which would in most vertebrate species result in an immune rejection. However, in 

sexually parasitic anglerfish fusion occurs with no immune rejection. The mechanisms 

that have allowed the evolution of such adaptations are of interest not just to 

evolutionary biology, but perhaps also to biomedical research related to the prevention 

of allogenic rejection after transplantation. Nevertheless, anglerfishes remain poorly 

understood. In this project we have produced the first chromosome level assembly of 

an anglerfish (Lophius piscatorius). We also provide an annotation of this genome based 

on orthology inference and believe that this will provide a comprehensive genetic 

resource for the study of anglerfish biology facilitating research addressing the evolution 

of anglerfish specific properties. 

As part of an analysis of the initial contig level assembly we characterized the L. 

piscatorius mitochondrial genome and transcriptome. This identified low-level 

heteroplasmic sites, a species-specific control region indel, as well as a novel long non-

coding RNA derived from the Cytochrome Oxidase I locus.  Furthermore, we observed a 

remarkable sequence conservation of the mitochondrial-derived peptide Humanin. 

These findings contribute to our understanding of mitochondrial regulation and 

function, and are of interest not only to anglerfish research. 

It is thought that sexual parasitism has evolved independently multiple times within 

the Ceratioidei suborder, suggesting that they may share a common genetic 

predisposition that facilitates sexual parasitism. As the removal of immune rejection is 

a requirement for the fusion of two individuals it is possible that this predisposition 

arises from a modified immune system that may be shared with the non-parasitic 

anglerfish taxons. Given that two teleost taxons (Gadiformes and Syngnathus) have 

previously been reported to lack the MHC II arm of the adaptive immune system we 

made use of the initial draft genome assemblies to establish the absence or presence of 



 

 2 

MHC II in L. piscatorius. Surprisingly we found an absence of exactly the same five (of 30 

assayed) genes absent in Gadiformes. This observation implies that these five genes 

(CD4, CD74 A/B, MHC II α/β) comprise a core set of MHC II genes that have no essential 

functions external to MHC II, and suggests the possibility that loss of MHC II may have 

been one of the events that enabled the development of sexual parasitism in anglerfish. 

To annotate the final chromosome level assemblies, we made use of in silico gene 

predictions supported by evidence from RNA followed by an orthology based functional 

annotation. An analysis of the resulting annotation confirmed that L. piscatorius has a 

fairly typical teleost genome in terms of genome size, global gene repertoire and gene 

feature composition. We also observed a chromosomal orthology with several teleost 

species that argues that the scaffolds reported here do indeed represent physical 

chromosomes. These analyses also revealed a teleost specific bimodality in intron length 

distribution that could be correlated to genome size within the teleosts, suggesting a 

coupling between the mechanisms governing intron and genome size in teleosts. 

The work presented in this thesis not only provides new genome resources that 

should facilitate further research into the weird and wonderful world of the anglerfishes, 

but also confirms an unexpected plasticity in teleost adaptive immunity. Surprisingly we 

were also able to observe fundamental genome properties related to intron size that 

have not previously been reported. Our work thus touches not only on the specifics of 

teleost immunology but also on general mechanisms underlying genome evolution in 

the teleosts. 
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1 Introduction 

1.1 The mitochondrial genome  

Mitochondrial genes and genomes have been, and are still widely used as the basis 

for phylogenetic analyses as homologous sequences are relatively easy to obtain and 

hence available from a wide range of taxa from protists, to plants, fungi and animals 

(Harrison 1989; Boore 1999; Galtier et al. 2009; Jiang et al. 2016; Xin et al. 2017; 

Bronstein et al. 2018). This makes any newly sequenced mitochondrial genome a useful 

addition to an enormous collection of existing full mitochondrial genome sequences. 

Mitochondrial genomes often appear as a "by-catch" in next generation sequencing 

data, as they assemble relatively well even with a low coverage sequencing due to their 

high copy number, distinct sequence and organisation compared to nuclear DNA. 

The vertebrate mitochondrial genome is circular and has a highly conserved 

organisation and sequence. It contains 13 conventional protein coding genes, 2 

ribosomal RNAs, and 22 transfer RNA genes (Figure 1) (Boore 1999; Jørgensen and 

Johansen 2018). These 13 proteins are essential parts of the oxidative phosphorylation 

(OxPhos) pathway, the major part of which is encoded in the nuclear genome (72 genes) 

(Kühlbrandt 2015). The vertebrate mitochondrial genome has coding potential on both 

strands denoted as the Heavy and Light (H and L) strands, originally separated based on 

their buoyancy in caesium chloride density gradient centrifugation (Barroso Lima and 

Prosdocimi 2018). The H-strand encodes 2 ribosomal subunits, 14 tRNAs and 12 

mitochondrial proteins. The L-strand encodes 8 tRNAs and one protein (reviewed in 

(Jørgensen and Johansen 2018)). In addition to the conventional OxPhos proteins, the 

vertebrate mitochondrial genome codes for several unconventional peptides. One of 

these peptides, Humanin, appears to be highly conserved in many species (Lee et al. 

2013; Jørgensen and Johansen 2018). The largest non-coding part of the mitochondrial 

genome is the Control Region (CR). It is located between the genes of tRNA Pro and tRNA 

Phe and contains the displacement loop (D-loop), transcription initiation sites for both 

strands, and the origin of replication for H-strand. The L-strand origin of replication is 
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located between the genes of tRNA Asp and tRNA Cys and is functionally conserved in 

most vertebrates (Jørgensen and Johansen 2018).   

 

 

Figure 1. Mitochondrial genome organization of L. piscatorius 

Features derived from the heavy (H) and light (L) strands are shown as outer and inner arc 

segments respectively.  tRNAs, rRNAs and the control region are indicated by blue, salmon pink 

and red segments respectively. Coding regions are coloured by function. Gene abbreviations:  

mtSSU and mtLSU, mitochondrial small- and large-subunit ribosomal RNA; ND1-6, NADH 

dehydrogenase subunit 1 to 6 (yellow); COI-III, cytochrome oxidase subunit I to III (ligth purple);  

A6 and A8, ATPase subunit 6 and 8 (green);  CYTB, cytochrome b (purple);  tRNA genes are 

indicated by the standard amino acids code (blue). 
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1.2 Variation in nuclear genome size  

It is reasonable to assume that with the increase in organisational complexity arising 

during evolution, over time the number of genes and the associated genome size would 

increase. Originally, genome size estimations were based on the amount of nuclear DNA 

in the cell. For such studies, the term C-value (C - stands for constant) was introduced 

by H. Swift (Swift 1950; Greilhuber 2005) and in general it refers to a haploid nuclear 

DNA content. The results of these studies were surprising, as though there seemed to 

be a general trend for a genome size increase with the increase in complexity (eg. 

Prokaryotes-to-Eukaryotes), there was no correlation between organismal complexity 

and DNA content (figure2). 

 

Figure 2. C-value based genome size estimations  

The distributions of log transformed (base 10) genome sizes for different taxonomic groups from 

the Porifera (sponges) to mammals are shown as violin plots, with the median size indicated by 

white crosses. The units of the axis are log10 transformed genome sizes in mega base pairs; 

hence 3 indicates a genome size of 1 Gb. C-values were obtained from the Animal Genome Size 

Database, Gregory, T.R. (2019) (http://www.genomesize.com). Picograms were converted to 

base pairs (bp) by: bp = mass in pg x 0.978 e9. 
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At that time the amount of DNA was assumed to be directly related to the number of 

protein coding genes, hence the discrepancy between expectation and observation. This 

conflict was termed the 'C-value paradox' or later the 'C-value enigma' (Gregory 2001, 

2005; Elliott and Gregory 2015). As more genomes were sequenced, it became clear that 

the genome size variation in Eukaryotes is not directly related to the variation in the 

number of protein coding genes and that the number of genes only weakly, if at all, 

correlated with the organismal complexity. There is, however, a positive correlation 

between the genome size and the number of genes in some Eukaryotes (Gregory 2005; 

Elliott and Gregory 2015).  

 

Figure 3. Genome sizes of sequenced genomes 

Genome size estimates of sequenced genomes obtained from Ensembl. Each point represents 

the size of a single genome. The points are grouped along the x-axis by taxonomic groups as 

indicated. The genome size has been log transformed using base 2 such that difference of one 

unit indicates a doubling of genome size. Most teleosts have genome sizes less than 1Gbp (229.9 

) whereas mammals generally have a genome size around 3 Gb (231.5). Reptilia represents all 

Ensembl species that belong to the clade Sauria with the exception of birds, which are shown as 

a separate group: Aves. Overlapping points were collapsed using the R package Beeswarm using 

the center method. 
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Figure 3 shows that there is a considerable variation of genome sizes in some clades (eg. 

teleosts), whereas in others it is quite conserved (eg. birds) and it is not correlated with 

the intuitive complexity of the organisms. As another example, the genome sizes of a 

tarantula and a velvet spider are 5.8 Gb and 2.8 Gb, respectively (Sanggaard et al. 2014), 

while the human genome size is 3 Gb (GRCh38.p12, Ensembl Genome Browser). The 

genome sizes of a human parasite, the trematode Clonorchis sinensis is 516 Mb (Wang 

et al. 2011) whereas the dinoflagellate (single cell eukaryote) Symbiodinium minutum is 

approximately 1,5 Gb (Shoguchi et al. 2013). In comparison the genome of the teleosts 

Takifugu rubripes is 393 Mb (Kai et al. 2011) and Gadus morhua is 643 Mb (Tørresen et 

al. 2017).  

 
Figure 4. Number of annotated coding genes in Ensembl species 

Each point represents the number of genes reported in a single assembly. The data is arranged 

as in Fig. 3. Vertebrates generally have around 20,000 annotated genes. It is unclear as to what 

extent the variance in gene number estimates represents biological variability or differences in 

the accuracy of assembly and annotation. 

 

N
um

be
ro

fc
od

in
g
ge

ne
s

●

●

●

●

●

● ●

●
●●

●●●
●●●

●

●

●●●

●●

●●●●
●

●
●

●●●

●●●

●
●●

●●●

●
●

●●
●

●●●
●

●●
●●●

●

●
●

●

●
●●●

●

●
●●

● ●●
●●●●●●
●●●●●
●
●

●●●

●●
●●●
●

●●●●

●

●

●

●

●●●

●

●●●

● ●

●
●

●
●

●

●●●
●●●
●●
●●●●

●

●

●●●●●●

●

●●

●
●●●
●

●●●
●
●●●

●
●

●

●●●

●

●●●
●●

●
●●

●

●●●
●●●

●
●

●

●●●●●●●
●
● ●

●●●

●●●●●
●●●
●●● ●
●●

●

●●

10000

20000

30000

40000

50000

S.
ce
re
vi
si
ae

C
.e
le
ga

ns

D
.m
el
an

og
as
te
r

Tu
ni
ca
ta

C
ho

nd
ric
ht
hy
es

L.
oc
ul
at
us

Te
le
os
te
i

La
tim

er
ia

X.
tro

pi
ca
lis

R
ep

til
ia

Av
es

M
am

m
al
ia



 

 8 

 

Figure 5. Genome size and gene numbers 

(log2) Genome size plotted against the number of annotated coding genes reported by Ensembl. 

Each point represents a single genome assembly. Colours indicate taxonomic grouping as shown. 

Reptilia represents all Ensembl species that belong to the clade Sauria with exception of birds, 

which are shown as a separate group – Aves. 

This considerable variation of genome sizes in all domains of life only partially comes 

down to the increase in the number of functional genes (figure 4,5). For example, the 

smallest genome of a self-replicating, free-living cellular organism is found in 

Mycoplasma genitalium. It is 580 kb long and contains approximately 475 genes (Fraser 

et al. 1995; Fookes et al. 2017). Though, the smallest genome in terms of physical size in 

a cellular organism, is shared between the obligate symbionts Carsonella ruddii 

(endosymbiont of certain gamma-proteobacteria) whose genome size is 159 kb 

(Tamames et al. 2007), and Nanoarchaeum equitans ("ecto"symbiont of the 

Crenarchaeota genus Ignicoccus) which has a genome of 490 kb that contains 536 genes 

and has a coding efficiency of 95% (Waters et al. 2003). Thus, the difference in the 

genome sizes between Mycoplasma and Nanoarchaeum, at least partially comes down 

to differences in the number and length of noncoding regions.  

The largest sequenced genomes belong to loblolly pine (Pinus taeda; 23.2 Gb) (Neale 
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the estimated largest genome belongs to a single cell eukaryote Polychaos dubium (~670 

Gb); however, these estimates are in general considered untrustworthy (Friz 1968; 

Elliott and Gregory 2015). If P. dubium measurements are discounted, the estimated 

largest genomes belong to the Paris japonica (~152 Gb) and marbled lungfish 

(Protopterus aethiopicus; ~130 Gb) (Pellicer et al. 2010). Interestingly, using deep mRNA 

sequencing from 22 tissues authors identified 23,251 protein-coding genes in the A. 

mexicanum genome, which is similar to other vertebrates with much smaller genomes 

(Nowoshilow et al. 2018). Such drastic differences in the number of genes and genome 

sizes raises questions about the source of this diversity, the possible minimal number of 

genes and the role of a non-coding part of the genome (figure 5).  

 
1.3 Gene duplications and their role in adaptive evolution  

There are two ways in which new sequences can be added to a genome: by duplication 

events (domain/gene/genome) or via lateral gene transfers from another organism 

(Chen et al. 2013; Brown 2017). Duplication events are the most common way of 

acquiring new genes across all domains of life, while gene transfers are much more 

prevalent among prokaryotes (Chen et al. 2013; Brown 2017). These processes do not 

necessarily result in the appearance of new functionality but provide a new genetic 

material for selection to act upon.  

Gene duplications usually result from abnormal recombination events (e.g. unequal 

crossing over and unequal exchange between sister chromatids) or retrotranspositions. 

In the latter case host mRNA is reverse transcribed into DNA and subsequently 

integrated into the genome (Pink et al. 2011; Chen et al. 2013; Brown 2017). At the 

duplication site the copies are identical (except for retrotransposed genes) and will have 

to have the same functionality unless the regulatory context of the two duplicates is 

sufficiently different to cause differences in gene expression. Due to the selective 

pressure acting on differences resulting from mutation and recombination events the 

duplicated genes will either stay the same, diverge into two different genes with similar 

or completely new functions, or one copy will degrade and become a pseudogene (Chen 

et al. 2013; Brown 2017). 
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Gene duplicates keep the original function when the sequences or regulatory context 

is the same. In this case the benefit of having two copies of the same gene could come 

from the increase in the rate of gene product synthesis. A good example is the ribosomal 

RNA genes which are present in multiple copies in most organisms (from ~350 copies in 

the human genome and ~4000 in the pea genome) (Brown 2017). Comparative 

genomics studies in vertebrates and invertebrates show that duplicates of genes having 

important functions in development often (than expected by random chance) remain 

intact and preserve the original function (Chen et al. 2013; Van de Peer et al. 2017). It is 

hypothesised that the danger of having abnormal products of such important genes 

keeps copies under strict purifying selection and thus preserving the duplicates 

(dominant-negative hypothesis) (Van de Peer et al. 2017). In rainbow trout, 52% of the 

gene duplicates that originated in the salmonid-specific genome duplication event were 

lost, and the remaining 48% remained in duplicates. Genes that are involved in 

embryonic development, neuronal synapse development, and transcription factors are 

among those 48% (Berthelot et al. 2014).  

When benefits of having two copies is negligible, random mutations will start to 

accumulate and may cause pseudogenization or, more rarely, neofunctionalization in 

the gene function (Chen et al. 2013; Brown 2017). It is often considered that 

pseudogenes have lost their use for the organism and will slowly degrade with time. 

Surprisingly, it has been shown that some pseudogenes can play important parts of the 

RNAi system and regulate gene expression or become decoys for miRNAs preventing 

tumorigenesis (Pink et al. 2011). 

Occasionally, mutations will change the duplicate gene product in a way that is 

beneficial to the organism. Duplication/divergence cycles can happen multiple times 

with any of the copies. Speciation events can cause descendants of the original gene to 

diverge even further due to differences in selective pressure. These processes give rise 

to gene families and super families (Chen et al. 2013; Brown 2017). Genes that perform 

the same function, but split due to a speciation event, are called orthologues. 

Descendants of the ancestral gene that underwent a duplication event are called 
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paralogues. Ohnologues - are paralogues that originated as a result of a whole-genome 

duplication event (Brown 2017; Van de Peer et al. 2017). 

New gene functions can also arise from domain duplication and domain shuffling, 

causing structural domains to be repeated and making genes longer. Over time, 

duplicated domains may diverge and change the original gene activity or function, or 

can remain the same if the increase in the number of structural domains is beneficial 

(e.g. making the product more stable). Domain shuffling is the process where domains 

from different genes are duplicated and combined resulting in a gene that might have a 

completely novel function (Chen et al. 2013; Brown 2017). There are several other ways 

in which novel genes and gene products can originate, including transposon-

domestication, reading frame shifts, gene fusion and fission, or even de-novo from non-

coding regions as in the case of parts of the antifreeze peptides of icefishes (Logsdon 

and Doolittle 1997; Chen et al. 2013; Kim et al. 2019). 

 
1.4 Whole genome duplication events  

Even though gene and domain duplications are more frequent, whole genome 

duplications (WGD) are by far the greatest sources of new genetic material for selection 

(Brown 2017; Van de Peer et al. 2017). With the increase in the number of sequenced 

genomes, it is possible to trace multiple genome duplication events back in time, and 

assess the frequency of WGDs and their consequences. WGDs are considered to be a 

common cause of speciation in plants and some animals (Leggatt and Iwama 2003; 

Comai 2005; Van de Peer et al. 2017). Nonetheless, polyploidy is considerably more 

frequent in plants than in animals, which is hypothesised to be related to the instability 

caused by the presence of multiple sex chromosome pairs (Orr 1990; Comai 2005; Van 

de Peer et al. 2017). 

In animals, polyploidy seems to be more common among ectotherms. Polyploidy has 

played an especially important role in the evolution of amphibians and fish. In these 

lineages it has been linked to periods of environmental fluctuations. The propensity for 

genome duplications is thought to be greatly affected by temperature, and production 
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of unreduced gametes with temperature shock has been demonstrated in experimental 

studies (Leggatt and Iwama 2003; Van de Peer et al. 2017). 

The identification of genes that arose due to ancient WGDs using comparative 

genomics and molecular evolution models have revealed that, during the course of 

evolution the vertebrate lineage underwent two genome duplication events. The teleost 

lineage is defined by an additional WGD and contains taxons which arose from further 

WGD events (Glasauer and Neuhauss 2014; Lien et al. 2016; Varadharajan et al. 2018). 

Polyploidy is the state of having more than two sets of homologous chromosomes 

(Van de Peer et al. 2017). Compared to smaller scale duplication events, whole genome 

duplications are much more drastic and result in either extinction of the lineage or 

gradual re-diploidization through non-homologous recombination, deletions and 

pseudogenization (Levasseur and Pontarotti 2011).  

While polyploidy can provide an adaptive advantage in the short term (heterosis), it 

seems unclear what causes it to be established in the long term. One hypothesis 

suggests that genome duplications become fixed during global catastrophic events, like 

mass extinctions, or times of environmental instability (Van de Peer et al. 2017). This 

idea is supported by the fact that ancient genome duplication occurrences tend to 

cluster around times of mass extinction, glaciation periods and dramatic changes in the 

environment. At these unstable times, polyploids are thought to be able to outcompete 

their diploid ancestors due to their increased adaptive potential (Van de Peer et al. 

2017). Furthermore, environmental fluctuations and stress have been demonstrated to 

cause the production of unreduced gametes in many organisms (Orr 1990; Leggatt and 

Iwama 2003; Van de Peer et al. 2017). Interestingly, analysis of ancient WGD events in 

plants and animals showed that the increase in speciation rates after duplication is not 

immediate and can be delayed by several million years, and that many of the duplicated 

genes shortly return to their singleton status resulting in the gradual rediploidization 

(Comai 2005; Van de Peer et al. 2017). 
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1.5 Lophiiformes  

Anglerfishes comprise the morphologically diverse teleost order Lophiiformes with at 

least 321 living species. Because of their lifestyle, hard-to-reach habitat, and the lack of 

knowledge for many taxa, new members of the order are being described relatively 

frequently (Shedlock et al. 2004; Pietsch et al. 2009; Miya et al. 2010; Ho et al. 2013; 

Pietsch and Sutton 2015; Ho 2016; Ho and Ma 2016; Rajeeshkumar et al. 2017; Betancur-

R et al. 2017; Arnold and Pietsch 2018). 

The order is divided into 5 suborders and 18 families:  

1. Lophioidei or goosefishes (1 family) (Caruso and Bullis Jr 1976; Caruso and 

Suttkus 1979; Caruso 1981, 1983, 1985; Shedlock et al. 2004; Miya et al. 2010; 

Betancur-R et al. 2017)  

2. Antennarioidei or frogfishes (4 families) (Pietsch 1981; Shedlock et al. 2004; 

Pietsch et al. 2009; Last and Gledhill 2009; Miya et al. 2010; Arnold and Pietsch 

2012; Betancur-R et al. 2017)  

3. Chaunacoidei or toadfishes (1 family) (Caruso 1989; Shedlock et al. 2004; Miya 

et al. 2010; Betancur-R et al. 2017)  

4. Ogcocephaloidei or batfishes (1 family) (Ochiai and Mitani 1956; Bradbury 

1967; Miya et al. 2010; Ho et al. 2013; Betancur-R et al. 2017) 

5. Ceratioidei or seadevils, which contains 11 families and almost half of the total 

number of anglerfish species (Pietsch and Orr 2007; Pietsch 2009; Miya et al. 

2010; Betancur-R et al. 2017) 

The first four suborders are shallow/deep water benthic ambush predators. 

Ceratioidei, on the other hand, are meso/bathypelagic and abyssal-benthic dwellers 

(Pietsch and Orr 2007; Pietsch 2009; Miya et al. 2010). 

Anglerfishes possess a number of notable adaptations, but perhaps one of their most 

recognisable characteristics is their luring apparatus or illicium which is derived from the 

first dorsal fin spine and located above the snout in most anglerfish species (Pietsch and 



 

 14 

Orr 2007; Pietsch 2009; Miya et al. 2010). In Lophioidei and Antennarioidei, illicial 

movements can range from a simple flicking to complex patterns mimicking prey. 

Compared to some Chaunacoidei and Ogcocephaloidei members, and most Ceratioidei 

females illicium is relatively immobile. In these taxa, the lure is retractable by a 

movement of the illicial pterygiophore (base of the dorsal fin) (Schultz 1957; Bradbury 

1967; Pietsch and Grobecker 1978; Thangstad 2006; Pietsch 2009). The illicium itself 

usually ends with a fleshy outgrowth or esca which serves as bait. The esca can appear 

as a simple outgrowth of skin, like in Lophius piscatorius, or can include complex 

structures to aid with luring. The Ceratioidei esca, in most species, includes a 

photophore - an organ filled with bioluminescent bacteria (Hulet and Musil 1968; O’day 

1974; Pietsch and Orr 2007; Pietsch 2009). In some batfish species the esca is known to 

release a chemical compound which attracts marine gastropods (Nagareda and Shenker 

2009). 

Another unique anglerfish feature - extreme sexual dimorphism coupled with male 

attachment is restricted to the deep-water Ceratioidei suborder (Regan 1925; Pietsch 

1976, 2005, 2009; Pietsch and Orr 2007; Miya et al. 2010; Vieira et al. 2013). In these 

species, male bodies are only a fraction of the female's bodyweight and size. For 

example, males of Ceratias holboelli can be 1/60 of the length and half a million times 

lighter than a female (Regan 1925; Pietsch 1976, 2005, 2009; Quigley et al. 2005; Pietsch 

and Orr 2007). In some Linophrynidae species, males are only 6-10 mm in length and are 

one of the smallest sexually mature vertebrates known. Dwarfed ceratioid males lack 

the illicium, though most have well-developed eyes and or enlarged nostrils to find 

females (Pietsch 1976, 2005, 2009; Pietsch and Orr 2007).  
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Figure 6. Phylogenetic tree of species belonging to the Lophiiformes and Gadiformes 

orders, the Syngnathidae family, the Takifugu genus and Polymixia japonica 

The phylogenetic relationships were inferred from complete mitochondrial genome sequences. 

The scale indicates the number of substitutions per site. The Tetrabrachium ocellatum branch 

length has been halved due to its extreme length. Node support values are bootstrap 

probabilities based on 500 iterations. Phylogenetic relationships were inferred using a 

partitioned maximum likelihood analysis (with first, second and third codon positions, rRNA and 

tRNA as partitions) and a GTR GAMMA model as implemented in RaxML. Clades that exhibit 

male-female attachment behaviour are marked by grey box. The degree of male attachment is 

marked by coloured circles: Blue – males are obligate parasites, Yellow – males attach 

temporary, Green – males are facultative parasites. *Chaunacoidei was not included in the 

analysis. 
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In the Lophiiformes order, male attachment represents a spectrum (figure 6) (Pietsch 

1976, 2005, 2009; Pietsch and Orr 2007; Miya et al. 2010). In the first four suborders, 

Lophioidei, Antennarioidei, Chaunacoidei and Ogcocephaloidei, males never attach to 

females. Male attachment is found only in the Ceratioidei suborder and can be either 

temporary, or permanent with fusion of two individuals (Pietsch 1976, 2005, 2009; 

Pietsch and Orr 2007). The classification of male attachment into temporary 

attachment, facultative and obligate male parasitism was shaped into a concise 

hypothesis by Pietsch (Pietsch 1976, 2005) (table 1). 

Table 1. Male attachment types. 

Non-parasitic attachment Facultative parasitism Obligatory parasitism 

Male attachment seems rare and 
never involves fusion 

Male attachment is rare 
If happens, always involves 

fusion 

Male attachment is common 
If attached, are always fused 

Gravid females observed without 
attached males 

Gravid females observed 
with/without males attached 

Gravid females never observed 
without male attached 

Sexually mature free-living males 
are common 

Sexually mature free-living males 
were observed 

Free-living males always have 
underdeveloped gonads 

Free-living males are able to feed Free-living males are able to feed Free-living male guts always 
found empty 

*adapted from (Pietsch 2009) 

In the taxa where males are considered to be obligate parasites (Ceratiidae and 

Linophrynidae), free-living males have modified pincer-like jaws that seem unsuitable 

for capturing prey and their gut is underdeveloped and is always found empty, 

suggesting a relatively short free-living stage. In these species, male attachment is 

common and always results in fusion. Reproductive organs in non-parasitized females 

and free-living males are always underdeveloped. Gravid females always have males 

attached to them (up to 8 males in some species) (Pietsch and Orr 2007), which suggests 

that male-female fusion is required for sexual maturation. According to Pietsch (2005): 

"Sexually mature or gravid individuals are assumed to be those whose gonads are 

obviously larger than those of other conspecific individuals of a similar standard length". 

Attached parasitic males often have reduced eyes, nostrils, digestive tract, sometimes 

obstructed gills and appear to be fully dependant on the female (Pietsch 1976, 2005, 
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2009; Pietsch and Orr 2007). Histological studies of the male/female attachment zone 

have found vascular plexuses where male and female circulatory systems join, although 

this is based on a preserved sample and more data is needed to confirm the actual blood 

exchange (Munk 2000). Interestingly, the proportion of parasitized females in species 

with obligatory parasitism is quite small, ranging from 6.2%-40% of all collected females. 

This suggests that the majority of individuals are not participating in reproduction at any 

given time of the year (Pietsch 2005).  

Male parasitism is classified as facultative when free-living individuals of both sexes 

can be found with well-developed reproductive organs. In this case male attachment is 

rare, though it always results in fusion. Free-living male jaws appear to be suitable for 

feeding and their guts were found to contain food. Gravid females can be found with or 

without males attached (Pietsch 1976, 2005, 2009; Pietsch and Orr 2007).  

In some ceratioid taxa, male attachment is non-parasitic and temporary. In such cases 

male attachment seems rare and if found attached, males are never fused with a female. 

Free-living males and females are found with well-developed reproductive organs. Free 

living males are able to feed, as their guts were found to contain food. Gravid females 

can be observed without male attachment. The distribution of male sexual parasitism 

within the Ceratioidei suborder, when overlaid on a phylogenetic tree, appears patchy 

with obligatory/facultative parasitism and temporary attachment scattered throughout 

the tree without apparent structure. The general consensus is that male parasitism 

independently evolved up to 7 times throughout the suborder (Pietsch 1976, 2005, 

2009; Pietsch and Orr 2007; Miya et al. 2010).  

Not unique to anglerfishes, but rare among fish in general, is the ability to "walk". The 

most notable walkers among anglerfishes are members of the Antennarioidei 

(frogfishes) and Ogcocephaloidei (batfishes) suborders. Their pectoral fins are often 

described as "limb-like" or "hand-like" which allow them (assisted by pelvic fins) to 

either jump in a manner similar to mudskippers,  or "walk" on all four of their fins similar 

to tetrapods (Arnold and Pietsch 2012; Ho et al. 2013; Dickson and Pierce 2019). Both 

batfishes and frogfishes prefer to "walk" on the bottom and are ineffective swimmers, 
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but compared to frogfishes, batfishes can swim in rapid bursts over short distances 

(Arnold and Pietsch 2012; Ho et al. 2013; Dickson and Pierce 2019).  

 
1.6 Lophius piscatorius  

The Lophioidei suborder represents a basal clade in the anglerfish taxonomy. It 

consists of one family - Lophiidae, 4 genera and includes 25 living species (Caruso and 

Bullis Jr 1976; Caruso and Suttkus 1979; Caruso 1981, 1983, 1985; Miya et al. 2010; 

Betancur-R et al. 2017).  

Lophius piscatorius is a dorso-ventrally flattened bathydemersal fish, which can be 

found along the European continental shelf, from Gibraltar (including the 

Mediterranean and the Black Sea) to Barents Sea, Faroe Islands and Iceland. The L. 

piscatorius distribution range overlaps with a sister species - L. budegassa (Thangstad 

2006; Farina et al. 2008).  The species are very similar in appearance but are easy to 

separate by L. budegassa's dark coloration around the mouth and body wall (Thangstad 

2006; Farina et al. 2008). In general, Lophius species prefer muddy and gravelly, 

sometimes rocky bottoms and depending on geographical location, they can be found 

at depths between 30 to 2600 m. Smaller, younger individuals tend to prefer shallower 

waters and large individuals move to the deep (Hislop et al. 2000; Piñeiro et al. 2001; 

Thangstad 2006; Farina et al. 2008).  

It is known for L. piscatorius to perform vertical migrations, sometimes dramatic, 

changing depth from 118 to 20 m and then returning back to the bottom (Hislop et al. 

2000; Thangstad 2006; Farina et al. 2008). As it lacks a gas bladder and apparently uses 

its large liver for vertical migrations instead, L. piscatorius appears to be resilient to 

sudden depth change (Thangstad 2006; Farina et al. 2008). Though uncommon, some 

mature individuals have been observed in the pelagic water layers of the North-east 

Atlantic (Hislop et al. 2000). Growth rate estimations in Norwegian waters report rates 

of ~11.5 cm/year before maturity and 8.4 cm after. Landa et al. (2008) suggests that 

growth rates for L. piscatorius are underestimated and reports overall growth rates from 
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~15 cm to ~6-7 cm, decreasing with age and length. The largest individuals caught were 

mostly females (Thangstad 2006; Farina et al. 2008). 

L. piscatorius individuals reach maturity at 4-6 years. In Norway, mature fish are 

usually around 40-80 cm in length and 3-6 kg in weight. Males are smaller and tend reach 

maturity earlier. The primary means of estimating age in Lophius species are growth ring 

counts of saggital ottoliths and the illicium. Illicium growth rings are often more 

pronounced and easier to count (Thangstad 2006; Farina et al. 2008; Cañás et al. 2012). 

Depending on the geographical location, the spawning period lasts from late winter 

through summer. Eggs are released as one continuous gelatinous ribbon, light red to 

purple in colour, which can be longer than 10 m and up to 1 m wide. Spawning occurs in 

deep waters, close to the seabed. Hatching occurs as the egg ribbons rise to the surface. 

Lophius larvae use surface currents and can drift up to 120 days before they settle. As 

the fish matures, it moves to deeper waters (Thangstad 2006; Farina et al. 2008). Lophius 

members are opportunistic feeders and display low prey selectivity. Their diet consists 

of various bony marine fish, cephalopods and crustaceans. They are also known to 

consume seabirds (Thangstad 2006; Issac et al. 2017). Members of Lophioidei suborder 

are considered a delicacy (Farina et al. 2008). 

1.7 Evolution of immune systems  

Since the emergence of life in a form of replicator molecules, living systems had to 

deal with "cheaters" that would exploit common goods without producing anything in 

return. Both mathematical modelling of such simple replicator systems and in-vitro 

experiments show the inevitability of selfish element appearance (Mills et al. 1967; 

Szathmáry and Demeter 1987; Takeuchi and Hogeweg 2007; Koonin 2016; Iranzo et al. 

2016). Without the means to protect themselves such systems would have been 

doomed, being eventually overturned by selfish elements. This means that the infamous 

evolutionary "arms race" was already present at a very early history of life.  
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The signs of past "battles" can be found in the genomes of species across all kingdoms:  

1. Nearly all species host various selfish genetic elements both in their nuclear 

and, to lesser extent, organellar genomes (Bao et al. 2015; Koonin 2016; Iranzo 

et al. 2016)  

2. The components of some very important systems are hypothesised to have 

selfish element origins. These include, but are not limited to: 

• Prp8 of the spliceosome - the largest protein of the spliceosomal 

ribonucleoprotein complex (responsible for mRNA processing) may 

have retro-element origins (Dlakic and Mushegian 2011)  

• Telomerase - another ribonucleoprotein required for the replication of 

linear chromosomes evolved from a non-LTR retrotransposon (de 

Lange 2015; Podlevsky and Chen 2016) 

• Recombination-activating genes (RAG1-RAG2 complex) of the 

vertebrate adaptive immune system, responsible for diversity of the T 

cell and B cell receptors, evolved from the Transib transposon (Koonin 

and Krupovic 2014) 

• CRISPR-Cas - the adaptive immune system of microorganisms have 

selfish element ancestry as well (Koonin and Krupovic 2014)  

  
1.7.1 Immune needs and strategies 

As life gradually increases complexity, selection also moves with it. For example, with 

the origin of multicellularity there will be a new and higher level of selection acting on 

an ensemble of cells as a whole, and not at the individual cell level. Reversion to the 

lower level (individual) of selection is detrimental to the higher (organism/cell 

aggregate) level (e.g. cancer) (Koonin 2016). Hence hosts have acquired a broad range 

of defensive strategies, often at a very high metabolic cost in order to maintain the 

organism's integrity and keep pathogens under control (Rimer et al. 2014; Iranzo et al. 
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2015). It also means that depending on the level of organisation, the life mode and the 

ecological niche, the immune needs and strategies vary extensively (Rimer et al. 2014). 

These immune strategies can be roughly divided into three groups (Rimer et al. 2014; 

Koonin and Krupovic 2014; Brubaker et al. 2015; Iranzo et al. 2015):  

1. Innate immunity - based on the recognition of the most conserved pathogen 

features with recognition molecules encoded in the genome 

2. Adaptive immunity - highly efficient and pathogen-specific, with recognition 

molecules assembled through various somatic processes 

3. Suicidal systems - cause programmed cell death in order to prevent pathogens 

from spreading 

None of these is necessarily more ancient, nor is competing in its usefulness to the 

organism. These systems seem to differ not only in the underlying mechanisms of how 

they work but also functionally, complementing one another.  

Innate immune mechanisms vary highly between species. But the key difference 

between innate and adaptive immune systems is that innate mechanisms utilise 

components that are encoded in the germ-line genome, cover broad range of pathogens 

and serve as an organism's immediate response to environmental challenges, whereas 

adaptive immune systems are assembled through somatic processes and refined by 

selection which allows them to be highly specific (Du Pasquier 2001; Cooper and Alder 

2006; Rimer et al. 2014; Brubaker et al. 2015; Iranzo et al. 2015).  

Innate immune strategies of most eukaryotes involve the use of antimicrobial 

peptides and Pattern Recognition Receptors (PPRs) that are pre-encoded in genome. 

These receptor proteins are used to detect either molecules characteristic for wide 

spectrum of pathogens (pathogen-associated molecular patterns or PAMPs) or the 

damage induced by these pathogens (damage-associated molecular patterns or DAMPs) 

(Seong and Matzinger 2004; Rubartelli and Lotze 2007; Rimer et al. 2014; Brubaker et 

al. 2015). In addition to the antimicrobial molecules and PPRs, animals have populations 
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of specialised immune cells which employ various mechanisms to eliminate foreign or 

aberrant cells (mostly through phagocytosis) (Du Pasquier 2001). Jawed vertebrates 

(gnathostomes) also possess an additional lineage of cells which exist in-between the 

adaptive and innate immune systems - the natural killer cells (Du Pasquier 2001; Cooper 

and Alder 2006; Paust et al. 2010; Yoder and Litman 2011; Rimer et al. 2014). These are 

tightly interlinked with the gnathostome adaptive immune system and help to get rid of 

virus-infected or malfunctioning cells (Du Pasquier 2001; Paust et al. 2010; Yoder and 

Litman 2011; Rimer et al. 2014). 

It is well accepted by now that probably every living organism has some sort of innate 

immune defence. Adaptive or acquired immune system on the other hand were 

believed to be exclusive to gnathostomes (jawed vertebrates) (Thompson 1995; 

Marchalonis et al. 1998; Du Pasquier 2001; Flajnik 2018). It seems unlikely, considering 

how big of an advantage adaptive immunity gives, that most life forms would rely only 

on innate immune components. Like jawed vertebrates, agnathans, microorganisms, 

plants, invertebrates have their own immune needs. They are faced with environmental 

changes and constantly evolving pathogens, against which they have to protect 

themselves and maintain organismal integrity.  

 
1.7.2 Acquired/adaptive immune mechanisms  

The adaptive/acquired immune system is highly specific and its final components are 

not pre-encoded in the genome. Instead it achieves its specificity through either somatic 

recombination processes or by utilising the pathogen's own DNA or RNA as template 

guiding molecules to target this same pathogen afterwards (Cooper and Alder 2006; 

Flajnik and Kasahara 2010; Rimer et al. 2014). Adaptive immune systems often include 

mechanisms that maintain the ability to produce specific recognition molecules that 

have been found useful in prior defence reactions. This is referred to as an, 

'immunological memory' and is often stated as a requirement for an immune system to 

considered adaptive. 
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Though it is debated whether to call RNA-guided RNA interference (RNAi) an actual 

adaptive immune system, it is widespread among eukaryotes and serves not only as a 

defence system but also as a way to regulate gene expression. The disagreement 

regarding classification of RNAi as an adaptive or innate immune system stems from the 

definition of the adaptive immune system itself. Some consider RNAi an adaptive 

immune system (Voinnet 2001; Bergstrom and Antia 2006; Rimer et al. 2014) because it 

is able to mount a response specific to a particular pathogen using components not 

encoded in the genome (specificity/adaptability argument). Other authors consider 

RNAi an innate immune system due to the lack of immune memory (Obbard et al. 2009; 

Koonin and Krupovic 2014), and others again call it a "semi-adaptive innate immune 

defence" due to its specificity, but lack of memory (Zambon et al. 2006). Plants, and 

most invertebrates (e.g. nematodes and arthropods), rely heavily on RNAi as a 

protection against transposons and viruses (Voinnet 2001; Zamore 2002; Baulcombe 

2004; Lu et al. 2005; Wang et al. 2006; Zambon et al. 2006; Obbard et al. 2009; Rechavi 

et al. 2011; Rimer et al. 2014).  

 
1.7.3 Gnathostome adaptive immunity 

An adaptive immune system that acquires its diversity through recombination of 

genome segments was thought to have evolved first in gnathostomes. This was a major 

advance that allowed for the potential recognition of almost any possible pathogen that 

might be encountered followed by an immunological memory (Thompson 1995; 

Matsunaga and Rahman 1998; Marchalonis et al. 1998; Du Pasquier 2001; Litman et al. 

2010; Flajnik 2018).  

Although this system increased in complexity with gnathostome evolution, it is 

thought that the acquisition of all required cellular processes, tissues and genes 

happened relatively quickly as most components are present across all jawed 

vertebrates. T-cell receptors (TCR), B-cell receptors (BCR), and the Major 

Histocompatibility Complex (MHC) classes I and II, are all present across gnathostome 

lineages, from the Chondrichthyes to the bony aquatic and terrestrial vertebrates (Du 

Pasquier 2001; Litman et al. 2010; Flajnik 2018). The core peptide-binding region 
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sequences of the MHC I and II are conserved even in sharks. Like in terrestrial 

vertebrates, shark MHC genes appear to be highly polymorphic, which in addition to the 

sequence conservation, suggests that both the antigen-presenting function and the 

selective pressure for polymorphism have stayed the same from the throughout the 

evolution of the gnathostomes (Okamura et al. 1997; Kurosawa and Hashimoto 1997). 

Although the specific sites of haematopoiesis vary, homologous tissues and organs 

including the thymus and spleen are also present across the gnathostomes (Orkin and 

Zon 2008; Neely and Flajnik 2016; Flajnik 2018).  

The mechanisms behind the gnathostome immune system are well studied. There are 

two major lineages of adaptive immune cells - T lymphocytes and B lymphocytes. T - 

stands for thymus derived and B - for bone marrow derived (or bursa). During 

development, lymphocyte progenitor cells generate unique T cell or B cell receptor 

(TCRs and BCRs) antigen binding domains by rearranging variable (V), diversity (D), and 

joining (J) genome segments. Nucleotides can be added to the joints during the 

assembly, further increasing diversity. In addition, Activation-induced cytidine 

deaminase (AID) in the activated B-cells can add point mutations to already assembled 

immunoglobulin genes increasing variance and potentially producing higher affinity 

antibodies. This process is called somatic hypermutation. While B cell receptors 

recognise exposed parts (epitopes) of intact molecules, T cell receptors require antigen 

processing first, and recognise epitopes presented to them in a digested form by antigen 

presenting cells on top of the Major Histocompatibility Complex (MHC) molecules. 

Antigen binding triggers intracellular signalling pathways required for a proper immune 

response (Cooper and Alder 2006; Litman et al. 2010; Flajnik 2018) (figure 7). 

  



 

 25 

 

 

Figure 7. The MHC I and MHC II presentation pathways 

Both the MHC I (A) and MHC II (B) pathways are required for the presentation of processed 

antigens to T-cells. In the MHC I pathway, intracellular peptides are degraded in proteasomes 

and the resulting peptides are transported into the endoplasmic reticulum (ER) where they are 

loaded onto MHC I molecules which are then transported to the plasma membrane and 

presented to CD8+ T cells. The MHC I complex is active in all cell types. In the MHC II pathway, 

exogenous peptides are imported into the cell by phagocytosis and degraded in endosomes. 

MHC II molecules (α and β chains) are assembled in the endoplasmic reticulum (ER) where the 

peptide binding groove is blocked by CD74 (invariant chain). The complex is then transported 

into the MHC class II compartment (MIIC) via the golgi. Here the CD74 chain is degraded freeing 

the peptide binding groove, and MHC II is loaded with a processed antigen. The loaded MHC II 

molecules are then exported to the plasma membrane where they present antigens to CD4 + T 

cells. TAP: transporter associated with antigen processing, APC: antigen-¬presenting cell, ER: 

endoplasmic reticulum, MIIC - the MHC class II compartment. Figure adapted from Neefjes et al. 

2011 

Interestingly, the enzyme complex that is responsible for the BCR and TCR 

combinatorial diversity - recombination activation genes (RAG) 1 and 2 originated from 

the Transib family of animal transposons. Cleavage mechanism and segment joining 

during V(D)J recombination are reminiscent of transposition reactions. Target site 

duplications generated by RAG1/2 and Transib transposons, terminal inverted repeats 
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(TIRs) of transposons and recombination signal sequences (RSSs) of RAG complex share 

high similarity as well. This could serve as an evidence that the RAG-dependent adaptive 

immune system originated as a result of an insertion of DNA transposon into an 

immunoglobulin or a TCR V region-like gene (Fugmann et al. 2006; Koonin and Krupovic 

2014; Kapitonov and Koonin 2015). 

Despite the previous belief that only jawed vertebrates possess highly sophisticated 

adaptive immunity, studies done in jawless fish show that this is not true (Uinuk-ool et 

al. 2002). Lampreys and hagfishes are the only living representatives of jawless fish 

(agnathans). Agnathans were found to possess cells that are morphologically 

reminiscent of gnathostome lymphocytes. Furthermore, many lymphocyte-specific 

genes were discovered in lamprey and hagfish as well, and they seem to be expressed. 

Despite that, key elements of the conventional immune system - rearranging TCRs and 

BCRs, RAG1/RAG2 complex and MHC, are lacking. Instead, upon activation, lamprey 

lymphoblasts were found to express leucine-rich-repeat (LRR) proteins that were highly 

variable in their amino acid sequence. The diversity of these variable lymphocyte 

receptors (VLRs) is also generated by recombination of LRR segments (Uinuk-ool et al. 

2002; Pancer et al. 2004; Cooper and Alder 2006; Rast and Buckley 2013; Flajnik 2018).  

 

1.7.4 Diversity of fish immune systems 

Whole genome and transcriptome studies done in marine fish have revealed that 

Atlantic cod, pipefish, elephant shark, and coelacanth possess alternative adaptive 

immune strategies. Cod and pipefish genomes lack important genes coding for the parts 

of the adaptive immune system including MHC II, CD4, CD74 (only cod), and CIITA (only 

pipefish) (Star et al. 2011; Haase et al. 2013). Whereas the elephant shark has no T-

helper cells nor CD4 receptor genes, and the coelacanth genome lacks genes coding for 

IgM (Amemiya et al. 2013; Venkatesh et al. 2014). A 2016 study, based on low-coverage 

genome sequences (9-39 times) of 66 teleost species, uncovered that not only cod, but 

the entire Gadiformes order has lost MHC II and related pathway genes, and that some 

gadiform species seem to have compensated for the loss with MHC I expansion 
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(Malmstrøm et al. 2016). Additionally, the cod genome shows expansion of Toll-like 

receptor genes (TLR) (Solbakken et al. 2016). Despite the lack of one arm of the classical 

adaptive immune pathway, these fish do not seem to show increased vulnerability to 

bacterial infections and parasites. However, it is still unknown what caused these 

adaptations or what exactly the alternative immune pathways are and how they 

function. Although, most of the adaptive immune components are conserved among 

jawed vertebrates, these reports question our views on the permanence of their 

immune systems.  

1.7.5 Major histocompatibility complex in fish 

Due to its combinatorial diversity, almost any antigen can be recognised by the 

gnathostome adaptive immune system. While BCRs can detect a plethora of various 

epitopes in their native form, TCRs require the antigen to be digested and presented to 

T-cells in an MHC-bound form (Murphy and Weaver 2017). 

In fish, the MHC was first described in carp in 1990 (Hashimoto et al. 1990; Grimholt 

2016), and like in any other vertebrates it is divided into three classes - MHC class I is 

expressed on most cells of the body and helps to protect an organism against viral 

infections and aberrant cells; MHC class II is expressed by the antigen-presenting cells 

(dendritic cells, macrophages, and B cells) and helps to protect against extracellular 

threats. MHC class III is comprised of other immune genes like heat shock proteins and 

tumor necrosis factor (Neefjes et al. 2011; Dijkstra et al. 2013; Grimholt et al. 2015; 

Grimholt 2016; Wilson 2017). 

The two major classes are divided into classical and non-classical molecules. For MHC 

class I molecule to be defined as classical, it must bind peptides, be expressed on various 

tissues and cell types, and it must have many alleles per locus (Grimholt et al. 2015; 

Grimholt 2016; Wilson 2017). The classical MHC class I molecule consists of alpha and 

beta-microglobulin chains, where alpha 1 and alpha 2 domains of the alpha chain make 

up the peptide binding groove. They present endogenous peptides to CD8+ T cells 

(Grimholt et al. 2015; Grimholt 2016; Wilson 2017).  
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For MHC class II molecules to be defined as classical, they should bind peptides, be 

highly polymorphic and be expressed on antigen presenting cells. They consist of alpha 

and beta chains, where each is made up of two domains. The peptide binding groove is 

composed of the alpha 1 and beta 1 domains and presents exogenous peptides to CD4+ 

T cells (Dijkstra et al. 2013; Grimholt 2016; Wilson 2017). 

Some non-classical molecules either have an unusual or no peptide binding groove, 

and therefore they cannot bind peptides. Some have very specific expression patterns 

or are present in a low copy numbers in the genome (Dijkstra et al. 2013; Grimholt et al. 

2015; Grimholt 2016). It is hypothesised that these non-classical molecules either 

perform different immune-related functions (e.g. binding non-peptide ligands, assist 

peptide loading, or interaction with other cellular receptors), or have been repurposed 

for completely different tasks (Grimholt 2016). In humans there are other molecules 

that share alpha 1 and 2 domains with the classical MHC I molecules, and at the same 

time perform different functions. To make this distinction between classical and non-

classical molecules species must be studied in great detail and very few of the fish 

species are (Dijkstra et al. 2013; Grimholt et al. 2015; Grimholt 2016; Wilson 2017).  

In fish, 5 MHC I and 3 MHC II lineages have been identified: MHC I - U, Z, S, L, P; and 

MHC II - A, B and E. To date, all of the teleost classical MHC I genes belong to the U 

lineage. U lineage ancient alpha 1 and alpha 2 domain lineages are shared between 

distantly related species. The MHC I Z lineage though being non-classical, seem to be 

present in all studied species and displays very high conservation of the binding domain 

throughout the gnathostome lineage (Grimholt et al. 2015; Grimholt 2016). In teleosts, 

MHC class II classical molecules all belong to the A lineage and seem to be present in all 

species (with few exceptions) (Dijkstra et al. 2013; Grimholt 2016).  
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2 Aims 

The overall goal of this thesis was to produce a high quality nuclear and organellar 

genome sequence, assembly and annotation of a local anglerfish species Lophius 

piscatorius. This to act as a resource for molecular, phylogenetic and population studies, 

and to encourage further research on genome evolution in this teleost clade.  

As a focus point we chose to characterise L. piscatorius adaptive immune system gene 

repertoire, in particular the MHC I and II pathways.  

Objectives: 

1. Investigate features of the L. piscatorius mitochondrial genome and 

corresponding transcriptome (Papers I and II) 

2. Characterize features of the L. piscatorius adaptive immune system in 

comparison to other teleosts with a focus on the MHC pathway genes (Paper 

III) 

3. Produce a high quality draft genome assembly and annotation of the L. 

piscatorius nuclear genome (Paper IV) 
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3 Main results 

Molecular features of the L. piscatorius mitochondrial genome and 

corresponding transcriptome 

Objective 1. Contributions from Papers I and II 

In this study, presented as two papers, we characterised the mitochondrial genome 

(mitogenome) and transcriptome of L. piscatorius.  

In Paper I we confirm the standard vertebrate organisation of L. piscatorius 

mitogenome. By aligning the newly sequenced mitogenome to related Lophius species 

we show that L. piscatorius (Europe) and L. americanus (North America) can be 

distinguished from L. litulon (Asia) by a 40 bp indel in the control region. Subsequent 

phylogenetic analysis showed that L. litulon was indeed the most diverged of the Lophius 

species included in this analysis. Spladenia gardineri was placed at the base of the 

Lophioidei suborder followed by Lophoides caulinaris, Lophiomus setigerus, and finally 

the Lophius species, which is in concordance with previous reports.  

The high depth of sequencing (2227 times coverage), combined with the use of the 

highly accurate SOLiD sequencing approach, allowed us to investigate low-level 

heteroplasmic features of the L. piscatorius mitogenome. We identified seven 

heteroplasmic sites in total: one in the COIII gene that resulted in an amino acid change, 

four in the LSU rRNA gene, and two in the control region.  

In Paper II we sequenced and analysed the mitogenome and transcriptome of another 

L. piscatorius individual. We identified nine polymorphic sites in the mitogenome from 

the two analysed individuals, seven of which fell in the open reading frames of protein 

coding genes; 4 were non-synonymous. All canonical genes were expressed with the 

cytochrome oxidase transcripts being the most abundant followed by NADH 

dehydrogenase and ATPase subunit transcripts (Paper II, Figure 1 B). Such differences in 

abundance are likely to be related to variance in mRNA stability. Consistent with 

previous reports in fish, we noted that most mRNAs contained no or very short 

untranslated regions (UTRs). One exception is the 75 bp 3'UTR of the COI transcript, 
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which we hypothesise may contribute to mRNA stability. Like in other species, most 

mitochondrial transcripts (coding and non-coding) were found polyadenylated. Among 

the non-canonical transcripts, we detected two previously described (in Atlantic cod and 

human) long noncoding RNAs (lncRNAs) in the control region. We report a 178 nt 

antisense RNA to the 5' region of the COI gene that represents a previously undescribed 

long non-coding RNA in vertebrate mitochondria (lncCOI). Finally, we noted sequence 

conservation of one of the mitochondrial-derived peptides - Humanin - across the 

Lophioidei members, zebrafish, gadiform fishes and mammals, and speculate on its 

regulatory function in mitochondria. 

 
Characterization of the L. piscatorius adaptive immune system with a focus 

on the MHC pathways 

Objective 2. Contributions from Paper III 

Some anglerfish species exhibit a unique mode of reproduction - male sexual 

parasitism. This adaptation involves male-female attachment and sometimes results in 

a fusion of two or more individuals. Due to the patchy distribution of male-female 

attachment within the anglerfish order, it has been suggested that this adaptation arose 

independently multiple times during the course of anglerfish evolution. Hence, we 

hypothesise that there is a common predisposition shared among all anglerfish. 

Considering the unique reproductive strategy within the anglerfish clade, and its 

implications for the immune system, we decided to focus on the L. piscatorius adaptive 

immune system.  

As a starting point we chose to investigate the presence of the MHC I and II pathways 

genes due to their role in immune rejection and recent reports of MHC II pathway loss 

in two teleost clades. We first sequenced and assembled genomes of two L. piscatorius 

individuals. In order for our study to be comparable with a recently published immune 

pathway investigation of 66 teleost genomes, we used the same set of immune system 

genes and followed the described methodology with only a few changes.  
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We were unable to identify genes coding for MHC II α and β, CD74 A/B and CD4 in L. 

piscatorius - the same set of immune genes lost in within the Gadiformes order and, 

with the exception of CD74, in the members Syngnathus genus. We hypothesise that in 

teleosts these genes (+/- CD74) represent an independent evolutionary module and 

have no external essential function outside of the MHC II pathway. Being a third 

reported taxon that lost MHC II, our finding corroborates the dispensability of this 

pathway in teleosts.  

L. piscatorius belongs to the most basal suborder in the anglerfish taxonomy. 

Interestingly, a prior study of 66 teleost genomes included another anglerfish, 

Antennarius striatus, that belongs to the adjacent suborder Antennarioidei. This species 

appears to have an intact adaptive immune system. If the current taxonomy is correct, 

MHC II loss is likely to be restricted to the Lophius genus or Lophioidei suborder. 

However, by conducting a phylogenetic analysis based on the complete mitogenome 

sequences and including/excluding certain outgroup clades we observed a shift in two 

branches placing either the Lophioidei or Antennarioidei suborders at the base of the 

anglerfish tree. Thus, our observations suggest interesting questions regarding the 

accuracy of the current taxonomy and its implications for evolution of sexual parasitism. 

Genome assembly and annotation 

Objective 3. Contributions from Paper IV 

The Paper IV manuscript discusses features of the chromosome-level assembly of L. 

piscatorius and its preliminary annotation. The first part describes the general assembly 

statistics and some challenges that we encountered on the way. In brief, we found that 

approximately 90% of the genome is contained within chromosome-level scaffolds, 

while the remaining 10% is contained within contigs of ~160 kb or less. By performing a 

gene-space completeness analysis we found 95% of the conserved actinopterygii 

orthologues to be complete within our assembly. Further examination of the assembly 

revealed the presence of sequences microsporidian in origin, which are most likely from 

Spraguea lophii an intracellular parasite infecting specifically members of the Lophius 

genus. 
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We discovered that ~75% of the non-Lophius sequences are located within the 

unscaffolded contigs, most of which were less than 10kb long, and probably explaining 

why they were not incorporated into scaffolds. The filtering of such reads is difficult even 

with the parasite genome available, due to the fact that the parasite genome itself can 

be contaminated with host sequences. In fact, we found that many of the chromosomal 

loci that matched with the parasite genome, can also be aligned with a 75% identity to 

other teleost species.  

In order to produce the preliminary annotation of the genome we used the MAKER 2 

pipeline. As one of the measures of annotation quality we compared the distribution of 

gene, exon/intron lengths, and the exon number per gene to a selection of teleost 

species, spotted gar (Lepisosteus oculatus) and the ascidian Ciona intestinalis. We found 

that the exon lengths and the exon number per gene to be conserved for all examined 

species. Interestingly, we noted that the intron length in teleosts follows a bimodal 

distribution (short and long introns), compared to the unimodal distribution in gar and 

C. intestinalis. We hypothesise that the smaller intron peak could be a consequence of 

the same processes that resulted in small genome sizes of many teleost species. 

A global synteny analysis showed that both chromosomal gene content and gene 

order were conserved among the examined teleosts (with the exception of Danio rerio) 

and showed the closest similarity of L. piscatorius to Takifugu rubripes. This verified the 

quality of our assembly and annotation and supported the current phylogenetic position 

of the Lophiiformes order.  
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4 General discussion 

The primary goal of this work has been to produce a high quality annotated assembly 

of the L. piscatorius genome, which we present in our final paper (Paper IV). This 

assembly is both the first chromosome level, and the first annotated assembly of any 

anglerfish genome and we believe that it will serve as a useful resource for the further 

analysis of the many anglerfish specific adaptations and behaviours. During the 

construction of this final assembly we made use of the intermediate data to perform 

analyses pertaining to: 

• The mitochondrial genome organisation and activity 

• The gene repertoire of the adaptive immune system of L. piscatorius with an 

emphasis on the Major Histocompatibility Complex (MHC) 

The analyses of mitochondrial sequences (Papers I and II) confirm that L. piscatorius 

contains a standard vertebrate mitochondrial genome. In addition, we analysed the 

transcriptional landscape and identified both known and unknown non-canonical 

transcripts. This demonstrates that although the mitochondrial genome is small and has 

been extensively studied, that there are still aspects of mitochondrial function that have 

been overlooked and that are coming to light through the use of high-throughput 

sequencing. 

In Paper III we were able to confirm the absence of the MHC II arm of the adaptive 

immune system in L. piscatorius, making this the third teleost taxon where MHC II has 

been reported to be lost. This is interesting in its own right since both MHC I and MHC II 

are otherwise highly conserved across the jawed vertebrates (gnathostomes) and 

suggests something special about the dispensability of MHC II in teleosts. It is 

particularly interesting to see such an immune modification in anglerfish due to the 

presence of sexual parasitism in a number of anglerfish species. 

Finally, we performed a number of analyses on our chromosome level assembly 

(Paper IV). These confirm the general correctness and completeness of our assembly 

and annotation. In addition, these analyses revealed a general property of teleost intron 
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lengths which may be related to the observation that teleosts genomes are generally 

small and compact. 

4.1 Mitochondrial genome and transcriptome (Papers I and II)  

We confirmed that L. piscatorius has a typical vertebrate mitogenome organisation 

and content. As expected, during our preliminary phylogenetic analysis (Paper I) we 

confirmed that L. piscatorius groups with other members of Lophius genus. Interestingly, 

we noted that there is a 40 bp indel that distinguishes L. piscatorius and L. americanus 

from L. litulon. Though vertebrates generally have a conserved mitogenome gene order 

and high sequence conservation, such sequence variation, especially in the non-coding 

parts of the genome, are not uncommon (Satoh et al. 2016). Within the Lophiiformes 

both variation in the gene order (Tetrabrachium ocellatum, Ceratias uranoscopus, 

Cryptopsaras couesii) and insertions of long (>100 bp) non-coding intergenic sequences 

(Caulophrynidae, Melanocetidae, Oneirodidae, Gigantactinidae, Linophrynidae) have 

been observed (Miya et al. 2010).  

Mitochondria are present in multiple copies within cells, and have variation in the 

sequence within one tissue, between different tissues of the same individual, and 

between individuals of the same species (Ameur et al. 2011; Emblem et al. 2012, 2014; 

Wallace and Chalkia 2013; Hedberg et al. 2019; Jørgensen et al. 2019). In L. piscatorius 

we identified seven low-level heteroplasmic sites within one individual (Paper I) and 

nine between the two individuals (Paper 2). Many mitochondrial SNPs in humans have 

been linked to disease, with some "dangerous variants" passed down the generations 

within one family (Stefano et al. 2017; Hedberg et al. 2019; Jørgensen et al. 2019). 

Using RNA seq data we identified several mitochondrial long non-coding RNAs 

(lncRNA) in L. piscatorius. Two of these have been previously described and are 

transcribed from the Control Region (CR) origin (lncCR-L and lncCR-H) (Jørgensen et al. 

2014, 2019). A further one has not previously been described and is transcribed from 

the antisense Cytochrome Oxidase I (COI) gene region and hence we refer to this as 

lncCOI. The function of these transcripts is currently unknown.  
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Finally, we decided to look into the sequence conservation of the humanin-like 

mitochondrial-derived peptide in anglerfish and compare it to other vertebrates. Most 

research on Humanin function, not surprisingly, has been done in humans and rats (Guo 

et al. 2003; Lee et al. 2013; Paharkova et al. 2015; Zárate et al. 2019). Though it was first 

described in 2001 (Hashimoto et al. 2001) there are still important questions to be asked 

about its cellular role. Studies in mammals indicate that Humanin is a circulating signal 

molecule involved in metabolism, apoptosis and stress resistance processes (Lee et al. 

2013; Paharkova et al. 2015). Studies in birds and teleost fish indicate that Humanin is 

conserved in most, but not all, species (Jørgensen and Johansen 2018; Mortz et al. 2019). 

In this work, we confirm the presence of an Humanin open reading frame in L. 

piscatorius, suggesting that the Humanin sequence is conserved across most teleosts. 

Such high degree of sequence conservation throughout the vertebrate lineage indicates 

a common function of Humanin. 

4.2 Loss of MHC II in L. piscatorius (Paper III) 

Our initial interest in the L. piscatorius immune system was based on the disjunct 

distribution pattern of male parasitism within anglerfishes; which, according to Pietsch 

(2007) was first noted by Bertelsen et al. (1951). Pietsch then further suggested that 

male parasitism originated independently multiple times within the order (Pietsch 1976, 

2005; Pietsch and Orr 2007). The multiple independent origin idea is supported by 

modern phylogenetic studies (Miya et al. 2010). Since male parasitism can include the 

fusion between male and female, which would normally result in an immune rejection, 

it seems likely that species which exhibit this mode of reproduction also possess a 

modified immune system. We hypothesized that this modification is shared across the 

anglerfishes because multiple independent origins of sexual parasitism imply a shared 

predisposition. Such modifications may include both the loss of genes and modified 

expression patterns. Hence, Lophius piscatorius - a local anglerfish which belongs to the 

most basal anglerfish suborder Lophioidei - seemed like a good choice to test this. We 

considered that in common with Atlantic cod (Gadus morhua) (Star et al. 2011) and 

pipefish (Syngnathus typhle) (Haase et al. 2013), the anglerfishes may have lost the MHC 

II arm of the adaptive immune system. Indeed, we were unable to identify MHC II 
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orthologues in a preliminary analysis of a fragmented assembly based on low coverage 

sequencing data, supporting our suspicion of MHC II loss in L. piscatorius.  

A study by Malmstrøm et al. (2016), released after this project was started, 

demonstrated the absence of the same immune pathway components in 27 cod-like 

species, suggesting that MHC II loss is shared by all Gadiformes members. This study also 

included the draft genome assembly of Antennarius striatus - an anglerfish belonging to 

the neighbouring clade of the Lophioidei clade. Unfortunately for our initial hypothesis, 

this study reported that A. striatus apparently contains an intact MHC II pathway. This 

observation could have three possible explanations:  

1. Our initial hypothesis was wrong and MHC II loss is restricted to the Lophius 

genus or the Lophioidei suborder. MHC II loss in L. piscatorius has no relation 

to sexual parasitism 

2. The current phylogeny is wrong and Antennarioidei, not Lophioidei is the basal 

anglerfish clade 

3. A. striatus was sequenced as part of a high-throughput genome analysis 

project and it is possible that there are problems with the A. striatus 

sequences reported resulting in an inappropriate identification of MHC II 

genes 

To test this, we devised the study which became the third paper of this thesis. 

4.2.1 Confirming absence of MHC II pathway genes 

Initially we chose to look for the presence of the same set of adaptive immune system 

genes as in Malmstrøm et al. (2016). This set includes a range of genes from both the 

MHC I and MHC II arms of the adaptive immune system. Hence it provides a set of 

positive control genes that can be used to determine how well we can identify genes. 

Using the same set of genes also makes it easy to compare the immune gene repertoire 

of L. piscatorius with the species included in Malmstrøm et al. (2016). Later we expanded 

the gene set to also include a collection of classical and non-classical MHC II sequences 

from (Dijkstra et al. 2013). 
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To identify the selected genes within the assemblies we first used an approach similar 

to that previously described (Malmstrøm et al. 2016), combining BLASTp with gene 

prediction and then using additional verification with reciprocal BLAST. However, we felt 

that the use of common 1e-10 threshold was not objective enough and instead 

developed our own scoring system based on BLAST bit scores and alignment lengths 

(Paper III) combined with a visualisation of the blast data that allowed us to select ORFs 

for further examination. That way we could potentially separate the real orthologues, 

from gene fragments and homologous but non-orthologous sequences. For most genes 

we could easily identify clear orthologues, but some did not quite fit our expectations. 

For these we manually examined the hits and discovered that the gene prediction 

software (Genscan) sometimes outputs chimeric sequences, combining immune gene 

protein with the adjacent unrelated sequence.  

As a result, if one would just simply use the reciprocal BLAST scores or e-values as the 

only confirmation parameter, without manually examination, the genes would appear 

missing. We noted that often for these fusion ORFs, all reported BLAST hits would belong 

to the longest fusion partner, with no alignments to the shorter ORF. Whenever we saw 

such alignment patterns, with a large part of the ORF unidentified, we used the 

alignment coordinates to select the unaligned part and BLAST it against UniProt 

separately. With this approach we were able to identify all but seven genes in the 

dataset. Five belonged to the MHC II pathway (MHC II α and β, CD74 a/b and CD4) and 

the other two were ERAP2 and SEC61G.  

The ERAP2 gene is a member of a family of similar genes and because of this it was 

difficult to identify a single gene as the ERAP2 orthologue. For statistical purposes we 

thus considered it missing. However, we believe that a more thorough approach would 

be able to identify the specific orthologue or orthologues.  

SEC61G is notably reported as missing from a number of species by Malmstrøm et al.  

(2016) and it represents a special case. The gene prediction software failed to identify 

an ORF for this gene and we had to examine the BLAST output to find it. SEC61G is a 

highly conserved gene, however, part of its sequence consists of a low-complexity 
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region. Scores arising from alignments to this region are adjusted by a low-complexity 

filter that is active by default in BLAST. This adjustment leads BLAST to not report 

alignments to this region of SEC61G and leads to the gene prediction software to missing 

SEC61G. However, using BLAST manually against our assembly, either with a very 

permissive e-value threshold or with the low-complexity filter deactivated, we could 

easily identify a SEC61G orthologue in L. piscatorius. 

This problem is even clearer in the pipefish transcriptome investigation by Haase et 

al. (2013). In their study CD74 is reported as "non-functional" because it is missing 20 

amino acids from the 3'-end. The seahorse (Hippocampus comes) seems to be missing 

the same part of the CD74 sequence but has the complete set of other MHC II pathway 

genes. Thus, it is difficult to say whether a gene truncation has resulted in a loss of 

function and this requires in-depth investigation of its sequence. 

Synteny analysis is often used as an additional verification of gene loss. While this 

might be useful for genes with a highly conserved synteny, the MHC region in teleosts 

appears to be unlinked and lacking synteny (Grimholt 2016). Even if the gene would be 

missing from its conserved position, this can't serve as an evidence for its loss, especially 

considering how common the intra-chromosomal rearrangements are in teleosts. 

 
4.2.2 Contamination-issue in the A. striatus data 

The presence of MHC II in a related anglerfish species argues against a role of MHC II 

loss in the evolution of sexual parasitism. Hence, we wanted to test (Paper III) the 

possibility that there was a problem with the species identity of the A. striatus samples 

used in Malmstrøm et al. (2016). The previously published A. striatus mitogenome 

sequence (Miya et al. 2010) was compared to the sequences from Malmstrøm et al. 

(2016). A phylogenetic analysis of the dominant mitochondrial sequences showed that 

species used in the Malmstrøm-study was indeed A. striatus. However, in addition to 

the A. striatus mitogenome, we also found several mitochondrial sequences from a 

distantly related fish species suggesting the possibility of a misidentification of MHC II in 

A. striatus. 
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If the MHC II sequences reported by Malmstrøm et al. (2016) had been derived from 

a contamination the sequencing depth of the contigs containing these genes should be 

markedly lower than expected sequencing depth. We compared the coverages of the A. 

striatus mitogenome, contaminating mitogenomes, the MHC II-containing contigs and 

the overall coverage distribution. The results clearly show that MHC II pathway genes in 

A. striatus are not the result of cross-contamination, which confirm the conclusions in 

Malmstrøm et al. (2016). 

4.2.3 State of current anglerfish phylogeny 

While current morphology-based and molecular-based phylogeny (Miya et al. 2010) 

agree on the basal position of the Lophioidei suborder and the association of 

anglerfishes with Tetraodontiformes, we decided to re-investigate the phylogeny of the 

anglerfishes with the inclusion of our mitochondrial genome sequences.  

We performed two separate phylogeny reconstructions using the same substitution 

models and alignment sets, but with the inclusion or exclusion of Takifugu species as an 

outgroup. With Takifugu included our results matched the conventional phylogeny. 

However, if we exclude this group from the analysis the positions of Antennarioidei and 

Lophioidei switch, making Antennarioidei the basal clade (figure 8). The basal position 

of Antennarioidei is required for the Lophiodei MHC II loss to be shared with species 

exhibiting sexual parasitism, and our analysis suggests that the currently accepted 

phylogeny should not be considered certain and that it is possible that the loss of MHC 

II occurred in a common ancestor of Lophius and the clades with sexual parasitism. 

  



 

 41 

 

Figure 8. Sexual parasitism and MHC II loss in the Lophiiformes order 

Two alternate Lophiiformes phylogenies produced using different outgroups. Right, the 

conventional tree that includes Takifugu species as an outgroup; left, an alternative tree which 

does not include Takifugu species. Species where the presence or absence of MHC II has been 

demonstrated are indicated by black (present) or red (absent) triangles. Since MHC II is present 

in A. striatus, the loss of MHC II observed in L. piscatorius must have happened after the 

divergence of their most common ancestor. The potential period in which this loss can have 

occurred is marked in red in the tree, and the set of species which may thus share this loss are 

indicated by a yellow background. Sexually parasitic species that exhibit male-female 

attachment are indicated in the figure. The conventional phylogeny excludes the possibility that 

sexually parasitic species share the MHC II loss observed in L. piscatorius. An absence of MHC II 

in these species would thus argue for the alternative phylogeny shown on the right. The scale 

indicates the number of substitutions per site. The Tetrabrachium ocellatum branch length has 

been halved due to its extreme length. Node support values are bootstrap probabilities based 

on 500 iterations. Phylogenetic relationships were inferred using a partitioned maximum 

likelihood analysis (with first, second and third codon positions, rRNA and tRNA as partitions) 

and a GTR GAMMA model as implemented in RaxML. 
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4.2.4 Why fish? 

It seems that of all vertebrate genomes sequenced so far only those from a few 

cartilaginous and teleost fish lack important components of the adaptive immune 

system. The elephant shark is reported to lack CD4 and related transcription factors, but 

to retain polymorphic MHC II genes (Venkatesh et al. 2014). Syngnathus typhle, the 

entire Gadiformes order, and now L. piscatorius all appear to have a non-functional MHC 

II pathway (Star et al. 2011; Haase et al. 2013; Malmstrøm et al. 2016; Small et al. 2016) 

(Paper III). In addition, all teleosts appear to lack important accessory molecules 

involved in MHC II peptide loading (MHC II DM) (Dijkstra et al. 2013), and MHC I and II 

are unlinked in teleosts and lack defined synteny (Grimholt 2016; Wilson 2017). 

Furthermore, fish in general appear to rely more on the innate immune system, with 

their adaptive immune systems being described as "sluggish" and greatly depend on 

temperature (Bly and William Clem 1991; Alcorn et al. 2002; Magnadóttir 2006; Bowden 

et al. 2007; Star and Jentoft 2012; Makrinos and Bowden 2016). Perhaps fish represent 

an early step in the evolution of the adaptive immune system with many of the cellular 

pathways that link the adaptive and innate and adaptive systems unformed. This could 

explain how loss of one arm of the adaptive immune system can occur without affecting 

the other.  

What this does not explain is a) why the loss of MHC II is apparently restricted to only 

three teleost taxa, and b) why loss of MHC I has not been observed. One of the possible 

explanations for the latter is that Natural Killer (NK) cells - components of the innate 

immune system, at least in mammals, interact and become activated by MHC I 

molecules (Yoder and Litman 2011; Fischer et al. 2013). Homologues of mammalian NK 

receptors that interact with MHC I have been described in cichlid fishes (Fischer et al. 

2013). Therefore, if NK cell function in fish is already linked with MHC I, it would be hard 

to lose one without affecting the other.  

It is difficult to say what the common selective pressure that could result in MHC II 

loss in the described taxa could be. Selective pressure on the immune system would 

depend not only on the general characteristics of the environment (cold, warm, etc.) 
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and abundance of parasites, but also on factors like ecological niche of the species in 

question, life strategy, population structure, parasite interactions, parental care, or 

mate choice strategies (Schulenburg et al. 2009; Hedrick 2017). 

4.2.5 Ceratioidei reproductive strategies 

Interestingly, the type of reproductive strategy where two individuals are required to 

fuse is among the vertebrates only found in anlgerfishes. A similar adaptation is known 

in members of the parasitic flat worm family Diplozoidae (which is unique among 

invertebrates) (Zurawski et al. 2003a, b; Pečínková et al. 2007; Avenant-Oldewage and 

Milne 2014). In these worms, two larvae called diporpa join together into a single 

organism. This triggers metamorphosis and sexual maturation, like in some Ceratioidei 

species. The joining of two genetically distinct Diplozoidae individuals involves the fusion 

of the nervous reproductive and digestive systems as well as the musculature (Zurawski 

et al. 2003a, b; Pečínková et al. 2007; Avenant-Oldewage and Milne 2014). However, 

fusion of two and sometimes more vertebrate individuals is more than puzzling, because 

of the higher order of organisation (tissues, organs, blood and lymphatic vessels) and 

sophisticated adaptive immune system (though little is known about Platyhelminthes 

immune system). It remains unknown how fused ceratioid males and females avoid 

immune rejection. However, the loss of MHC II constitutes a major immune system 

modification and it is possible that this has played a role in enabling the appearance of 

sexual parasitism in the anglerfishes. 

4.3 Genome assembly and annotation (Paper IV) 

In Paper IV we describe a chromosome level assembly and annotation of the L. 

piscatorius genome. We found that 90% of the final assembly was contained within 23 

chromosome sized scaffolds. The remaining 10% of sequences appeared to be derived 

from either repetitive regions that were difficult to assemble or from an intracellular 

parasite that is commonly found within L. piscatorius cells. We annotated this assembly 

using a de-novo gene prediction followed by reciprocal BLAST to a set of well annotated 

teleost genomes. This identified around 20,000 orthologue candidates and allowed us 

to assign protein family identifiers to these genes. The numbers of family members were 
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highly consistent with other teleost species arguing that we have identified the majority 

of protein coding genes in L. piscatorius. 

As part of the validation of our genome we compared feature properties to that of 

other vertebrate genomes, confirming L. piscatorius to have a typical teleost genome in 

size and gene repertoire. In addition, these analyses revealed a fundamental property 

of teleost intron size that is likely to be related to the evolution of genome size in 

teleosts. 

4.3.1 Assembly validation by genome annotation 

Our preliminary annotation with a single MAKER 2 (Holt and Yandell 2011) run 

identified 45,552 candidate genes. After filtration by reciprocal BLAST this number was 

reduced approximately by half. Taking into account the average number of protein 

coding genes for vertebrate genome is ~20,000, this correlates well with the 96% 

completeness score we got from BUSCO. 

We also considered the overall genome composition in terms of gene features (exons, 

introns and genes) and found that it was similar to the teleost genomes we used a 

comparison. We also found similar distributions of gene feature size and numbers in all 

the teleosts we looked at. These observations argue for the validity of our assembly and 

annotation process. 

Since the chromosomal gene content and order is well conserved across teleosts it is 

also possible to validate assemblies by considering the global synteny of orthologous 

genes. We found that individual chromosomes of L. piscatorius could be mapped to 

orthologous chromosomes in all of the teleosts analysed. In addition, with the exception 

of D. rerio (zebrafish), we could also observe a conservation of gene order across large 

chromosomal regions. This serves as a strong argument that the scaffolds reported here 

correspond to physical chromosomes. 
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4.3.2 A teleost specific intron length distribution 

Interestingly we observed a bimodal distribution of spliceosomal intron lengths in L. 

piscatorius. A similar distribution was found in all teleost species that we used as a 

comparison. However, in the two non-teleost species that we included in the analysis 

we observed a uni-modal distribution. Although the intron length distribution in D. rerio 

has previously been reported as bimodal (Moss et al. 2011), the same report describes 

the other teleost species inspected as having a uni-modal distribution.  

The distribution of intron size is a fundamental property of any genome and it is 

surprising that our observations have not previously been reported. It is notable that we 

have considered the distribution of log transformed intron lengths, rather than the 

linear length distribution. Log transformation of values is appropriate when the 

underlying variance is likely to be affected by exponential processes; that is processes 

where the rate (or probability) of change is a function of the magnitude. That is, longer 

introns are more likely to change in size than shorter ones. Given that introns cannot 

shrink beyond a certain minimal size (50-100 bp), and the fact that processes that result 

in intron size increases are more likely to occur within larger introns we argue that intron 

size should be considered in log-space and that the observed bimodality is related to the 

rules that govern intron length. 

We also observed a correlation between the intron length distribution and genome 

size within teleosts, with larger genomes having a smaller proportion of introns in the 

shorter peak. Although teleosts are descended from an ancestor that, compared to most 

vertebrates, underwent an additional genome duplication event they have in general 

smaller genome sizes compared to both mammal and avian species. This suggests both 

an evolutionary pressure and mechanism for genome size reduction in teleosts. Since 

teleost genomes appear to be characterised by large numbers of very short introns it 

suggests that this may be related to genome reduction. It is notable that we do not 

observe a similar distribution in L. oculatus (spotted gar). This further suggests that 

teleost genome sizes have arisen not simply as a result of evolutionary pressures but 

also because of a teleost specific mechanism for genome size reduction.  
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4.3.3 Traces of genome duplications 

The most obvious difference in genome composition between the teleost and non-

teleost species analysed here was found in the distributions of intron lengths. This may 

indeed be related to processes occurring as a result of the teleost specific genome 

duplication. We could see clear traces of these events when comparing the numbers of 

one-to-one orthologues between species (Paper IV, Fig. 6) with both Ciona intestinalis 

(a non-vertabrate chordate) and L. oculatus being smaller than that for the teleosts. In 

contrast these species both had larger numbers of one-to-many orthologues with L. 

piscatorius as would be expected after a genome duplication event. 

 

Figure 9. Orthology mapping between L. oculatus and L. piscatorius.  

Many of the L. oculatus orthologues map to two L. piscatorius chromosomes representing 

remnants of a historical duplication event that happened in the common ancestor of the teleost 

lineage which includes Lophiiformes. Example of such duplicate mapping is marked with two red 

ellipses. Here L. oculatus orthologues from LG9 are mapping to SEQ4 and SEQ22 of L. piscatorius. 
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In general, we could easily identify orthologous chromosomes (chromosomes that 

contain the same set of genes) having a one-to-one relationship when comparing the 

gene locations of L. piscatorius with other teleosts. We were able to find a similar but 

weaker chromosomal orthology between L. piscatorius and L. oculatus, but here most 

chromosomes in L. oculatus mapped to two separate chromosomes in L. piscatorius 

(figure 9). This relationship is a clear indication of the historical teleost genome 

duplication and demonstrates how genome wide properties can reveal ancient events. 

4.3.4 Spurious sequences in genome assemblies  

During the genome annotation process, it became apparent that some of the 

annotated genes within our assembly belonged to a microsporidian parasite. Sequence 

comparisons confirmed that the presence of these genes was caused by the presence of 

Spraguea lophii in our samples. S. lophii is an intracellular microsporidian parasite which, 

as suggested by its name, specifically infects members of the Lophius genus. Somewhat 

fortunately, the whole genome of this parasite has been sequenced, and we were able 

to make use of this sequence to identify contigs containing parasite sequences. These 

analyses demonstrated that the vast majority of the parasite sequence had not been 

included within the chromosomal sized scaffolds, and hence, that the scaffolding 

process used here can, at least in favourable circumstances, exclude a large part of 

contaminating sequences from the final assembly. Nevertheless, we were able to find 

approximately 20,000 loci within our chromosomal scaffolds that could be aligned with 

a close to 100% identity to parasite contigs. However, these mapped to only 5 of the 

parasite contigs and represent a very small part of parasite assembly. Interestingly, one 

of these sequences (which could be found at around 19,000 chromosomal loci) could 

also be aligned to multiple loci within a number of other teleost species suggesting that 

this sequence may actually be a L. piscatorius sequence that has been mistakenly 

incorporated into the S. lophii assembly. 

The observation of contaminating sequences appears as a trend across our work. Not 

only did we observe contaminating mitochondrial sequences in the A. striatus assembly 

in Paper III, but here (Paper IV) we observe what appears to be reciprocal contamination 



 

 48 

between L. piscatorius and S. lophii. Parasitic infections and the presence of closely 

associated symbiotic organisms are common across the animal kingdom and it is likely 

that a large number of published assemblies contain sequences from such 

contaminating organisms. 

One of the common ways to filter contaminating reads prior to the assembly is to use 

GC content (Frazier et al. 2017; Karimi et al. 2018; Urbarova et al. 2019). However, we 

worried that with this approach we could over-deplete certain sequences in the host 

genome due to an overlap in the GC content. We found that by using a simple coverage 

threshold we were able to remove most of the parasite reads from the assembly. This 

approach is probably suitable only for projects that can sacrifice some sequencing data.  

Another possible problem with filtering intracellular parasites or symbionts is that, 

even though the parasite genome assembly may be available, it itself can be 

"contaminated" with the host DNA as seems to appear to be the case for the S. lophii 

assembly. Hence care needs to be taken, both in identifying potential contamination 

and in efforts to eliminate such contamination. 
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5 Conclusions and future perspectives 

Anglerfishes possess many remarkable adaptations, which are interesting not only 

from an evolutionary point of view but also for the understanding of the gnathostome 

immune system. The chromosome-level genome assembly and annotation presented in 

this thesis will greatly facilitate future anglerfish research, thus furthering the 

understanding of the evolution and phylogenetic relationships of this clade of teleost 

fish. 

To resolve the mechanisms that have allowed sexual parasitism to evolve will require 

the sequencing of sexually parasitic species, but the L. piscatorius genome and 

annotation will provide a useful baseline genome for the Lophiiformes. Our assembly 

should also aid the assembly and annotation of further anglerfish species as the 

chromosome-level continuity can be used to guide the assembly process. The future 

comparison of this genome with genomes from species representing different levels of 

sexual parasitism offers fascinating prospect of identifying the genetic traits that may 

have enabled obligate parasitism.  

The absence of MHC II pathway genes in L. piscatorius, even if shared with sexually 

parasitic species, offers only a hint at the potential mechanisms underlying the absence 

of immune rejection after allogenic fusion. The mechanisms behind allogenic rejection 

are complex and involve multiple components and pathways, and simply removing one 

arm of the MHC system may both be not sufficient to block immune rejection and at the 

same time have deleterious effects for the immune system. Clearly, it also is unlikely 

that it is possibly to directly translate what happens in anglerfish to other species 

including humans. However, the information of how the adaptive immune system can 

be modulated in the anglerfishes may help us to better understand the way in which the 

immune system can be modified without loss of function. 

The availability of the L. piscatorius genome, and in the future additional anglerfish 

genomes will facilitate the identification of sequence variants that can be used to study 

the population structures of these clades. The presence of sexual parasitism suggests 

that finding mating partners is problematic which implies small effective populations 



 

 50 

containing little genetic variance, which in itself may have played a part in the 

development of allogenic immune tolerance. Population genetics can also be used to 

study how populations are affected by changing climate and other human influences. 

This is important given the increased interest for Lophius species and the development 

of specialized fisheries (Thangstad 2006; Farina et al. 2008).  
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Abstract

Lophius piscatorius is of increasing economic value in the Northern European 
ÀVKHULHV�DV�SDUW�RI�DQ�HIIRUW�WR�JHQHUDWH�JHQRPH�UHVRXUFHV�IRU�L. piscatorius we deep 
sequenced and assembled the complete 16,472 bp mitochondrial genome at about 
2500 times coverage by Ion Torrent PGM and SOLiD technologies. Gene content and 
organization was similar to that of the previously reported L. americanus and L. litulon. 
The highly accurate and abundant SOLiD sequence reads allowed us to identify seven 
low-level (1% to 2.6%) heteroplasmic substitution sites. L. piscatorius represents the 
ÀUVW�ÀVK�VSHFLHV�ZKHUH�ORZ�OHYHO�PLWRFKRQGULDO�KHWHURSODVP\�KDV�EHHQ�GHWHFWHG�DQG�
reported. 

INTRODUCTION
������ϐ������ ȋ������������Ȍ� ����������� �� ������ ���� ��������

���������������� ϐ����������������������������������������������
��������� ȏͳȐǤ� ���� ������ Lophius� ����������� ���� ��� ���� �����
���������������ȋ���������Ȍ��������������ϐ�������������������������
��������������������� ȏʹȐǤ���� �����ǡ� �������������������ϐ����L. 
piscatorius������������������������������������ϐ���������������������
��������� ������Ǥ� �������������� ������� ���������� �����
�����������������ϐ������������������������������������������������
������ ϐ������ ��� ���������� ���������� ������� ȏ͵ǡͶȐǡ� ����������
�������� ������������� �������� ȏͳȐǤ� �������������� �������� ���
ϐ������������������������������������������������������������������
��������������������������������ͳ����ͳ���� �������������������
͵� ������ ��������� ͳ͵� ��������ǡ� ���� ���������� ����ǡ� ���� ʹʹ�
������ȏͷȐǤ����������������������������������������������������ǡ�
����� ���Ǧ������� ���� ������ ȏͶȐǡ� ���� ����� ������������� ���� ���
���������������������������������������������������������������
��������ȏ͵ǡǦͺȐǤ����������������������������������������������
������ ������� ��� ������� �������� ���Ǧ������ ������ ����������� ���
�������������������������������ȏͻǦͳʹȐǤ����Ǧ��������������������
������ ���� �������� ������������ ������ ʹǦ͵Ψ� ��������� ��� ����
�������������� ���������� ��������ǡ� ���� ���������� ���� �������
���������� ����������� ��� ������ ȏͻȐǤ� ���Ǧ������ �������������

�������������������������������ȋGadus morhuaȌǡ��������������ͳ�
�������������������������������ȋ�����������������������ȌǤ����Ǧ
������ ������������� ���� ��� �������� ��������� ��� ����Ǧ�����������
�
�Ǥ� ����ǡ� ������ ����������� ���� �� ������ ���������� ��� ����� ���
�����������������������������������������������������������������
�������������������������������������������������ȏͳ͵ǡͳͶȐǤ���������
��������������������������������������������������L. piscatorius�
������ǡ�����������������������������������������������������
��� ������ ���� ������������ �
�� ȋ�����
�Ȍ� ���� �����ͷͷͲͲ������
����������� ����������� ȋ�
�Ȍ� ���������Ǥ� ���Ǧ������ �������������
������������� ��� ���� L. piscatorius� �������������� ������� ����
��������� ����� ������ ���������� ��� ������ ����������ǡ� ����
���������������ϐ�������������������������ϐ�����������Ǥ�

MATERIALS AND METHODS

L. piscatorius nucleic acid isolation and next 
generation sequencing 

�� ��������� ������� ������� ��� �� ��������� ��������� ���� ����
������������������ǡ����������������ǡ������������������������
��������Ǥ� ������ ���� ���������� ���� ���������� ��� �����������
���������� ȏͳͳǡͳͷȐǡ� ���� ���� �
�� ����������� ���� ���� ��� ���� ��Ǧ
������ ��������ǡ� 
������� �����ǡ� ����� ����������� Ǧ� ������Ǥ� ����
�
����������������������������������ϐ���� ������������������
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��� �������������� ͷͲͲ� ��� ������ �� �������®� �ʹ� ��������������Ǥ�
������������ǡ� ���� ���������� ���� ����������� ����� ������������
������ �������®� 	���� ���� �������� ����� ���� ���� ���� �������̻�
���������� ���������������ǯ�����������Ǥ���������� ���������������
���������������������������ϐ������������������������������ͳͲͲͲ�
������� ����� ��� ��� �������� ����� �������� ʹʹͲͲǤ� ���� ����������
����� �������� ��� �������������� ͷͲ� ��Ǥ� ��������� ������������
���������������������������������������������
�������������
��� ͷͲͲ� ���� ���� ���� �������� ��� ����������Ǥ� ����������� ����
���������������� ���� �����
������Ǧ���������������������������
�������͵ͳͺ���������ʹǤ������
���������������������������������
ͳ͵ǡʹͶͺ� ����� �������� �������������� ������ ȋ�������� ������� ͵ͺͲ�
��Ȍǡ� �������������� ��� ͵Ͳͷ� ������������ ��������Ǥ� ������ ͷͷͲͲ�
������� ������������������������������������������������������
ȏͳͳǡͳͷȐ��������������������������������������������������������
ȋ������������������ȌǤ������������������������������������������
��� ���������ͷͷͲͲ���������Ǥ��������������������������ͷͺʹǡͳͷ�
����� �������� �������������� ������ ȋ�������� ������� ͵� ��Ȍǡ�
�����������������ʹʹʹ���������������������Ǥ�

Phylogenetic analysis 

���� ���������� ��������� ����������� ���������� ��� ����
��������������������������������������������Ǥ�	�����������������
�������� ��� ��������� ��������������� ����������� ����������
����� ���� ϐ���� ������������� ���������Ǥ� Linophryne bicornis�
���� Capros aper� ����� ����� ��� ���� ������Ǥ� ���������� �����
�������� ����� �Ǧ��		��� �������� ͳͳǤͲͲǤͺ���Ͷͺ� ȏͳȐǡ� ������ ����
�Ǧ�������������������������ǡ������ǡ������������ �Ǧ���������� ����
�����������������Ǥ���������������������������������������������

���� ���������� �������� �����ǡ� ������ ���� �������� ������� ������
���������Ǥ� �������� ����������� ȋ��Ȍ� ������������� ���������
����������������������������������ͺǤʹǤͻ�ȏͳȐǤ���
������������
���������������������������������
��������������������������Ǥ�
���������������������������������������������������������������
��������������ͳͲͲͲ�������������Ǥ�

RESULTS AND DISCUSSION
�������������L. piscatorius��������������������������������

������ͳǡͶʹ��������ǡ���������������������������������������������
�����������������ȋ	������ͳ�ȌǤ������������������������������������
������������L. americanus�ȋ�����������������������Ȍ�����L. litulon�
ȋ���������� ����ϐ��� ������Ȍ� ����� ͻͶΨ� ���� ͻʹΨǡ� ������������Ǥ�
�������������ǡ������������ͶͲǦ��� ������������� ������������ �������
ȋ��Ȍ��������������������L. piscatorius�����L.�americanus ���� L. 
litulon ȋ	������ͳ������	������ʹȌǤ������������������������������� 
L. piscatoriusǡ L. americanusǡ���� L. litulon �����������������������
��������������� ���������ȋ	������͵ȌǤ����������������������������
�������������ȏͳȐǤ�Sladenia������������������������������������������
�����������������ǡ�������������Lophiodesǡ�Lophiomus�����LophiusǤ�
���������� Lophius �����ǡ L. piscatorius ��� L. americanus ������
���� ��������������������������Ǥ�L. litulon������������������������
��������������������������������Lophius��������� ����������������
��������Ǥ� ���� ����������� ������������� ���������� ȋ�����������ǡ�
������������ǡ� ��������������ǡ� ���� ���������������Ȍ� ����� ����
�����������������������������ȋ	������͵Ȍǡ�������������������������
��������� ������������� ȏͳȐǤ���� ����� ����� ���� ������ �������� ���
���������������Ǧ�����������������������������������L. piscatoriusǤ�
���������������������������������������������������������������

  

 

  

 

 

 

 

 

   

   
    

Figure 1� ȋ�Ȍ������������������������ ����������������������������ϐ������������������������Ǥ�
����������������� ����������� ��� �������������������
�����������Ǥ������������ǡ������������������������������������Ǣ���ͳǦǡ�����������������������������ͳǦ������Ǣ����Ǧ���ǡ����������������������
�����������������������Ǣ��������ͺǡ���������������������ͺ������Ǣ������ǡ��������������������������Ǥ����������ǡ�������������������������ǡ�����
����������������Ǧ�������ȋ�Ǧ������������ǡ����������������������������Ǣ��Ǧ������������ǡ����������������������������ȌǤ��������������������������
�������������������Ǧ������������������������������Ǥ�����ǡ������������Ǧ������������������Ǥ���ǡ��������������������������������Ǧ����ǡ��Ǧ������Ǧ�������
���������ǡ����������������Ǧ������������������Ǥ����Ǧ��������������������������������������������������������������������������������������������Ǥ�
ȋ�Ȍ�	����������� ��������������������ȋ��Ȍ� ��� ���� ���������������������Ǥ����ǡ� �������������������������������Ǣ� �����ǡ�ͶͲ������������������Ǣ��Ǧ���ǡ�
�����������������������������������Ǣ����ǦʹȀ͵ǡ�������������������������Ǥ
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TAS'
Lp ACACATATGTATAGCTCACACAGAGTATGTATACTATTAAACCCTATGACCCCCCTCCCTCTATGTATTATCACCATTTT
La GCACATATGTACAGCCCGCATA-GGTATGTACACTATTAATCCCTATGGTCTTATACCCTCTATGTATTATCACCATTTT
Ll ATAAATATGCATTTCTCATACG-AGCATGCATACTGTTAAACCCTATGAACACTTACTCTCTATGTATTATCACCATTTT

Lp TTTGAG-TAAACCAATAATGGCTTACCATGGACCTAGGGTTTTACATAATCCACGAGGGTTAAAACACCATAAATTGAAA
La TCTGAGTTAAACCAATAGTTGCTTACCATCCAACTAGGGTTTTACATAACACACGAGGGTTGAAAAACCATAAATTGGAG
Ll T-TGAACCAAAACAATAGTTGCTTACCATTAACCTAGGGTTTTACATAATCCACGAGGGTTGAAACAACATAAAATTAAA

Lp -AAAGTGTTATTTTACTAATGGTCAGCACTCCGGTGTAAGTAATGAATATATACCATGCACTCAACACCTCGACCAAAAC
La TAAATTGCCATTTTACTAATAATCAACACCCCGGTGTCAGTAATAAATATATACCATGCACTCAACATCTCGACTAATTA
Ll TAAGGTGTTATTTTACTAATAGTCAGCACCCCGGTGTAAGTAATGAATATATACCACGGACTCAAATTCTCCACCACTC-

Lp AAATATAATACGCAGCAAGAGACCAGCAACCAGCACAAATAAATGTCAACGTTTCTTGATGATCAGGGACAAGTATTAGT
La AATTATAATACGCAGCAAGAGACCAGCAACCAGCACAAATAAATGTCAACGTTTCTTGATGATCAGGGACAAGTATTTGT
Ll -ATTATAATACGCAGC-AGAGA-CAGCCACCAGCACAAAT-AATGTC-ACGTTTCTTGATAATCAGGGACA-GTATTTGT

Lp GGGGGTTTCACAATTTGAACTATTACTGGCATCTGGTTCCTATTTCAGGGCCATTAATTGGTATCATCCCTCCCACTTTC
La GGGGGTTTCACAGTGTGAACTATTACTGGCATCTGGTTCCTATTTCAGGGCCATTGATTGGTATCATCCCTCTCACTTTT
Ll GGGGGTTTCACAGATGGGAATATTACT-GCATCTGTGTTCAATTTCAGGGCCATAAATTGGTATCTTCCTTCCCACTTCT

INDEL'
Lp ATCGA CCCTTACATAAGTTAATGGTGGAGTACATATGGCGCGATT ACCCAGCATGCCGGGCGTTCTTTCCAGCGGGTGGA
La ATCGA CGCTTACATAAGTTAATGGTGGAGTACATATGGCGCGATT ACCCAGCATGCCGGGCGTTCTCTCCAGCGGGTGGA
Ll TCACA ---------------------------------------- ACCCACCATCCCGGGCGTTTTTTCCA-CGGGGGGG

Heteroplasmic'T:run'
Lp GGTTTCTC TTTTTTTTTTTT CCTTTCTGCTGACATTTCACAGTGTAAGTAATTTAATAAATAAGGTGGAACTTACACTCT
La GGTTTC-C TTTTTTTTTTTT CCTTTCTGCTGACATTTCACAGTGTAAAAAATCTAAAAAATAAGGTTGAACTTTCATTCT
Ll AGTGTTTT TTTTTTTTTTTT CCTTTCTGCTGACATTTCACAGTGTCAGAAATCTAATAAATAAGGTGGAACTTACATTCT

Lp GTCTGAGTAAATGTAATGCATGTACAAGGTCATTACT-TAAGAATTACATAAGTGATTTCAAGGACATAATAGGCCACTG
La GTCTGAGTAAATGTAATGAGTGTACAAGGTCATTCCTTTAAAAATTACATAAGTGATTACAAGGACATAATACACCACTT
Ll GTCTGAGTAAATGTAATGCGTGTTCAAGTTCATTACT-CAAGTGTTACATAAGTGATATCAAGGACATAATACACCACCA

CSB:2'
Lp ATTACTCGAAAGATCCTGAGAGTTCCCCCGGT-GCA-GTTTACGC GCAAAACCCCCCCACCCCCC TTACTCGTGAGATCA
La AACACTCGAAAGATATTGAGAATACCCCCGGTTGCA-GTTTACAC GCAAAACCCCCCCACCCCCT TTACTCGTAAGATAG
Ll ATTGCTCGAGAGATCTTGGGAACACCCCCGGT-CCAGCTTTACAC GCAAAACCCCCCCACCCCCT TTACTCGCGAGATTG

CSB:3'
Lp TTAACACTCC TGAAAACCCCCCGGAAAGCA GGAAAACCTCGAGTAAGATTATAGATCAACCCAAATTACATCTATATGTA
La TTAATACTCC TGAAAACCCCCCGGAAAGCA GGAAAACCTCGAGTAAGGTCGCAAATCAGCCCAAATTGCGTCTATTTGTA
Ll TTAACACTCC TGAAAACCCCCCGGAAAGCA GGAAAATCCCGAGTAAAGTCGCAAATCAACCCAAATTGCATCTATATGTA

Lp GTATTAAAAAT-TTTGA
La GTATTAAAAATTTTTGA
Ll GTATTAAAAATTTTTGA

Lp; Lophius piscatorius Control region

La; Lophius americanus Control region (NC_004380)

Ll; Lophius litulon Control region (NC_023828)

Figure 2�������������������������������������������������������������������ȋ��Ȍ ��������L. piscatorius�ȋ��Ȍǡ�L. americanus�ȋ��Ȍǡ�����L. litulon�ȋ��ȌǤ�
���ǡ��������������������������������Ǣ������ǡ�ͶͲ������������������Ǣ��Ǧ���ǡ������������������������������������Ǣ����ǦʹȀ͵ǡ��������������������
�����Ǥ�

�������������������������������������������������������������������
���������ͳΨ�������������������Ǥ����������������������������������ϐ����
�������������������� ������ ȋ	������ͳ�ȌǤ� 	���� ����������� ��������
������� ���� ������ �������� ������������������ǡ� ���� ��������� ���
COIIIǤ������������ȋ
ͻͳʹͲ�Ȍ������������������Ǧ�����������������
����������� ȋ���� ������Ȍ������������������������ͳͳͻǤ����� ����� ����
��������������� ������������� ��ǡ� ��� �� �������������� ����������
������ȋ�Ǧ���ȌǤ� �������������������������������������������������

�������������������������������Ǧ����������ȋ	������ͳ�ȌǤ��������������ǡ�
�������� ���� ������ ���Ǧ�������������������� ������ ������ϐ���� ���L. 
piscatorius���������������������ͳ���������������������G. morhua�
ȋ�����������������������ȌǤ�����������������������������������Ǧ�
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���������� ��� ������ �������������� �������� ȏǡͳͺȐǤ� �������
������� ��� ����� ����������� ���Ǧ������ �������������� ����������ǡ�
���� �������� ��������� ����� ����������� ������ ���������� ��������
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Figure 3�����������������������Ǧ�������������������������ͳͺ�����������������������������������������ȋ�������������ȌǤ������������������ȋΨȌ����
ͳͲͲͲ���������������������������������������������Ǥ�����������������������������ͷͲΨ����������Ǥ�

��� ���� ����� ����������� ȏȐǡ� �������������������� ��� ������ ȏͳͺȐǤ�
���Ǧ������������������������������������������������������������
������������ǡ������������������������������������������������
�����������������������������������ȏͳͻǡʹͲȐǤ�

CONCLUSION
����� ������ �������� ���� ��������� �������������� �������

�������������������������������ϐ����L. piscatorius��������������
������ ���Ǧ������ �������������� ������������� ������ ��� ������������
��������ͳΨ�����ʹ ǤΨǤ�L. piscatorius������������������������������
�����������L. americanusǤ���ͶͲǦ�����������������������������������
������������������������ Lophius ������������L. litulonǤ�
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Figure'S1'
 
Lophius piscatorius 
16471 bp 
 
GCTAGCGTAGCTTATTTAAAGCATAACACTGAAGATGTTAAGACTGAGTCCTAAAAAACT 
CCGTAAGTACTAAAAGTTTGGTCCTGACTTTATTATCAACTATAACTAAACTTACACATG 
CAAGTCTCCACACCCCTGTGAAGTACGCCCTATGTATCTCCCCCCAGAGAACAAGGAGCA 
GGCATCAGGCACAAGCACACTTAGCCCATAACGCCTTGCTTAGCCACACCCCCACGGGAA 
CTCAGCAGTGATAAACATTAAGCCATAAGCGAAAGCTTGACTTAGTTAAAGTTAAGAGGG 
CCGGTAAAACTCGTGCCAGCCACCGCGGTTATACGAGAGGCCCAAGTTGACAACAGTCGG 
CGTAAAGCGTGGTTAGGCCATCAACCCCCACTAAAGTCGAATGCCCTCAAAGCTGTTATA 
CGCACCCGAGGGTTAGAAGTTCAAATACGAAAGTAACTTTATAAGTCTGAACCCACGAAA 
GCTACGGCACAAACTGGGATTAGAAACCCCACTATGCCTAGCCCTAAACATTGGCAACAC 
AAAACACCCGTTGCCCGCCCGGGCACTACGAGCATTAGCTTAAAACCCAAAGGACTTGGC 
GGTGCTTTAGACCCACCTAGAGGAGCCTGTTCTAGAACCGATACCCCCCGTTAAACCTCA 
CCCCTTCTTGTCATTACCGCCTATATACCGCCGTCGTCAGCTTACCCTGTGAAGGATTAG 
TAGTAAGCAAAGTTGTCACAACCCAAAACGTCAGGTCGAGGTGTAGCCTATGAAGGGGGA 
AGAAATGGGCTACATTCACTAATTAAGAGAATACGAACGATGTATTGAAACACACGTCCA 
AAGGAGGATTTAGCAGTAAGCAAAAAATAGAGCGTTTTGCTGAAAATGGCCCTGAAGCGC 
GCACACACCGCCCGTCACTCTCCCCAAGCTAACGACTAAATATAACTAAATCATAATAAC 
TGCAAAGGGGAGGCAAGTCGTAACATGGTAAGTGTACCGGAAAGTGCACTTGGAAAAACC 
AGAGCATAGCTAAACAACCAAAGCATCTCCCTTACACCGAGAAGGTGTCCGTGCAAATCG 
GACTGCCCTGATACCTAATAGCTAGCCACACCAACTAAACACAACAAAACTACATAAATA 
CCCCCTAACCACCCCCCCCCCCCCACCTCAAACAAACCATTTTTCCACCCTAGTACGGGC 
GACAGAAAAGGACCTTTGTGAGCAATAGAAAAAGTACCGCAAGGGAAAGCTGAAAGAGAT 
ATGAAAAAGCCCAGTAAAGTTTAGAAAAGCAGAGATTAAACTCGTACCTTTTGCATCATG 
TTTTAGCCAGTAACACCCAAGCAAAGAGCCCTTTAGTTTGGACCCCCGAAACTAAGCGAG 
CTACTCCAAGACAGCCTATTTAAAGGGCACACCCGTCTCTGTGGCAAAAGAGTGGGAAGA 
GCTTTGAGTAGAGGTGACAGACCTACCGAGCTTAGTTATAGCTGGTTCCCTGGGAAATGG 
ATAGGAGTTCAGCCTTCTAAGTTCTTCACTCCAACCCTTCAACAAGGTGAAAAGAAATCA 
GAAGAGTTAATCAAGGGGGGTACAGCCCCCTTGAAAAAAGATACAACTTTAGCAGAAGGA 
TAAAGATCATACGAAATTTAAAGGAGAGTCCTCTTGGTGGGCCTAAAAGCAGCCACCCCA 
ACAGAAAGCGTTAAAGCTCAAATACGGAACACCCTATATATTCTGACAACCTAATCTTAA 
TCCTCTAGTACTACCAGGAAGCCCTATGCGAGCATAGGAATTATACTGCTAATATGAGTA 
ATAAGAGAACATAAGATTCTCTCCTAGCACAAGTGTAAATCGGAACGAACCCCCACCGAA 
AATTGACGGCCCCAAGAAAAGAGGGAACTGGATGAAAAATAAAAAACTAGAAGAACACCC 
AACAATTAACCGTTAACCTCACACTAGAGTGCTGCCAAGGAAAGACTAAAAGGGGAAGAA 
GGAACTCGGCAAACACACCCAAGCCTCGCCTGTTTACCAAAAACATCGCCTCTTGTACCT 
AATAAATAAGAGGTCCTGCCTGCCCTGTGACAATTAGTTCAACGGCCGCGGTATTTTGAC 
CGTGCGAAGGTAGCGCAATCACTTGTCTTTTAAATGGAGACCTGTATGAATGGCAAAACG 
AGGGCTTAGCTGTCTCCTCCCCCCAGTCAATGAAATTGATCTCCCCGTGAAGAAGCGGGG 
ATACTCACATAAGACGAGAAGACCCTATGGAGCTTTAGACACCAAGGCAGATCACGTTAA 
AACCCCTGAATAAAGGAATAAACAAGATGAAGACTACCCTATGTCTTTGGTTGGGGCGAC 
CGCGGGGCAAAAAATACCCCCCATGTGGAAAGGGAACACCCTTCCTATCACCCAGAGCTA 
CCGCTCTAATTATCAGAATATCTGACCAAAAGATCCGGCTCAAGCCGATCAACGGACCGA 
GTTACCCTAGGGATAACAGCGCAATCCCCTTCTAGAGACCCTATCGACAAGGGAGTTTAC 
GACCTCGATGTTGGATCAGGACATCCTAATGGTGCAGCTGCTATTAAGGGTTCGTTTGTT 
CAACGATTAAAGTCCTACGTGATCTGAGTTCAGACCGGAGTAATCCAGGTCAGTTTCTAT 
CTATGATATGATCTTTTCTAGTACGCAAGGACCGAAAAGAGGGGGCCCCTGTAATATACA 
CACCCCCTCCTCACCTAATGAAATCAACTAAATTAGGCAAGAGGACATACCTACCTAGCC 
AAAGAAAATGGCATGTTAAGGTGGCAGAGCCCGGCCAATGCAAAAGACCTAAGCCCTTTC 
CACAGAGGTTCAACTCCTCTCCTTAACTATGATCTCAACCACTGTAATTTATATTATTAA 
CCCCCTCGCCTTTATCGTACCCGTCCTCCTAGCTGTCGCATTTCTAACTTTGCTAGAGCG 
AAAGGTCTTGGGCTACATACAACTTCGAAAAGGTCCCAACATCGTTGGCCCCTACGGCCT 
CCTCCAACCAATCGCAGACGGGGTAAAACTATTCATCAAAGAGCCCATTCGACCTTCTGC 
CTCTTCCCCTATTCTATTCTTAGCCGCCCCTATTCTAGCCCTCACCCTTGCCCTAACCCT 
TTGGGCCCCAATACCGCTCCCCTACCCAGTCCTTGACCTCAACCTTGGGATTTTATTTAT 
CCTAGCATTATCAAGCCTAGCAGTATACTCAATCCTCGGGTCAGGCTGAGCCTCCAACTC 
CAAATACGCACTCATCGGTGCCCTCCGGGCTGTCGCACAAACAATCTCATATGAGGTAAG 
CCTTGGGCTAATCCTACTCAGCACTATTATCTTCACCGGGAGCTTCACACTTCAAACCTT 
TAACACAGCCCAAGAAACCATCTGATTAATCTTACCCGCCTGACCACTAGCCGCCATATG 
ATACATCTCCACCCTCGCAGAGACAAACCGAGCCCCATTTGACCTCACCGAAGGAGAATC 
TGAACTTGTATCCGGCTTTAACGTCGAATACGCAGGAGGCCCCTTCGCCCTCTTCTTCCT 
AGCAGAATATGCAAACATCTTACTAATAAATACGCTCTCAGCCACCCTGTTCTTAGGAGC 
AGCCCACATCCCCTCCTTCCCAGAACTAACAACGGCCAACCTCATAACGAAAGCCGCCCT 
CCTCTCGGTCGTCTTTCTCTGAGTGCGAGCCTCCTACCCCCGATTTCGATACGACCAACT 
AATACACCTCATCTGAAAAAACTTCCTACCCCTCACCCTTGCATTAATTATTTGACACCT 
GTCCCTCCCAATTGCGCTCGCAGGACTCCCCCCTCAAATATAACAGGAGCCGTGCCTGAA 
AAAAGGACTACTTTGATGGAGTAGATTACGGGGGTTAAAGTCCCCCCGACTCCTTAGAAA 
GAAGGGGTTTGAACCCTCCCCGGAGAGATCAAAACTCTCAGTGCTTCCACTACACCACTT 
CCTAGTAAAGTCAGCTAACAAAGCTTTTGGGCCCATACCCCAAACATGTCGGTTAAAATC 
CCTCCTTCACTAATGAACCCCTTTATCTTATTTATCCTCTTGTCAGGACTTGGCCTAGGC 
ACCACCATCACCTTTGCCAGCTCCCACTGGCTTGCAGCCTGGATAGGACTTGAGATCAGC 
ACGCTAGCCATCCTACCACTTATAGCACAGCACCACCACCCCCGAGCAGTCGAAGCAACT 
ACTAAGTATTTCCTTGTACAGGCAACAGCAGCAGCCATACTTCTATTTGCAAGCACCACC 
AACGCCTGACTCACGGGCCAATGGGATATTCAACAAGCCCTGCATCCCCTCCCCTGCACA 
ATAATTACACTTGCACTAGCCCTGAAAGTCGGACTTGCCCCCCTACATACCTGACTCCCG 
GAAGTACTTCAAGGCCTAGATCTCACCACAGGAGTGATCCTCTCCACCTGACAGAAACTT 
GCCCCCTTTGCCCTACTTTTACAGCTCCAACAAAACAACCCCCACCTCCTCATAGCCCTC 
GGACTAGTTTCTACCCTTGTGGGCGGATGAGGGGGCTTAAACCAAACACAACTACGAAAA 
ATCCTAGCCTACTCATCCATCGCCCACCTTGGCTGAATAATCCTCATCATCCAATTCTCT 
CCCTCCCTTACTTTACTCACCCTGGCTATGTACTTTATCATAACTTTCTCAACTTTTACC 
CTATTTAAACTACATAACTCAACCAATATTAACTCACTAGCCACCTCCTGAGCAAAAGCC 
CCCGCACTTACAGCCCTCACCCCCCTCCTTATATTATCCCTCGGCGGCCTCCCACCACTC 
TCAGGCTTCATGCCCAAGTGACTGATCCTTCTAGAACTCACTAAACAAGACTTAGCCCCA 
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GCCGCCACCTTTGCTGCACTCTCTGCCCTCCTGAGCTTATACTTCTACTTGCGACTCTCA 
TACGCAATGGCCTTAACACTATCCCCCTCCAGTCTCACGGCATCCACCCCTTGACGCCTC 
TTTAATACACAACTCACCCTGCCCTTAGCCATCACTACCATACTTGCCCTACTGCTTCTA 
CCCTTAACACCTGGTACAACAGCTTTACTGGCCCTTTAGGGGCTTAGGTTAGTACAAGAC 
CAAGGGCCTTCAAAGCCCTAAGCGAGAGTGAAACCCTCCCAGCCCCTATAAAACTTGCGG 
GACATTACCCCACATCTCCTGCATGCAAAACAGACACTTTAATTAAGCTAAAGCTTTTCT 
AGATGAGAAGGCCTCGATCCTACAGTTTCTTAGTTAACAGCTAAGCGCTCAAACCAGCGA 
GCATTCATCTACCCTTCCCCCGCCTAATAGGCGGCTAAAGGCGGGGGAAGCCCCGGAGGG 
TGACTAACCCTCTTCTTAAGATTTGCAATCTTATATGTAAAAACACCTCAAGGCTTGGTA 
AGAAGAGGGCTCGAACCTCTGTTTATGGGGCTACAACCCACCACTTACTCAGCCATCTTA 
CCTGTGGCAATCACACGTTGATTTTTCTCGACTAATCACAAAGATATCGGCACCCTTTAT 
TTAATCTTTGGAGCCTGAGCCGGAATAGTAGGCACCGCCCTAAGCTTACTTATTCGGGCT 
GAACTAAGCCAGCCTGGCGCCCTCTTAGGGGATGACCAAATCTATAACGTTATTGTTACC 
GCACACGCCTTTGTAATAATTTTCTTTATGGTTATACCAATCATGATTGGGGGGTTCGGC 
AACTGACTTATCCCCTTAATGATCGGGGCCCCCGACATAGCCTTCCCTCGAATGAACAAC 
ATGAGCTTCTGACTCCTTCCCCCCTCTTTCCTCCTGCTACTTGCCTCTTCCGGAGTTGAA 
GCCGGAGCAGGCACTGGATGAACCGTTTACCCCCCACTAGCAGGGAACCTTGCACACGCA 
GGAGCCTCTGTCGACCTAACTATTTTCTCCCTTCACCTGGCCGGGATCTCTTCAATCCTA 
GGGGCAATCAACTTTATCACAACAATTATCAACATAAAACCCCCCACGATCTCCCAATAT 
CAAACGCCCTTATTCGTATGAGCTGTTTTAATCACAGCAGTCCTTTTACTCCTATCCCTG 
CCTGTGCTTGCCGCAGGCATTACCATGCTCTTAACAGATCGGAACTTAAACACCACTTTC 
TTTGACCCCACCGGGGGAGGGGACCCTATCCTGTACCAACACTTATTCTGATTCTTCGGC 
CACCCTGAAGTTTACATTTTAATTCTACCAGGCTTTGGTATAGTATCCCACATTGTTGCC 
TACTATGCAGGTAAAAAAGAACCCTTCGGCTACCTCGGCATGGTCTGAGCTATGATAGCT 
ATCGGCCTACTAGGGTTTATCGTCTGAGCCCACCACATATTCACGGTCGGAATAGATGTC 
GATACACGAGCTTATTTTACGTCCGCCACAATAATTATTGCCATCCCCACGGGAGTAAAA 
GTATTTAGCTGACTAGCGACACTTCACGGAGGTGTAATTAAATGAGAAACCCCTCTCCTG 
TGAGCACTAGGGTTTATCTTCCTCTTTACGGTGGGCGGCCTCACCGGCATCGTACTTGCC 
AACTCCTCCCTAGATATTATCTTGCACGACACTTACTACGTGGTCGCCCACTTCCACTAT 
GTCCTCTCCATGGGGGCTGTTTTCGCCATCATAGGAGCCTTTGTACACTGATTCCCCCTG 
TTCTCAGGCTACACACTCCACAGCACATGAACAAAAATCCACTTTGGTATTATATTTGCA 
GGTGTTAATCTCACATTCTTCCCCCAACACTTCTTAGGACTGGCAGGCATGCCCCGCCGC 
TACTCAGACTACCCGGACGCCTACACCCTGTGAAATACAGTCTCCTCTATTGGCTCACTA 
ATTTCACTAATTGCAGTCATCATATTCCTGTTTATCCTTTGAGAAGCATTTACTGCCAAG 
CGAGAAGTCCTATCAGTGGAACTTGCTGCAACAAACGTAGAGTGACTACACGGCTGCCCT 
CCACCCTATCACACCTTTGAAGAACCTGCATTCGTCCAAGTCCAAACAAACTAAACAAGA 
AAGGAGGGAATTGAACCCCCGTAACCCGGTTTCAAGCCGACCACATCACCGCTCTGTCAC 
TTTCTTTATAAGACACTAGTAAAGCAGCTATTACACTGCCTTGTCAAGGCAGTACCGCGG 
GTTGGAGCCCCGCGTGTCTTACCCAATGGCACATCCCTCCCAACTAGGCTTTCAAGACGC 
AGCTTCACCTGTAATAGAAGAACTCCTTCACTTTCACGACCATGTTCTAATAATTGTATT 
CCTCATCAGCACACTAGTACTTTACATTATTGTCGCCATGGTTTCAACCAAGCTTACAAG 
CAAATACCTGTTAGATTCTCAGGAAGTCGAGATTATTTGAACCATTCTCCCCGCTATCAT 
CTTAATTCTAATTGCCCTCCCTTCCTTACGAATCCTCTACCTTATGGATGAAGTAGACGA 
CCCCCACCTCACCATTAAAGCAATGGGACACCAATGATACTGAAGTTATGAGTACGCAGA 
TTACGTAGACCTTGAGTTTGACTCCTACATAACACCCACCCAAGACCTATTGCCCGGACA 
GTTCCGACTTCTCGAAGCAGATCATCGAATGGTAATTCCCGTTGCATCCCCCATTCGAGT 
GTTAGTATCCGCAGAAGACGTATTACACTCATGGGCCGTTCCGGCCCTAGGTGTAAAAAT 
AGATGCCGTCCCAGGACGACTAAACCAAACAGCCTTTATTACCTTACGACCAGGTGTGTA 
TTATGGACAATGCTCAGAAATTTGTGGAGCCAACCATAGCTTTATACCCATTGTAGTGGA 
AGCCGTTCCATTAAAACACTTTGAGAACTGATCGGCATTAATAGTAGAAGACGCTTCACT 
AAGAAGCTAAACAGGGCCATAGCGTTAGCCTTTTAAGCTAAAGACTGGTGACTCCCAACC 
ACCCTTAGTGATATGCCCCAACTCAACCCCACACCTTGATTTGCCATTCTAATCTTCTCC 
TGATTAGTATTCTTAACAATTCTGCCCTCAAAAGTGATAGCCCATACTTTCCCAAACGAG 
CCAACCCCACAAAGCACAGAGAAATCAGAAACAAACCCCTGAACCTGACCATGACACTAA 
GCCTCTTTGACCAATTTATGAGCCCCTGACTTCTTGGAATCCCCCTCATTGCGCTAGCCC 
TAGCACTCCCCTGGACACTTTTCCCTACCCCTTCTGCACGATGATTAAATAACCGCCTAC 
TCACCCTCCAAGGATGATTCATTAACCGATTCACCCAGCAACTTCTGCAACCCATGAGCC 
TCGGAGGACATAAGTGGGCCCTACTACTCACCTCCTTAATACTTTACCTTATTACACTAA 
ATATGTTAGGCCTACTTCCCTACACCTTCACTCCGACCACGCAACTATCCCTTAATATTG 
GCTTTGCCGTCCCCCTCTGACTAGCAACTGTAATTATTGGCATGCGAAACCAGCCAACTG 
TCGCCCTAGGCCACCTCCTCCCAGAAGGAACCCCAACCCCCCTCATCCCAATCCTTATTA 
TTATCGAAACAATTAGCCTCTTCATTCGACCCTTAGCCCTAGGAGTCCGACTCACTGCTA 
ACCTCACAGCAGGCCACCTCCTCATCCAACTCATTGCCACAGCTGCTTTCGTCCTACTGC 
CCCTTATGCCTACAGTTGCCCTTCTTACGGCCACCCTTCTATTCCTACTTACCCTCCTAG 
AGGTGGCCGTGGCTATAATTCAAGCCTACGTCTTTGTCCTACTACTAAGCCTCTACCTAC 
AAGAAAACGTATAATGACCCATCAAGCACACGCATACCACATAGTAGACCCGAGCCCCTG 
GCCCCTCACAGGAGCAGTAGCTGCCTTATTAATAACATCCGGCCTTGCAATTTGATTCCA 
TTTCAACTCCATAGTCCTTATCCCCGTCGGGACCACCCTCCTTCTCCTCACCATGCTCCA 
ATGATGGCGAGATATCGTACGAGAGGGGACATTTCAGGGACACCACACACCCCCAGTCCA 
AAAGGGGCTACGATATGGTATAATCCTATTTATTACTTCAGAAGTTTTCTTCTTCTTGGG 
ATTCTTCTGGGCTTTTTACCACGCCAGCCTTGCCCCCACCCCTGAACTGGGGGGCTTCTG 
GCCCCCCGCAGGAATCACCCCCCTGGACCCCTTTGAAGTCCCCCTACTTAACACAGCCGT 
TCTTCTTGCTTCCGGCGTGACAGTCACCTGAGCCCACCACAGCATCATAGAAGGCGAACG 
AAAACAAGCCCTCCAATCCCTCTTCCTAACTATCCTATTAGGATTTTATTTCACCTTCCT 
CCAAGGCCTTGAGTACTATGAAGCCCCTTTCACCCTCGCGGACGGCGCCTACGGCTCGAC 
CTTCTTTGTAGCAACCGGTTTCCACGGCCTACATGTTATCATCGGCTCCATCTTCCTCAC 
TGTATGCCTAATCCGACAAATCCGCCACCACTTCACATCAGAACACCACTTTGGGTTTGA 
AGCAGCTGCCTGATACTGACACTTCGTGGACGTTGTCTGACTCTTCCTGTATATCTCAAT 
CTACTGATGAGGCTCATAATCTTTCTAGTACTAACGTTAGTATAAGTGACTTCCAATCAC 
CCGGTCTTGGTTAAAACCCAAGGAAAGATAATGAACTTAGTCACAACTATCGTCTCCATT 
ACCGGCGCCCTCTCCCTTATCCTAGCCACCGTAGCTTTCTGACTCCCACAAATAACCCCA 
GACCACGAAAAGCTATCACCCTACGAATGCGGCTTCGACCCCCTTGGATCAGCCCGACTG 
CCTTTCTCCCTTCGGTTCTTTTTGGTGGCCATTCTATTCTTATTATTTGACCTAGAAATC 
GCCCTGCTATTACCCCTACCTTGAGGAGACCAACTAGCCTCCCCACTAATAACATTCCTA 
TGAGCCGCTGCAGTTCTTATTCTTCTCACACTAGGGCTTATCTATGAATGACTCCAAGGG 
GGACTAGAATGAGCCGAATAGGTAATTAGTTTAAACAAAACATTTGATTTCGGCTTAAAA 
ACTTGTGGTTAAAGTCCACAATTAACCTAATGACCCCCACAAATTTTACATTCTCCGCAG 
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CCTTTATATTAGGATTGGCAGGCCTAACATTCCACCGAACGCACCTTCTCTCCGCCCTGC 
TATGCCTAGAAGGAATAATACTAGCTCTATTCCTCGCCCTCTCACTGTGATCCCTTCAAC 
TAGGAGCAACCAGCTTTTCAGCCACCCCCCTCCTCCTTCTGGCTTTCTCCGCCTGCGAAG 
CCAGTGCAGGCTTGGCCCTTTTAGTAGCAACTACGCGGACCCACGGATCCGATCGACTCC 
AAACACTCAACCTGCTGCAATGTTAAAAGTCCTCATCCCCACCCTTATGCTAATACCAAC 
AATTATGGTCACTAAAGCCAAATGACTATGGCCAACCACCCTCCTCCATAGCCTCCTAAT 
CGCACTTATCAGCCTGACTTGACTAAAAAACCTGGGGGAAACGGGGTGGTCCCACCTCAG 
CCCCTACATGGCAACAGACCCCCTATCCACACCCCTTCTGGTATTGACTTGCTGGCTGCT 
CCCGCTTATAATCCTAGCAAGCCAAGCACACACAGCCTCAGAACCCGTCGGCCGTCAACG 
ATTATACATTATCCTCCTCACTTCTCTCCAACTCTTCCTTACTATAGCTTTTAGCGCAAC 
TGAAATGATCCTATTTTACATTATATTTGAAGCCACCCTGATCCCCACACTCATTCTAAT 
TACCCGGTGGGGCAACCAAACAGAACGTCTTAACGCAGGCACCTACTTCCTTTTCTACAC 
CCTAGCAGGCTCACTGCCCCTACTTATTGCCCTACTCTGGCTCCAAAACAATGCGGGCAC 
CCTCTCACTTCTCACCCTTCTTTACTCAAACCCCCTACAGCTGGGCGTATGTGCCCACAA 
GCTCTGATGAGCAGGCTGCGTACTAGCATTCCTTGTAAAAATGCCTCTGTACGGCATACA 
CCTGTGACTACCTAAAGCCCATGTGGAAGCCCCAGTTGCCGGATCAATAATCCTTGCAGC 
CGTCCTACTGAAGCTCGGAGGGTATGGCATGATGCGCATACTAGTAATGCTAGAACCCCT 
TACCAAGGAATTAAGCTATCCTTTCATTATCCTCGCACTATGGGGTGTAATTATAACAGG 
ATCTATTTGCCTCCGCCAAACAGACCTGAAATCCTTAATCGCCTACTCATCAGTCAGCCA 
TATGGGTTTGGTGGTAGGAGGTATCCTCATCCAAACCCCTTGAGGCTTCACAGGAGCCCT 
AATCTTAATAATCGCCCACGGCCTGACCTCCTCCGCCCTATTCTGCTTAGCCAATACTAA 
CTATGAACGCACACACAGCCGAACAATAGTTCTCGCCCGAGGACTTCAAATGGCCCTCCC 
CTTGATAACTGCTTGGTGATTTATTGCAAGCCTGGCCAACCTCGCCCTTCCCCCCCTACC 
CAACTTAATGGGAGAATTAATGATTATCACCTCCCTCTTCAGCTGATCATGATGAACACT 
AGCCTTAACGGGAGCGGGAACCCTTATCACGGCAGGCTACTCCCTGTACATGTTCCTCAT 
AACACAACGAGGGCCCCTCCCCACCCACATCCTAGCCCTAGAACCATCACACTCACGCGA 
ACATCTGCTAATGGCCCTGCACCTTCTCCCTCTCTTATTACTAACTCTTAAGCCCGAGTT 
AATCTGGGGCTGAAGCATATGTAGACATAATTTAATGAAAATATTAGATTGTGATTCTAA 
AAATAGGGGTTAAACCCCCCTTGTCCACCGGGAGAGGCTGGCTAGCAACGAAAACTGCTA 
ATTCTCGCTACTTTGGTTGAACTCCAAAGCTCACTCGAACACTGCTTCTAAAGGATAATA 
GCTCATCCGTTGGTCTTAGGAACCAAAAACTCTTGGTGCAAATCCAAGTGGAAGCTATGC 
ACCCTACTTCAACCATAATAGCCTCTAGCTTGCTTATCATTTTTGCCCTACTGGCATATC 
CAGTATTTACAACCCTAACCCCTCACCCCACCCACCGAACCTGAGCTTTATCACAAGTGA 
AAACAGCTGTTAAACTAGCATTCTTCGCCAGCCTATTACCGCTCTTCCTATTCGTCAACG 
AGGGAGCAGAAGCCATTATCACTAGCTGAACCTGGACCAACACACACACCTTTGACATTA 
ATATCAGCCTTAAATTTGACATTTACTCGATTATTTTCACACCCGTTGCCCTATACGTCA 
CCTGGTCGATTCTAGAATTTGCCTCCTGATACATGCACTCCGACCCTTATATGAACCGAT 
TTTTCAAATACCTATTAATCTTCCTTATTACCATAATTATCCTAGTCACAGCTAACAATA 
TATTTCAACTCTTTATTGGCTGGGAAGGCGTTGGTATTATATCCTTTTTACTTATCGGGT 
GATGATACGGGCGTGCTGACGCTAACACTGCTGCCCTCCAAGCAGTACTGTACAACCGGG 
TCGGGGATGTCGGCCTAATTCTCGCAATAGCCTGAATGGCAACCAACCTAAACTCATGAG 
AACTACAACAAATGTTCTCATGCACTAAAAATGTTGACCTAACCCTCCCCCTATTAGGCC 
TAATCTTAGCCGCCACAGGAAAATCTGCCCAATTTGGCCTGCACCCATGGCTGCCAGCTG 
CCATGGAGGGTCCTACGCCGGTATCCGCCCTCCTGCATTCCAGCACCATGGTTGTTGCGG 
GAATCTTTCTACTTATTCGTATAAGCCCACTTCTGGAGAATAACCAGACAGCCCTAACAA 
CCTGCCTATGCTTAGGAGCACTAACAACCCTCTTCACAGCCACATGCGCCCTCACCCAGA 
ATGATATTAAAAAAATCGTTGCTTTCTCTACATCAAGCCAACTTGGCCTAATAATAGTCA 
CCATCGGCCTTAATCAACCACAGCTAGCCTTCCTTCACATTTGCACCCATGCCTTCTTTA 
AAGCTATGTTATTCCTATGCTCCGGCTCCATCATCCATAGCCTTAATGATGAGCAAGACA 
TTCGGAAAATGGGAGGAATACACCACCTCGCCCCTTTCACCTCTTCCTCACTAACCTTGG 
GCAGTCTAGCCCTCACAGGGACCCCTTTCCTAGCAGGGTTCTTCTCAAAAGACGCCATTA 
TTGAAGCACTCAACACCTCCCACCTAAACGCCTGAGCCCTTGCCCTCACCCTTCTAGCCA 
CCTCTTTTACAGCCATCTACAGTCTTCGCATTGTATATTTTGTATCTATGGGTAACCCCC 
GATTCAACTCACTATCCCCCATCAATGAAAATAACCCCGCGGTCATCAACCCCATTAAAC 
GACTAGCTTGAGGCAGCATCCTAGCGGGGCTTTTAATCACCTCTCACATTACACCTTTAA 
AAACACCCGTAATATCCATACCCCTCACCCTAAAAATCGCCGCCCTCGCCGTAACTATCA 
CTGGTCTCCTCATCGCCCTAGAACTAGCCCATTTAACTAACAAACACCTCAAACCCTCCC 
CCAAAATGAAACCTCACCATTTCTCAAATATGCTTGGATTCTTCCCAGCAATTGTTCACC 
ACCACGCCCCTAAAATCAACCTGACACTAGGCCAAACAATTGCAAGTCAAATAGTTGACC 
AAACATGATTAGAAAAATCAGGACCCAAGGCAGCTGCCTCACTTAATATGCCCCTAATCA 
CTTCCACAAGCAACACCCAACAAGGGATAATTAAAACCTATTTAACGCTATTCCTTCTCA 
CCCTAACCTTAGCGGTGGTAGTACTTATAATCTAAACCGCCCGCAAAGCACCCCGGCCCA 
GCCCCCGGGTCAACTCCAACACCACAAATAAAGTGAGAAGGAGAACCCAGGCACTAATTA 
AGAGCATTCCCCCCCCGAAAGAGTACATCAGTGCAACCCCCCCAATATCCCCCCGAGACA 
CAAGAAGCTCCCCAAACTCTTCAACAGATTGCCAGGAAGATTCATACCACCCCCCTAAAA 
ATAAGCTTGATGCCAGACCCACCCCACCTAAGTAAAAAACAACAGACAATGCAATCGGAC 
GACTACCAAGCCCCTCAGGAAAAGGTTCAGCAGCCAAAGCTGCCGAATATGCAAACACAA 
CTAATATTCCCCCGAGATAAATTAGAAACAACACCAGGGATAAAAAAGACCCCCCATGCC 
CAACCAAAATCCCACACCCCAAGCCTGCTACAACAACCAACCCTAGAGCAGCAAAATAAG 
GAGAGGGATTAGAAGCCACGACCACCATTCCCACCACCAGCCCCACCAAAAATAAATACA 
CAACATAAGTCATAATTCCTGCCAGGACTTTAACCAGGACGAATGGCTTGAAAAACCACC 
GTTGTTATTCAACTACAAGAACCCTAATGACAAGCCTCCGTAAAACACACCCCCTATTAA 
AAATTGCTAATGACGCTTTAGTAGACCTACCCGCCCCCTCCAATATCTCTGCATGATGGA 
ACTTTGGCTCCTTACTAGCACTCTGCTTAATTGCCCAAATCTTAACAGGACTATTTCTAG 
CCATACACTACACCTCTGATATCGCCACAGCTTTCTCCTCAGTAGCACACATCTGTCGAG 
ACGTAAACTACGGATGACTAATCCGCAACCTTCATGCCAATGGGGCCTCCTTCTTCTTTA 
TTTGCATCTATATGCATATTGGACGAGGCTTGTATTACGGCTCTTACCTCTACAAAGAAA 
CATGAAACGTTGGAGTAGTCCTTCTCCTCCTAGTTATAATGACAGCATTCGTAGGCTACG 
TTCTACCGTGGGGCCAAATATCCTTCTGAGGCGCCACCGTCATTACCAACCTTCTATCTG 
CCGTCCCCTATGTTGGTAATATATTAGTTCAATGAATCTGAGGGGGCTTCTCAGTAGATA 
ACGCCACCCTTACCCGATTCTTTGCCTTCCACTTCCTATTCCCCTTCGTCATCCTAGCAA 
TGACCGTCATCCACCTCCTCTTCCTCCATGAGACAGGCTCAAACAACCCCTTAGGAATTA 
ACTCAGATGCCGATAAAATCTCCTTCCACCCCTACTACTCCTACAAAGACCTTGTAGGGT 
TTGCAATCGTCCTAATTACACTCACGGCCCTAGCCCTCTTTGCCCCAAACCTCTTAGGAG 
ACCCAGACAACTTCACCCCAGCAAACCCCTTAGTCACTCCTCCACACATCAAGCCAGAGT 
GATACTTCTTATTCGCCTACGCAATCTTGCGCTCCATTCCCAACAAACTAGGGGGCGTTT 
TGGCTTTACTTGCCTCCATCCTAATCCTAATAGTCGTACCCATCCTTCACACGTCAAAAC 
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AACGAAGCCTCACCTTCCGCCCTGTTACCCAGTTCTTATTCTGAACATTAGTTGCAAACG 
TTGCCATTCTTACTTGAATCGGGGGTATGCCCGTAGAACACCCATTTGTAATCATTGGAC 
AAGTAGCATCCCTACTCTACTTCGCCCTATTCCTGATCGCCATACCTCTCACTGGTTGAG 
TTGAAAATAAATTTCTTGACTGGACCCCCAAATTATAGAGCACTAGTAGCTCAGACCCAG 
AGCATCGGTCTTGTAAGCCGAATGTCGGGAGTTAGATTCTCCCCTACTGCTCAAGGGAAA 
GGGATTTTAACCCTTACCACTAGCTCCCAAAGCTAGCGCTCTAAACTAAACTACCCCTTG 
ACACATATGTATAGCTCACACAGAGTATGTATACTATTAAACCCTATGACCCCCCTCCCT 
CTATGTATTATCACCATTTTTTTGAGTAAACCAATAATGGCTTACCATGGACCTAGGGTT 
TTACATAATCCACGAGGGTTAAAACACCATAAATTGAAAAAAGTGTTATTTTACTAATGG 
TCAGCACTCCGGTGTAAGTAATGAATATATACCATGCACTCAACACCTCGACCAAAACAA 
ATATAATACGCAGCAAGAGACCAGCAACCAGCACAAATAAATGTCAACGTTTCTTGATGA 
TCAGGGACAAGTATTAGTGGGGGTTTCACAATTTGAACTATTACTGGCATCTGGTTCCTA 
TTTCAGGGCCATTAATTGGTATCATCCCTCCCACTTTCATCGACCCTTACATAAGTTAAT 
GGTGGAGTACATATGGCGCGATTACCCAGCATGCCGGGCGTTCTTTCCAGCGGGTGGAGG 
TTTCTCTTTTTTTTTTTTCCTTTCTGCTGACATTTCACAGTGTAAGTAATTTAATAAATA 
AGGTGGAACTTACACTCTGTCTGAGTAAATGTAATGCATGTACAAGGTCATTACTTAAGA 
ATTACATAAGTGATTTCAAGGACATAATAGGCCACTGATTACTCGAAAGATCCTGAGAGT 
TCCCCCGGTGCAGTTTACGCGCAAAACCCCCCCACCCCCCTTACTCGTGAGATCATTAAC 
ACTCCTGAAAACCCCCCGGAAAGCAGGAAAACCTCGAGTAAGATTATAGATCAACCCAAA 
TTACATCTATATGTAGTATTAAAAATTTTGA 
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Abstract 

Objective: Analyze key features of the anglerfish Lophius piscatorius mitochondrial 

transcriptome based on high-throughput total RNA sequencing. 

Results: We determined the complete mitochondrial DNA and corresponding 

transcriptome sequences of L. piscatorius. Key features include highly abundant 

mitochondrial ribosomal RNAs (10-100 times that of mRNAs), and that cytochrome 

oxidase mRNAs appeared > 5 times more abundant than both NADH dehydrogenase and 

ATPase mRNAs. Unusual for a vertebrate mitochondrial mRNA, the polyadenylated COI 

mRNA was found to harbour a 75 nucleotide 3’ untranslated region. The mitochondrial 

genome expressed several noncanonical genes, including the long noncoding RNAs 

lncCR-H, lncCR-L and lncCOI. Whereas lncCR- H and lncCR-L mapped to opposite strands 

in a non-overlapping organization within the control region, lncCOI appeared novel 

among vertebrates. We found lncCOI to be a highly abundant mitochondrial RNA in 

antisense to the COI mRNA. Finally, we present the coding potential of a humanin-like 

peptide within the large subunit ribosomal RNA. 

Keywords: Anglerfish; antisense RNA; humanin; mitogenome; long noncoding RNA; 

lncCOI; mtDNA 
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Introduction 

The mitochondrial genome (mtDNA) gene content and organization is highly 

conserved among vertebrates [1]. All species investigated to date encode the same 37 

canonical gene products of 13 hydrophobic membrane proteins, 2 ribosomal RNAs (mt-

rRNAs), and 22 transfer RNAs (tRNAs), as well as several noncanonical peptides and long 

noncoding RNAs (lncRNAs) [2]. The corresponding mitochondrial transcriptomes are less 

studied and have mainly been investigated in a small number of vertebrates including 

some mammalian cells and tissues [3,4] and in gadiform fishes [5,6]. Only minor 

differences were noted between the mammals and fish. In general, three polycistronic 

transcripts initiated from two H-strand promoters (HSP1 and HSP2) and one L-strand 

promoter (LSP) are involved in mitochondrial gene expression. Whereas the highly 

abundant HSP1 transcript mainly generates mt-rRNAs, the HSP2 transcript is responsible 

for most messenger RNAs (mRNAs) and tRNAs. The LSP transcript generates one mRNA 

and eight tRNAs. 

Atlantic cod mt-rRNAs are oligo-adenylated [5], and fold into similar secondary 

structures as in other fish species [7,8]. Interestingly, several mitochondrial-derived 

peptides (MDP) have been proposed to be encoded on both strands of the mt-rRNA 

gene locus [9], and two MDPs (MOTS-c and Humanin) have coding potential in Atlantic 

cod [2]. Mature tRNAs carry the non-template CCA at their 3' ends and fold into 

the common tRNA patterns [7,10]. Eleven mature mRNAs were found expressed in the 

Atlantic cod mitochondria, 10 from the HSP2 transcript and one from LSP , and two of 

the HSP2-specific mRNAs were bicistronic (ND4/4L and ATPase8/6) [6]. All mRNAs, 

except the LSP-specific ND6 mRNA, were found polyadenylated. 

Mitochondrial lncRNAs have been identified and investigated in Atlantic cod [2]. Here, 

lncCR-H and lncCR-L correspond to different strands of the mitochondrial control region 

(CR). Both lncRNAs are clearly expressed and appear to generate small stable 

mitochondrial RNA (mitosRNA) [2,6,11,12]. We recently reported low-level substitution 

heteroplasmy of the anglerfish Lophius piscatorius based on SOLiD deep sequencing 

[13]. As part of a study to generate a full reference genome and transcriptome for L. 
piscatorius, we here present the complete mitochondrial genome and key features of 

the corresponding mitochondrial transcriptome. 
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Main text 

Methods 

Nucleic acid extraction and high-throughput sequencing 

L. piscatorius tissue samples were collected from two specimens obtained by 

commercial fishery off the coast of Nordland County, Northern Norway, in 2015 (BF1) 

and 2017 (BF2). Total DNA from BF1 was extracted from muscle tissue and sequenced 

by the SOLiD5500 and Ion PGM platforms as described previously [13]. Total DNA 

sequencing (head kidney) of BF2 using the Illumina HiSeqX platform was performed by 

Dovetail Genomics (Chicago, US) as a service. Total RNA from heart muscle tissue of 

specimen BF2 was isolated using QIAzol Lysis Reagent (QIAGEN, Hilden - Germany) 

according to the manufacturers protocol. Cellular rRNA was depleted from 1 ug of total 

RNA using the RiboMinus Eukaryote System v2 (Thermo Fisher Scientific, Waltham, MA 

- USA), and whole transcriptome library was constructed using the Ion Total RNA-seq kit 

v2 (Thermo Fisher Scientific) according to the manufacturers protocols. Manual 

template preparation on an Ion OneTouch 2 System (Thermo Fisher Scientific) and 

sequencing of two Ion 540 chips on the Ion GeneStudio S5 System (Thermo Fisher 

Scientific) were carried out at our Genomics Platform (Nord University) according to the 

manufacturers protocols. The sequencing resulted in a total of 154,741,088 reads with 

a mean read length of 169 nt, corresponding to 26 billion nt. 

Data analysis 

RNA reads were quality trimmed with Cutadapt [14] using q20 as a threshold. The 

minimum read length was set to 50 nt. Trimmed RNA reads were then mapped to the 

BF2 mitochondrial genome with CLC Genomics Workbench v12 (QIAGEN). The "Length 

fraction" parameter was set to 0.9 and "Similarity fraction" to 0.96, requiring at least 

90% of the read length to map with 96% similarity. Other parameters were set to their 

defaults. The resulting BAM file was coordinate sorted with SAMtools [15] and then 

processed with BEDTools [16] (genomecov command) to obtain a base level coverage of 

the mitogenome. Mean coverage for each gene and non-coding region was calculated 

from bed file. Alignments were visually examined to identify non-coding RNAs and polyA 

tails. 
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Results 

Canonical mitochondrial genes in L. piscatorius 

Complete mitochondrial genome sequences of two L. piscatorius specimens were 

determined using the Ion PGM and SOLiD5500 technologies (BF1; 2532 times mean 

coverage; MF994812; [13]) and the Illumina HiSeqX pair-end reads (BF2; 7643 times 

mean coverage; MN240767). The circular mtDNA possesses the conventional gene 

content and organization typical in vertebrates (Fig. 1A). Among the nine polymorphic 

sites between BF1 and BF2, seven were located in protein coding genes, representing 

both synonymous and non- synonymous amino acid substitutions (Additional file 1: 

Table S1). 

Mitochondrial transcripts from L. piscatorius BF2 were generated by Ion S5 

sequencing. About 145.2 million quality-filtered total RNA reads were obtained, 

including 510,484 reads (0.35%) unambiguously identified as mitochondrial transcripts 

when mapped to the BF2 mitochondrial genome. Several features were noted when 

inspecting the mitochondrial transcripts and correlating the expression values to specific 

mitochondrial gene regions (Fig. 1B): (1) reads from mt-rRNA gene transcripts were 10-

100 times more abundant than protein coding transcripts. This observation is likely 

underestimated due to rRNA depletion of input RNA. (2) Of coding transcripts, 

cytochrome oxidase subunits were the most abundant, with NADH dehydrogenase 

subunits and ATPase subunits transcripts being much less abundant. (3) Highly abundant 

lncRNAs mapping to opposite strands within the mitochondrial CR and cytochrome 

oxidase I gene (COI) were noted. (4) Most mRNAs were polyadenylated and lacked 5' 

and 3' untranslated regions (UTRs) (Additional file 2: Table S2). A notable exception was 

the 75 nt 3'UTR of the COI mRNA (see below). Secondary structure predictions of L. 
piscatorius mt-SSU rRNA (Additional file 3: Figure S1) and mt-LSU rRNA (Additional file 

4: Figure S2) showed typical fish mitochondrial features [7,8]. Secondary structure 

predictions of all 22 tRNAs (Additional file 5: Figure S3) followed the general pattern of 

fish mitochondrial tRNAs [7]. 

Non-canonical mitochondrial genes in L. piscatorius 

The two CR specific lncRNAs (lncCR-H and lncCR-L), transcribed from opposite strands 

in a non-overlapping organization (Fig. 2A), have previously been reported in Atlantic 

cod [11,12] and human [17]. The L-strand specific lncCR-L was found to be 30 times more 

abundant than the L-strand specific ND6 mRNA (Fig. 1B). The vertebrate mitochondrial 

COI mRNA is unusual due to the presence of a structured 3' UTR. We identified a 

polyadenylated COI mRNA containing a 75-nt 3'UTR in L. piscatorius (Fig. 2B). RNA-Seq 
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data revealed a highly abundant 178 nt antisense RNA to the 5' end of COI mRNA (Figs. 

1B and 2B), which appeared novel among vertebrate mitochondrial lncRNAs and named 

lncCOI. 

MDPs have been reported in vertebrates, and the best characterized is the humanin 

peptide [18]. The humanin gene is located within the mt-LSU rDNA locus. L. piscatorius 
contains a humanin-like open reading frame (ORF) in the mt-LSU rRNA Domain IV, at the 

exact same location as in Atlantic cod and human (Fig. 2C, left panel). Sequence analysis 

revealed the derived peptide sequence to be invariant within the Lophius genus, highly 

conserved among fishes, and well conserved between fish and mammals (Fig. 2C, right 

panel). 

Discussion 

Here we provide the complete mitochondrial genome sequence and key features of 

the corresponding transcriptome of the anglerfish L. piscatorius. We found all canonical 

mitochondrial genes to be expressed. Mt-rRNAs were clearly more abundant than 

mRNAs. Two lncRNAs (lncCR-L and lncCR-H) mapped to the mitochondrial CR, a finding 

that corroborates recent reports of Atlantic cod and human cells [2,17]. Interestingly, 

we identified a novel and highly abundant antisense RNA (lncCOI). Finally, we present 

feature support for the encoding of a humanin-like peptide within the mt-LSU rRNA. 

Teleost fish mitochondria generate 10 mature mRNAs from a single primary transcript 

(HSP2) that subsequently are translated into 12 mitochondrial proteins in OxPhos 

complexes I, III, IV and V [2,6]. Thus, the observed differences in transcript abundance 

may be explained by differential stability of individual mRNAs, and not by transcription 

initiation. Fish mitochondrial mRNAs contain no, or very short UTRs. A notable exception 

is the approximately 75-nt 3'UTR of the COI mRNA, which is conserved between fish 

species [2,6] and mammals [19]. A study in rat showed that the nuclear miR-181c was 

regulating COI mRNA stability in heart tissue by 3'UTR binding [20]. A similar 75-nt 3'UTR 

was detected in the polyadenylated L. piscatorius COI mRNA. It is plausible, that the 

3'UTR structure in L. piscatorius contributes to the COI mRNA stability. 

A number of mitochondrial lncRNAs have been noted and characterized in vertebrates 

[reviewed in 2,21,22], but no lncRNA has so far been linked to COI gene sequences. Our 

observation of lncCOI appears novel among vertebrates. If the highly abundant lncCOI 

contributes to mRNA stability, translational regulation, or other mitochondrial roles is 

currently not known. We also detected two CR-specific lncRNAs (lncCR-L and lncCR-H) 

in L. piscatorius. lncCR-L corresponds to the 5' end region of the LSP primary transcript 

and has been detected in Atlantic cod [6]. lncCR-L appears homologous to the 7S RNA 

reported inhuman mitochondria more than three decades ago [23], that was recently 
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shown to be aberrantly expressed in human cancer cells [17]. Interestingly, lncCR-L was 

the most abundant non-ribosomal mitochondrial transcripts in L. piscatorius. lncCR-H, 

on the other hand, corresponds to the 3' end region of the HSP2 primary transcript. It 

has been reported in Atlantic cod to be polyadenylated, to harbor a mirror tRNA, a 

noncoding intergenic spacer, and heteroplasmic tandem repeats [11,12]. Similar to that 

of Atlantic cod, the L. piscatorius lncCR-H contains a mirror tRNA and a polyA tail. lncCR-

L and lncCR-H may function as precursors for mitosRNAs [2], but their biological role has 

not been elucidated. 

Reports in mammals conclude that the humanin peptide has important roles in 

cellular signaling [18,24-26]. Previously we presented evidence supporting the encoding 

of humanin- like peptides in Domain IV of the mt-LSU rRNA in gadiform fishes [2], and 

similar features have recently been reported in avians [27]. Here we show that several 

anglerfishes, including all Lophius species where mtDNA sequences are available, 

possess humanin-like ORFs. How vertebrate humanin is translated is under debate, but 

different scenarios may be considered; 1) The humanin ORF is recognized in mt-rRNA by 

mitochondrial ribosomes and translated in mitochondria. This scenario is supported by 

a recent study in rat [25]. 2) Translation may also occur in cytosolic ribosomes, which 

would require mitochondrial export. Interestingly, a chimeric mt-LSU rRNA (lncRNA 

SncmtRNA) was reported to be expressed in human proliferating cells and localized in 

the cytoplasm and the nucleus [28,29]. 3) Humanin may also be expressed from a 

nuclear copy of mt-LSU rRNA (Numt sequence). Studies from human cells provide 

support for the expression of nuclear-encoded humanin isoforms [30]. The latter 

scenario may explain why most, but not all, fish species have intact humanin-like ORFs 

in Domain IV. 

Conclusion 

Our study provides a mitochondrial transcriptome resource from L. piscatorius heart 

muscle tissue. All mitochondrial genes were expressed, and different mRNAs had 

different abundances. Two lncRNAs mapped to the control region, we identified one 

novel lncRNA antisense to the COI mRNA, and the mt-LSU rRNA has the potential of 

coding a humanin- like peptide. 

Limitations 

Mitochondrial RNA sequencing was performed in one tissue type in one individual and 

has to be considered as a snapshot of the mitochondrial transcriptome of L. piscatorius. 
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Figure legends 

Figure 1 

Mitochondrial genome organization and transcripts of L. piscatorius. (A) 

Mitochondrial genome presented as a linear map of the circular mtDNA. Single 

nucleotide polymorphisms in BF2 compared to BF1 are indicated above the gene map. 

Gene abbreviations: mtSSU and mtLSU, mitochondrial small- and large-subunit 

ribosomal RNA; ND1-6, NADH dehydrogenase subunit 1 to 6; COI-III, cytochrome 

oxidase subunit I to III; A6 and A8, ATPase subunit 6 and 8; Cyt B, cytochrome b; lncCR-

H and lncCR-L, long non-coding RNAs coded by the control region (CR); lncCOI, long 

noncoding antisense RNA. tRNA genes are indicated by the standard one-letter symbols 

for amino acids. All genes are H-strand specific, except Q, A, N, C, Y, S1, E, P, ND6, lncCOI 

and lncCR-L (L-strand). (B) Histogram presentation of mean coverage expression values 

of mt-rRNAs, mRNAs, and lncRNAs based on Ion Torrent S5 total RNA sequencing 

Figure 2 

Non-canonical mitochondrial gene products in L. piscatorius. (A) Schematic view of 

CR and the long noncoding RNAs lncCR-L (approx. 620 nt) and lncCR-H (approx. 140 nt). 

Abbreviations: P and F, tRNAPro and tRNAPhe genes; TAS, termination associated 

sequence; CSB2 and 3, conserved sequence box 2 and 3. (B) Schematic view of the COI 

mRNA structure and lncCOI (178 nt). The translation initiation codon (GUG) and 

termination codon (UAA) are indicated. The 3’UTR contains a 75 nt mirror tRNASer motif. 

(C) Left panel: Secondary structure diagram of the mt-LSU rRNA Domain IV of L. 
piscatorius with coding potential of a humanin-like peptide. See Additional file 4: Figure 

S2 for complete secondary structure diagram of mt-LSU rRNA. Right panel: Amino acid 

alignment of humanin-like peptides in anglerfish, zebrafish (ZF), codfish and mammals. 

Indicated ‘stars’ below the alignment represent conserved residues. 
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Additional file 1: Table S1. Polymorphic sites in the mitochondrial genome of L. piscatorius
specimens BF1 and BF2

Polymorphic site 1 Gene region 2 Codon Amino acid
C1164d mtLSU - -
A1165C (2.6%) 3 mtLSU - -
T1168A (1.9%) 3 mtLSU - -
A2678G (1.3%) 3 mtLSU - -
G2679A (1.3%) 3 mtLSU - -
A3341G ND1 AGC to GGC S to G
G4139A ND2 AGC to AAC S to N
G6942A COI GAG to GAA E (synonymous)
G9120C (1.4%) 3 COIII TGG to TCG W to S
C10662T ND4 ACT to ATT T to I
A10889G ND4 AAC to GAC N to D
A1141G ND4 TGA to TGG W (synonymous)
A14480G CytB GCA to GCG A (synonymous)
T16158C (1.0%) 3 CR - -
C16160T (1.3%) 3 CR - -
T16262C CR - -

Notes: 1 Positions are according to the reference sequence in specimen BF1 (MF994812). 2mtLSU,
mitochondrial large subunit ribosomal RNA; ND1, NADH dehydrogenase subunit 1; COI, cytochrome c oxidase
subunit I; COIII, cytochrome c oxidase subunit III; ND4, NADH dehydrogenase subunit 4; CytB, cytochrome B.
3 Low-level substitution heteroplasmy detected in the BF1 specimen by SOLiD ligation sequencing at 2227 times
mtDNA coverage [Dubin et al. 2017]. Reference: Dubin A, Jørgensen TE, Jakt LM, Moum T, Johansen SD: The
mitochondrial genome of the European Anglerfish Lophius piscatorius express low-level substitution
heteroplasmy. Ann Mar Biol Res. 2017;4:1019.
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Genome studies in fish provide evidence for the adaptability of the
vertebrate immune system, revealing alternative immune strategies. The
reported absence of the major compatibility complex (MHC) class II
pathway components in certain species of pipefish (genus Syngnathus) and
cod-like fishes (order Gadiformes) is of particular interest. The MHC II
pathway is responsible for immunization and defence against extracellular
threats through the presentation of exogenous peptides to T helper cells.
Here, we demonstrate the absence of all genes encoding MHC II components
(CD4, CD74 A/B, and both classical and non-classical MHC II α/β) in the
genome of an anglerfish, Lophius piscatorius, indicating loss of the MHC II
pathway. By contrast, it has previously been reported that another angler-
fish, Antennarius striatus, retains all MHC II genes, placing the loss of
MHC II in the Lophius clade to their most recent common ancestor. In the
three taxa where MHC II loss has occurred, the gene loss has been restricted
to four or five core MHC II components, suggesting that, in teleosts, only
these genes have functions that are restricted to the MHC II pathway.

1. Introduction
The vertebrate adaptive immune system that generates diversity through
genetic recombination appears to have evolved in the common ancestor of
the jawed vertebrates (gnathostomes) [1]. Although this system increased in
complexity with gnathostome evolution, it is thought that the acquisition of
all required cellular processes, tissues and genes happened relatively quickly
as most components are present across all jawed vertebrates [1]. T-cell receptors
(TCR), B-cell receptors (BCR) and the Major Histocompatibility Complex
(MHC) classes I and II, are all present throughout the gnathostome lineages,
from the Chondrichthyes to terrestrial vertebrates [1]. Although the specific
sites of haematopoiesis vary, homologous tissues and organs including the
thymus and spleen are also present across the gnathostomes [1–4].

An intact adaptive immune system has been found in almost all vertebrate
species that have had their genomes sequenced, but recent work has demon-
strated the loss of components of the adaptive immune system in the
elephant shark, pipefish, coelacanth and the entire Gadiformes order [5–10].
These observations demonstrate an unexpected plasticity of adaptive immunity.

The teleost order Lophiiformes (Anglerfishes) harbours at least 321 living
species, approximately half of which express some degree of sexual parasitism
[11]. In these species, males attach to the females either temporarily or perma-
nently. In extreme cases, this leads to fusion of male and female circulatory
systems [12]. Why this fusion does not result in tissue rejection is unknown,
but suggests a specialized adaptive immune system. Phylogenetic inference
based on sequencing data and morphology have concluded that male sexual

© 2019 The Authors. Published by the Royal Society under the terms of the Creative Commons Attribution
License http://creativecommons.org/licenses/by/4.0/, which permits unrestricted use, provided the original
author and source are credited.
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parasitism within Lophiiformes must have multiple origins
[11,13,14], suggesting a common selective pressure or a
shared genetic predisposition.

Here, we present two independently obtained draft
genomes of an anglerfish, Lophius piscatorius, and show that
it has lost all components of the MHC II arm of the adaptive
immune system. The MHC II pathway is known to be involved
in allogenic rejection [15] and our observations suggest that loss
of MHC II may have contributed to the immune tolerance
observed in sexually parasitic anglerfish species.

2. Material and methods
(a) Sample collection, DNA isolation and sequencing
Samples from two L. piscatorius individuals (referred to as BF1
and BF2) were collected in the Bodø coastal waters, Nordland
County in collaboration with local fishermen. BF1 skeletal
muscle and BF2 kidney were used for subsequent total DNA
isolation, library preparation and sequencing. BF1 total DNA
sequencing was performed using Illumina MiSeq and SOLiD
5500 technologies (sequence depth: 24×). BF2 total DNA was
sequenced by Dovetail Genomics, USA on an Illumina HiSeq X
instrument (sequence depth: 150×) as a service. The Illumina
libraries were 300 bp paired-end reads with 600 bp insert size
for the MiSeq, and 150 bp paired-end reads with 350 bp insert
size for the HiSeq.

(b) Bioinformatic analysis
The raw reads were trimmed from adapters and low-quality
bases using Cutadapt [16]. Only Illumina data were used for
the assemblies. Prior to assembly, overlapping read pairs were
merged using FLASH (v .1.2.11) [17]. Final assemblies were con-
structed with SPAdes (v. 3.10.0) [18]. Basic assembly statistics
were calculated with QUAST (v. 4.4.1) [19] and gene-space
completeness assessed using BUSCO (v.2.0) [20] with the
actinopterygii dataset (odb9).

MHC genes were identified using methods similar to those
used in [10] (figure 1). Briefly, a set of adaptive immune system-
related protein sequences (bait-sequences) were used to identify
contigs containing potential orthologues. Genes and open reading
frames (ORFs) were predicted from these contigs and aligned
both to the bait-set and sequences within the UniProt database
to separate orthologues from non-orthologous genes containing
homologous sequences. The resulting alignment scores were
visualized and identities of candidate orthologues manually con-
firmed by inspection of alignments and annotations.

We performed this analysis on our L. piscatorius assemblies as
well as on assemblies of Antennarius striatus, Gadus morhua and
Perca fluviatilis [10]. If a gene was not identified in L. piscatorius,
the unassembled reads (SOLiD and Illumina) were searched
using tBLASTn. Matching reads were reassembled (CLC GW
v. 11, QIAGEN, Aarhus, Denmark), and verified by reciprocal
BLASTn against NCBI nr.

More detailed descriptions are provided in the electronic
supplementary material.
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3. Results
(a) Genome assembly
The resulting L. piscatorius assemblies contained 664 (BF1)
and 724 (BF2) megabases with N50 values of 6.9 kb and
108 kb, respectively. We used the BUSCO [20] actinopterygii
set of 4584 conserved genes to estimate the gene-space com-
pleteness of these assemblies. We could detect at least 75%
of these genes in both our assemblies (complete and fragmen-
ted), with 91.5% of complete genes identified in the BF2
assembly (electronic supplementary material, figure S1).

The gene space completeness of our assemblies is thus
similar to that obtained for the A. striatus assembly (66.5%
complete and 15.8% fragmented, electronic supplementary
material, figure S1). Hence, our assemblies are comparable
to or better than assemblies in [10] in terms of continuity, cover-
age and gene-space completeness (electronic supplementary
material, figure S1).

(b) Adaptive immune system genes in L. piscatorius
We used tBLASTn with a set of adaptive immune system
genes to identify orthologous genes in L. piscatorius as well
as in species previously reported to either have (A. striatus,
P. fluviatilis) or lack (G. morhua) genes coding for MHC II
components. Candidate orthologues were readily observed
for all MHC I genes in all species. By contrast, we were
unable to identify genes coding for CD4, CD74 A/B, MHC
II α/β in either L. piscatorius or G. morhua assemblies (figure 2
and table 1). We repeated this analysis using an extended bait
set including the non-classical MHC II α/β lineages [21]; this
too failed to find any candidate orthologues in L. piscatorius.
Similarly to the MHC I components we were also able
to clearly identify orthologues of 22 out of 23 additional
genes that have functions in the adaptive immune system
(electronic supplementary material, figure S6, ST2).

To confirm the absence of MHC II orthologues in
L. piscatorius we also searched for short sequences in the
unassembled reads that could be aligned with the missing
genes. Using tBLASTn, we identified 18 and 62 reads from
BF1 and BF2, respectively, that aligned with an MHC II β
subunit. To locate the position of these potential MHC II
sequences, the matching reads were assembled into contigs
and mapped back to the original assemblies. This identified
a region of approximately 300–480 bp in length present in
both assemblies. When translated, the predicted reading
frame was interrupted by multiple stop codons (electronic
supplementary material, figure S2), indicating that the frag-
ment represents a remnant of an MHC II β chain gene.
Hence, we conclude that the MHC II pathway is absent in
L. piscatorius.

To confirm the presence of genes syntenic to CD4 and
CD74 in L. piscatorius, we identified contigs containing these
genes [5] and aligned them to the stickleback (Gasterosteus
aculeatus) loci (electronic supplementary material, figure S7).
All highly conserved genes were identified in either a single
(CD74) or three (CD4) contigs and the gene predictions
lying within these contigs aligned both in terms of direction
and order. CD74 in L. piscatorius seems to have been lost
through a deletion of a region lying between ndst1a and
SCL35A4 that has removed both CD74 and almost all
intergenic space. For CD4, we were unable to identify a
contig spanning the expected CD4 position; nevertheless,

our analysis confirms the presence of the expected syntenic
genes within our assembly.

(c) MHC II in A. striatus
Antennarius striatus has been reported to contain both MHC I
and MHC II pathway genes [10]. Since both A. striatus
and L. piscatorius are members of the Lophiiformes order,
we considered the possibility that the identification of
A. striatus MHC II orthologues could have resulted from
cross-contamination of the sample. Although we did observe
the presence of cross-contaminating mitochondrial sequences
from distantly related teleost taxa, the relative sequencing depth
of contaminant and A. striatus sequences, combined with the
unimodal depth distribution preclude the possibility that the
MHC II sequences were derived from contaminant DNA frag-
ments (electronic supplementary material, figure S4). Our
observations thus confirm the presence of MHC II, while at
the same time highlighting the potential of cross-contamination
leading to confounding results.

4. Evolutionary considerations
Of the 81 teleosts examined so far, only members of the
Gadiformes order (27 species sequenced), pipefishes
(Syngnathus typhle and S. scovelli) and now L. piscatorius lack
a functional MHC II pathway [5,6,9,10]. Notably, all these
species lack CD4 and both MHC II α and β chains (classical
and non-classical molecules) In addition, CD74 A/B has
been completely lost in L. piscatorius and the Gadiformes
order. Nevertheless, all contain a complete set of MHC I path-
way components [6,9,10] (figure 2; electronic supplementary
material, figure S6). In contrast Q1to terrestrial vertebrates, tele-
ost MHC II α and β often occupy multiple loci on different
chromosomes [22]. This means that loss of the complete
MHC II pathway requires multiple independent gene del-
etions; e.g. the loss of MHC II in A. striatus would require
around 10 deletions (table 1). This suggests that loss of any
critical MHC II pathway component leads to the loss of
remaining core parts and argues that genes lost in these
species are unlikely to have functions outside of MHC II
in teleosts.

By contrast, genes such as CIITA, which is conventionally
thought to be a specific activator of MHC II gene expression
[23] is likely to have roles outside the MHC II system as in the
absence of neo-functionalization, it would have no function
after MHC II loss.

Hence, our results are consistent with reports indicating
an additional role of CIITA in the regulation of MHC I
expression [24–26].

Sexual parasitism in anglerfish suggests some form of
specialized immune system allowing for allogenic tolerance
between fused individuals. Although CD8+ cytotoxic
lymphocytes are thought to be the primary effectors of allo-
genic rejection, it is clear that MHC II components have
both enabling and effector functions [15], and a long line of
publications show that repression of MHC II components
can contribute to immune tolerance or alleviate immune
rejection [27–30]. Hence, it is tempting to speculate that the
loss of MHC II in the Lophiodei suborder is not restricted
to Lophius species and has played an enabling role in the
development of sexual parasitism.
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Table 1. Number of candidate orthologues identified after forward/reverse screening (Methods) and manual inspection of the plots (figure 2). Numbers in
brackets indicate individual hits after the forward score threshold was applied, but before manual examination of UniProt IDs identified unrelated genes.

gene Gadus morhua Perca fluviatilis Lophius piscatorius Antennarius striatus

CD4 0 1 0 2

CD74 A/B 0 4 0 2

MHC II α/β 0 21 (22) 0 6 (7)

CD8 α/β 2 2 1* 2

MHC I 49 34 (35) 18 (19) 12 (13)

*Predicted sequence appears as a fusion protein of α and β chains.
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Most Lophiiformes phylogenies place the Lophioidei sub-
order at the most basal position in the anglerfish taxonomy,
followed by Antennarioidei [11,14,31,32]. If Lophioidei is
basal, then MHC II loss is likely to be specific to the Lophioi-
dei suborder since A. striatus clearly possesses all MHC II
components. That would also mean that our observations
are unlikely to be relevant to sexual parasitism in other
anglerfish clades. However, inferences of higher-order taxo-
nomies are still fraught with difficulty, exemplified by the
fact that the phylogenetic topology of the taxa involved
based on mitochondrial DNA is subject to change depending
on the choice of outgroup [11,13] (electronic supplementary
material, figure S5). Exploring the presence and absence of
MHC II genes in other anglerfish species can thus provide
a test of the conventional phylogeny, as well as the likelihood
of MHC II loss being one of the enabling adaptations
preventing intra-species tissue rejection.

5. Conclusion
The classical MHC II components are responsible for the pres-
entation of exogenous peptides to T helper cells and constitute

an important part of the gnathostome adaptive immune
system. Here, we report two draft genome assemblies of
L. piscatorius and demonstrate a complete loss of the classical
MHC II pathway in this species. The finding of a third taxon
that lacks MHC II function corroborate the dispensability of
MHC II in teleosts, and suggests that the genes lost in all
three clades have no function outside of the MHC II.
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Supplementary figure legends
S1. Assembly statistics

Kernel density estimates of log (base 10) transformed contig length (A), coverage (B) and gene

completeness (C) for the two L. piscatorius and the single A. striatus assembly.

S2. Sequences from the BF1 and BF2 assemblies that could be aligned to MHC II

A. Nucleotide and deduced amino acid sequences of the identified MHC II fragments. Residues shown

in red mark the amino acids that were aligned by BLAST to MHC II β sequences.

B.Alignment of amino acid sequences from both assemblies (with stop codons removed) that aligned

to MHC II β confirm that the same sequence was identified in both assemblies.

C. Top 2 BLASTx hits for the identified fragments. The figure shows direct screen-grabs from the

NCBI BLAST web service.

S3. Contaminant mitochondrial sequences in A. striatus

Hits that we consider identifiable to a species level are marked with green. All sequences were

identified with BLASTn and e-value threshold of 10. Hits shorter than a 1000 bp were discarded.

S4. Coverage of MHCII and mitochondrial sequences in A. striatus

Kernel density estimate of log2 transformed mean coverage for all contigs (cyan), mean coverage of

MHC II containing contigs (black points) and mitochondrial contigs (red and blue points).

Mitochondrial contigs identified as A. striatus sequences (blue points) were sequenced at 16 to 64

times the depth observed for contaminant mitochondrial sequences (red points). Each point represents

one contig. Mean coverage for each contig was calculated by mapping quality trimmed reads to the

assembly, converting bam to by-base coverage bed files and calculating the mean.

S5. Phylogenetic trees based on complete mitochondrial genome sequences of
species in the Lophiiformes order

The internal branch ordering is dependent on the choice of outgroups, with the position of the

Antennariodei and Lophiodei clades occupying the most basal position in A and B respectively.

The scale indicates the number of substitutions per site. The Tetrabrachium ocellatum branch length

has been halved due to its extreme length. Node support values are bootstrap probabilities based on

500 iterations.
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Phylogenetic relationships were inferred using a partitioned maximum likelihood analysis (with first,

second and third codon positions, rRNA and tRNA as partitions) and a GTR GAMMA model as

implemented in RaxML [1].

A. Tree created using Polymixia japonica, Gadiformes, Syngnathidae and Tetraodontiformes as the

outgroups.

B. Tree created using Polymixia japonica, Gadiformes and Syngnathidae as the outgroups.

S6. Identification of immune gene orthologues. Pages 6-11

Illustration of identification criteria. Scores of alignments of putative orthologue sequences to the

initial bait set (forward score, X-axis) plotted against scores obtained by alignment to sequences in the

UniProt database (reverse score, Y-axis). The point fill transparency indicates the ratio of the alignment

length to the length of the UniProt subject. Solid fills (alpha=1) correspond to full length alignments

(i.e. the alignment covers the complete UniProt sequence). indicates relationship between the

alignment length and length of the UniProt subject. Solid fill colour corresponds to 1/1 relationship.

Orthologues should lie close to the Y=X line indicated by the dashed red line. The green dashed line

shows the inferred e-10 e-value threshold. Points that we think represent orthologous sequences are

marked with a blue ellipse. Peptide IDs corresponding to the selected points are collected in

supplementary table 2, along with comments about the selection process., along with some comments

about selection process. For additional information see gene.hits.tsv and esm_pisc_pep.fasta.

S7. Gene synteny for the CD74 and CD4 gene regions in L.piscatorius and G.
aculeatus

The locations of orthologues to genes that are usually found in the CD4 and CD74 regions were

identified in the BF2 assembly of L. piscatorius in the same manner as described above. To verify the

identity of predicted genes we also aligned them to the NCBI nr database and manually inspected the

resulting alignments. The synteny of the genes lying in the identified contigs was tested in

Gasterosteus aculeatus. Genscan predicted peptides were blasted against G. aculeatus sequences

(Ensembl gasterosteus aculeatus core 97.1). The top scoring alignment was taken as the gene identity

for the genscan predictions and the matching contigs were aligned to their respective G. aculeatus loci

using coordinates provided by Ensembl and the genscan predictions using a custom R-script. Top and

bottom panel: CD4 and CD74 loci respectively. Genome positions in G. aculeatus are indicated by the

scale bar; groupXX and groupIV are linkage group identifiers.

Shading of L. piscatorius gene predictions indicate the blast alignment score. Plots are to scale.
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Supplementary Methods

Orthologue identification

In order to identify orthologues of adaptive immune system genes in Lophius piscatorius genome

assemblies without the use of a predetermined e-value and bit score thresholds, we developed the

strategy described below. Each step described was implemented in a short python (.py) or shell (.sh)

script as indicated.

1. Identification of contigs that contain immune genes

We used a set of full-length amino acid sequences of 29 immune genes [8] and HSP90 from 10

species to search for orthologues in both our assemblies (BF1 and BF2). We also performed the same

procedure for previously published draft genome assemblies of Antennarius striatus, Gadus morhua

and Perca fluviatilis [8] as positive and negative controls to validate our strategy.

Sequences for the following species were obtained from Ensembl:

Danio rerio, Gadus morhua, Gasterosteus aculeatus, Tetraodon nigroviridis , Orytzias latipes,

Oreochromis niloticus, Takifugu rubripes, Xiphophorus maculatus, Poecilia formosa, Astyanax

mexicanus

Genes in the dataset:
11.CIITA

12.CTSS1

13.CTSS2

14.ERAP1

15.ERAP2

31.TAPBP26.SEC61A1-2

27.SEC61G

28.SSR3

29.TAP1

30.TAP2

21.MHCIIa

22.MHCIIb

23.RAG1

24.RAG2

25.SEC61A1

6.B2m

7.BATF

8.CD4

9.CD8a

10.CD8b

1.AID

2.AIRE

3.AP1M2

4.AP2M1

5.AP3M2

16.HSP90

17.CD74a

18.CD74b

19.LNPEP

20.MHCI

**To find all scripts referred to in this ESM see esm_scripts.txt

Sequencing and genome assembly

The raw reads were trimmed from adapters and low quality bases using Cutadapt [2] with 25 as a

quality threshold. Only Illumina data was used for the assemblies. Prior to assembly, overlapping read

pairs were merged using FLASH (v1.2.11) [3]. Final assemblies were constructed with SPAdes

(v3.10.0) [4] employing 6 kmer lengths (21, 33, 55, 77, 99, 127/103). Basic assembly statistics were

calculated with QUAST (v4.4.1) [5] and gene-space completeness assessed using BUSCO (v2.0) [6]

with the actinopterygii dataset (odb9). The trimmed reads were used to approximate the genome size

with Jellyfish (v2.2.6) [7] and a suite of perl scripts

(http://josephryan.github.com/estimate_genome_size.pl/).
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To identify contigs containing candidate orthologues, we aligned the peptide sequences encoded by

these genes to assemblies using tBLASTn (manyfish_blast.py). To reduce the false negative rate at this

step we used a permissive e-value threshold of 1 (compared to the e-10 threshold usually used) but

limited the number of target sequences to 50 and relied on post-filtering to remove incorrect matches.

Identifiers of contigs containing alignments to the seed genes were extracted from the BLAST output

and split by assembly and gene into separate files (process_blast.py) which were used for downstream

analyses.

2. Contig extraction and gene prediction

Selected contigs were subjected to gene prediction by Genscan [10], resulting in a set of amino acid

sequences for each immune gene and matching contig. These sequence sets included both the amino

acid sequences of orthologous immune genes and unrelated sequences located within the same

contigs. To identify the orthologues, we used two further BLASTp screens which we refer to as

Forward and the Reverse BLAST.

All predicted peptides from the BF2 L. piscatorius assembly (including non-immune peptides) sorted

by gene can be found in the esm_pisc_pep.fasta file.

3. Forward BLAST

In order to provide alignment scores that could be compared to those in an extended blast against

UniProt (step 4), we aligned amino acid sequence sets identified by Genscan in step 2 to the initial

seed set (forward_blast.sh) using BLASTp. Again we used an e-value threshold of 1 and limited the

number of target sequences to 50.

Peptide sequences aligning to their respective seed genes from step 1 were selected for further

analyses (filter_forward_blast.sh). For example, peptides derived from contigs identified by tBLASTn

with AIRE as a query were filtered to remove all peptides not aligned to AIRE.

We refer to the BLASTp bit score values obtained in this search as the Forward BLAST score.

4. Reverse BLAST

The majority of alignments obtained in the first rounds of blast with the seed set of immune genes are

likely to involve proteins that are not orthologous, but which contain domains with some homology

with seed set domains. Such sequences should align with better scores to their true orthologues, at

least some of which we would expect to find within the UniProt database.
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Hence, we aligned the candidate immune peptide sequences from step 2 to the UniProt KB database

(reverse_blast.sh). Again, the e-value threshold was 1 and the number of target sequences in the output

was limited to 50. This is similar to the rationale for reciprocal blast, and for this reason we refer to this

step as reverse blast even though technically both step 3 and 4 are done in the same direction.

We refer to the BLASTp bit score values obtained in this search as the Reverse BLAST score.

5. Comparison of the Forward and Reverse BLAST scores

In theory, immune gene orthologues should align to the initial immune set (from step 1) and to the

UniProt with similar bit scores, i.e. have similar Forward and Reverse scores, whereas non-orthologous

sequences should be aligned with a higher score to their true orthologues present in Uniprot and hence

have higher Reverse scores.

To determine whether it was possible to separate true orthologues by comparing forward and reverse

scores we plotted forward against reverse (log)scores (R script bl_revision.R, functions.R see

functions_and_R_scripts.txt). Since truncated orthologue sequences would still have similar forward

and reverse scores (reflecting their identity), we also visualised the ratio of the alignment length to the

Uniprot sequence length using alpha transparency values for points such that points reflecting

alignments to non-truncated sequences (i.e. similar sequence length) appear as solid points.

6. Visual/manual examination of plots/hits

To verify the identity of candidate immune gene orthologues we used the identify function in R to

examine the UniProt annotation of selected alignments. For most immune genes, orthologues were

easily identifiable as they lied on/or very close to the forward = reverse score line and were aligned to a

UniProt protein annotated as the desired immune gene orthologue. However, for some genes we

observed multiple points on or close to this line (AP1M2, AP3M2, CTSS1/2), the UniProt annotation

did not match with the selected gene (ERAP1, TAP1), or none of the points on the plot fitted our

criteria (SEC61G, ERAP2). In this case, we chose several points that might represent an orthologue

and examined their top 5 UniProt hits (gene.hits.tsv)
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Gene name Orthologous predicted protein Comments

AID NODE_3337_length_66067_cov_44.9838|GENSCAN_predicted_peptide_3|233_aa Top scoring UniProt hit belongs to
correct gene

AP2M1 NODE_326_length_249814_cov_47.6866|GENSCAN_predicted_peptide_14|1074_aa
NODE_6641_length_27025_cov_42.6987|GENSCAN_predicted_peptide_1|1026_aa

Top scoring UniProt hit of the first
peptide and third of the second peptide

belongs to correct gene

AP3M2 NODE_11858_length_6461_cov_171.208|GENSCAN_predicted_peptide_1|405_aa Top scoring UniProt hit belongs to
correct gene

B2m NODE_26321_length_534_cov_183.369|GENSCAN_predicted_peptide_1|92_aa Top scoring UniProt hit belongs to
correct gene

BATF NODE_6109_length_31083_cov_52.3689|GENSCAN_predicted_peptide_2|251_aa
Top scoring UniProt hit belongs to

correct gene

CIITA NODE_2303_length_93200_cov_43.342|GENSCAN_predicted_peptide_4|1556_aa Top scoring UniProt hit belongs to
correct gene

CTSS1 NODE_2178_length_97347_cov_44.3687|GENSCAN_predicted_peptide_7|470_aa
Top scoring UniProt hit belongs to

correct gene

CTSS2 NODE_969_length_161682_cov_49.7592|GENSCAN_predicted_peptide_5|404_aa Top scoring UniProt hit belongs to
correct gene

HSP90 NODE_170_length_315068_cov_45.2866|GENSCAN_predicted_peptide_20|709_aa
Top scoring UniProt hit belongs to

correct gene

LNPEP NODE_1284_length_138026_cov_45.1581|GENSCAN_predicted_peptide_8|971_aa Top scoring UniProt hit belongs to
correct gene

RAG 1 NODE_1604_length_120776_cov_52.7006|GENSCAN_predicted_peptide_2|1015_aa
Top scoring UniProt hit belongs to

correct gene

RAG 2 NODE_1604_length_120776_cov_52.7006|GENSCAN_predicted_peptide_3|533_aa Top scoring UniProt hit belongs to
correct gene

SEC61A1 NODE_148_length_331228_cov_45.7995|GENSCAN_predicted_peptide_18|494_aa Top scoring UniProt hit belongs to
correct gene

SEC61A1-2 NODE_4460_length_48594_cov_76.0295|GENSCAN_predicted_peptide_1|454_aa Top scoring UniProt hit belongs to
correct gene

SSR3 NODE_3618_length_61353_cov_45.4674|GENSCAN_predicted_peptide_2|296_aa Top scoring UniProt hit belongs to
correct gene

TAP2 NODE_4645_length_46251_cov_64.2593|GENSCAN_predicted_peptide_5|875_aa Top scoring UniProt hit belongs to
correct gene

TAPBP NODE_11231_length_7753_cov_428.536|GENSCAN_predicted_peptide_1|456_aa Top scoring UniProt hit belongs to
correct gene

ERAP1 NODE_1839_length_110210_cov_47.4795|GENSCAN_predicted_peptide_7|886_aa After examination, top UniProt hit
belongs to correct gene

AIRE NODE_2144_length_98088_cov_45.0458|GENSCAN_predicted_peptide_7|218_aa Second UniProt hit and two others
belong to correct gene

TAP1 NODE_39_length_479181_cov_44.6292|GENSCAN_predicted_peptide_18|1443_aa
Fusion prediction. Selected first part of

the sequence

AP1M2 NODE_938_length_164357_cov_43.2764|GENSCAN_predicted_peptide_8|1716_aa Fusion prediction. Selected last part of
the sequence

ERAP2 Unclear orthology due to too many paralogous aminopeptidases. ?

SEC61G See figure legend for detail. Special case. See figure legend.

Supplementary Table 2
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Supplementary Table 2

The table includes identifiers of the predicted peptides (column 2) that we consider to be orthologues

to the target set of immune genes (column 1). Column 3 contains short comments on how this gene

was identified. For most genes, the top blast hit lying on the X=Y line corresponded clearly to a

UniProt protein annotated as the respective target gene. However, for some genes we had to examine

the annotation of additional hits, due to non-informative description of the top hit, e.g. in the case of

AIRE the top UniProt hit was described as Chromosome_15_SCAF14992. In addition, some

predicted peptides combined products from two adjacent genes (Fusion prediction). For these genes

the alignment coordinates had to be examined. The predicted protein sequences can be found in

esm_pisc_pep.fasta and a summary of the blast output for selected points is provided in gene.hits.tsv.

SEC61G of L. piscatorius was a special case. Although SEC61G is a highly conserved gene, it is short

and one exon primarily contains low-complexity sequence. This results in alignments to the second

exon having low BLAST scores leading to its exclusion from the gene prediction and resulting in a

truncated protein sequence. However, a manual examination of the BLAST output clearly

demonstrated that complete sequence was aligned with a high sequence similarity (but low score).

Similarly, running BLAST with ‘-dust no’ provided the full alignment with a high alignment score. It

is notable that SEC61G is one of the genes that Malmstrøm et al. failed to identify in a number of

species.

7. Unassembled reads search

Protein sequences from genes for which we failed to identify L. piscatorius orthologues with the

Forward/Reverse BLAST strategy were used in a tBLASTn search of the unassembled read pools. In

this case, we included both Illumina and SOLiD reads. Reads that were aligned to the missing protein

sequences were re-assembled with CLC Genomics Workbench. The resulting contigs were aligned to

the NCBI nr database with BLASTn. If this approach failed to identify missing orthologues, we

aligned selected unassembled reads to the NCBI nr database. After this, we reported orthologues that

we failed to identify as actually missing.

Construction of phylogenetic trees

All sequences were obtained from genbank (see accession numbers in the section below). Then,

mitogenomes were split by gene according to their annotations. First, each protein coding gene, each

tRNA and rRNA were aligned separately with T-Coffee [9]. Then, alignments were trimmed from the

ends, to remove end gaps and sequences were concatenated into new mitogenome sequences for all

species. Datasets were partitioned by the first, second and third codon positions for protein coding

genes, then rRNA and tRNA were put as separate partitions. To construct the trees we used RaxML

[1] using the GTR GAMMA model with 500 rapid bootstrap (-f a option) iterations.
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Sequences used to construct the trees:

Polymixiidae

NC_002648 Polymixia japonica

Tetraodontiformes

GQ409967 Takifugu fasciatus
KJ562276 Takifugu flavidus

Syngnathiformes

KJ184525 Syngnathoides biaculeatus
KU925872 Syngnathus typhle
KJ184524 Solegnathus hardwickii
AP012309 Doryrhamphus japonicus
AP013027 Hippocampus histrix
KJ184528 Trachyrhamphus serratus
KP861226 Syngnathus schlegeli
JX970973 Hippocampus comes
NC_010272 Hippocampus kuda
NC_022722 Hippocampus erectus
KJ139455 Corythoichthys flavofasciatus

Gadiformes

AP018148 Gadiculus argenteus thori
X99772 Gadus morhua
KC844053 Lota lota
NC_008225 Ventrifossa garmani
NC_015102 Micromesistius poutassou
NC_004377 Physiculus japonicus
NC_015094 Pollachius virens
NC_010122 Arctogadus glacialis
NC_015120 Merluccius merluccius
NC_010121 Boreogadus saida
NC_008224 Trachyrincus murrayi
NC_008222 Bathygadus antrodes
NC_008124 Bregmaceros nectabanus
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Lophiiformes

AB282831 Tetrabrachium ocellatum
AB282828 Antennarius striatus
AP005977 Halieutaea stellata
AB282837 Neoceratias spinifer
AB282847 Thaumatichthys pagidostomus
AB282836 Caulophryne pelagica
AB282830 Antennatus coccineus
AB282841 Bufoceratias thele
AB282842 Diceratias pileatus
AB282827 Sladenia gardineri
AB282855 Acentrophryne dolichonema
AB282854 Linophryne bicornis
AB282840 Himantolophus groenlandicus
AB282829 Histrio histrio
AB282849 Centrophryne spinulosa
AB282839 Himantolophus albinares
AB282835 Zalieutes elater
AB282826 Lophiodes caulinaris
AP005978 Malthopsis jordani
AB282833 Chaunax pictus
AB282838 Melanocetus johnsonii
AB282834 Coelophrys brevicaudata
AB282845 Chaenophryne melanorhabdus
AB282843 Oneirodes thompsoni
AB282846 Bertella idiomorpha
AB282844 Puck pinnata
AB282851 Ceratias uranoscopus
AB282850 Cryptopsaras couesii
NC_004383 Caulophryne jordani
MF994812 Lophius piscatorius
KJ020931 Lophius litulon
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Abstract 

The anglerfishes (Lophiiformes) comprise at least 321 species that have evolved a wide 

range of behavioural and morphological adaptations. Most notably, members of the 

Ceratioidei suborder have developed a mode of reproduction where the male attaches 

to, and essentially becomes a parasite of the female. Nevertheless, anglerfishes remain 

poorly studied with a small amount of genomic resources available. Here we present an 

annotated chromosome level genome assembly of the monkfish Lophius piscatorius. We 

validate the genome assembly and annotation by comparison to five other teleost 

species. The assembly was determined to 715 Mb, which is typical of teleost genomes. 

About 32% of the genome (232Mb) consists of repeats and low-complexity regions, 

dominated by Tc1/Mariner Class II transposons. We also observed a teleost-specific 

bimodal distribution in intron lengths and, as recently reported, a complete loss of 

MHCII pathway genes. The availability of this genome will greatly facilitate further 

analyses of anglerfish biology and the evolutionary relationships among teleost species. 
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Introduction 

The anglerfishes 

Anglerfishes comprise the teleost order Lophiiformes, which includes at least 321 

living species with new members being discovered relatively frequently (Shedlock et al. 

2004; Pietsch et al. 2009a, b; Miya et al. 2010; Pietsch and Sutton 2015; Ho 2016; Ho 

and Ma 2016; Rajeeshkumar et al. 2017; Arnold and Pietsch 2018). The order is further 

divided into 5 suborders, members of which display extraordinary morphological 

diversity and occupy a wide range of habitats (Miya et al. 2010; Betancur-R et al. 2017). 

Four suborders; Lophioidei, Antennarioidei, Ogcocephaloidei and Chaunacoidei, include 

shallow/deep water benthic ambush predators, while Ceratioidei, the most species rich 

suborder, is represented by meso/bathypelagic and abyssal-benthic forms. Despite the 

diverse appearance of its members, both morphology and molecular-based phylogenies 

support the monophyly of the Lophiiformes order (Pietsch and Orr 2007; Miya et al. 

2010). The current phylogenies place the Lophioidei suborder as the most basal clade in 

the anglerfish tree, followed by Antennarioidei or Ogcocephaloidei, Chaunacoidei and 

Ceratioidei. Batrachoidiformes (frogfishes) was historically considered to be the clade 

most closely related to Lophiiformes (Shedlock et al. 2004; Miya et al. 2010); however 

this hypothesis has recently been challenged as a result of phylogenies based on 

complete mitochondrial genomes and nuclear ultra conserved elements (Alfaro et al. 

2018) and the order is now grouped with Tetraodontiformes (Miya et al. 2010; Betancur-

R et al. 2017). 

Special adaptations in anglerfishes 

Anglerfishes are known for several unique adaptations. The most famous is their 

luring apparatus (illicium) from which their name is derived. The illicium is formed from 

a modified dorsal fin spine (Miya et al. 2010) and with a few exceptions is found in all 

Lophiiformes species. In Lophioidei and Antennarioidei, the illicium is relatively 

immobile, but in some Chaunacoidei and Ogcocephaloidei members, and in most 

Ceratioidei females it is retractable. 

The tip of the illicium usually ends with a fleshy outgrowth or esca. The appearance 

of the esca is often species specific and can include complex structures to lure prey. For 

most species the esca represents an outgrowth of skin, as in Lophius piscatorius. The 

esca of most Ceratioidei members contains a photophore organ filled with 

bioluminescent bacteria (Hulet and Musil 1968; O’day 1974; Pietsch and Orr 2007). 

Species that belong to the Linophryne genus also have a luminous barbel that generates 

light from photogenic granules instead of bacteria (Hansen and Herring 2009). In some 
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batfish species the esca is known to release a chemical compound which attracts marine 

gastropods (Nagareda and Shenker 2009). 

Another notable anglerfish adaptation, common for benthic species, is their ability to 

"walk" using modified pectoral fins. Members of the Antennarioidei suborder (also 

known as frogfishes) use their pectoral fins for walking along the bottom rather than for 

swimming (Dickson and Pierce 2019). 

Sexual parasitism in anglerfishes 

The deep-water suborder Ceratioidei, or sea devils, represents the most diverse and 

species dense clade in the order, accounting for half of the living anglerfish species. 

Members of this suborder display extreme sexual dimorphism and male-to-female 

attachment. Here, males attach to the females either temporarily or permanently, and 

in extreme cases fuse with the female body. After fusion males become dependent on 

the female circulatory system for their nutrient supply (Pietsch 1976, 2005, 2009; Munk 

2000; Pietsch and Orr 2007). Why such fusion does not result in tissue rejection is 

unknown. When overlaid on a phylogenetic tree, male sexual parasitism has a patchy 

distribution within the suborder, with obligatory male parasitism and temporary 

attachment having no clear evolutionary pathway. Hence, the general consensus is that 

male parasitism evolved multiple times within the suborder (Pietsch 1976, 2005, 2009; 

Pietsch and Orr 2007; Miya et al. 2010). This suggests a common selective pressure, or 

a shared genetic predisposition which may be present across the order.  

The monkfish Lophius piscatorius 

Lophius piscatorius is commonly known as monkfish in English and belongs to the 

most apical clade in the Lophioidei suborder (Miya et al. 2010; Betancur-R et al. 2017). 

It is a dorso-ventrally flattened bathydemersal fish, which can be found along the 

European continental shelf, from Gibraltar to the Barents Sea and Iceland (Thangstad 

2006; Farina et al. 2008). Lophius members are opportunistic feeders and display low 

prey selectivity. Their diet consists mainly of various bony marine fish, cephalopods and 

crustaceans (Thangstad 2006; Issac et al. 2017). 

An immune system without MHCII 

The lack of immune rejection of males attached to females suggest the presence of a 

modified immune system in anglerfishes. The fact that sexual parasitism seems to have 

arisen multiple times suggests that immune system modifications are shared across the 

clade and may have been present in their common ancestor. Indeed, we have recently 

demonstrated that L. piscatorius, in common with the Gadiformes order and pipefish, 

lacks all key components of the MHCII pathway (Dubin et al. In Press; Star et al. 2011; 

Haase et al. 2013; Malmstrøm et al. 2016). This indicates that the loss of MHCII may 
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have been one of the enabling adaptations allowing sexual parasitism to evolve within 

anglerfish. However, it has previously been reported that the striated frogfish 

Antennarius striatus contains a complete MHCII system (Malmstrøm et al. 2016). As the 

most recently published anglerfish phylogenies suggest that A. striatus has a more 

recent common ancestor with the Ceratioidei order than L. piscatorius it is not possible 

for the loss of MHCII in L. piscatorius to be shared across the species which exhibit sexual 

parasitism if these phylogenies are correct. 

Hence, the loss of MHCII pathway in L. piscatorius, if shared across the Ceratioidei 

would both invalidate currently accepted phylogenies and be likely to have contributed 

to the observed immune tolerance. However, on its own, the loss of MHCII is unlikely to 

be sufficient (Rosenberg and Singer 1992; Waldmann 2010; Abrahimi et al. 2016) and 

we would expect other immune system modifications to exist within the anglerfishes. 

Such modifications may be shared across the clade or be specific to the subclades. Here 

we extend our previous work to provide an annotated chromosome level anglerfish 

genome assembly. This can provide a reference point for the investigation of the 

development of sexual parasitism and the other strange and wonderful anglerfish 

adaptations. 

Methods 

Sampling and genome sequencing 

Samples from an L. piscatorius female (referred to as BF2) were collected in the Bodø 

coastal waters, Nordland County in collaboration with local fishermen. Total DNA 

extraction from kidney and sequencing was performed by Dovetail Genomics, USA on 

an Illumina HiSeq X instrument (sequence depth: 150x) as a paid service. In addition to 

the regular paired-end library, HiC and Dovetail Chicago libraries were made. The 

libraries were 150 bp paired-end reads with 350 bp insert size for the HiSeq, and variable 

length for the HiC and Chicago libraries. Total RNA from heart was isolated using QIAzol 

(QIAGEN, Hilden - Germany) according to the manufacturers protocol. Cellular rRNA 

depletion was performed using the riboMinus Eukaryote System v2 (Thermo Fisher 

Scientific, Waltham, MA - USA). RNA seq libraries were constructed using the Ion Total 

RNA-seq kit v2 following the manufacturer's standard protocol and sequenced using the 

Ion Torrent PGM system. 

Assembly and scaffolding 

The raw Illumina reads were trimmed from adapters and low-quality bases using 

Cutadapt with a q25 threshold (Martin 2011). Prior to assembly, overlapping read pairs 

were merged using FLASH (v1.2.11) (Magoc and Salzberg 2011). The assembly was 

constructed with SPAdes (v3.10.0) (Bankevich et al. 2012) using 6kmer lengths 
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(21,33,55,77,99,105). The scaffolding of the SPAdes assembly was performed using HiC 

and Chicago data with the HiRise scaffolding pipeline by Dovetail Genomics. The gene-

space completeness of the final assembly was assessed with BUSCO v3 using the 

Actinopterygii odb9 database (Waterhouse et al. 2018). The Ion Torrent (RNA) reads 

were quality trimmed using Cutadapt (Martin 2011) with q20 as a threshold. The 

minimum read length was set to 50 nt. A de novo genome guided transcriptome 

assembly was performed using Trinity v2.8.5 (Grabherr et al. 2011) with default 

parameters. 

Repeat annotation 

Prior to annotation by MAKER we constructed a de-novo repeat library using 

RepeatModeler version 1.0.11 with default parameters. Repeats that failed to be 

classified were aligned to the transposase database (Ou and Jiang 2018) with BLASTx, 

and searched against the Dfam database (Hubley et al. 2016) of repetitive elements with 

nhmmer (Wheeler and Eddy 2013). The resulting files were processed with scripts from 

(https://github.com/uio-cels/Repeats/). In order to characterize the repeat content of 

the genome in more detail and compare it to other fish species we also ran 

RepeatMasker with the Repbase database + De-novo repeat library for Takifugu rubripes 
((Kai et al. 2011, GCF_901000725), Gadus morhua (Tørresen et al. 2017) and Lepisosteus 
oculatus ((Braasch et al. 2016, GCF_000242695). The RepeatMasker output was 

processed with a script (https://github.com/4ureliek/Parsing-RepeatMasker- Outputs). 

Gene prediction 

Genome-wide gene prediction was performed with MAKER (Holt and Yandell 2011), 

following the approach described in (Varadharajan et al. 2018). First, hidden Markov 

model profiles were generated de-novo with GeneMark-ES v4 (Lomsadze 2005; 

Borodovsky and Lomsadze 2011) and SNAP (version 2006-07-28c) (Korf 2004) using the 

core eukaryotic gene data set (CEGMA). Next, the resulting HMM profiles, the 

RepeatModeller library, the de-novo transcriptome assembly and the Uniprot KB 

database were used as an input for MAKER. 

Gene annotation 

Translations of maker gene predictions were used to search for homologous 

sequences in 7 well annotated genomes using blastp (Altschul et al. 1990; Camacho et 

al. 2009). Peptide sequences, and associated gene annotation for Ciona intestinalis, 

Danio rerio, Gasterosteus aculeatus, Oryzias latipes, Takifugu rubripens and Tetraodon 
nigroviridis were obtained from Ensembl (Zerbino et al. 2018) version 97. Blast 

databases were created for both L. piscatorius and the Ensembl set of peptides. Blastp 

was run in both directions (L. piscatorius vs Ensembl, and Ensembl vs L. piscatorius) using 
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default parameters but with a tabular output format and limiting the output to 10 

matches per query. The resulting data sets were processed using a Perl script to add 

gene identities, remove alignments with E-values larger than 1e-10 and to infer 

reciprocal ranks. The resulting output was analysed using R where the data-sets were 

reduced to include only the highest scoring alignment for each ensembl-maker gene 

pair. Score-ratios were calculated for all alignments representing the fraction of the 

alignment score to the maximum alignment score for the given Ensembl gene (score[i,g] 

/ max(score[,g]), where i is the i-th alignment score to gene g).  

The genome locations of L. piscatorius genes were extracted from gff files produced 

by the maker script (maker_1.genes.gff). Ensembl gene annotation was extracted from 

locally installed species specific core Ensembl databases (ciona_intestinalis_core_97_3, 

danio_rerio_core_97_11, gasterosteus_aculeatus_core_97_1, 

lepisosteus_oculatus_core_97_1, oryzias_latipes_core_97_1, 

takifugu_rubripes_core_97_5, tetraodon_nigroviridis_core_97_8). Plots showing 

chromosomal level synteny were produced using custom R functions. Gene family 

descriptions and memberships were obtained from the public ensembl_compara_97 

SQL portal (Herrero et al. 2016). Gene family membership for L. piscatorius genes were 

assigned based on the plurality of a vote by candidate orthologues from each species. 

Ensembl databases were accessed using the the RMySQL package (https:// cran.r-

project.org/web/packages/RMySQL/index.html).  

Results 

A chromosome level assembly 

We assembled and annotated the genome of Lophius piscatorius (monkfish). The final 

scaffolded assembly length was 715 Mb long, which was consistent with k-mer based 

genome size estimates. 90% of the complete assembly (including contigs) was contained 

within a set of chromosome-sized scaffolds (47-19 million base pairs) (Fig. 1A,B). The 

remaining 10% was found within smaller contigs (~160 kb or less) that could not be 

successfully scaffolded (Fig. 2). 

The contigs that were not included in the final scaffolds can be divided into two parts 

by their size; the majority of contigs and the majority of the sequence (more than 85%) 

was found in contigs up to 1000 bp (Fig. 2). However, there were also contigs of lengths 

up to 160 kb base pairs that were not scaffolded. We suspected these to comprise or 

contain sequences from Spraguea lophii, an intracellular parasite that is often found in 

members of the Lophius genus (Mansour et al. 2013; Campbell et al. 2013). To check 

this we searched the assembly for matches to the parasite genome sequence (NCBI, 

BioProject: PRJNA269798) using blastn. About 75% (by cumulated length) of matching 
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sequences were found within the unscaffolded contigs. With the exception of 11 

contigs, all contigs without matches (~370,000) to the parasite genome were shorter 

than 10,000 bp. 

We also found around 19,000 loci within the main chromosomes that could be aligned 

to the parasite genome. However, these alignments represented only five parasite 

contigs, one of which could be aligned to the chromosomal scaffolds at almost 19,000 

different loci. This sequence (GenBank: MQSS01000231.1) could also be aligned to 

multiple loci within a number of teleost species with up to 75% nucleotide identity. 

These observations suggest that this sequence is not a parasite sequence, but rather an 

L. piscatorius repeat sequence. 

We also assessed the gene-space completeness of the assembly with the BUSCO 

software using the Actinopterygii-specific database. For comparison we included our 

initial draft genome assembly (BF1) (Dubin et al. In Press), contigs before scaffolding 

(BF2.c) and the final chromosome-level assembly (BF2.s). Of 4584 orthologues, 91% and 

95% were found to be complete in the contig- and scaffold-level assemblies respectively 

(Fig. 1C). 

These observations argue that our genome assembly is nearly complete with the 

exception of sequences from very repetitive regions that SPADES was unable to 

assemble into sufficiently large regions to be successfully scaffolded. It also suggests 

that although the assembly may contain some sequences derived from parasite DNA, 

that most exogenous sequences were excluded by the scaffolding process. 

Repeats 

Repeat masking using a de-novo generated repeat library and the Repbase database 

identified 32% of the genome (232 Mb) as repeats and low-complexity regions. For 

comparison, we performed the same analysis on the Atlantic cod (v2) (Gadus morhua), 

T. rubripes and L. oculatus genomes. 33.8, 17, 20% of these genomes were comprised of 

repeats respectively. The L. piscatorius genome appears to be dominated by the class 2 

DNA transposons with the highest counts belonging to Tc1/mariner family (Fig. 4, table 

S1). 

Gene predictions and features 

The MAKER annotation pipepeline reported 45,552 candidate genes, which is 

considerably higher than the ~20,000 genes expected for a typical teleost genome 

(Table S2). We examined the distributions of exon, intron and gene lengths as well as 

the distribution of exon number per gene, and compared it to a set of other fish and the 

Ciona intestinalis genome (Fig. 3). The exon length distribution appears conserved for 
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all of the examined species (Fig. 3A). A small peak of short exons that is specific to L. 
piscatorius is likely to represent erroneous ORF predictions. 

The intron length distribution follows two distinct patterns (Fig. 3B). In all teleosts, 

including L. piscatorius we observe a bimodal distribution with two distinct peaks for 

short and long introns. In contrast both non-teleost species have a unimodal distribution 

with a peak that lies between the two teleost peaks. This suggests a teleost specific 

intron size reduction that may be related to the small genome sizes of teleosts. 

Furthermore, the log-normality of the distributions indicate that intron length is to some 

extent governed by exponential processes (i.e. long introns are more likely to change in 

length than short introns). 

In general, gene length appears to be similar for all species, with most gene lengths 

lying in a broad peak between 256-32,000 bp long. In addition, stickleback, zebrafish 

and medaka have an additional peak of short genes at around 128 bp (Fig. 3D). L. 
piscatorius has an overall similar distribution but with higher counts, which probably 

reflects a high false positive prediction rate. The L. piscatorius distribution also has a left 

shoulder in the 256 to 1000 bp region which is not observed for any of the other species. 

Exon numbers per gene were highly conserved for all examined species and follow the 

same distribution pattern, with L. piscatorius having the highest counts presumably due 

to false positive gene predictions. 

We also calculated the proportions of genomes comprising genes, exons, introns and 

coding regions before and after filtering based on reciprocal blast performed for 

annotation (Table 1). Prior to filtering, more than 80% of the genome was genic; after 

filtering by removal of genes for which we were unable to find similar proteins this 

reduced to 36% and resulted in a gene feature composition similar to that of the other 

teleosts analysed. 

Gene annotation 

We performed reciprocal blast for protein sequences predicted by the maker pipeline 

against the proteomes of 7 well annotated genomes. We chose 5 teleost species based 

both on the completeness of their assemblies (i.e. primarily chromosome level) and on 

the extent of their annotation (Danio rerio, Gasterosteus aculeatus, Oryzias latipes, 

Takifugu rubripes and Tetraodon nigroviridis). In addition we included spotted gar 

(Lepisosteus oculatus) and Ciona intestinalis as outgroup species, which have not 

undergone either the teleost specific (L. oculatus) or any of the vertebrate specific gene 

duplications (C. intestinalis) (Dehal 2002; Braasch et al. 2016). The number and type of 

genes that have been predicted in these species varies considerably depending both on 

the species and the extent of annotation (Table S2). For example, more genes have been 

predicted in D. rerio for all gene categories except for lincRNA. This is more likely due to 
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the greater amount of studies that have been performed in this species rather than 

because of a greater system complexity. In contrast the much smaller gene numbers 

observed in C. intestinalis are likely to reflect a biological difference rather than an 

experimental artefact. 

Of the 45,552 protein sequences predicted by the maker pipeline only 23,864 could 

be aligned with an E-value of less than 1e-10 to sequences from any of the included 

species (Table 2, Figure 5). This, and the numbers of annotated coding regions typically 

found in teleosts, (Table S2) suggests that about half of the maker predictions reflect 

analytical artefacts. Approximately 18,000 of these alignments have a reciprocal rank of 

1 in at least one species; that is, that same alignment has the top score in both the 

forward and reciprocal blast screens. Such alignments are more likely to represent 

simple one-to-one orthology and are more likely to represent true orthologues. 

To assess the implication of non-reciprocal alignments we calculated a score-ratio 

(SR) as the alignment score between a given pair of L. piscatorius and Ensembl genes 

divided by the maximal alignment score for the Ensembl gene. A score less than, but 

close to one, suggests either gene duplication (in L. piscatorius) or gene loss (in the 

cognate species). Low scores, however, suggest the presence of gene fragments, or 

incomplete gene predictions. With the exception of alignments to C. intestinalis, the 

majority of alignments identified in the forward screen have score ratios of 1, with the 

largest number of such alignments identified in O. latipes (Fig. 6A, Table 2). Score ratios 

below 1 drop rapidly and at similar rates in all teleosts with the highest number of 

alignments being observed for O. latipes throughout the range. Of the teleost species, 

the fewest alignments are observed for T. nigroviridis at all score ratios. Of the 

vertebrates, L. oculatus (spotted gar) has the fewest reciprocal alignments (SR=1), but 

the score ratio does not drop as rapidly as for the teleosts and at lower ratio L. oculatus 
has a number of alignments similar to that observed for the teleosts. This is reasonable 

since L. oculatus is not descended from an ancestor that has undergone the teleost 

specific genome duplication and it is thus likely that there are more many-to-one 

orthologue relationships between L. piscatorius and L. oculatus than for the teleost 

species analysed here. 

Curiously we found 93 maker proteins which had one-to-one orthologues only with 

C. intestinalis (Fig. S1). Whether these represent analytical artefacts or genes which 

have been lost from other teleost species is an interesting question, that needs further 

analysis to answer. Similarly we observed 126 genes that had a score ratio less than 1, 

but higher than 0.8 across all 7 species (Fig. S2). These genes may represent 

loophiformes specific gene duplications and should be inspected more closely. 
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The biggest difference in the rate of decrease of the score-ratio between L. oculatus 
and the teleosts is observed at score-ratios above 0.8, suggesting alignments more likely 

to include true orthologous pairings than at lower scores. Indeed, the distributions of 

alignment scores for alignments with score-ratios between 0.8 and 1 are similar (but 

shifted to the left) to those with the maximal score-ratio (Fig. 5B,C). However, the order 

of numbers of observed alignments is mirrored at intermediate alignment scores (27-29), 

with C. intestinalis and L. oculatus having the highest numbers of alignments with 

intermediate score-ratios. This pattern is consistent with such alignments representing 

real orthologies due to the additional genome duplications that have occurred in the 

teleost lineage. 

Gene family composition 

To assess to what extent candidate orthologues identified in separate species are 

consistent with each other we made use of the protein family classification provided by 

Ensembl compara (Herrero et al. 2016). All top scoring blast matches that had a score 

ratio of 0.8 or higher were considered as orthologues and used to assign family 

identifiers to the predicted genes. Gene families were then assigned to L. piscatorius 
genes by a simple plurality vote. Although the number of species from which we could 

identify orthologues varied, the majority of families was identical throughout (Fig 5.D). 

We then asked whether we could observe any obvious increases or decreases in gene 

copy numbers based on the number of genes belonging to individual families by plotting 

the log- median ratio of gene family membership numbers for the different species. For 

the vast majority of families L. piscatorius contained the median number of genes (Fig. 

7). This supports our gene annotation since the number of outliers is low. We were, 

however, intrigued to find an apparent loss of a number of genes known to be involved 

in immune responses (Ig and heavy chain V, an interleukin subunit and an immune 

receptor), since we have already demonstrated the loss of the MHCII pathway in L. 
piscatorius (Dubin et al. In Press). However, a closer examination found that these were 

not identified either because they are located to highly repetitive regions (Ig and heavy 

chain V) that had failed to assemble, or the genes appeared as part of fusion predictions. 

Global synteny with teleosts 

In teleosts orthologues are commonly found on equivalent chromosome pairs; i.e. the 

set of genes found on a chromosome in a given species are predominantly located on a 

single chromosome in a second teleost species. If our orthology based annotation is 

generally correct we should be able to observe this in alignments between L. piscatorius 
and other teleosts. Indeed, chord diagrams linking gene positions between L. piscatorius 
and the teleost species (Fig. 8) clearly show, that in general, individual L. piscatorius 
scaffolds map to single chromosomes in the teleost species analysed. This relationship 
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is strongest for T. rubripes and weakest for D. rerio, which is consistent with the 

expected phylogenetic relationship (Betancur-R et al. 2017). This strongly argues that 

the scaffolds in our assembly represent complete chromosomes of L. piscatorius. 

Although we observe a one-to-one relationship between most L. piscatorius and T. 
rubripes chromosome pairs, the two longest L. piscatorius scaffolds (seq23 and seq1) 

map to two chromosomes in each of the teleost species analysed. This suggests either 

that these long scaffolds arose through chromosome fusion, or that they represent 

scaffolding artefacts. It may be possible to assess the likelihood of which explanation is 

true through further analysis of the evidence used for scaffolding, but experimental 

analysis (eg. chromosome painting (Ried 1998)) would be preferable. In the meanwhile 

we note that this observation is not specific to our assembly and that in fact some of the 

longer chromosomes in stickleback (G. gasterosteus), fugu (T. rubripes) and T. 
nigroviridis map to two chromosomes in our assembly in a reciprocal manner. 

We also visualised the relationships between genome locations in orthologues as 

simple scatter plots. These largely show the same pattern, but in addition show 

evidence for a conserved order of genes along the chromosomes (Fig. 9). This order is 

readily observed in all of the teleost species with the exception of D. rerio, where the 

internal gene order appears to have been largely rearranged. These observations 

further support the quality of both our genome assembly and annotation. 

Discussion 

Scaffolding and sequence contamination 

The L. piscatorius assembly described here was created through an initial contig 

assembly followed by scaffolding using Chicago (Putnam et al. 2016) and HiC libraries 

(Burton et al. 2013; Kaplan and Dekker 2013). The scaffolding utilised the increased 

probability of ligation between genome fragments physically close to each other, either 

in a reconstituted chromatin (Chicago) or within native chromatin (HiC). More than 90% 

of the completed assembly can be found within a set of chromosome sized scaffolds (47-

30 million base pairs), with 10% found within smaller contigs that could not be included 

into the larger scaffolds [figure: 1]. The combined length of the chromosome sized 

scaffolds is similar to the estimated genome length and it seems likely that these 

scaffolds represent at least 90% of the genome. 

The remaining 10% of the sequences fall into a set of short (<1000 bp) contigs that 

comprise 85% of the non-scaffolded sequences and a smaller set of longer contigs (up 

to 160,000 bp). The longer contigs appear to be comprised primarily of sequences 

derived from the intracellular parasite S. lophii. This parasite is intracellular (Mansour 

et al. 2013; Campbell et al. 2013) and hence it is difficult (though not impossible) to 
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physically separate from the host DNA. Although we were able to find sequences from 

the chromosomal scaffolds that could be aligned to S. lophii these could only be aligned 

to 5 of the 439 parasite contigs and included only about 0.05% of the parasite genome. 

This argues that the scaffolding methods themselves (Chicago and HiC) are to a large 

extent able to mitigate the problems of contaminating sequences. This is reasonable, as 

the scaffolding process is able to separate sequences from individual molecules present 

within the same cell, which is arguably a much more difficult task. One of the sequences 

from S. lophii aligned at close to 19,000 locations within the chromosomal scaffolds and 

could also be aligned to multiple locations within other teleost species, suggesting that 

this sequence is derived from repetitive L. piscatorius sequences and may represent a 

contamination of the parasite genome with host DNA. 

Assembly validation by annotation and global comparison 

We have performed annotation based on de-novo gene prediction and orthology 

identification in order to facilitate downstream analyses of the genome. This process 

allowed us to assess the quality of the assembly since chromosome gene content and 

order is highly conserved among teleosts. The ability to observe a conserved 

chromosomal gene content relies on both the orthology classification to be generally 

correct and for the assembly to accurately represent chromosomes. We show that both 

the chromosomal gene content and order within our assembly is conserved in non-D. 
rerio teleosts and this validates both the assembly itself and the annotation. 

We observed a strong conservation of protein family size in the set of annotated 

genes, with L. piscatorius having sizes typical for the set of species analysed. However, 

a closer inspection of some families that appear to contain missing members in L. 
piscatorius suggested that these were either present in highly repetitive regions that 

could not be scaffolded, or were missed by the annotation process due to being fused 

with other proteins. This demonstrates that neither our annotation nor our assembly is 

yet complete and emphasises the need for directed search strategies in order to show 

the loss of genes from a species (Dubin et al. In Press). 

A typical teleost genome 

Our assembly and annotation indicate that the L. piscatorius genome is a fairly typical 

teleost genome both in size, as well as in gene, exon and repeat contents. Although 

there is some apparent variation in gene and coding richness it should be remembered 

that even though we have used well characterized teleost genomes, the annotation and 

assemblies of these genomes should not be considered final. Hence, observed 

variances, will to some extent represent analytical artefacts in both our and prior 

annotation processes. 
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The distributions of gene feature (exons, introns, genes) were also similar to the other 

teleosts analysed here. Notably, we observed a teleost specific bimodal distribution in 

intron lengths. Although a bimodality of the intron length has been noted in D. rerio 
previously (Moss et al. 2011), the distributions of 4 other species (G. aculeatus, O. 
latipes, T. rubripes, and T. nigroviridis) were described as having 'monotonically 

decreasing frequency distributions'. The difference in our observations stem from the 

fact that we have inspected the distribution of log-transformed intron lengths. For the 

non-teleost species analysed here, this results in roughly uni-modal normal 

distributions; for all the teleosts we see two clearly separated peaks. Interestingly, the 

teleost species with the shortest genome included in this analysis (G. aculeatus, around 

400 Mb) has the smallest long intron peak whereas the longest genome (D. rerio, 1.3Gb) 

has by far the largest long intron peak (Fig. 3B). This is consistent with a general 

relationship between intron and genome size observed across the vertebrates (Hara et 

al. 2018). Among the vertebrates, teleosts in general have small compact genomes, and 

our observations suggest that a reduction in intron size may be one of the mechanisms 

underlying a reduction in genome size after genome duplication. 

The bimodality in the teleost intron length distributions are apparent only after log- 

transformation. For the non-teleost species log transformation results in something 

approaching a normal distribution, indicating that the mechanisms driving intron size 

distribution are not additive, but rather multiplicative. This implies that the rate of 

change in intron size is a function of the intron size itself, which is intuitive since large 

introns have a larger probability of being destinations for transposon translocations or 

to support internal sequence duplications (either by local transposon hopping or by 

meiotic slippage) (Rogozin et al. 2012; Huff et al. 2016). Similarly genetic 

rearrangements that can reduce intron size are more likely to occur in a large intron 

than a small intron. We thus argue that intron size should be considered in log space 

and that our observations relate to how teleost genomes have evolved. 

Future prospects 

The genome assembly and annotation presented here provides a rich resource for 

researching the genetic mechanisms that have allowed the anglerfishes to evolve into 

the huge range of weird and fantastic morphologies and behaviours we can observe 

today. In particular, we have an interest in identifying further modifications to the 

immune system that may have allowed the development of sexual parasitism. This is 

not only intrinsically interesting from an evolutionary perspective, but may also lead to 

insights with potential clinical application in reducing immune rejection after 

transplantation. 
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We also note that our annotation process in itself suggests the presence of genes 

which appear to have been specifically retained in the anglerfish clade; however, this 

will require further analyses from both this and related genome sequences in order to 

confirm and we look forward to the publication of additional anglerfish genomes. 

The availability of an annotated genome and sequences from different individuals will 

also allow us to start to consider population genetic questions, including the effective 

population sizes and potential inbreeding. These are especially interesting for the 

anglerfishes as the range of reproductive strategies and the habitats which they occupy 

suggest difficulties in following more normal mating strategies. Understanding how 

populations change is especially important due to the large changes in marine 

environments caused by current and historical human activity. For species like the 

anglerfish that are not easily monitored this is most easily performed by population 

genetics approaches, and our assembly will greatly facilitate this. 
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Figure legends 

Figure 1. A chromosome  level assembly 

A. Lengths and sequence depth (coverage) of the assembly scaffolds. The final 

scaffolds had sizes typical of chromosomes ranging from 47 to 25 Mb (Mega-bases). The 

sequencing depth was generally even across the genome, though distinct regions of 

deeper coverage can be observed on all chromosomes; these are likely to contain 

repetitive sequences. B. Scaffold and contig lengths. Each point represents a single 

scaffold, with positions along the X-axis giving the cumulative length of the preceding 

scaffolds. The N-50 and N-90 bands are indicated. The assembly is cleanly divided into 

a set of chromosome length scaffolds and a set of contigs which are orders of magnitude 

shorter. C. Gene space completeness. The stacked segments indicate the proportion of 

Actinopterygii conserved genes that were detected, either completely or fragmented 

across contigs, or missing. BF1 refers to a draft assembly prepared previously (Dubin et 

al. In Press) from a separate individual. BF2.c and BF2.s refer to the assembly prior to 

and after scaffolding respectively. Comp.D refers to genes that appear to have been 

duplicated in our assembly. 

Figure 2. Parasite DNA in unscaffolded  contigs 

Lengths and parasite content of unscaffolded contigs. Each point represents a single 

scaffold, with positions along the X-axis giving the cumulative length of the preceding 

contigs. Red points contain matches to the sequences from the intracellular parasite 

Spraguea lophii. These are present primarily in the longer contigs. About 85% of the 

total sequences were present in short contigs that cannot be aligned to the parasite 

genome. 

Figure 3. Gene feature properties 

Distributions of the sizes of exons (A), introns (B) and genes (D) as well as the number 

of exons per gene (C) for monkfish (L. pis), medaka (O. lat), spotted gar (L. ocu), 
stickleback (G. acu), zebra fish (D. rer) and ciona (C. int). The length of exons and genes, 

as well as the number of exons per gene have similar distributions across the 6 species, 

though the gene lengths are generally shorter for Ciona. In contrast, intron lengths have 

a characteristic bimodal distribution only in the teleost species. 

Figure 4. Repeat abundance by class 

Repeat abundances for L. piscatorius (L. pis), T. rubripes (T. fug), G. morhua (G. mor) 

and L. oculatus (L.ocu) based on a de-novo generated repeat library and the Repbase 

database (GIRI). T. rubripes is an outlier having the smallest amount of transposable 

elements. This is correlated with genome reduction in this species and is documented 
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in literature (Aparicio 2002; Guo et al. 2010). All species have a relatively high 

abundances of class 2 DNA transposons, dominated by the Tc1/mariner family. L. 
oculatus and L. piscatorius have a high counts of LINE type repeats compared to the 

other species. All species contain a large portion of unclassified repetitive elements. 

Figure 5. Reciprocal blast alignments 

Numbers of candidate genes predicted by the Maker pipeline for which blast 

alignments with an e-value (random expectation) less than 1e-10 could be found. The 

total set of genes was further divided by the score-ratio parameter (SR) and the 

proportion of the subject (SC) or the query (QC) that were included in the alignment. 

The score ratio refers to the fraction of the alignment score to the maximum alignment 

score for the given Ensembl gene (score[i,g] / max(score[,g])). The subject in this case is 

the Ensembl gene (the candidate orthologue) and the query is the Maker predicted 

peptide (the candidate gene). A total of 45,552 genes were predicted by the maker 

pipeline. Of these about half could be aligned to known Ensembl proteins. 

Abbreviations: Ciona intestinalis (C. int), Danio rerio (D. rer), Gasterosteus aculeatus (G. 

acu), Lepisosteus oculatus (L. ocu), Oryzias latipes (O. lat), Takifugu rubripiens (T. rub), 

Tetraodon nigroviridis (T.nig), score ratio (SR), subject coverage (SC), query coverage 

(QC). 

Figure 6. Orthology assignment 

A. Quantiles plot of the score ratios for pairs of L. piscatorius gene candidates and 

Ensembl candidate orthologues. The score-ratio for a given pair of genes is the ratio of 

the alignment score for a given pair and the maximal alignment score for that Ensembl 

gene. Only a single score is plotted for each L. piscatorius gene candidate per species. 

For alignments with vertebrates these mostly have score ratios of 1, indicating that most 

genes have a single orthologue in the cognate species. Fewer alignments with score 

ratios of 1 were observed for C. intestinalis and L. oculatus (spotted gar) which is 

consistent with those genomes not having undergone either the vertebrate genome 

duplication (C. intestinalis), or the teleost specific duplication (L. oculatus). B. and C. 

Quantiles plots of alignment scores for alignments with score ratios of 1 (B) or between 

0.8 and 1 (C). D. Candidate genes were assigned to protein families by a plurality vote 

of the family memberships of their candidate orthologues. Numbers indicate the 

number of candidate genes for each class of vote (number of orthologues voting) and 

the maximal number of votes (winning vote). Thus 4197 candidate genes had candidate 

orthologues in all 7 species, all of which belong to the same protein family, whereas 

2183 genes had orthologues in all species, but one of these belonged to a separate 

family giving a winning score of 6.  
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Abbreviations: Ciona intestinalis (C. int), Danio rerio (D. rer), Gasterosteus aculeatus (G. 

acu), Lepisosteus oculatus (L. ocu), Oryzias latipes (O. lat), Takifugu rubripiens (T. rub), 

Tetraodon nigroviridis (T.nig). 

Figure 7. Family sizes 

Candidate L. piscatorius genes were assigned to families based on the family 

membership of their candidate orthologues. The inferred family sizes (numbers of 

member genes) were calculated and compared to the median family size across the 7 

species analysed. Each point represents a single gene family and its position in Y is the 

log2 of the ratio of the L. piscatorius (red) or Ensembl species (grey) family size to the 

median family sizes. All family sizes were incremented by one to allow for log-

transformation. The family sizes in L. piscatorius are highly consistent with the typical 

family sizes. 

Figure 8. Chromosomal orthology 

Arc diagrams showing connections between the genome locations of orthologue pairs 

between L. piscatorius and D. rerio (A), and T. rubripes (B) show that orthologue pairs 

tend to be found on conserved chromosomes. This relationship appears stronger 

between L. piscatorius and T. rubripes. L. piscatorius chromosomes are indicated by blue 

arc segments. Red arcs indicate D. rerio and T. rubripes chromosomes. 

Figure 9. Chromosomal synteny 

Plots of positions of genes in L. piscatorius and candidate orthologues in D. rerio and 

T. rubripes. The colour of the points indicate the strand in the two species (+/+ purple, 

+/- red, -/ + blue, -/- black for the strands of the L. piscatorius/cognate species). The 

chromosome gene content is clearly conserved in both species, but the internal 

chromosomal order in D. rerio is scrambled. In contrast long regions of chromosomal 

synteny can be observed between L. piscatorius and T. rubripes as diagonal lines of 

points. 
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Table legends 

Table 1. Genome composition 

Genome sizes (column 1) and the proportion of the indicated genomes occupied by 

genes, exons, introns and coding regions. Row names indicate the names of the Ensembl 

databases. 

Table 2. Reciprocal blast alignments 

Numbers of alignments visualised in Figure 5. 

Abbreviations: Ciona intestinalis (C. int), Danio rerio (D. rer), Gasterosteus aculeatus (G. 

acu), Lepisosteus oculatus (L. ocu), Oryzias latipes (O. lat), Takifugu rubripiens (T. rub), 

Tetraodon nigroviridis (T.nig), score ratio (SR), subject coverage (SC), query coverage 

(QC). 
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Supplementary figures 

Figure S1. Counts of reciprocal alignments for species  combinations 

Number of L. piscatorius gene candidates that could be aligned to sequences with a 

reciprocal rank of 1 in different species. Left panel indicates the species in which 

alignments were found. The numbers and bars following that indicate the number of 

alignments for each species combination. The final two columns (numbers & bars) show 

the cumulative number of candidates aligned. 

Abbreviations: Ciona intestinalis (C. int), Danio rerio (D. rer), Gasterosteus aculeatus 
(G. acu), Lepisosteus oculatus (L. ocu), Oryzias latipes (O. lat), Takifugu rubripiens (T. 

rub), Tetraodon nigroviridis (T.nig). 

Figure S2. Counts of non-reciprocal alignments for species combinations 

Number of L. piscatorius gene candidates that could be aligned to sequences with a 

reciprocal score ratio between 1 and 0.8 in different species. Data visualised as in Fig. 

S2. 

Supplementary tables 

Table S1. Gene numbers in Ensembl species used 

Numbers of different categories of genes reported by Ensembl version 97 for species 

used in these analyses. 
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Figure 2. Parasite DNA in unscaffolded contigs
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C. int D. rer G. acu L. ocu O. lat T.rub T.nig any all

all (e < 1e−10)

SR == 1

SR >0.8

SR > 0.8 and SC > 0.5

SR >=0.8 and QC > 0.5

Table 2. Reciprocal blast alignments
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Figure S1. Counts of reciprocal alignments for
species combinations
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species combinations



 39 

 

11806
4
0

161
51
0
21
0
17
10
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

25094
1919
1466
431
242
1045
487
672
12
93
221
76
70
57
4
0
27
28
11
17
14
10
4
7
0
3
3
2
2
2
1

18342
67
0

390
227
0
65
0
40
10
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

17225
1841
1969
243
146
0

104
0
31
25
0
0
0
0
0
0
4
0
0
0
0
0
0
0
0
0
0
0
0
0
0

23587
63
0

230
189
0
99
0
26
59
0
3
0
0
41
16
1
0
8
0
0
0
3
0
3
0
0
0
0
0
0

20503
80
0

153
170
0
68
0
34
23
0
0
0
0
1
28
1
0
8
0
0
0
2
0
1
0
0
0
0
0
0

19589
80
0

397
177
0

128
0

141
7
0
0
0
0
0
0
6
0
0
0
0
0
0
0
0
0
0
0
0
0
0

C. int D. rer G. acu L. ocu O. lat T.rubT.nig
protein_coding

rRNA
lincRNA
miRNA
snoRNA

processed_transcript
snRNA

antisense
pseudogene
misc_RNA

unprocessed_pseudogene
TR_J_gene
TR_V_gene

sense_intronic
sRNA

IG_V_gene
processed_pseudogene

transcribed_unprocessed_pseudogene
scaRNA

IG_V_pseudogene
TEC

polymorphic_pseudogene
ribozyme

sense_overlapping
IG_J_gene

IG_C_pseudogene
IG_J_pseudogene

IG_C_gene
IG_pseudogene

TR_D_gene
TR_V_pseudogene
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Anglerfishes possess a number of extraordinary adaptations. Perhaps 
the strangest of these is male sexual parasitism, where the male clamps 
on to the female with his jaws and never lets go. In extreme cases the 
male’s body will degrade and simply become a pair of testicles that are 
fed by the female’s blood supply. In essence, the male’s testicles have 
been transplanted to the female’s body. In humans, and most vertebrates, 
it is not possible to simply transplant an organ from one individual 
to another as the immune system of the recipient will reject the organ 
and kill the transplanted cells. Why there is no rejection of sexually 
parasitic males is a bit of a mystery, but it does suggest that anglerfishes 
have a specialised immune system and that studying this may teach us 
how immune rejection can be avoided after transplantation. Though 
interesting, we currently, know very little about the anglerfishes and their 
immune system.In this thesis we provide the first genome assembly of 
a local anglerfish Lophius piscatorius (breiflabb). We discovered that L. 
piscatorius lacks an important part of the immune system that is known 
to be involved in rejection. Surprisingly, we also observed a previously 
unreported fundamental property of fish genomes that may indicate 
specific mechanisms of their genome evolution.The work described in 
this thesis provides a new genome resource which we have used to make 
discoveries that are both general to genome evolution and specific to 
anglerfish immunology.
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