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Abstract 

Coleoid cephalopods (octopuses, squids, cuttlefish) stand out for many morphological 

innovations, yet genomes have only recently become available for species in this clade. 

Studies of cephalopod genomes have hinted that whole-genome rearrangements could have 

played a crucial role in their evolution. Rearrangements were shown to impact gene 

regulation, by bringing together new genes into organized structures called topologically 

associating domains (TADs). Changes within TADs are expected to be deleterious, and are 

considered to be conserved throughout evolution. However, changes in TAD structure may 

also be a powerful mechanism of novelty evolution during speciation. Understanding if and 

how the genome-scale rearrangements relate to the emergence of unique cephalopod 

biology remains an open question. This thesis takes advantage of newly available octopus 

chromosome-scale genomes to investigate whether TAD borders are colocalized with 

rearrangement breakpoints. To do so, we assembled a high-quality-chromosome-scale O. 

vulgaris genome, created a tool that tests the hypothesis using a scale-free approach in TAD 

detection (Breakpointer2), and used it to compare O. vulgaris genome to three other octopus 

genomes. We observed 543 unique or shared breakpoints over 44 million years of divergence 

time. For each comparison, a one-tailed permutation test was performed on each 

chromosome and whole-genome data. By performing this test on whole-genome data, we 

found strong signal that chromosomal breakpoints happened at TAD borders (𝝰<1e-05), while 

strong signal was observed for ~58% of chromosomes when the test was done on individual 

chromosomes (𝝰<0.05). Therefore, we conclude that there is support to claim that 

chromosomal rearrangements are colocalized with TAD borders. This research sets the stage 

for further exploration of evolutionary history of individual coleoid cephalopod lineages. 
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Die Zusammenfassung 

Koleoid-Kopffüßer zeichnen sich durch viele morphologische Innovationen aus, doch 

Genome sind für Arten dieser Gruppe erst seit kurzem verfügbar. Studien an 

Kopffüßergenomen haben darauf hingewiesen, dass die Umordnung des gesamten Genoms 

eine entscheidende Rolle bei ihrer Entwicklung gespielt haben könnte. Es wurde gezeigt, 

dass Umlagerungen Auswirkungen auf die Genregulation haben, indem sie neue Gene in 

organisierten Strukturen zusammenführen, die als topologisch assoziierende Domänen 

(TADs) bezeichnet werden. Man geht davon aus, dass Änderungen innerhalb von TADs 

schädlich sind und dass sie im Laufe der Evolution als konserviert gelten. Allerdings können 

Veränderungen in der TAD-Struktur auch ein wirksamer Mechanismus der 

Neuheitsentwicklung während der Artbildung sein. Es bleibt eine offene Frage, ob und wie 

die Umordnungen im Genommaßstab mit der Entstehung einer einzigartigen 

Kopffüßerbiologie zusammenhängen. Diese Masterarbeit nutzt neu verfügbare Oktopus-

Chromosomengenome, um zu untersuchen, ob TAD-Grenzen mit 

Umlagerungsbruchpunkten kolokalisiert sind. Zu diesem Zweck haben wir ein qualitativ 

hochwertiges O. vulgaris-Genom im Chromosomenmaßstab zusammengestellt, ein Tool 

erstellt, das die Hypothese mithilfe eines skalenfreien Ansatzes bei der TAD-Erkennung testet 

(Breakpointer2), und es verwendet, um das O. vulgaris-Genom mit drei zu vergleichen andere 

Oktopusgenome. Wir haben über einen Divergenzzeitraum von 44 Millionen Jahren 543 

einzigartige oder gemeinsame Haltepunkte beobachtet. Für jeden Vergleich wurde ein 

einseitiger Permutationstest für jedes Chromosom und die gesamten Genomdaten 

durchgeführt. Durch die Durchführung dieses Tests an Gesamtgenomdaten fanden wir ein 

starkes Signal dafür, dass chromosomale Bruchpunkte an den TAD-Grenzen auftraten (𝝰<1e-

05), während ein starkes Signal für ~58 % der Chromosomen beobachtet wurde, als der Test 

an einzelnen Chromosomen durchgeführt wurde (𝝰). <0.05). Daher kommen wir zu dem Schluss, 

dass es Belege für die Behauptung gibt, dass chromosomale Umlagerungen mit TAD-Grenzen 

kolokalisiert sind. Diese Forschung schafft den Grundstein für die weitere Erforschung der 

Evolutionsgeschichte einzelner Koleoid-Kopffüßer-Linien.
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1. Introduction 

1.1. 3D genome structure 

Understanding the genome 3D structure and how it changes throughout evolutionary time 

is an emerging topic in evolutionary biology (Eres et al., 2019; Hofstatter et al., 2022; Preger-

Ben Noon & Frankel, 2022; M. Wang et al., 2018). To fully understand the functionality and 

regulation of particular regions of genomes, and the genome as a whole, it is necessary to 

consider the genome as a dynamic and complex 3D structure. Recent studies tackled the 

topic of macroevolutionary changes, synteny, and genomic rearrangements (such as large-

scale inversions, indels, fusions, and fissions) in the emergence of novelty, speciation, and a 

general understanding of the evolutionary history over different time scales (Berdan et al., 

2021; Cheng et al., 2020; Huang & Rieseberg, 2020; Porubsky et al., 2020). These large 

changes would impact the folding of the genome, but we have yet to understand how these 

changes in the 3D structure impact gene regulation and the general genome functionality 

(Álvarez-González et al., 2022; Vara et al., 2021). 

Studying this question is challenging. To fit the total DNA in the nucleus (a size of 5-10 

μm, depending on the species and cell type (Webster et al., 2009)) together with 

accompanying elements, it needs to be compressed and folded in a complex structure 

constituted of different levels. For example, the DNA found in the nucleus of one human cell 

is approximately 2 meters long. When the total number of cells in the human body is taken 

(about 50 trillion cells), each individual has DNA long enough to spread out from Earth to the 

Sun more than 300 times (Annunziato, 2008). For the research presented in this thesis, the 

relevant structural levels are the ones that are formed in the interphase (Figure 1.1). This is 

the phase in which the cell performs its function and spends most of its life.  There, the 

chromosomes are in a diffused form and they occupy distinct territories within the nucleus 

(Cremer & Cremer, 2001) (Figure 1.1.1). These distinct territories are called chromosome 

territories (CTs). The partitioning limits the inter-chromosomal interactions within the nucleus 

(Rosin et al., 2019). Within the chromosome territories, one can find the “open” chromatin 

(euchromatin) with predominantly active genes, and the “closed” chromatin 

(heterochromatin) with inactive regions (Fritz et al., 2019; Lieberman-Aiden et al., 2009) 

(Figure 1.1.2). The lower level of structure  is the topologically associating domains (TADs) 

(Dixon et al., 2012; Nora et al., 2012) (Figure 1.1.3). This structural unit contains co-expressed 

genes, together with their enhancers and promoters. TADs are constituted of multiple loops 

(Figure 1.1.4), as the lowest level of structural organization (Acemel et al., 2017). On top of 

the general complexity presented at different levels, the 3D genome structure is dynamic and 

changes through the stages of cell differentiation and cell phases. This adds another level of 

complexity in understanding genome structure through time.  

https://www.zotero.org/google-docs/?SS5gvc
https://www.zotero.org/google-docs/?SS5gvc
https://www.zotero.org/google-docs/?qGPr3N
https://www.zotero.org/google-docs/?qGPr3N
https://www.zotero.org/google-docs/?ms02aL
https://www.zotero.org/google-docs/?mWqWJH
https://www.zotero.org/google-docs/?tsEtCz
https://www.zotero.org/google-docs/?YgAj2C
https://www.zotero.org/google-docs/?0TYiUi
https://www.zotero.org/google-docs/?uc7Xr1
https://www.zotero.org/google-docs/?OmFiLT
https://www.zotero.org/google-docs/?ymDWBp
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Figure 1.1 | Different levels of structural organization of the genome in the interphase: On the left side 

we show the sketch of the structures in the nucleus, and on the right side we show how these structures look 

like on the Hi-C map.  
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One can study genome structure through genome conformation capture techniques, out 

of which the most common today is Hi-C sequencing. The original Hi-C sequencing 

technique lets us see the contacts between distant parts of the genome. The cells are fixed 

with formaldehyde which cross-links adjacent DNA. Then the DNA is treated with restriction 

enzymes and marked with biotin. The fragments are then randomly ligated which leads to the 

bonding of distant genomic regions that were in physical contact (DNA in Hi-C libraries also 

forms connections with other haplotypes, but makes connections with the same haplotype 

at a much higher rate). The DNA is then purified, sheared, and captured for ligation events 

with biotin-capturing streptavidin beads, then amplified into a sequenceable library 

(Lieberman-Aiden et al., 2009). 

The initial purpose of this technique was to explore the genome-wide 3D conformation of 

chromatin (Lieberman-Aiden et al., 2009), as seen in Hi-C heatmaps in Figure 1.1. The 

genome-wide long-range interaction data was later repurposed to generate chromosome-

scale genome assemblies (Burton et al., 2013), as it was informative on the order and 

orientation of the contigs in a genome. This led to the wide usage of the Hi-C data to generate 

chromosome-scale assemblies (Kaplan & Dekker, 2013; F. Li et al., 2020; Q. Li et al., 2019; 

Nossa et al., 2014; Selvaraj et al., 2013). 

This technology combined with long-read sequencing has enabled the generation of high-

quality chromosome-scale assemblies (Ballare et al., 2023; Wilder et al., 2022). Currently, 

there are more advanced versions of Hi-C sequencing technology more suited for particular 

questions like DNAse Hi-C (DNase used instead of a restriction enzyme to generate equal 

coverage throughout the genome) (Ramani et al., 2016), micro-C (uses the micrococcal 

nuclease to cut at the level of nucleosomes and generate high-resolution data) (Hsieh et al., 

2015), and single-cell Hi-C sequencing (developed to explore cell-to-cell variability in genome 

structure) (Nagano et al., 2013). 

 

1.2. Topologically associating domains in animals 

One of the discoveries about 3D genome structure facilitated by Hi-C data was 

topologically associating domains (TADs) (Dixon et al., 2012; Nora et al., 2012). TADs are 

structural and functional units of the genome (Acemel et al., 2017). In the Hi-C heatmap, these 

structures are seen as square-like patterns with high interaction scores surrounded by low 

interaction score regions (Figure 1.1.3). A TAD has borders enriched in insulator elements 

(Matharu & Ahanger, 2015; Van Bortle et al., 2014) (CTCF binding sites in mammals, for 

example (Gómez-Marín et al., 2015)), and one can find promoters, cis-regulatory regions, and 

co-expressed genes within a TAD. Thus, mutations within a TAD can disable or alter the 

expression of an entire block of genes (Huynh & Hormozdiari, 2019; Lupiáñez et al., 2015, 

2016; Tena & Santos-Pereira, 2021a). Intuitively, one can assume that these units would be 

under selection pressure to be conserved. It has been found that changes in TADs have a 

deleterious effect (Krefting et al., 2018; Melo et al., 2020). Also, they are studied more in 

humans, because of their medical relevance, and it has been shown that changes in some 

TADs are correlated with problems in development (Lupiáñez et al., 2015; Tena & Santos-

Pereira, 2021b). Similarly, mutations in the nucleotide sequences might cause abnormalities 

in an individual’s development and overall fitness, but they are still one of the drivers of 

https://www.zotero.org/google-docs/?npkqeX
https://www.zotero.org/google-docs/?S8xV7X
https://www.zotero.org/google-docs/?mXvQfC
https://www.zotero.org/google-docs/?X4XKmH
https://www.zotero.org/google-docs/?X4XKmH
https://www.zotero.org/google-docs/?dN8MnR
https://www.zotero.org/google-docs/?jxIM41
https://www.zotero.org/google-docs/?xgm1Y5
https://www.zotero.org/google-docs/?xgm1Y5
https://www.zotero.org/google-docs/?oyimdB
https://www.zotero.org/google-docs/?0Q9wRB
https://www.zotero.org/google-docs/?ddP4U4
https://www.zotero.org/google-docs/?2JuRlY
https://www.zotero.org/google-docs/?MAOZ85
https://www.zotero.org/google-docs/?MAOZ85
https://www.zotero.org/google-docs/?cYSs2y
https://www.zotero.org/google-docs/?4u64XZ
https://www.zotero.org/google-docs/?4u64XZ
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evolution (Gates, 1921; Muller, 1918; Neel, 1949). Therefore, changes in TADs could act as a 

powerful mechanism of novelty evolution during speciation.  

An additional problem with studying TADs is that there is no commonly accepted 

definition (Beagan & Phillips-Cremins, 2020; Rowley & Corces, 2018; Szabo et al., 2019). 

Furthermore, most of the animal groups are poorly investigated, with most of the research 

being carried out on vertebrates. For example, it is still unclear whether non-bilaterians have 

TADs (Cazet et al., 2022; Kenny et al., 2020; Schultz et al., 2021; Zimmermann et al., 2020). 

Therefore, their evolutionary origin is still not understood, as TADs were described only in 

Hydra, a cnidarian (Cazet et al., 2022). It was not found in other species/clades of non-

bilaterians. Limited data show that bilaterians (not just chordates) have TADs, such as 

Drosophila (Sexton et al., 2012), C. elegans on X-chromosomes (Crane et al., 2015), while 

TADs are smaller on autosomes (Sawh & Mango, 2022). Furthermore, TADs were described 

in Euprymna scolopes, a squid species, and it was found that they are larger compared to 

the ones found in vertebrates (median size of 2.5Mb compared to human 1.2Mb) (Schmidbaur 

et al., 2022). Also, it was inferred that cephalopods might have a similar mechanism of TAD 

formation, as the cohesin complex proteins were found, as well as the CCCTC-like motif at 

the binding sites (Schmidbaur et al., 2022). 

1.3. Evolution of TADs: open questions 

One open question in the field of evolutionary genomics is the stability of TADs over 

time. Exploration of the conservation of TADs throughout evolution was done on some 

groups, such as vertebrates (Krefting et al., 2018). It was concluded that TAD borders are 

generally conserved in this clade. On the other hand, it was shown that in mice and humans, 

genome rearrangements can disrupt TAD boundaries and that this may lead to the generation 

of novel regulatory units on multiple examples (Gilbertson et al., 2022). Furthermore,  when 

comparing gibbons and humans it was found that genome rearrangements within TADs lead 

to the generation of novel TADs, even though it is a general trend that TADs are conserved 

(Lazar et al., 2018). On the other hand, chimpanzees and humans have only around 43% of 

TADs conserved (Eres et al., 2019). There is a growing need in the community to perform 

further interspecific genome-wide comparisons, as there is insufficient data to claim the 

interspecific conservation of TADs (Eres & Gilad, 2021). 

The evolution of TADs has been studied primarily in vertebrates, but that is just one 

clade in the evolutionary history of metazoans. Among the invertebrate bilaterians, this 

question was investigated in flies - different species of the genus Drosophila (Liao et al., 2021; 

Torosin et al., 2020, 2022). Comparisons of TADs in D. melanogaster and D. pseudoobscura 

(divergence time estimation: 49 million years ago) showed 30-40% of TAD conservation. 

However, the rearrangement breakpoints were enriched for TAD boundaries and depleted 

within TADs (Liao et al., 2021). Another finding was that different types of TADs evolve under 

different evolutionary forces in Drosophila, with those containing developmental genes 

evolving slower than those containing broadly expressed genes (Torosin et al., 2020, 2022). 

https://www.zotero.org/google-docs/?gPddQW
https://www.zotero.org/google-docs/?B7aMp2
https://www.zotero.org/google-docs/?4HAGCV
https://www.zotero.org/google-docs/?i5jWsn
https://www.zotero.org/google-docs/?kMD1cV
https://www.zotero.org/google-docs/?rbQ8y7
https://www.zotero.org/google-docs/?dpxEzC
https://www.zotero.org/google-docs/?tsCXBj
https://www.zotero.org/google-docs/?tsCXBj
https://www.zotero.org/google-docs/?pEyYay
https://www.zotero.org/google-docs/?broken=o19QKX
https://www.zotero.org/google-docs/?broken=TECA4O
https://www.zotero.org/google-docs/?broken=qOMVgZ
https://www.zotero.org/google-docs/?broken=rfGuvP
https://www.zotero.org/google-docs/?27HOFT
https://www.zotero.org/google-docs/?BzRN9H
https://www.zotero.org/google-docs/?BzRN9H
https://www.zotero.org/google-docs/?sis14u
https://www.zotero.org/google-docs/?RGOg4L
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Therefore, there is evidence that the chromosomes preferentially break at the TAD 

borders in vertebrates (Krefting et al., 2018, Lazar et al., 2018)  and drosophilids (Liao et al., 

2021), but to understand the evolution of TADs, it is necessary to investigate other animal 

clades. High-quality chromosome-scale assemblies today will enable the exploration of TAD 

evolution in different groups of animals. The abundance of this resource will facilitate research 

on animals with different evolutionary histories and will allow the exploration of genome 

evolution under different scenarios. One of the groups that could be used for this type of 

research is cephalopods. As mentioned previously, TADs were described in a cephalopod 

species, Euprymna scolopes (Schmidbaur et al., 2022). This implies that they should be 

present in other cephalopod species as well, and with a growing number of chromosome-

scale assemblies available for octopus species, it is possible now to explore TADs in this 

lineage (Albertin et al., 2022; Jiang et al., 2022; F. Li et al., 2020). 

1.4. Cephalopods in the context of evolutionary genomics 

Coleoid cephalopods (octopus, squid, cuttlefish) have a complex evolutionary history, but 

the mechanisms of genome evolution remain largely unexplored. These animals have 

complex nervous systems (Fiorito et al., 2014; Z. Y. Wang & Ragsdale, 2019; Young, 1964), 

advanced learning abilities (Borrelli et al., 2020; Brown & Piscopo, 2013), exceptional 

camouflage abilities (Chiao & Hanlon, 2019), as well as morphological innovations compared 

to other mollusks. The investigation of the genetic basis of these novel traits has been 

impeded by the lack of high-quality genomic resources because cephalopod genomes are 

large in size and have a high percentage of repetitive regions (Albertin et al., 2015; Jiang et 

al., 2022; Kim et al., 2018; Schmidbaur et al., 2022). 

The first cephalopod whole-genome assembly was of O. bimaculoides published in 2015 

(Albertin et al., 2015). This resource enabled the first genomic analyses of the evolution of 

cephalopods. As the cephalopod genomes are much bigger than those of other mollusks, 

the initial hypothesis was that whole genome duplications have contributed to the evolution 

of novelties in this clade. Analyses done in the O. bimaculoides genome showed that this was 

not a likely scenario (Albertin et al., 2015). Instead, it was proposed that the main drivers of 

octopus genome evolution are genome-wide rearrangements mediated by expansions of 

transposable elements. This idea was supported as more genomes of octopus species 

became available because nearly half of the genome in each species contained repetitive 

sequences rich in transposable element families (Albertin et al., 2015, 2022; Kim et al., 2018; 

F. Li et al., 2020; Zarrella et al., 2019). With advances in sequencing technology, the genomic 

resources for cephalopod research were growing, and other species were sequenced as well 

(Kim et al., 2018, Zarrella et al., 2019). Not long after that, chromosome-scale assemblies of 

O. sinensis (F. Li et al., 2020), O. bimaculoides (Albertin et al., 2022), and Amphioctopus 

fangsiao (Jiang et al., 2022) became available. 

Whole-genome assemblies, especially chromosome-scale ones, have enabled further 

investigation of the evolutionary history of cephalopods. It was found that whole-genome 

rearrangements happened in the coleoid ancestor (Ritschard et al., 2019). Afterwards, 

synteny analyses of available chromosome-scale genomes have shown that the smaller 

octopus karyotype is a result of several secondary fusions of the more ancestral squid 

chromosomal complement (Albertin et al., 2022). However, we still do not understand the 

https://www.zotero.org/google-docs/?broken=o19QKX
https://www.zotero.org/google-docs/?broken=qOMVgZ
https://www.zotero.org/google-docs/?ra7n8v
https://www.zotero.org/google-docs/?ra7n8v
https://www.zotero.org/google-docs/?k7PAxS
https://www.zotero.org/google-docs/?sohQZJ
https://www.zotero.org/google-docs/?broken=bxew7t
https://www.zotero.org/google-docs/?broken=ndtfmW
https://www.zotero.org/google-docs/?broken=OPiwNU
https://www.zotero.org/google-docs/?broken=96rE6g
https://www.zotero.org/google-docs/?broken=96rE6g
https://www.zotero.org/google-docs/?broken=NLUw6T
https://www.zotero.org/google-docs/?broken=NLUw6T
https://www.zotero.org/google-docs/?broken=hkpPKq
https://www.zotero.org/google-docs/?broken=mjQELi
https://www.zotero.org/google-docs/?broken=mjQELi
https://www.zotero.org/google-docs/?broken=42ekVd
https://www.zotero.org/google-docs/?broken=XrS4E5
https://www.zotero.org/google-docs/?ZqsGOq
https://www.zotero.org/google-docs/?5H0FA7
https://www.zotero.org/google-docs/?ImCYof
https://www.zotero.org/google-docs/?broken=jEK0d7
https://www.zotero.org/google-docs/?HQCk5H
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individual evolutionary histories of the squid and octopus lineages. It is known that a genome-

wide rearrangement event mediated by expansions of transposable elements happened in 

the common ancestor of coleoid cephalopods, but we do not know if these events continued 

to happen in the individual lineages. The activity of the transposable elements can trigger 

large-scale changes in chromosome structure, such as duplications, deletions, or inversions 

(Bhat et al., 2022; Cáceres et al., 1999; Sharma et al., 2021; J. Zhang et al., 2006, 2013; J. 

Zhang & Peterson, 2004, 2005).  

The high percentage of transposable elements in the coleoid cephalopod genomes 

(~40% (Albertin et al., 2015; Jiang et al., 2022; Kim et al., 2018; F. Li et al., 2020)) indicates it 

is possible that their genomes continued rearranging throughout evolutionary history. 

Additionally, octopus karyotype is a result of several secondary fusions (Albertin et al., 2022; 

Jiang et al., 2022). Chromosomal fusions change nuclear architecture during meiosis, in a 

way that it changes the recombination landscape in primary spermatocytes (Vara et al., 2021). 

Therefore, fusions in the common ancestor of octopuses might have increased the rates of 

rearrangement events in this lineage. If this is the case, they would make a substantial model 

system to explore TAD evolution. In this thesis, we explore intrachromosomal rearrangements 

among the species pairs (O. vulgaris-O. bimaculoides, O. vulgaris-O. sinensis, and O. 

vulgaris-A. fangsiao), and test the TAD border colocalization with these breakpoints. 

  

https://www.zotero.org/google-docs/?wh56Ig
https://www.zotero.org/google-docs/?wh56Ig
https://www.zotero.org/google-docs/?C5RBs7
https://www.zotero.org/google-docs/?gLtAld
https://www.zotero.org/google-docs/?gLtAld
https://www.zotero.org/google-docs/?7lgQr6
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2. Aims 

The evolution of TADs is not understood in octopus species. As the resources for this 

type of analysis are available now (Albertin et al., 2022; Jiang et al., 2022; F. Li et al., 2020), 

we sought to explore the evolution of chromosomes in the octopus lineage and determine 

whether synteny breaks preferentially happen at the TAD borders. To explore this question, 

we designed our research through three aims presented here. 

2.1. Aim 1: Generate a chromosome-scale genome of O. vulgaris 

The first aim of the comparative analysis was to generate a reference-quality  

chromosome-scale octopus genome assembly. We needed a high-quality and high-

completeness octopus genome that could be  trusted as the starting point of our 

comparisons, and for that, we generated a chromosome-scale genome assembly from O. 

vulgaris. Also, this genome was aligned with other existing chromosome-scale genomes of 

octopus species to explore orthologous relationships among the chromosomes of species.  

2.2. Aim 2: Scale-free investigation of rearrangements in the context of genome 

topology 

As we want to look into the colocalization of rearrangement breakpoints and TAD borders 

in the octopus lineage, we need to conceive a TAD-caller-free paradigm to infer this. These 

tools, called TAD callers, are used to detect TADs in the genome by using different biological 

and statistical criteria. However, to do so, these tools require assumptions that can make 

them impractical to use in non-model organisms. This is because we are not familiar with the 

biological features of TADs in the octopus lineage. Therefore, we had to come up with a tool 

that uses the data on chromosomal breakpoints and uses a TAD caller-free method to identify 

TADs. We did this by using insulation scores to infer the position of TAD borders. The local 

insulation score minimum represents a region between the TADs. Because we do not need 

information on the size, or the number of TADs, for our research question it is enough to 

differentiate between regions between the TADs and within the TADs, and we can do this by 

looking at the insulation scores. 

2.3. Aim 3: Topological signatures of syntenic breaks in octopus genomes 

In our preliminary genome-genome comparisons of octopus species, we found 

intrachromosomal rearrangements. We hypothesize that topologically associated domains 

(TADs), as structural and functional units of the genome, should be preserved across the 

octopus species despite numerous intrachromosomal rearrangements, as the selection 

pressure should preserve these units (Figure 2.1). To test this hypothesis, we will use the tool 

generated in Aim 2 on the available chromosome-scale genomes of octopus species. To 

further explore our hypothesis, we will visualize the breakpoints and TADs of chosen regions.  

https://www.zotero.org/google-docs/?7hCBqG
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Figure 2.1 | Hypothesis overview: The common ancestor of all the octopods there was an existing ancestral 

karyotype. During the speciation events, different chromosomal rearrangements happen. Here we see two 

diverging octopus species in which two independent inversions occurred. We want to know if these synteny 

breaks preferentially happen between TADs. In this case, the outcome is that the order of TADs is reversed, but 

if a break happens within a TAD, we can only hypothesize what might have happened in the species' evolutionary 

history.  
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3. Generation of the chromosome-scale assembly of O. 

vulgaris 

Content of this aim was published through the pre-print server for biological sciences 

BioRxiv, operated by Cold Spring Harbor Laboratory: 

https://doi.org/10.1101/2023.05.16.540928. 

3.1. Introduction 

O. vulgaris is one of the remaining key species in cephalopod research that misses a 

chromosome-scale genome. Although this species is an established model organism in 

neurobiology (Abbott et al., 1995; Hochner, 2012; Zarrella et al., 2015), there is more to 

understand about its diversity and biology. For example, O. vulgaris was considered a 

cosmopolitan species until recently (Amor et al., 2014, 2017, 2019; Avendaño et al., 2020; G. 

Gleadall, 2016; Leite et al., 2008). More detailed morphological and molecular studies have 

narrowed its distribution to the northeastern Atlantic and Mediterranean. These studies have 

also defined novel species, as well as types of O. vulgaris which are a part of O. vulgaris 

complex.  

The initial genetic studies of O. vulgaris date back to the mid-twentieth century when the 

first karyotypes were described (Inaba, 1959; Vitturi et al., 1982). These studies suggested 

that O. vulgaris has a haploid karyotype of 28 chromosomes, while a later study showed that 

three octopus species have 30 chromosomes in the haploid genome (Gao & Natsukari, 1990). 

Since then, more comprehensive karyological studies have been done on octopus species 

(Adachi et al., 2014; J. Wang & Zheng, 2017). For all investigated octopus species, a haploid 

set of 30 chromosomes has been reported. What should be noted is that in all the mentioned 

studies above, except for Vitturi and associates (1982), O. vulgaris specimens were obtained 

in Japan. This is significant because as of 2017, O. vulgaris found in East Asia has been 

described as a separate species O. sinensis (Amor et al., 2017; G. Gleadall, 2016). Therefore, 

even if it states that O. vulgaris has been karyotyped in the paper, it is likely that these 

individuals were of O. sinensis species. 

Therefore, we assembled the genome of O. vulgaris sensu stricto. This novel resource will 

enable a further and better understanding of the evolutionary history of the octopus lineage, 

as well as facilitate research in neurobiology and behavior.  

https://doi.org/10.1101/2023.05.16.540928
https://www.zotero.org/google-docs/?qtlxt8
https://www.zotero.org/google-docs/?gXhAgv
https://www.zotero.org/google-docs/?gXhAgv
https://www.zotero.org/google-docs/?broken=vSgG1L
https://www.zotero.org/google-docs/?broken=mW4Q3W
https://www.zotero.org/google-docs/?broken=bofRVb
https://www.zotero.org/google-docs/?broken=bofRVb
https://www.zotero.org/google-docs/?broken=448GH2
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3.2. Material and methods 

Our role in this project was to manually curate the assembly, as well as assess the 

assembly quality. Therefore, the steps that led to the generation of the assembly will be briefly 

described. In contrast, the manual curation of the Hi-C heatmaps, and the analysis we 

performed will be described in greater detail. 

3.2.1. Assembling of the chromosome-scale Octopus vulgaris genome 

An adult specimen of octopus was captured by the fishermen in the Bay of Naples 

(40°48'04.1"N 14°12'32.7"E). Two types of tissues were sampled for the sequencing, the 

central nervous tissue was used for Omni-C sequencing (ERR11272680), while 

spermatophores were used to generate the ONT long-read sequences (ERR11272652, 

ERR11272653). Preparation of the samples was performed at Stazione Zoologica Anthon 

Dohrn, Naples, Italy while sequencing was done at the National Center for Genomic Analysis 

(CNAG), Barcelona, Spain, and SciLifeLab in Solna, Sweden. The group from CNAG also 

assembled the genome and scaffolded it, and then forwarded it to us for manual curation. 

For more details on the initial genome assembly see Destanović et al., 2023. 

3.2.2.  Generation of the Hi-C heatmaps and manual curation 

We generated a Hi-C map to check for genome misassemblies and to curate the 

assembly manually. We used Omni-C paired-end reads (ERR11272680) generated from the 

spermatophore tissue of an adult specimen. To index the genome, and align the Omni-C 

reads to the genome, we used Chromap  v0.2.3 (H. Zhang et al., 2021). Aligning the Omni-C 

reads to the genome resulted in a .pairs files (quality cutoffs: 2,10) converted with awk, 

version 4.2.1 (Aho et al., 1988) to .longp files, a format used by Juicebox Assembly Tools. 

We ran the script run-assembly-visualizer.sh from the 3D-DNA pipeline (Dudchenko et al., 

2017) on .longp files and created .hic files. Also, we used the generate-assembly-file-from-

fasta.awk script from the 3D-DNA pipeline (Dudchenko et al., 2017), and the assembly-from-

fasta.py from the Artisanal pipeline (https://bitbucket.org/bredeson/artisanal) to generate 

.assembly files necessary to be able to manually curate the genome using the Juicebox 

Assembly Tools.  

The resulting  .hic files were visualized using the Juicebox visualization tool, version 

1.11.08 (Durand et al., 2016). We corrected the order and orientation of scaffolds and placed 

a great portion of unplaced scaffolds within the pseudochromosomes. Corrections were 

done in five iterations on the adult Omni-C dataset. A new .fasta assembly was generated 

from the corrected .assembly file by using the assembly-to-fasta.py script from the Artisanal 

pipeline. 

Also, the collaborators from the CNAG have done a contamination analysis and 

decontaminated the assembly. 

https://www.zotero.org/google-docs/?OE0B0L
https://www.zotero.org/google-docs/?UyJKYm
https://www.zotero.org/google-docs/?tDT1cy
https://www.zotero.org/google-docs/?7fOL9h
https://www.zotero.org/google-docs/?7fOL9h
https://www.zotero.org/google-docs/?SR8qcp
https://bitbucket.org/bredeson/artisanal
https://www.zotero.org/google-docs/?hmp69w
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3.2.3. Genome completeness assessment 

 The chromosome-scale assemblies ((Destanović et al., 2023), O. vulgaris pre-curation, 

GCA_001194135.2, GCA_006345805.1, (Jiang et al., 2022) were processed with tools from 

the Seqtk toolkit, version 1.3 (https://github.com/lh3/seqtk).  First, we generated a list with 

the names of the first 30 scaffolds for each genomic .fasta file. Then, this was used to 

generate .fasta files only with chromosome-scale sequences by using the seqtk subseq tool. 

These files were then processed through the seqtk seq -l 60 option, so that each sequence 

line has 60 characters. The chromosome-scale assemblies of O. bimaculoides and O. 

sinensis were also processed through awk, version 4.2.1 (Aho et al., 1988), so that their 

sequences have upper case letters only, as these assemblies had both upper case and lower 

case characters. In this way, files of purely chromosome-level scaffolds were created for 

homology analysis and BUSCO. To calculate the percentage of bases in the chromosome-

scale scaffolds (Tab. 1) in the pre-curated and manually curated genome assembly of O. 

vulgaris, we used bioawk, version 1.0 (https://github.com/lh3/bioawk).  

The quality of the whole-genome nucleotide sequence was also assessed using BUSCO 

v5 (Manni et al., 2021) on the gVolante2 (Nishimura et al., 2017, 2019). The Metazoa odb10 

database was used. For this analysis, only processed sequence files were used, containing 

only the chromosome-scale scaffolds. 

3.2.4. Homology with other octopus species and nomenclature of the chromosome-

scaled scaffolds 

To look into the homology of the O. vulgaris chromosomes with closely related octopus 

species and base the nomenclature, we generated dot plots using the D-GENIES web 

application, version 1.4.0 (Cabanettes & Klopp, 2018). To do this, we have used 

chromosome-scale assemblies of O. bimaculoides (GCA_001194135.2), O. sinensis 

(GCA_006345805.1), and A. fangsiao (Jiang et al., 2022). To achieve this, we used 

Snakemake, version 7.19.1-3.11.1(Köster & Rahmann, 2012) to utilize the GAP_dgenies_prep 

script (https://github.com/conchoecia/genome_assembly_pipelines). This Snakemake script 

used Minimap2, version 2.24 (H. Li, 2018, 2021) in its workflow. It generated the .paf and 

index files that were uploaded to the web application (https://dgenies.toulouse.inra.fr). O. 

vulgaris assembly has been used as a reference, and O. bimaculoides, O. sinensis, and A. 

fangsiao assemblies were used as the query sequences. Scaffolds were renamed based on 

homology with O. bimaculoides chromosomes. 

 

  

https://www.zotero.org/google-docs/?Pr5STn
https://www.zotero.org/google-docs/?5dE7SF
https://github.com/lh3/seqtk
https://www.zotero.org/google-docs/?hNBEme
https://github.com/lh3/bioawk
https://www.zotero.org/google-docs/?dR7EMG
https://www.zotero.org/google-docs/?ty6CB0
https://www.zotero.org/google-docs/?ls9uru
https://www.zotero.org/google-docs/?pKn19E
https://www.zotero.org/google-docs/?Log7Gf
https://github.com/conchoecia/genome_assembly_pipelines
https://www.zotero.org/google-docs/?VQZsks
https://dgenies.toulouse.inra.fr/
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3.3. Results 

3.3.1. Manual curation of the genome 

Curation improved the quality of the final assembly, as 495 scaffolds were placed in the 

chromosome-scale scaffolds (Tab. 3.1), and 47 were removed in the contamination analysis. 

The final assembly in size of 2.80Gb has 30 chromosome-scale scaffolds (243 in total). The 

Hi-C heatmap of the final assembly is shown in Figure 3.1. 

Table 3.1 | Assembly statistics: for contig-level assembly, scaffolded assembly and manually curated scaffolded 

assembly 

Assembly 

Number of 

contigs or 

scaffolds 

Scaffold 

sequence total 
N50/L50 

Number of 

scaffolds > 50 

KB 

% of the bases 

in chromosome- 

scaled scaffolds 

Contig-level 

assembly 
2776 0 3.6 MB/214 0 0 

Hi-C Scaffolded 

assembly 
768 2801.6 MB 118.3 MB/9 296 95.82 

Final version 226 2801.3 MB 118.9 MB/9 57 99.34 

Chromosome-

scale O. 

bimaculoides 

(Albertin et al., 

2022) 

145326 2342.5 MB 96.9 MB/9 85 95.46 

Chromosome-

scale O. sinensis 

(F. Li et al., 2020) 

13516 2719.2 MB 105.9 MB/10 1800 86.09 

Chromosome-

scale A. fangsiao 

(Jiang et al., 

2022) 

6409 4341.1 MB 169.7 MB/10 1769 93.05 

 

  

https://www.zotero.org/google-docs/?sx0wNN
https://www.zotero.org/google-docs/?sx0wNN
https://www.zotero.org/google-docs/?Fc7CmQ
https://www.zotero.org/google-docs/?YMmOAB
https://www.zotero.org/google-docs/?YMmOAB
https://www.zotero.org/google-docs/?YMmOAB
https://www.zotero.org/google-docs/?YMmOAB
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Figure 3.1 | Hi-C heatmap of the final version of O. vulgaris: This Hi-C heatmap shows 30 chromosome-scale 

scaffolds of O. vulgaris with just a few regions with off-diagonal signal. 
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3.3.2. Completeness assessment 

The BUSCO score was calculated for two versions of O. vulgaris genome, O. 

bimaculoides, O. sinensis, and A. fangsiao. For the chromosome-scale O. vulgaris genome, 

the BUSCO score for a whole-genome nucleotide sequence using the metazoan reference 

dataset was 94.9% for complete plus fragmented genes (954 core genes). The full score can 

be seen in Tab. 2. This is an improvement considering the BUSCO score of the previous O. 

vulgaris genome assembly (GCA_003957725.1) for complete genes was 63.1% (Zarrella et 

al., 2019). 

Table 3.2 | BUSCO scores for the available octopus genome for the metazoa_odb12 dataset: BUSCO stats 

of the previous and new O. vulgaris genome assembly version, and of other octopus species with available 

chromosome-scale assemblies 

Genome 
Complete 

BUSCO 

Single 

BUSCO 

Duplicated 

BUSCO 

Fragmented 

BUSCO 

Missing 

BUSCO 

Chromosome-scale O. 

vulgaris 

92.3% 

[881] 

91.8% 

[876] 

0.5% 

[5] 

2.6% 

[25] 

5.1% 

[48] 

O. vulgaris (Zarrella et 

al., 2019) 

63.1% 

[602] 

62.6% 

[597] 

0.5% 

[5] 

24.8% 

[237] 

12.1% 

[115] 

Chromosome-scale O. 

bimaculoides 

(Albertin et al., 2022) 

94.6% 

[903] 

94.2% 

[899] 

0.4% 

[4] 

3.2% 

[31] 

2.2% 

[20] 

Chromosome-scale O. 

sinensis (F. Li et al., 

2020) 

92.0% 

[878] 

91.5% 

[873] 

0.5% 

[5] 

2.9% 

[28] 

5.1% 

[48] 

Chromosome-scale A. 

fangsiao (Jiang et al., 

2022) 

93.5% 

[892] 

91.6% 

[874] 

1.9% 

[18] 

3.5% 

[33] 

3.0% 

[29] 

 

3.3.3. Chromosome-scale homology among the available octopus genomes and 

nomenclature of O. vulgaris chromosome-scaled scaffolds 

The final version of the O. vulgaris genome was aligned to the genomes of three octopus 

species, O. sinensis, O. bimaculoides, and A. fangsiao. These D-GENIES plots are shown in 

Figure 3.2. The alignments show that each chromosome in O. vulgaris is collinear to a 

chromosome in O. sinensis, O. bimaculoides, and A. fangsiao. 

https://www.zotero.org/google-docs/?0HyGUc
https://www.zotero.org/google-docs/?0HyGUc
https://www.zotero.org/google-docs/?wAoSg6
https://www.zotero.org/google-docs/?wAoSg6
https://www.zotero.org/google-docs/?Ma1yHQ
https://www.zotero.org/google-docs/?jV8GFF
https://www.zotero.org/google-docs/?jV8GFF
https://www.zotero.org/google-docs/?pk126t
https://www.zotero.org/google-docs/?pk126t
https://www.zotero.org/google-docs/?pk126t
https://www.zotero.org/google-docs/?pk126t
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Figure 3.2 | Genome-genome alignments of O. vulgaris against other available octopus genomes: We see 

karyotype conservation (1n=30) with a gradient of intrachromosomal rearrangements occurrence as the 

divergence time increases.  
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3.4. Discussion 

The haplotype of 30 chromosomes is found across octopus species (Adachi et al., 2014; 

Gao & Natsukari, 1990; Wang & Zheng, 2017). The signal across the Hi-C heatmap supports 

that O. vulgaris also has a haplotype of 30 chromosomes. With the expansion of molecular 

techniques and their application in evolutionary studies, it was found that a so-called 

cosmopolitan species O. vulgaris actually contains multiple species that form O. vulgaris 

species complex (Amor et al., 2014, 2017, 2019; Avendaño et al., 2020; G. Gleadall, 2016; 

Leite et al., 2008). Recently, the East Asian Common Octopus, previously considered to be 

O. vulgaris, was described as a separate species (O. sinensis). The spatial distribution of this 

species includes Japan, meaning that described O. vulgaris karyotypes on the specimen 

captured in Japan (Gao & Natsukari, 1990) probably belong to this species. However, we do 

not have a reason to suspect that chromosomal numbers would differ in O. vulgaris compared 

to this closely-related species. This is also confirmed by looking at Figure 3.2, as all the 

chromosomes present in O. vulgaris are collinear to a chromosome in tested species. 

The first genome-genome alignment (Fig. 3.2) between O. vulgaris and O. sinensis shows 

that a number of chromosomes are completely collinear, while a few large-scale 

intrachromosomal rearrangements are observed. This is not surprising considering that O. 

sinensis belongs to the O. vulgaris species complex (Amor, 2016; Amor et al., 2017, 2019; 

Avendaño et al., 2020). A similar pattern is also observed in the comparison with O. 

bimaculoides (Fig. 3.2). However, a greater number of chromosomal rearrangements are 

present. This is expected considering that O. bimaculoides and O. vulgaris diverged around 

34 million years ago (mya) (Jiang et al., 2022). O. sinensis and O. vulgaris have diverged over 

the last 2.5 mya (Amor et al., 2019), as estimated for the species of O. vulgaris complex. In 

Figure 3.2, the collinearity between the chromosomes of O. vulgaris and A. fangsiao is still 

maintained. As expected, as A. fangsiao is the most distant to O. vulgaris of the compared 

species, the genomes are even more rearranged. These species are estimated to have 

diverged 44 mya (Jiang et al., 2022). 

Karyotype stability was described in the squid lineage, to be more precise, on loliginid 

and sepiolid squids (Albertin et al., 2022). This study has suggested that the smaller karyotype 

found in octopuses (N=30) compared to squids (N=46) is a result of secondary fusions of a 

more ancestral squid chromosomal complement. We infer from the genome-genome 

comparisons that a similar pattern of intrachromosomal rearrangements with the 

conservation of individual chromosomes is seen in octopus species, as described in squids 

(Albertin et al., 2022). However, the loliginids and sepiolids are estimated to have diverged 

100 mya (Albertin et al., 2022), while the genera Octopus and Amphioctopus are estimated 

to have diverged 44 mya (Jiang et al., 2022). Therefore, to claim karyotype stasis in 

Octopodiformes, a more-distant species chromosome-scale genome is needed. 

  

https://www.zotero.org/google-docs/?OEBh8L
https://www.zotero.org/google-docs/?OEBh8L
https://www.zotero.org/google-docs/?DW4cJH
https://www.zotero.org/google-docs/?DW4cJH
https://www.zotero.org/google-docs/?HKjhbx
https://www.zotero.org/google-docs/?broken=faPiBA
https://www.zotero.org/google-docs/?broken=faPiBA
https://www.zotero.org/google-docs/?kFJX9E
https://www.zotero.org/google-docs/?broken=hyc4JM
https://www.zotero.org/google-docs/?WVMm4C
https://www.zotero.org/google-docs/?broken=FDjoGb
https://www.zotero.org/google-docs/?broken=O2taOH
https://www.zotero.org/google-docs/?broken=owWSMR
https://www.zotero.org/google-docs/?QOZ6z4
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3.5. Conclusion 

We generated a high-quality, high-completeness genome of O. vulgaris as a starting point 

for our comparisons. We will use this new genome and compare it to the other available 

chromosome-scale genome assemblies of species O. sinensis, O. bimaculoides, A. fangsiao 

(Albertin et al., 2022; Jiang et al., 2022; F. Li et al., 2020). When we explored the orthologous 

relationships among the chromosomes of the three species against chromosomes of O. 

vulgaris, the preliminary results showed numerous intrachromosomal rearrangements. This 

means that the set of chromosome-scale genomes makes a good system to study the 

evolutionary stability of TADs in this group.  

https://www.zotero.org/google-docs/?76LgnA
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4. Scale-free investigation of rearrangements in the 

context of genome topology  

4.1. Introduction 

As discussed in Chapter 1.3, TAD conservation was explored in particular clades, such 

as vertebrates (Eres et al., 2019; Gilbertson et al., 2022; Krefting et al., 2018; Lazar et al., 

2018), and drosophilids (Liao et al., 2021; Torosin et al., 2020, 2022). TAD-callers were used 

to define TAD borders and identify TADs in these groups. A TAD-caller is a type of program 

that uses either feature-based, clustering-based methods or graph-partitioning algorithms to 

identify TADs (Liu et al., 2022; Sefer, 2022).  They use different assumptions (number, size, 

hierarchy of TADs) and criteria (such as filtering methods, window size, etc.) to call TADs (Liu 

et al., 2022). It has been assessed that TA- callers can give varying results on the same data 

sets when using different resolutions of the Hi-C matrix (bin size), sequencing depths, and 

normalization methods (Liu et al., 2022; Sefer, 2022; Zufferey et al., 2018). Another problem 

is that some algorithms use a fixed window size which leads to a global loss of information, 

as the smaller window sizes lead to the identification of smaller TADs, and bigger windows 

lead to the identification of only bigger TADs (Liu et al., 2022).  

Comparative studies of TAD-callers find that programs using biological feature-based 

algorithms are more accurate compared to clustering and graph-based methods (Sefer, 

2022; Zufferey et al., 2018). For example, it is established that in the human genome, there is 

an enrichment of Alu SINE elements, insulator elements (like CTCF-binding sites (Ong & 

Corces, 2014)), housekeeping genes, transcription start sites, etc (Dixon et al., 2012; Shin et 

al., 2016).  Thus, knowing the biological features of TADs in a particular species or clade 

enables more accurate TAD calling, or even the creation of their own tool, like for Drosophila 

(Liao et al., 2021). Therefore, most of the organisms in which TAD conservation was studied 

were model organisms (Eres et al., 2019; Lazar et al., 2018; Liao et al., 2021). If one works 

with non-model organisms, where biological characteristics of TADs have not been explored, 

there is a need to implement alternative approaches in TAD identification methods. 

Given the limitations of TAD-callers, we opted to conceive a TAD-caller-free method to 

answer our research question. What we want to know is whether the breakpoints of synteny 

happen preferentially at the TAD borders. This means that we do not need information on the 

sizes or the number of observed TADs. The only necessary observation is to identify whether 

the found breakpoints fall between TADs, or within a TAD. We can infer the positions of TADs 

by using insulation scores (Crane et al., 2015). Insulation scores present an aggregation of 

contacts within a particular genomic interval. The regions with low insulation scores are 

“insulating”, and these represent the regions between the TADs (Kruse et al., 2020). 

Therefore, using this approach, we can infer whether the particular breakpoints in the genome 

happened in a high-score insulating region (within a TAD), or in a low-score insulating region 

(between TADs). 

In this section, we present an analysis paradigm to test the correlation between TAD 

borders and synteny breakpoints. We created a new tool, named Breakpointer2, that uses 

data on genome-genome alignment to call breakpoints and test their colocalizations with 

TAD borders, by using the insulation scores. 

https://www.zotero.org/google-docs/?pjilyD
https://www.zotero.org/google-docs/?pjilyD
https://www.zotero.org/google-docs/?vfcrCP
https://www.zotero.org/google-docs/?I1b1h3
https://www.zotero.org/google-docs/?MOtMIN
https://www.zotero.org/google-docs/?MOtMIN
https://www.zotero.org/google-docs/?V49Pts
https://www.zotero.org/google-docs/?zdaVo0
https://www.zotero.org/google-docs/?jmxPxj
https://www.zotero.org/google-docs/?jmxPxj
https://www.zotero.org/google-docs/?UiUCMf
https://www.zotero.org/google-docs/?UiUCMf
https://www.zotero.org/google-docs/?yLOvUM
https://www.zotero.org/google-docs/?yLOvUM
https://www.zotero.org/google-docs/?broken=oAqVVQ
https://www.zotero.org/google-docs/?00xZoN
https://www.zotero.org/google-docs/?broken=678zij
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4.2. Material and methods 

4.2.1. Preparation of the input files 

We wanted to create an algorithm that calls chromosomal breakpoints and tests their 

colocalization with TAD borders. To do so, we needed to define the input files first. The first 

step was to generate a genome-genome alignment .paf file, which was obtained in Aim 1, 

Chapter 3.2.4.  Briefly, we used Minimap2, version 2.24 (H. Li, 2018, 2021) to align the 

genomes. The default output is in .paf format, a convenient format to parse, as it is organized 

as a .tsv file. The particular alignment file that was used for the generation of this tool was the 

O. vulgaris - O. bimaculoides alignment. 

To generate the insulation scores we used the FAN-C Toolkit (Kruse et al., 2020). We 

used Chromap  v0.2.3 (H. Zhang et al., 2021) to index the genome and to map the Hi-C reads 

to the genome (quality cutoff 0). Then, we used Pairix, v0.3.7 (Lee et al., 2022) to use the 

bgzip compression on the .pairs file. Also, a .txt file with chromosome sizes was generated 

using bioawk, v1.0 (https://github.com/lh3/bioawk). Then we used Cooler, version 0.9.1  

(Abdennur & Mirny, 2020) to generate the .cool matrix with a bin size of 5000, and later a bin 

size of 100000. The .cool file was normalized using the HiCNormalization tool, a part of the 

HiCExplorer toolkit, version 3.7.2 (Ramírez et al., 2018; Wolff et al., 2018, 2020). Then, the 

normalized file was balanced using cooler balance  (Abdennur & Mirny, 2020).  

The normalized and balanced .cool file was converted into the fanc format as 

recommended by the FAN-C Toolkit authors (Kruse et al., 2020) using the fanc from-

cooler command. This tool can set up multiple window sizes at once which might facilitate 

this process. Single window sizes might be prone to local matrix differences. Also, we needed 

to optimize for the values of window normalization and the offset value. The tool generates 

by default a FAN-C InsulationScores object, but the output can be specified in other formats 

as well, such as .bed or .gff. We used the fanc file to calculate insulation scores using fanc 

insulation command using the option of geometric mean (-g) and multiple window sizes 

of 100000 250000 500000 750000 1000000. We used the files in .bed format as the input in 

the tool. 

With an alignment .paf file, species 1 insulation score .bed file, species 2 insulation score 

.bed file, we could now construct and optimize a tool that will parse these files in order to 

identify breakpoints, and their insulation scores. 

 

  

https://www.zotero.org/google-docs/?osZ6Yd
https://www.zotero.org/google-docs/?48EuJ3
https://www.zotero.org/google-docs/?gsMKc5
https://www.zotero.org/google-docs/?broken=z5QAZq
https://github.com/lh3/bioawk
https://www.zotero.org/google-docs/?broken=KWB5ZG
https://www.zotero.org/google-docs/?broken=iE8J6R
https://www.zotero.org/google-docs/?broken=mflggJ
https://www.zotero.org/google-docs/?broken=5iPl91
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4.2.2. Overview - Program to analyze insulation scores and synteny breakpoints 

Because there are no publicly available tools that parse files containing the insulation 

scores in relation to chromosomal breakpoints in the species, we wrote a program that would 

do this. We named the program Breakpointer2 and implemented it in Python. We used the 

following packages in order to manage to do the task: Pandas v1.5.2. (Team, 2023), 

Matplotlib v3.6.3.(Hunter, 2007), numpy v1.24.1. (Harris et al., 2020), os, and statistics. The 

code was written using the Spyder environment (Raybaut, 2009), and tested on the Life 

Science Compute Cluster (LiSC) of the University of Vienna. 

The workflow of the tool can be grouped into five tasks (Figure 4.1): 

1. Finding the breakpoints and plotting the alignments with denoted breakpoints, 

2. Finding the hypothetical location of the breakpoint (midpoint) and retrieving the 

insulation score for each, 

3. Generation of the .bed file that can be used to visualize breakpoint windows, 

4. Statistical test: comparing the median of breakpoint insulation scores to medians of 

randomly picked insulation scores (this is done for each chromosome in species, and 

for the entire genome), 

5. Generation of the histogram to visualize the results for each chromosome and the 

entire genome. 

 
Figure 4.1 |  Workflow presenting the organization of the Breakpointer2 tool: Breakpointer2 takes the input 

files (.paf file, .bed files for both species), and subsets them for data based on the homologous chromosome pair. 

First, it calls breakpoints on the subset, then it estimates the midpoint and retrieves the insulation score for it, 

then performs a one-tailed permutation test and generates the histogram, and also plots the chromosome-

chromosome alignment with breakpoints. When this is done for all the tested chromosomes in the comparison, 

the one-tailed permutation test and histogram plotting are done for the entire genome for each species. 

The program input is three files: a genome-genome alignment .paf file comparing species 

1 (sp1) and species 2 (sp2), a .bed file with insulation scores for sp1, and a .bed file with 

insulation scores for sp2. The .paf input file is filtered for alignments with a quality (q) lower 

than 30 and for the length of the alignment (len_co) 100000 while the .bed files are filtered 

for nan values. These values were set as default after testing, see Chapter 4.3.1 (Table 4.1). 

Also, irrelevant columns from the input are excluded.  

https://www.zotero.org/google-docs/?lU5FKQ
https://www.zotero.org/google-docs/?QQhxyX
https://www.zotero.org/google-docs/?DFdm0p
https://www.zotero.org/google-docs/?jImJND
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Table 4.1 | Input variables in the Breakpointer2: Breakpointer2 requires some variables to be altered in the 

code itself. Also, some variables have a default value that was optimized on the O. vulgaris - O. bimaculoides 

comparison, but if the compared species are evolutionarily more distant, such as A. fangsiao, the strictness of 

these parameters might have to be modified. 

Input variables Meaning Default 

--sp1 Species 1 in .paf file No default 

--sp2 Species 2 in .paf file No default 

--len_co 
The minimum length of the 

alignment in the .paf file (in 1 row) 
100000 bp 

--q 
The minimum quality score of the 

alignment in the .paf file (in 1 row) 
30 

--len_bp 

The minimum distance between a 

stop coordinate of an alignment (in 

1 row) and the start coordinate (in 

the next row) to call it a breakpoint 

5000000 bp 

–-num_rounds 
Number of permutated samples 

for the one-tailed permutation test. 
100000 

The outputs of the program are an altered .paf file with data on breakpoints (Figure 4.2 

A), a chromosome-chromosome alignment plot with breakpoints (Figure 4.3 D), .bed files for 

each species’ breakpoint windows, an overview of statistical results for each chromosome 

(Figure 4.2 B) and the whole genome (Figure 4.2 C), a histogram used to compare the 

breakpoint insulation score median against medians of permuted samples for each 

chromosome (Figure 4.3 A-B), and the whole genome (FIgure 4.3 C). The altered .paf file is 

different from the original input, as it was filtered by the quality and length of the alignments. 

Also, it contains information on breakpoints, as well as insulation scores of the breakpoints. 

The chromosome-chromosome alignment plot is generated for each pair of homologous 

chromosome pairs in the initial dataset. The overview of statistical data includes information 

on the dataset used, chromosome name, number of breakpoint insulation scores, false 

detection rate, and the total number of breakpoints in the chromosome. 
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Figure 4.2 | Raw data outputs in Breakpointer2: (A) The modified .paf file includes relevant alignment information 

from the original .paf file with additional information on the estimated breakpoint location and insulation scores 

for both species, (B) The results of the one-tailed permutation test for each chromosome of a species, (C) The 

results of the one-tailed permutation test for the whole genome of each species. These outputs are shown in 

Spyder IDE (Raybaut, 2009).  

https://www.zotero.org/google-docs/?broken=uRmlGF
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Figure 4.3 | Data visualization in Breakpointer2: In A-C we see histograms presenting the distribution of the 

medians of randomly sampled insulation scores against the median value of breakpoint insulation scores 

presented as a vertical line. The dots represent the actual values of insulation scores of estimated breakpoints. 

(A) Example of output for chromosome 1 for O. vulgaris, (B) Example of output for chromosome 1 for O. 

bimaculoides, (C) Example of output for whole-genome data for O. vulgaris, (D) Example of the chromosome-

chromosome alignment plot with denoted breakpoints as red dots. In this particular example, chromosome 1 of 

O. bimaculoides (sp1, x-axis)  is aligned against chromosome 1 of O. vulgaris (sp2, y-axis).  
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4.2.3. Detailed program description to analyze synteny breakpoints and insulation 

scores  

The tool was named Breakpointer2 and argparse module was added to it so it can be run 

on the command line. Mandatory argparse arguments are: --input_paf (the input .paf file), 

--input_ins_score_sp1 (insulation score table generated in FAN-C for species 1), --

input_ins_score_sp2 (insulation score table generated in FAN-C for species 2), 

--output_fin_tab (the name under which the modified .paf file is saved in the directory). 

Optional argparse variables are shown in Table 4.1. 

Step 1 - Input file requirements: The names of the chromosome-scale scaffolds of both 

species are required. It is enough for the chromosome-scale scaffolds of species 1 to be 

inserted in the order present in the genome .fasta file. The names of the scaffold for species 

2, however, have to be entered in the order of homology relative to species 1. Then, a 

dictionary is created that connects the homologous chromosomes of the two species. 

Because the program currently does not have a section that retrieves a list of chromosomes 

for each species, we used this command to retrieve the names of the scaffolds from a 

genome .fasta file quickly in the script:  grep '^>' genome.fasta | sed -E 

's/^[[:space:]]*[^[:space:]]+/&,/' | sed 's/>//g' | sed 

's/[^[:space:],]\+/"&"/g' | tr '\n' ' '. This command formats the 

chromosome names from the .fasta file in a way that they can be directly put into the Python 

script. 

Breakpointer2 sorts the data frames (alignment file, both insulation score files) based on 

the alignment coordinates first from the sp1 and in the second iteration based on the 

coordinates of sp2. Then, the second for loop creates a subset for each pair in the dictionary 

(the key is sp1 chromosome, and the value is homolog in sp2). The results are generated for 

a chromosome pair at the time and are joined at the end of the program. 

Step 2 - Synteny Breakpoint detection: This data frame contains only one pair of 

chromosomes sorted first by coordinates in sp1. Then it iterates through each row of the 

subset and finds if there are significant jumps (of 5Mb, parameter len_bp in Table 4.1) in the 

stop coordinate in the row and the start coordinate of the next row. When this is done, the 

data frame is sorted by coordinates of sp2, and the process is repeated. Each breakpoint is 

defined by two points in both species. For example, in Figure 4.4, two rows of a data frame 

were sorted by coordinates for species 1 (the first 4 columns, presented by the first 

chromosome of O. bimaculoides). By looking at the coordinates of the second species (O. 

vulgaris in this case), there is a jump in the alignment from 10Mb to 207Mb (Figure 4.4), while 

the region is continuous in the chromosome of species 1. Then, the data frame is sorted by 

the coordinates in the second species, and the process is repeated. For a better 

understanding, the data frame sorted according to the second species is shown in Figure 

4.5. This step produces a modified .paf file with information on breakpoints. 

Step 3 - Calculation of the insulation scores of the breakpoints: Briefly, this function 

takes the modified .paf file with information on the breakpoints, the insulation score table for 

one of the species, and the species for which it calculates the midpoint. The midpoint is 

calculated as we do not know the exact place of the ancestral breakpoint, nor do we know 

in which species the break happened (Figure 4.3 D). So, for species 1 (Figure 4.4), we would 
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take the stop coordinate of the first row, and the start coordinate of the second row. Then, 

the function finds the midpoint between these two coordinates as the estimate of where the 

breakpoint happened. Then, it takes the midpoint coordinate and finds this coordinate in the 

range of the bin sizes of the insulation score data frame and adds both of this information in 

the data frame. Then, the data frame is sorted by the coordinates in the second species, and 

the midpoint is calculated for species 2 (See Figure 4.5). 

The final subset for a chromosome pair now contains information on breakpoint 

coordinates, as well as the estimated midpoint, and insulation scores of those for both 

species. 

 

 
Figure 4.4 | The original content of the .paf file is sorted by the chromosome, start, and stop coordinates 

of the alignments in species 1: When the alignment file is sorted by the data on species 1, we can detect 

breakpoints only in species 2, as seen in columns 8 and 9. 

 

 
Figure 4.5 | The original content of the .paf file sorted by the chromosome, start, and stop coordinates of 

the alignments in species 2: When the alignment file is sorted by the data on species 2, we can detect 

breakpoints only in species 1, as seen in columns 8 and 9. 

 

Step 4 - Generation of a .bed file for breakpoint visualization: Because we want to be 

able to visualize the breakpoints on the Hi-C heatmap, and explore the breaks in the context 

of genome topology, we wrote a part of the code that will generate a .bed file for each species 

containing information on the coordinates of breakpoint windows. As explained in the 

previous step, we do not know where the breakpoint happened, so we have a window of 

estimation. Therefore, the .bed file for each species contains the information on the 

chromosome, the start coordinate of the breakpoint window, and the stop coordinate of the 

breakpoint window. 

Step 5 - One-tailed permutation test on the insulation scores: We know that the local 

insulation score minimums are the insulating regions (the regions between the TADs) (Figure 

4.6 A-B). So, if the synteny breaks in the genome tend to happen between TADs, we would 

observe lower insulation scores than what is expected by chance. Therefore, we 

implemented a one-tailed permutation test. To have a more robust result relative to the 

outlier, we chose to use the value of the median to perform this test. In Figure 4.3 C, the 

vertical line presenting the median of the breakpoints insulation scores is not skewed to the 

right in spite of the outliers. To understand the concept of the one-tailed permutation test 

easier refer to Figure 4.6. 

The median of breakpoint insulation scores is calculated for each chromosome. Then, a 

random sample of insulation scores from the same chromosome is drawn. The random 

sample is of the same size as the sample of the real breakpoint insulation scores to reduce 

sample size bias. The median is calculated for the random sample. This is repeated for 

num_rounds (Table 4.1) times and each median is saved to a list. The random sample 



 

28 

medians are then plotted as a histogram, and breakpoint insulation score median is plotted 

together with the individual breakpoint insulation score data points (Figure 4.3 A-C). To 

understand how likely it is to observe the pattern seen in the histogram, we calculate false 

discovery rate (FDR) to interpret the results. We calculate FDR by counting the number of 

random sample insulation score medians that are lower than the breakpoint insulation score 

median and divide that by the number of trials. This statistical test is also performed on the 

whole-genome data. 

Step 6 - Plotting of the alignment and breakpoints: This section of the code plots the 

best alignments in the .paf file with the breakpoints. A chromosome-chromosome alignment 

is generated for each homologous pair of chromosomes. Collinear regions are shown as blue 

lines, while the breakpoints are red dots (Figure 4.5 D).   
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Figure 4.6 | Simplified explanation of the one-tailed permutation test: (A) A region in the genome in which 

some kind of chromosomal break happened. To test whether this break happened at the TAD borders, we will 

take the insulation scores of the breakpoint regions (dark blue lines). In the panel below (B) insulation scores for 

this region are observed. We take the insulation scores for these two data points and denote them as blue dots 

on the x-axis (Panel C). Then, the median is calculated and plotted as a vertical line. We then proceed to take 

random spots from the same region of the genome and take two data points at the time, calculate their median 

and plot them in Panel C. Each median from Panel C is then plotted as a histogram in Panel D. (D) The red vertical 

line is the observed median, and the bar is the distribution of randomly sampled insulation score medians for a 

set number of trials. Case 1: Observed median is lower than every median of randomly sampled insulation score 

trial. This suggests that the breakpoint median is unlikely to be observed by chance. This would be observed if 

chromosomal breaks happened at TAD borders preferentially. Case 2: Observed median is lower than about 70% 

medians in permutation trials. We can not exclude that the observed breakpoint median is a product of chance. 

Case 3: The observed median sits right in the middle of the distribution of medians generated through a 

permutation test. We can not exclude that the observed breakpoint median is a product of chance. Case 4: The 

observed median is greater than the medians calculated in the permutation test. This would also be unlikely to be 

observed by chance. This case is, however, unexpected since it would mean that genomes preferentially break 

in the highest interaction areas (mid-TADs).  
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4.3. Results 

4.3.1. Breakpointer2 testing and optimization 

The code was tested using the dataset of O. vulgaris and O. bimaculoides. The sp1 in the 

alignment was O. bimaculoides and sp2 was O. vulgaris. The same .paf file was used for the 

generation of the D-GENIES plot in Section 3. 

The bin size we used for the generation of the matrix used for the calculation of the 

insulation score was 100kb. In the .bed file that is generated, insulation scores are reported 

for this range. Based on the way that our code works for this part, is that it takes a midpoint 

and looks for it within this 100kb window. This is broad enough to make up for the fact that 

we are not sure of the exact location of the breakpoint. When we attempted to retrieve 

information with a matrix with a bin size of 5kb, there were a lot of missing insulation scores 

in the insulation score files, so it did not work for our goal and the algorithm we came up with. 

Also, for the generation of the FAN-C insulation score files, we decided to use the files 

generated with a window size of 500kb as it had the least missing data (compared to windows 

of 100kb, 250kb, 750kb, 1Mb). 

The default variables shown in Table 4.1 were also optimized on this dataset. For the 

breakpoint cutoff value, we optimized it to 5Mb. We chose this number because lower cutoffs 

(2-4Mb) would lead to false positives, which would be visible in the chromosome-

chromosome plot generated in later steps. Also, higher cutoffs (6+Mb) would fail to detect 

some of the large-scale inversions. To estimate this, we looked at the chromosome-

chromosome plots and used different cutoff values for breakpoint detection. An example of 

chromosome 9 in the O. vulgaris and O. bimaculoides is shown in Figure 4.7. 

 
Figure 4.7 | Optimization of the len_bp variable– chromosome 9 example: (A) When the minimum cut off 

value is set to 3Mb, most of the real breakpoints are detected. However, there are 5 false positives. (B) When the 

cut off is set to 5 Mb, there are a few missed real breakpoints, but there are no false positives. (C) When this cutoff 

is set to 7Mb, the called breakpoints are accurate, but there are more missing real breakpoints than in case (B). 

We set the alignment quality cutoff to 30, filtering all the alignments with quality scores 

less than 30. On our test data (O. vulgaris and O. bimaculoides), this worked well, as the 

majority of the relevant alignments had a maximum quality score, and poorly aligned 

fragments had low scores. Because of this contrast in the data set (either very high quality 

scores or very low), setting the quality cutoff to a higher value of 40, or 50 did not change the 

results significantly (60 is the maximum quality score). However, we thought that for 

comparisons of more distantly related species, it is important to not raise this cutoff value 
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higher. In this case, alignment quality scores that are higher than 30, but lower than 50 could 

be a reflection of the sequence divergence. 

Another variable that we proposed the default value for is the minimum length of the 

alignment. We set this to 100kb when we tested the code on the O. vulgaris and O. 

bimaculoides comparison. This efficiently filtered the smaller alignments that would slow the 

program down without excluding important information on the collinearity of the two 

genomes. Filtering by the alignment length and quality efficiently reduced the .paf file from 

133916 alignments to 4188 increasing the speed of processing (Figure 4.8). The step that 

takes the most time to be processed is the one-tailed permutation test, as it needs to be 

repeated for the set number of iterations. The code was tested first with 100 random sample 

permutations, and as that worked well timewise, we increased the number of permutations 

to 10000, and then to 100000.  

Breakpointer2 was then also tested using the files obtained in O. vulgaris and O. sinensis, 

and O. vulgaris and A. fangsiao comparisons. The defaults we set in testing O. vulgaris and 

O. bimaculoides pair worked well for O. vuglaris and O. sinensis comparison. For the O. 

vulgaris and A. fangsiao comparison, the chromosome-chromosome alignments were too 

fragmented. So, we decided to reduce the minimum alignment length to 50000, then to 

25000, and finally to 10000. With a higher len_co cutoff, there were too many false 

breakpoints, and the alignments had more gaps. 

 

 
Figure 4.8 | Necessity of the filtering step – example of chromosome 1: (A) When the analysis is done on the 

unfiltered alignment file, there is too much noise for Breakpointer2 to be able to analyze the dataset. (B) The 

filtering step of  genome-genome alignment with optimized parameters (q, len_co) is essential to proper 

functioning of the algorithm. In addition to reduction of noise, the relevant biological information is not filtered out.  
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4.4 Discussion 

Breakpointer2 is a tool that can be used to infer the stability of TADs of closely related 

species, by using the genome-genome alignment data (.paf file) and insulation scores of both 

genomes. The advantage is that it can be used on non-model species, as it uses insulation 

scores as the input. This means that it can work without assumptions regarding the biological 

characteristics of the TADs (enrichment in particular motifs, types of genes, size, presence of 

transposable elements, etc.) in the given organism. Although we suggested a 100kb bin size 

for the Hi-C matrix used to generate the insulation score file, this window is flexible and 

depends completely on the data used in the Breakpointer2. 

However, this tool is limited to analyses of intrachromosomal rearrangements, as it works 

by analyzing pairs of homologous chromosomes in a dictionary. Therefore, one should 

visualize the .paf file to infer this information. This is why making comparisons only among 

species that have a conserved karyotype is possible now. Further modification in the 

implementation of the code will enable the analyses of interchromosomal rearrangements as 

well. 

Another caveat is that the results of the analysis depend on the quality of the assembly 

and the Hi-C data. If the chromosome-scale genome was not properly manually curated, it 

could have regions in false orientation (this leads to false detection of inversions), misplaced 

regions (false detection of translocations), or just missing regions of the genome (false 

detection of deletions). For this reason, we assembled a chromosome-scale genome of O. 

vulgaris, so we can have a genome of high completeness as a starting point for the 

comparisons. 

The way the program is currently implemented does not allow us to detect 

interchromosomal rearrangements. Therefore, we can not distinguish regions that were 

translocated to another chromosome from deletions. This causes a problem with 

Breakpointer2’s accuracy, as the breakpoint window becomes very large which can lead to 

inadequate estimation of the potential breakpoint spot and wrong retrieved insulation score. 

Therefore, further expansion of analyses Breakpointer2 can perform, can also lead to higher 

accuracy of the current analyses. 

In the program, only one type of input file for genome alignments (.paf) is used, which is 

a file format produced exclusively by minimap2 (H. Li, 2018). One of the potential next steps 

could be to implement a conversion step for other widely used file formats, such as .bam, or 

.sam. However, minimap2 is relatively quick and accurate compared to other popular aligners 

such as BWA-mem (H. Li & Durbin, 2009), so .paf would stay the recommended format to 

use. 

Another improvement to this tool would be to implement homology detection, and the 

ability to detect interchromosomal rearrangements. Then it could be applied to compare 

available chromosome-scale genomes of octopus to those of squid species or more distant 

species, like Nautilus. 

 

  

https://www.zotero.org/google-docs/?7TbcPZ
https://www.zotero.org/google-docs/?0VRJ7P


 

33 

4.5. Conclusion 

In this section, we created a tool that can be used to test the hypothesis that TADs are 

preserved relative to chromosomal breakpoints. This tool enables us to explore the 

colocalization of TAD borders and chromosomal breakpoints accurately, by using just the 

genome-genome alignments and insulation scores as starting data. This enables us to go to 

our next aim, and use the data on chromosome-scale genomes of O. vulgaris, O. sinensis, O. 

bimaculoides, and A. fangsiao (Albertin et al., 2022; Destanović et al., 2023; Jiang et al., 2022; 

F. Li et al., 2020) to further explore the evolutionary history of the octopus lineage.  

https://www.zotero.org/google-docs/?UMgFVB
https://www.zotero.org/google-docs/?UMgFVB
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5. Topological signatures of syntenic breaks in octopus 

genomes 

5.1. Introduction 

The main hypothesis is that when chromosomal rearrangements happen, chromosomal 

breaks tend to occur between the TADs (at the TAD borders). We hypothesize this because 

in this case, the structural and functional units (TADs) remain intact, which should lead to the 

preservation of their regulation and function. Therefore, changes within the TADs should be 

selected against. The main and alternative hypotheses are shown in Figure 5.1. Scenario A 

(Figure 5.1) shows the reasoning behind the formed hypothesis. Also, under Scenario B 

(Figure 5.1) we offer possible outcomes of alternative hypotheses. 

 
Figure 5.1:  In this figure, we show topologically associating domains (TADs) in the ancestral genome. Depending 

on where the chromosomal breaks in the ancestral genome happened, there are two possible scenarios: Scenario 

A depicts breaks between the TADs which results in the conservation of TADs as units with changes in the order 

in the rearranged genome (Outcome A), while Scenario B depicts chromosomal breaks that happened within the 

TADs which can result in different outcomes in the rearranged genome. Scenario A supports our hypothesis, while 

Scenario B offers alternative hypotheses as to what might be the outcome of this type of chromosomal break. 

Outcome B1 depicts the complete disintegration of rearranged TADs, Outcome B2 depicts the partial 

disintegration of rearranged TADs, and Outcome B3 depicts the formation of novel TADs, either in the 

hybridization of two rearranged TADs (in gradient) or the formation of smaller independent TADs that were part of 

a bigger rearranged TAD. 

We used the chromosome-scale genomes of available octopus species to test this 

hypothesis. In Aim 1 (Section 3), we saw that in the set of octopus species, we observed that 

there are intrachromosomal rearrangements. Here, we quantify these rearrangements and 

tested their colocalization with TAD boundaries. Additionally, we visualize some of the breaks 

together with the TADs to get a better understanding of the history of octopus TAD evolution.  
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5.2. Material and methods 

Three pairs of species were tested for breakpoints: O. vulgaris against O. sinensis, O. 

vulgaris against O. bimaculoides, and O. vulgaris against A. fangsiao. 

5.2.1. Running Breakpointer2 on species comparisons 

The genome-genome alignment .paf files were generated in Chapter 3.2.4. Insulation 

scores were calculated as described in Chapter 4.2.1. We used the insulation score .bed files 

that were generated with 500kb windows. We used only chromosome-scale scaffolds for the 

calculation of insulation scores and the alignments to reduce noise, as the unplaced scaffolds 

could align with chromosome-scale scaffolds in the other species. Breakpointer2 uses data 

on homologous scaffolds in the species and excludes other data points. Therefore, the 

presence of the unplaced scaffolds in the alignment would introduce false detection of 

breakpoints. 

The default settings (presented in Table 4.1) were used to generate the data on 

comparisons of O. vulgaris and O. sinensis and O. vulgaris and O. bimaculoides. The default 

values for the alignment length (len_co), and the quality cutoff (q) for filtering. The distance 

between the alignments was set to 5Mb, and the number of permutations for the statistical 

test was set to 100000. As O. vulgaris and A. fangsiao are more distantly related, the default 

value for filtering len_co was reduced to 10000.  

5.2.2. Visualization of breakpoints and evolutionary inference 

One of the outputs of the Breakpointer2 is the .bed file with breakpoint coordinates for 

each species. However, the original .bed file does not have a header, so when it is generated 

on the command line, we use the following bash commands to remove the header and the 

index information: cat sp1_breakp.bed | tail -n +2 | cut -d " " -f 

2,3,4 >bimac_breakp.bed (for both species in each comparison). We chose to visualize 

the heatmaps and the breakpoints by using HiGlass v1.4 (Kerpedjiev et al., 2018). To ingest 

the relevant data to be able to generate a heatmap on HiGlass browser for each species, we 

used the command docker exec higlass-container6 python higlass-

server/manage.py ingest_tileset. For this, we needed the chosen bin size for the 

matrix, the chromosome sizes file (generated by bioawk), the .mcool file generated in Aim 2. 

To visualize the breakpoints in HiGlass, we processed the .bed file with Clodius v0.20.1 

(Kerpedjiev et al., 2018), and generated the .beddb file. We used the Hi-C matrix of O. vulgaris 

and visualized the breakpoints against all species. 

To examine the evolutionary history of the chromosomes of the tested species, we 

defined cases that reflect the presence/absence of a breakpoint in a comparison. We defined 

seven cases (Table 5.1). Presence of the breakpoint is denoted with 1, absence with 0. Some 

regions in the genome are conserved (case 0), while some breaks might be present in just 

one species (case 1-3), two species (case 4-6) or three species (case 7).  

https://www.zotero.org/google-docs/?vxz4ng
https://www.zotero.org/google-docs/?O9t0ee
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Table 5.1 | Presence of breaks in species comparisons: We defined eight different scenarios based on the 

breakpoint presence. The presence of the same breakpoint is denoted with 1, while the absence is denoted with 

0. 

Case 0 1 2 3 4 5 6 7 

O. sinensis 0 1 0 0 1 1 0 1 

O. bimaculoides 0 0 1 0 1 0 1 1 

A. fangsiao 0 0 0 1 0 1 1 1 

 

Case 1 states the break is found only in O. sinensis meaning that the rearrangement 

happened in O. sinensis after the O. vulgaris/O. sinensis split. Case 2 presents the breaks 

that happened in the evolutionary history of O. bimaculoides after the split from the common 

ancestor of O. vulgaris and O. sinensis. Case 3 represents breaks that happened after the 

split of A. fangsiao common ancestor and the common ancestor of Octopus sp., but as we 

do not have an outgroup for this comparison, we can not know in which lineage this 

happened. Case 4 and 5 are unlikely scenarios. Case 4 is found when the break is detected 

in comparisons of O. vulgaris against O. bimaculoides and O. sinensis, but is not rearranged 

in A. fangsiao and O. vulgaris. The case 5 describes a similar scenario where the 

rearrangement is found in O. sinensis and A. fangsiao, but is missing in O. bimaculoides. Case 

6 describes a scenario in which the breakpoint likely happened in the common ancestor of 

O. vulgaris species complex (meaning the break is present in O. vulgaris and O. sinensis). 

Case 7 presents breaks that likely happened in evolutionary history of O. vulgaris after 

splitting from the O. vulgaris/O. sinensis common ancestor.  
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5.3. Results 

5.3.1. Colocalization of synteny breakpoints and TAD borders in O. vulgaris and O. 

bimaculoides 

The .paf file contained 133916 aligned regions of the two genomes. After the quality 

filtering process, this was reduced to 4188 aligned regions for the 30 pairs of chromosomes. 

O. bimaculoides was denoted as sp1, while O. vulgaris was denoted as sp2. The O. vulgaris 

insulation file had 27716 insulation scores, while the O. bimaculoides had 22251 for the entire 

genome. The insulation score is shown in window sizes of 100kb, and the number of the 

insulation scores matches the difference in the genome size (with values missing for some 

windows).  

The Breakpointer2 tool was then run on the input files. The comparison was done on all 

30 chromosomes in both species. The estimated number of breakpoints for each 

chromosome ranged from 1 to 26, with the total estimation reaching the number of 305 

breakpoints. 

In O. bimaculoides, we found that in nine chromosomes there was significant signal for 

the presence of breakpoints between, not inside of, TADs (one-tailed permutation test, false 

discovery rate 𝝰 < 0.05). For the same set of breakpoints, we found 20 chromosomes with 

significant signal for breakpoints between TADs in O. vuglaris (one-tailed permutation test, 

false discovery rate 𝝰 < 0.05). What should be noted is that among the first 20 chromosomes in O. 

vulgaris, only three chromosomes do not have a strong signal for breakpoints between TADs. 

This could be due to smaller chromosomes having more misplaced or missing regions in 

chromosomes meaning that the observed breakpoints are not real. 

Statistical results for one chromosome stand out in particular, and that is chromosome 

10 in O. vulgaris (Ovu10) (Figure 5.2). The false discovery rate is 0.59939 (Figure 5.2 C), 

suggesting that there is no signal for preferential chromosomal breaks on TAD borders. In 

the alignment plot (Figure 5.2 A) the breakpoints were properly called, so that is an unlikely 

cause of observed difference. The statistical results retrieved for O. bimaculoides also 

suggested that there is no strong signal that synteny breaks happen at TAD borders in 

chromosome 10 (Figure 5.2 B). 

Finally, when we test the insulation scores for the breakpoints found in the entire genomes 

(not individual chromosomes), we find a strong signal that breaks happen preferentially 

between TADs in both genomes (one-tailed permutation test, false discovery rate 𝝰 < 1e-5) 

(Figure 5.3, Table 5.2). 



 

38 

 
Figure 5.2 | Example of chromosome 10 (Ovu10): (A) Alignment of chromosome 10 of O. bimaculoides (x-

axis) against chromosome 10 of O. vulgaris (y-axis). The red dots representing breakpoints show that the program 

detected the breakpoints efficiently. (B) One-tailed permutation test histogram for chromosome 10 in O. 

bimaculoides. (C) One-tailed permutation test histogram for chromosome 10 in O. vulgaris. 

 

 
Figure 5.3 | Histograms of one-tailed permutation tests on whole-genome data of O. vulgaris (left) and O. 

bimacucloides (right): The breakpoint insulation score median falls left of the distribution of the medians of the 

permuted samples, showing that the median of breakpoint insulation scores is lower than what is expected by 

chance. This supports the hypothesis that breakpoints tend to happen between TADs. 
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5.3.2. Colocalization of synteny breakpoints and TAD borders in O. vulgaris and O. 

sinensis 

The pre-filtering alignment file had 47336 alignments, and after filtering 4943. The .bed 

insulation score file for O. vulgaris was the same as for the O. vulgaris- O. bimaculoides 

comparison, while the .bed insulation score file for O. sinensis had 23304 data points for a 

genome of 2.7Gb, indicating missing data for around 0.4Gb of this genome. 

The chromosome NC_043014.1 was excluded from the analysis, as no insulation scores 

were calculated for it. The length of this chromosome is around 55 Mb, and that’s an 

additional missing portion of the information. Its homolog is chromosome 20 in O. vulgaris 

which was also excluded. In the final results of the analysis, the homologous pairs of 

NC_043006.1 and Ovu09, and NC_043009.1 and Ovu13 had no identified breakpoints. 

Therefore, 27 pairs were tested. 

The number of breakpoints per chromosome varied from 1 to 13, with the total number 

of breakpoints being 180. For individual chromosome-chromosome comparisons, in O. 

sinensis genome, we found 23 chromosomes with a strong signal that synteny breakpoints 

happened between the TADs (one-tailed permutation test, false discovery rate 𝝰 < 0.05). The 

same was observed for 13 chromosomes in O. vulgaris. For O. vulgaris, a similar pattern of 

weaker signal in smaller chromosomes was observed. The statistical test on whole-genome 

data showed the same results as for the O. vulgaris and O. bimaculoides comparison (Table 

5.1).  

5.3.3. Colocalization of synteny breakpoints and TAD borders in O. vulgaris and A. 

fangsiao 

The input .paf file had 1909289 alignments in total. After the filtering process, 17628 lines 

were kept in the .paf data frame. 

The same insulation score table was used for O. vulgaris as in the previous two sections, 

and the .bed file for insulation scores for A. fangsiao had 40261 data points. Because smaller 

chromosomes were more fragmented in the assembly, the last 6 homologous pairs yielded 

no results. We analyzed 24 A. fangsiao chromosomes (LG01-LG24) and the 24 homologs in 

O. vulgaris. 

We detected 493 breakpoints in total, with 11 to 34 breaks per chromosome. In A. 

fangsiao, we found significant signal suggesting that rearrangement breaks happen at TAD 

borders rather than within TADs in 15 chromosome (one-tailed permutation test, false 

discovery rate 𝝰 < 0.05), while the same was observed for 14 chromosomes in O. vulgaris. 

The results of the statistical test on whole-genome data showed the same pattern as in 

previous comparisons, suggesting that chromosomal breaks tend to happen at TAD borders 

(Table 5.1). 
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Table 5.2 | Results of the one-tailed permutation test for the whole genome and chromosome-level data: 

In this table we show insulation score medians, number of tested insulation scores, and false discovery rate as 

the result of the one-tailed permutation test The false discovery rate indicates that it is highly unlikely to observe 

the pattern we obtained by pure chance. 

Comparison Species 

Number of 

insulation 

scores in the 

sample 

(whole- 

genome) 

False 

discovery rate 

(whole- 

genome) 

Number of 

chromosomes 

with 𝝰 < 0.05 

Number of 

tested 

chromosomes 

O. vulgaris vs 

O. bimaculoides 
O. bimaculoides 250 <1e-05 9 30 

O. vulgaris vs 

O. bimaculoides 
O. vulgaris 259 <1e-05 20 30 

O. vulgaris vs 

O. sinensis 
O. sinensis 156 <1e-05 23 27 

O. vulgaris vs 

O. sinensis 
O. vulgaris 180 <1e-05 13 27 

O. vulgaris vs. 

A. fangsiao 
A. fangsiao 437 <1e-05 15 24 

O. vulgaris vs. 

A. fangsiao 
O. vulgaris 451 <1e-05 14 24 

 

5.3.4. Visualization in HiGlass 

We loaded the .mcool matrix of O. vulgaris Hi-C data in the HiGlass web browser, and 

viewed the .bed files containing the breakpoint windows for breaks against O. sinensis, O. 

bimaculoides, and A. fangsiao (Figure 5.4). Generally, the breakpoints called in bigger 

chromosomes looked real, as the breakpoint windows were narrow and there were 

occurrences of shared breakpoints among different comparisons (Figure 5.4 A). In Figure 5.4. 

B we show chromosome Ovu27 with breakpoint windows that span for regions larger than a 

megabase. These are likely not real breakpoints, but are a consequence of poorly assembled 

smaller chromosomes  (misplaced or missing genomics regions would create such a pattern). 

Similar long breakpoint windows are observed in smaller chromosomes (Ovu20-Ovu30), with 

the exception of Ovu24 and Ovu26. 

We also visualized the Hi-C matrix of O. bimaculoides together with the breakpoints, as 

we noticed that insulation score medians were higher compared to those retrieved in O. 

vulgaris, O. sinensis, and A. fangsiao genomes (Figure 5.4. C). By visualizing this genome on 

HiGlass, we saw that it was generally more noisy and TADs as structures were difficult to 

spot. The Hi-C data was visualized also for the O. sinensis and A. fangsiao genome, and it 

was of high resolution and had distinctive TADs, similar to what is observed in O. vulgaris 

(Figure 5.4 A). 
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Figure 5.4 | Visualization of breakpoints in HiGlass web browser: (A) Chromosome 2 of O. vulgaris (Ovu02) 

with breakpoint tracks for each comparison (1 - O. vulgaris-O. sinensis, 2- O. vulgaris - O. bimaculoides, 3- O. 

vulgaris - A. fangsiao) at 320k resolution. (B) An example of a chromosome (80k resolution) that was poorly 

assembled either in O. vulgaris, or O. sinensis and O. bimaculoides, or all of them. We see that breakpoint windows 

are wide which indicates that the region is actually missing, and that it was detected erroneously. The tracks are 

the same as in (A), but as the alignment between O. vulgaris and A. fangsiao was too fragmented to call 

breakpoints for these homologs, the track 3 is empty. (C) A Hi-C heatmap of a region of chromosome 17 in O. 

bimaculoides (80k resolution). We see some TADs, but the signal is weaker and more homogenous when 

compared to the Hi-C heatmap retrieved for O. vulgaris.  

5.3.5. Exploration of shared and unique breakpoints across compared pairs 

We found examples of breakpoint windows sitting right at the TAD borders, which is a 

visual support of our main hypothesis (Figure 5.5). We also observed that some of the 

breakpoints were shared in the datasets (Figure 5.5 B-C), and counted the specific cases for 

24 chromosomes used in the comparison of O. vulgaris against A. fangsiao (Table 5.3). 

We observe 29 shared breaks (case 7) in three comparisons, suggesting that these breaks 

happened in the evolutionary history of O. vulgaris after splitting from the common ancestor 

shared with O. sinensis. We also observed 135 breaks (case 6) that happened after the split 

of O. bimaculoides and O. vulgaris species complex, suggesting that these rearrangements 

had a role in the speciation and divergence of this species complex. We had the highest 
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number of observations for breaks seen only in the comparison of O. vulgaris against A. 

fangsiao. Because we do not have an outgroup for this comparison, we do not know whether 

the observed breaks happened in the evolutionary history of the common ancestor of 

Octopus sp. or in the ancestor of Amphioctopus. The rearrangements observed only in O. 

vulgaris-O. bimaculoides comparison (50) suggest that these events happened in the 

evolutionary history of O. bimaculoides after splitting from the ancestor shared with O. 

vulgaris and O. sinensis. The finding that there are more synteny breaks seen in the 

comparison of O. vulgaris and O. sinensis (73) than in the comparison against O. bimaculoides 

(50) is probably due to missing regions on the chromosome-scale scaffolds in the O. sinensis 

assembly. A low number of breakpoints matching cases 4 and 5 were detected (2, 13, 

respectively). This is likely due to failure of detection of the breakpoint in one of the 

comparisons, or a false detection of a breakpoint in one of the species. 
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Figure 5.5: Breakpoint visualization in HiGlass: Breakpoint tracks:  1 - O. vulgaris-O. sinensis, 2- O. vulgaris - 

O. bimaculoides, 3- O. vulgaris - A. fangsiao. (A) Two breakpoints detected between O. sinensis and O. vulgaris 

at TAD borders. (B) Shared breakpoints in O. vulgaris-O. bimaculoides and O. vulgaris- A. fangsiao comparison, 

also between TADs. (C) Breakpoints detected in all three comparisons (ca. 175Mb and 181Mb).  
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Table 5.3 | An overview of the cases found in the datasets: For each chromosome, the number of different 

cases as defined in Table 5.1 were counted. 

 Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7 

Ovu01 2 1 21 0 0 8 3 

Ovu02 5 2 16 0 0 9 0 

Ovu03 3 4 17 0 1 10 2 

Ovu04 3 1 11 0 0 9 1 

Ovu05 3 4 13 0 0 6 2 

Ovu06 3 9 7 0 0 8 2 

Ovu07 2 5 10 0 1 9 1 

Ovu08 8 6 8 1 0 10 1 

Ovu09 0 1 16 0 0 10 0 

Ovu10 2 4 10 0 0 7 0 

Ovu11 8 1 6 0 1 5 1 

Ovu12 5 1 11 0 1 3 2 

Ovu13 0 3 11 0 0 9 0 

Ovu14 2 0 10 0 0 7 0 

Ovu15 4 0 10 1 0 3 2 

Ovu16 2 3 6 0 0 1 6 

Ovu17 4 1 8 0 1 5 1 

Ovu18 2 0 9 0 1 6 1 

Ovu19 7 1 6 0 0 2 0 

Ovu20 0 1 8 0 3 0 0 

Ovu21 3 0 8 0 0 3 0 

Ovu22 2 0 4 0 1 4 2 

Ovu23 3 1 6 0 3 0 0 

Ovu25 0 1 9 0 0 1 2 

Total 73 50 241 2 13 135 29 

 Sum of cases 543 
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5.4. Discussion 

We used four different octopus chromosome-scale genomes (Albertin et al., 2022; 

Destanović et al., 2023; Jiang et al., 2022; F. Li et al., 2020) to test the hypothesis that 

chromosomal rearrangement breakpoints tend to happen at TAD borders. As shown in Table 

5.2, the chromosome-chromosome comparisons show varying results in supporting our 

hypothesis. In O. bimaculoides we observed significant signal for synteny breaks happening 

at TAD borders in only nine chromosomes, compared to 20 chromosomes for the same set 

of breakpoints in O. vulgaris. This can be explained by visualizing O. bimaculoides Hi-C data 

in HiGlass (Figure 5.4 C). There, we saw that TADs are not clearly defined in the Hi-C heatmap 

implying that insulation scores might be more homogenous throughout the genome, making 

it more difficult to distinguish areas between and within TADs (likely due to a poor Hi-C 

library). The results retrieved for the same breakpoints in the O. vulgaris genome that has a 

high resolution Hi-C matrix show significant results for 20 chromosomes supporting our 

hypothesis. Results for seven out of ten chromosomes that do not support the main 

hypothesis, are among the Ovu20-Ovu30 smaller chromosomes that have more gaps in the 

alignments. Therefore, we argue that results lacking support for our hypothesis might be 

because of a lower quality of Hi-C data in O. bimaculoides, and falsely detected breakpoint 

regions  in the smaller chromosomes due to missing regions in the assemblies.  

In the O. sinensis genome, data on 23 chromosomes supported our hypothesis, while for 

the same breakpoints, statistically significant patterns were observed for 13 chromosomes 

in O. vulgaris. O. sinensis was the first chromosome-scale octopus genome, and it has many 

unplaced scaffolds in the chromosome-scale scaffolds. This could have led to false detection 

of missing regions as breakpoints. In Table 5.3 we observe 73 breaks that are uniquely found 

in the comparison of O. vulgaris and O. sinensis genomes which is a high number considering 

that these two species split 2.5 mya. For example, eight unique breaks were observed in 

chromosome Ovu11 and its homolog in O. sinensis, compared to six unique breaks between 

Ovu11 and its homolog in A. fangsiao (divergence time: 44 mya).   

In the comparison of A. fangsiao and O. vulgaris genomes, we obtained similar results. 

Data generated on 15 chromosomes in A. fangsiao, and 14 chromosomes in O. vulgaris 

provide support for our main hypothesis. We believe that inclusion of comparisons that are 

not limited to intrachromosomal rearrangements would make these tests more accurate. For 

example, any region that is present in A. fangsiao, but was translocated on a different 

chromosome in evolutionary history of either species, would be detected as a long breakpoint 

window, just as it is for missing regions. So, we would detect a real breakpoint, but the 

algorithm we use to estimate the potential breakpoint location and retrieve insulation score 

would not be accurate in this case.  

Nevertheless, a one-tailed permutation test on overall data in each comparison supports 

the main hypothesis that synteny breaks tend to happen at TAD borders. This also shows 

that the algorithm for breakpoint detection works well overall. We also confirmed this by 

visualizing the breaks in HiGlass (Figure 5.4, Figure 5.5). By visual estimation, the breakpoint 

windows in most well-assembled bigger chromosomes are narrow and are likely real 

breakpoints (Ovu01-Ovu19, Ovu24, Ovu26). 

https://www.zotero.org/google-docs/?RRRw6V
https://www.zotero.org/google-docs/?RRRw6V
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This enables us to explore the breakpoints in the context of evolutionary history of the 

octopus lineage. Based on the data we have, we can pinpoint in which lineage some 

breakpoints happened and reconstruct the chromosomal evolutionary history to some 

degree. For example, we can say that occurrences of case 6 (breakpoints shared in O. 

bimaculoides and A. fangsiao) are rearrangements that likely happened in the common 

ancestor of O. vulgaris and O. sinensis. The most parsimonious explanation is that we 

observe the ancestral state in O. bimaculoides and A. fangsiao, and that the derived state is 

observed in O. vulgaris and O. sinensis. The most parsimonious explanation for the pattern 

seen in case 7 is that the ancestral state is present in all three compared species, but is 

derived only in O. vulgaris. Case 4 and 5 were detected in small numbers (2,13, respectively), 

but are still unlikely scenarios to be observed. For instance, case 4 indicates that the same 

state is present in O. vulgaris and A. fangsiao, and a different state in O. sinensis and O. 

bimaculoides. A biological explanation for this would be that two independent rearrangement 

events happened in O. vulgaris and A. fangsiao in the same place, or in O. sinensis and O. 

bimaculoides. Another scenario is that a rearrangement event happened in the Octopus sp. 

lineage, and that this event was reversed after the split from the common ancestor shared 

with O. sinensis in O. vulgaris. A similar explanation can be offered for case 5, but the pairs 

sharing a state are O. vulgaris and O. bimaculoides, and O. sinensis and A. fangsiao. 

However, these explanations are not parsimonious, and these observations are likely either 

due to a problem with the algorithm in Breakpointer2 (it is possible that the breakpoint was 

not detected in either A. fangsiao or O. bimaculoides), or an assembly problem (the same 

repetitive region can be missing in two genomes out of four making it seem like there is a 

breakpoint). When it comes to unique breakpoints (case 1-3), we can only say that 

breakpoints seen in the comparison with O. bimaculoides happened after the split from the 

common ancestor shared with O. vulgaris/O. sinensis lineage, while we can not pinpoint 

where the rearrangement happened in two other cases. 

Analyzing breakpoints within the family Octopodidae on these four species gives insight 

into the dynamics of chromosome evolution over the 44 million years of evolution. 

Nevertheless, to understand the chromosomal evolution of the octopus lineage, we need to 

retrieve chromosome-scale genomes from other families within the order Octopodiformes. 

Even within the branch we studied (Amphioctopus-Octopus), we still do not understand the 

dynamics of chromosomal evolution. A. fangsiao has a genome size of 4.3 Gb (Jiang et al., 

2022) which is closer to the size of genomes found in some squid species, such as 

Doryteuthis (Loligo) pealeii (4.6Gb) (Albertin et al., 2022), than 2.8Gb in Octopus species 

(Albertin et al., 2022; Destanović et al., 2023; F. Li et al., 2020). We speculate that the 

genomes were reduced in Octopus species, rather than reduced throughout evolutionary 

history of Octopodiformes, and then secondarily expanded in lineage of Amphioctopus 

fangsiao. Further comparative research is needed to understand this, and it would be ideal 

to have an octopus species from a different family as an outgroup to explore this.  

https://www.zotero.org/google-docs/?zrNdt6
https://www.zotero.org/google-docs/?zrNdt6
https://www.zotero.org/google-docs/?LhrJ2m
https://www.zotero.org/google-docs/?1X8XDX
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5.5. Conclusion 

We used Breakpointer2 to quantify rearrangements in octopus species pairs (O. vulgaris-

O. sinensis, O. vulgaris-O. bimaculoides, O. vulgaris-A. fangsiao), and test whether the 

rearrangement breakpoints are collocalized with TAD borders. We found 543 different shared 

and unique breakpoints across 44 million years of evolutionary history of four tested species. 

Through a one-tailed permutation test on insulation scores of these breakpoints, we obtained 

a strong signal in support of the main hypothesis when we used whole-genome data, and for 

most chromosome-chromosome comparisons. Some inconsistencies in the results retrieved 

from chromosome-chromosome comparisons can be explained by limitations of the used 

chromosome-scale assemblies (misassemblies, misplaced, and missing regions), and of 

Breakpointer2. Nevertheless, this is the first analysis of TAD conservation on invertebrate 

non-model species and sets the stage for further research on evolutionary constraints on 

TADs, and evolution of coleoid cephalopods.  
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6. Future directions and outlook 

In this research project, we assembled a chromosome-scale genome of O. vulgaris, 

created a tool that can be used to explore colocalization of TAD borders and chromosomal 

rearrangements (Breakpointer2), and ran this tool to explore evolutionary history and 

conservation of TADs in octopus lineage. 

Although there were three chromosome-scale genomes of octopus species (Albertin et 

al., 2022; Jiang et al., 2022; Li et al., 2020), we wanted to generate a high-quality octopus 

genome that we can use as a reference in our comparisons and we assembled the O. vulgaris 

chromosome-scale genome (Destanović et al., 2023). We used Omni-C technique (DNase 

Hi-C) resulting in improved resolution in viewing genome structures, compared to the other 

three genomes that were scaffolded using the original Hi-C technique. This has proven one 

of the key steps in this research, as having a reference genome with a high resolution Hi-C 

matrix is essential to explore the genome structures. For example, limitations of O. 

bimaculoides genome (Albertin et al., 2022) is that the Hi-C data is of low resolution making 

it difficult to use to explore genome structures, and also it is missing around 0.4Gb of 

estimated genome size. O. sinensis (Li et al., 2020) and A. fangsiao (Jiang et al., 2022) 

genomes had a high enough resolution data to explore genomic structures. However, O. 

sinensis has missing regions in the main genome, which leads to false detection of 

breakpoints. 

Due to the shortcomings of TAD-callers, we devised a tool (Breakpointer2) that uses a 

scale-free approach to differentiate regions within TADs and between TADs (TAD borders). 

Breakpointer2 calls and quantifies breakpoints, retrieves insulation scores for them,  performs 

a one-tailed permutation test on each chromosome, and then on whole-genome data. 

Because the tool does not require assumptions, such as the size of TADs, biological features, 

etc., it can be easily used on other closely-related species without further improvements. 

With changes in the implementation of Breakpointer2, we can also broaden the 

application of this tool. For now, it can only analyze closely-related species. One of the future 

improvements of this tool includes changing its algorithm so it does not analyze only 

homologous chromosomes. This will enable interchromosomal analyses and analyses of 

more distantly-related species. Also, we would like to implement a filter for breakpoint 

window length to prevent the missing regions from being detected as a breakpoint. Another 

goal would be to implement an algorithm that would differentiate between and count the 

types of genomic rearrangements. 

By running Breakpointer2 on species pairs (O. vulgaris-O. sinensis, O. vulgaris-O. 

bimaculoides, O. vulgaris-A. fangsiao), we gathered evidence that synteny breaks tend to 

colocalize with TAD borders. Nevertheless, this does not mean that chromosomal 

rearrangements happen only at TAD boundaries, and further research is needed to inspect 

other potential cases. One of the potential future directions is to analyze types of genes that 

are located near these breakpoints. For example, in Drosophila it has been found that TADs 

containing developmental genes tend to be more conserved compared to other types of 

TADs (Torosin et al., 2022). However, to be able to make conclusions about chromosomal 

evolution in octopus lineage, further research is needed.  

https://www.zotero.org/google-docs/?lLU2DR
https://www.zotero.org/google-docs/?lLU2DR
https://www.zotero.org/google-docs/?Csa9yt
https://www.zotero.org/google-docs/?V6MU4U
https://www.zotero.org/google-docs/?lPZqCG
https://www.zotero.org/google-docs/?lPZqCG
https://www.zotero.org/google-docs/?HvLvKb
https://www.zotero.org/google-docs/?HvLvKb
https://www.zotero.org/google-docs/?HvLvKb
https://www.zotero.org/google-docs/?gfNdGY


 

49 

This thesis sets the stage for further investigation into how these ancient units are evolving 

within particular clades of coleoids. Breakpointer2 can be used on chromosome-scale 

genomes of squid as well, as they have a conserved karyotype of n=46 (Albertin et al., 2022; 

M. Li et al., 2022), so the algorithm based on homologous chromosomes would work well. 

The squid genomes are larger compared to octopus genomes, and other inversion dynamics 

can be expected. Also, it would be beneficial to expand the research in the light of 

cephalopod-specific microsyntenies (microsyntenies associated with cephalopod 

innovations (MACIs)). Presumably MACIs arose in evolutionary history when the events of 

major genomic reshuffling happened (Albertin et al., 2022; Ritschard et al., 2019; Schmidbaur 

et al., 2022). If the rearrangements in the common ancestor of coleoids lead to an emergence 

of novel microsyntenies, exploration of rearrangements we discovered in octopus lineage 

might have disrupted some of the ancient metazoan syntenies as well, and formed novel 

microsyntenies specific for the octopus lineage. 

In general, more work is needed to understand how intrachromosomal rearrangements 

shaped octopod evolution. In reconstruction of evolutionary history of octopuses (by 

comparing genomes of Nautilus pompilius, A. fangsiao, and O. sinensis), it was suggested 

that the ancestral karyotype of the common ancestor of was n=26, and that 31 fissions, and 

30 subsequent fusions happened in the common octopus ancestor, including loss of two 

chromosomes, and gain of six (Jiang et al., 2022). In the light of recent findings that 

chromosomal fusions impact recombination landscapes in primary spermatocytes (Vara et 

al., 2021), this means that octopus lineage might have had a higher rate of rearrangement 

events. A future challenge is understanding how intrachromosomal rearrangement events 

affected the evolution of the octopus lineage compared to squids. 
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