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Abstract 

The study of 3D genome organization is essential for fully understanding of transcription 

mechanism. Recently, novel methods have been developed to investigate chromatin structures. 

The development of chromosome conformation capture (3C) and its high-throughput derivative 

(Hi-C) has been pivotal for genome structure studies. Big Hi-C datasets are now available, but 

their analysis and visualisation, in particular, remain the main challenges for the data 

interpretation.  

The bachelor’s thesis provides an overview and a comparison of visualisation tools for 3D 

genomics data. In order to understand the context, data generation and handling possibilities 

are mentioned as well. The thesis describes the individual steps of Hi-C data analysis and 

efficient storage of 3D genome data. Finally, some current limitations and challenges for further 

development are presented. 

Keywords: 3D genome organization, chromatin structures, 3C, Hi-C, 3D genome visualisation   

 

Abstrakt 

Studie prostorového uspořádání genomu je nezbytná pro kompletní pochopení transkripčního 

mechanismu. Nedávno byly vyvinuty nové metody pro zkoumání chromatinových struktur. 

Další možnosti výzkumu se rozšířily hlavně díky vývoji metodě 3C (chromosome conformation 

capture) a zapojení vysoce výkonného sekvenování (Hi-C). V současné době jsou již 

k dispozici velké datové sety Hi-C, ale hlavní překážkou jejich interpretace zůstává analýza 

a především vizualizace těchto dat. 

Bakalářská práce poskytuje přehled a srovnání nástrojů pro vizualizaci 3D genomu. 

Pro pochopení kontextu je zde zmíněno i jak jsou tato data získávána a zpracovávána. Práce 

popisuje jednotlivé kroky analýzy Hi-C dat a pozornost je věnována i efektivnímu ukládání 

3D genomových dat. Na závěr jsou uvedena některá současná omezení a výzvy pro další rozvoj. 

Klíčová slova: organizace 3D genomu, struktura chromatinu, 3C, Hi-C, vizualizace 3D 

genomu 
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List of abbreviations 
 

3C  chromosome conformation capture 

4C  chromosome conformation capture-on-chip 

5C  chromosome conformation capture carbon copy 

BED  browser extensible data 

ChIA-PET chromatin interaction analysis using paired-end tag 

ChIP  chromatin immunoprecipitation 

ChIP-seq chromatin immunoprecipitation sequencing 

cHi-C  capture Hi-C 

CR  chromosomal rearrangements 

CTCF  CCCTC-binding factor 

DNA  deoxyribonucleic acid 

GSS  genome scale system 

HDF5  hierarchical data format 5 

Hi-C  high-throughput chromosome conformation capture 

JSON  JavaScript object notation 

kb  kilobase = 1 thousand base pairs 

Mb  megabase = 1 million base pairs 

NCBI  National Center for Biotechnology Information 

nm  nanometer = 10-9 m 

PDB  Protein Data Bank 

SNP  single nucleotide polymorphism 

TAD  topologically associating domain 

m   micrometer = 10-6 m  
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Introduction 

The knowledge of genome spatial architecture has greatly improved thanks to the development 

of advanced experimental techniques, such as high-throughput sequencing and high-resolution 

imaging. In particular, the primary structure of genome i.e. the DNA sequence does not seem 

to contain all the information about its function. Chromatin folding and architecture has a big 

influence on replication, repair and transcriptional activity regulation. Therefore, the 

knowledge of 3D genome structure is essential to gain insight into the conformation-function 

relationship of a genome.  

There are three main strategies on how to investigate the spatial organization of genome and 

chromatin interactions. Firstly, chromosome conformation capture (3C-based) methods allow 

mapping of genome-wide interaction even between non-adjacent genomic regions. These 

techniques involve digestion and re-ligation of cross-linked chromatin fragments, followed by 

massively parallel sequencing. Therefore, they are sometimes called nuclear proximity 

ligation-based methods. 

The second approach uses imaging tools, such as fluorescence in situ hybridization (FISH) and 

its derivatives. These tools can directly visualise the spatial distance between genomic loci. 

Imaging methods had been very popular especially before novel modern molecular techniques 

were developed. They are based on DNA labelling and subsequent microscopic observation.  

Computational and visualisation methods belong to the third category. They are driven by 

the vast amount of data created in the previously mentioned experiments. There have been 

many tools developed to analyse and visualise 3C-based data. Some can identify particular 

chromatin spatial structures, while others can predict the whole 3D genome model. In case 

of visualisation of the 3D structures, there are tools and platforms for visualisation of small 

molecules, such as proteins (e.g. Pymol or Jmol), but they are limited by a number of particles 

they can store and display. In addition, they do not support other valuable features for genome 

exploration, such as multi-scale visualisation and epigenetic annotation. 

This bachelor’s thesis deals with 3C-based data generation and analysis with the focus on Hi-C 

experiments and datasets produced by them. The attention is also paid to the graphical tools for 

visualisation of the genome spatial organization. The goal of this bachelor thesis is to present 

these novel methods for 3D genome structure investigation and provide an overview of the 

visualisation tools available.  
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In the first chapter, basic information about genome organization is summarized. Relevant 

concepts such as chromatin, interaction, topologically associating domain (TAD) and 

chromosome, are explained. 

In the second chapter, nuclear proximity ligation-based methods are described. Key experiment 

steps and different protocol variants are mentioned. Special emphasis was given to Hi-C, which 

has been widely adopted as a high-throughput method to obtain extensive data about 

genome-wide chromosomal contacts. Further, this chapter follows up with Hi-C data 

availability, their pre-processing and downstream analyses.  Pre-processing involves multiple 

steps: sequencing, alignment to the reference genome, pairing, filtering, binning and 

normalization. Downstream analyses include methods to get significant information from the 

Hi-C data matrices. According to the resolution of those matrices, analytical tools can be 

divided into three categories: tools to call compartments, TADs and the points of interaction 

(loops). For each category, some examples of available tools are given. 

Hi-C data handling is discussed in the third chapter. Three different types of information need 

to be considered: 1D data in the form of sequenced or aligned reads, 2D data such as Hi-C 

contact matrices and 3D coordinates data. Standard and commonly used data formats are 

defined. As with the file formats, available database systems for 1D, 2D and 3D data are 

mentioned. 

In the final chapter, data visualisation tools are addressed. First, the software technology for 

visualisation of contact maps and 2D representations are presented. But this chapter is primarily 

focused on the tools designed particularly for 3D genome structure visualisation. Nine of them 

are described in more detail, including their implementation and manipulation with them. In the 

end, they are compared from the perspective of supported features, visualisation abilities, 

implementation, input file format and model savings formats. 
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1 Genome organization 

Genome is an organism’s complete set of DNA, where the genetic information is stored. 

Deoxyribonucleic acid (DNA) is made up of molecules called nucleotides, that contain 

a nitrogen base, a sugar group and are connected through a phosphate group. The sequence of 

bases within a DNA strand determines a messenger RNA sequence that is then translated into 

a sequence of amino acids during protein synthesis. DNA in a single human cell would be 

approximately 2 m long if completely stretched, containing around 6 billion nucleotides, but 

the average diameter of a nucleus is only 10 m. It is very challenging to fit the whole genome 

in such a small space with preserving its function in order to be accessible to all the regulatory 

factors. Associated structural and functional proteins help with that. The complex of DNA and 

associated proteins is called chromatin. A nucleosome is the basic structural unit of DNA 

packaging. Each nucleosome is composed of 1.4 turns of DNA strand wrapped around histone 

proteins. Structure of ever-repeating uniform array of nucleosomes forming chromatin is 

referred to as “beads on a string”. DNA in this 10-nm fibre is loosened and accessible to the 

binding proteins. Recent studies revealed that chromatin in the cell nuclei consists of irregularly 

folded 10-nm fibre, lacking the 30-nm fibre structure as suggested in the past (Maeshima et al. 

2019).  With the development of high-resolution and high-throughput techniques, more 

accurate chromosome organization was discovered (Figure 1). The chromatin structure can be 

further packed into various loops with the help of so-called scaffold proteins. Specific contact 

points between chromatin regions are generally called interactions (cis-interaction or loops 

when intra-chromosomal and trans-interaction when interchromosomal). On the level of local 

patterns topologically associating domains (TADs) occur. TADs are regions with high 

intradomain contact frequency, whereas between these domains there are fewer interactions. 

At the chromosomal scale, chromatin is segregated into active “A” and inactive “B” 

compartments. These compartments correlate with the presence of active or inactive 

chromatin domains. Within active compartments, open chromatin and transcription factors can 

be found. Inactive compartments include compact chromatin and gene expression silencing 

marks. The highest level of DNA organization is the mitotic chromosome. In this form is DNA 

visible only during the cell division. Also during the other cell stages, individual chromosomes 

occupy their own space forming chromosome territories. Within the chromosome, loci (singular 

a locus) can be identified, where a particular gene or genetic marker is located. 
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Figure 1: Schematic representation of the genome organisation (Doğan and Liu 2018) 

Genome is segmented into individual chromosomes on a nuclear scale. A subspace they occupy is 

referred to as chromosome territories. On a supranucleosomal scale, the genome is organized into 

distinct compartments, extending down to topologically associating domains (TADs) and chromatin 

loops. The active (A) compartments contain active chromatin, while within the inactive (B) 

compartments repressed chromatin is found. Compartments can be further divided into TADs. Genomic 

regions within TADs show frequent interactions, while interactions between different TADs are rather 

limited. With increasing resolution, we can distinguish individual chromatin loops. On a nucleosome 

scale, DNA forms nucleosome and nucleosome clusters. 
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2 Nuclear proximity ligation-based methods 

The first group of strategies for 3D genome investigation is nuclear proximity ligation-based 

method. The relative spatial proximity between non-adjacent genomic loci can be measured 

with these methods. Firstly, chromosome conformation capture (3C) is introduced. Hi-C as 

a most comprehensive derivative of 3C is described in more detail with emphasis on data 

generated during the experiment and their analysis. An alternate solution to detect long-range 

interaction represents ChIP-based methods mentioned at the end of this chapter. 

2.1 Chromosome conformation capture (3C-based) methods 

3C technique starts with a cross-linking of DNA and associated proteins. The restriction 

enzymes then digest the DNA strands and the loose fragment ends are re-ligated again. Formed 

hybrid molecules may contain two fragments that were distant in the original sequence but 

physically close at the beginning of the experiment. The long-range interaction between two 

genomic loci can be determined by analysing them. The original 3C protocol uses PCR, where 

primers are designed to target specific sequences (Dekker et al. 2002). This method probe 

interaction between two predefined loci. Other derivatives speeded up the process by using 

microarrays hybridization and high-throughput sequencing. 4C protocol (chromosome 

conformation capture-on-chip) enables detecting pairwise interaction between one anchor 

points and potentially any other region (Krijger et al. 2020). 5C (chromosome conformation 

capture carbon copy) is used for an examination of multiple pairwise interactions between 

predefined anchor points (Phillips-Cremins et al. 2013) (Figure 5). 

2.2 Hi-C 

Hi-C is a high-throughput derivative of 3C-based methods by which all possible cross-linked 

contacts within the whole genome are examined. The classical Hi-C is based on restriction 

enzymes digestion, followed by biotin fill in and intramolecular DNA ligation. Then comes 

reverse crosslink and associated proteins are degraded. These hybrid products are 

non-specifically sheared by sonication and the terminal biotin is removed. Using biotin pull 

down the sonicated fragments with ligation junction are enriched. The fragments are then 

analysed by deep sequencing. During this technique, a huge amount of data arises as the number 

of possible interactions grows exponentially with the genome length. The real challenge here 

is how to process all this data (Belton et al. 2012).  
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Hi-C data resolution depends especially on the restriction enzymes and the sequencing depth. 

The original Hi-C protocol used restriction enzymes HindIII and NcoI cutting sequences 6 bp 

long (Lieberman-Aiden et al. 2009). Later on, DpnII and MboI that recognize sequences 4 bp 

long were introduced (Rao et al. 2014). Other protocols replaced restriction enzymes nucleases 

with endonuclease DNaseI (Ramani et al. 2016) or with micrococcal nuclease (Micro-C) (Hsieh 

et al. 2015). Using Micro-C, single nucleosome scale chromatin conformation maps can be 

obtained. The resolution of Hi-C data was also highly improved by increased sequencing depth. 

Whereas the first Hi-C dataset had 30 million read pairs per sample with max. binning 

resolution 1 Megabase (Mb = a million base pairs) in a human genome Hi-C map 

(Lieberman-Aiden et al. 2009), only 5 years later experiments reached up to 6.5 billion reads 

per sample with less than 1 kilobase (kb = a thousand base pairs) binning resolution (Rao et al. 

2014). 

Hi-C technique was also improved by other means. An increased number of usable reads was 

achieved in the in situ Hi-C by performing all the protocol parts up to the ligation in the cell 

nuclei (Rao et al. 2014). It reduced random ligation and loose end reads. Hi-C 2.0 further 

optimized the classical Hi-C protocol by integrating several technical innovations into a single 

protocol (Belaghzal et al. 2017). Spurious ligation events are decreased by removing SDS 

(sodium dodecyl sulphate) solubilization after digestion and using frequently cutting enzymes 

allows kb resolution. Some approaches are focused on chromatin interactions in a specific 

region of interest. Capture Hi-C (cHi-C) is designed to enrich for ligation products of 

preselected target sequences. By that a higher resolution over a specific region is achieved, i.e. 

promoter interacting regions (Schoenfelder et al. 2018). 

Several consortia make 3D chromatin data available covering multiple cell types, such as 

ENCODE  (Jou et al. 2019) or 4D Nucleome (Dekker et al. 2017). For further progress in the 

3D genome organization, it is important to establish standardized methods and be able to 

evaluate the data quality and reproducibility (Dekker et al. 2017). 

2.2.1 Hi-C data analysis: pre-processing 

How the raw data generated by Hi-C experiment are pre-processed is shown in Figure 2. After 

the re-ligated fragments are sequenced, the data comes out mostly in FASTQ format of 

paired-end reads. All the sequences in FASTQ files are aligned to the reference genome at 

first. Standard tools as Bowtie performs full read alignment (Langmead and Salzberg 2012). 

However, Hi-C data are specific, because the reads can contain two parts matching non-adjacent 
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genomic positions (called chimeric reads) as for the ligation junction. There are different 

strategies on how to approach mapping chimeric reads, e.g. TADbit (Serra et al. 2017) or Juicer 

(Durand et al. 2016). 

Next steps are filtering, binning and normalization. Most of the tools for the subsequent 

downstream analysis implement their own strategy for these steps (Figure 4). 

In the filtering step, spurious signal and biases are removed. Three levels of filtering can be 

distinguished: read, read-pair and fragment level. Read level is based on reads mapping quality 

and restriction site proximity, which assesses if the read pair matches the expected size of 

a fragment formed from the ligation product. At read-pair level, PCR duplicate and spikes 

(regions with an abnormally high number of reads) are removed. This filtering level also takes 

into account how the read pairs were formed, if they are derived from undigested chromatin or 

if they are results of self-ligation or no ligation events. Fragment level eliminates fragments 

according to the distance of the aligned reads to the restriction site. It is worth mentioning that 

the different protocol variants can influence the percentage of filtered reads, with the in situ 

Hi-C resulting in cleaner signal and less spurious reads (Forcato et al. 2017). 

Hi-C read counts are generally summarized to the fixed-size genomic bins. Aggregating data 

in genomic bins reduces the complexity of data which increases the signal to noise ratio, but 

the bin size can diminish the final resolution. Different bin sizes can be used for different 

analysis goals, typically the size of bin ranges from 40 kb to 1 Mb (Lajoie et al. 2015). There 

are different approaches to set the optimal bin size (Li et al. 2018; Sauria and Taylor 2017).  

Normalization of contact matrices is used to remove the biases. There are two main 

normalization strategies: explicit and implicit (Pal et al. 2018). Explicit methods are based on 

fragment size, their GC content and mappability – explicit biases corresponding to each Hi-C 

read or high-throughput sequencing in general. On the other side, implicit or matrix-balancing 

normalization assumes that the interaction signal should be sum up to the same total amount 

for each genomic locus. 
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Figure 2: Schematic representation of a Hi-C experiment and data pre-processing steps (Pal et al. 

2018) 

The technique starts with chromatin cross-linking (top left figure). Next to it is a pair of mate reads on 

the restriction fragment in detail and the ligation is indicated. Next step is sequencing. Raw paired-end 

reads are usually stored in FASTQ file format. Those sequenced reads are then aligned to the reference 

genome and stored in BAM file. Aligned reads are assigned to their fragment of origin and paired. The 

file format for storing paired reads is either a plain text, indexed text (pairix), or a binary format (HDF). 

Pairix and HDF are considered as standard file formats according to the 4D Nucleome consortium. Last 

steps are filtering and binning. Contact matrix files containing read counts can be stored in a plain text 

(2D or sparse matrix) or a binary file format (hic or cool), depending on the pipeline. A red asterisk next 

to the file format name means that it is a binary format. 

2.2.2 Hi-C data downstream analyses 

There are three main levels of resolution at which the Hi-C data matrices can be analysed: 

compartments, TADs and points of interaction (loops). 

Identification of active and inactive compartments was first done in 2009 (Lieberman-Aiden 

et al. 2009). After the Hi-C contact matrix is normalized, the Pearson correlation is computed 

and the PCA (principal component analysis) is performed. PCA is a simple eigenvector-based 

analysis to reduce the dimension of the data. Multiple tools to call compartments use this 

approach with small differences, e.g. HOMER (Heinz et al. 2010), HiTC R package (Servant 

et al. 2012) or Juicer (Durand et al. 2016). Lately developed CscoreTool (Zheng and Zheng 

2018) implements faster and more memory-efficient determination of A/B compartments than 

PCA. 
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Topologically associated domains can be seen on the Hi-C contact maps along the diagonal 

as blocks of highly self-interacting regions (Figure 3). Because there are multiple definitions of 

TADs, computational identification is still complicated. Thanks to the Hi-C experiments some 

biological properties and formation have been clarified, e.g. enrichment of insulator proteins 

CTCF at domain boundaries was reported (Dixon et al. 2012). First identification of large local 

chromatin interaction domains called „topological domains“ was done by Dixon et al. Their 

TAD calling was based on a one-dimensional score that was also used in 4D Nucleome Analysis 

Toolbox (Seaman and Rajapakse 2018). Other tools apply clustering and other partitioning 

algorithms to divide the contact matrices in TADs, such as HiCseq (Lévy-Leduc et al. 2014), 

ClusterTAD (Oluwadare and Cheng 2017) or TADbit (Serra et al. 2017). Improvement in 

a resolution of datasets uncovered the hierarchical structure of TADs and several multiscale 

methods have been developed (Figure 4), e.g. Amratus (Filippova et al. 2014), Arrowhead (Rao 

et al. 2014) or TADtree (Weinreb and Raphael 2016). 

Interaction callers search specific points with higher interaction frequency (Figure 3) occurring 

e.g. between promoters and enhancers. In order to identify these points, the background has to 

be assessed and there are two ways to do that – either by using local signal distribution or by 

using global (chromosome- or genome-wide) enrichment. Tools like HOMER (Heinz et al. 

2010), Fit-Hi-C (Ay et al. 2014) and GOTHiC (Mifsud et al. 2017) are based on the global 

model. On the contrary HiCCUPS (Rao et al. 2014) or diffHic (Lun and Smyth 2015) use local 

enrichment score. To achieve higher resolution and detect more interaction, PSYCHIC (Ron 

et al. 2017) is based on a local TAD-specific background model. SHAMAN (Cohen et al. 2017) 

in an example of a bin-free approach. Some tools to call interactions are summarized in Figure 

4, where also the strategy of each processing step is indicated. 
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Figure 3: Spatial genome structures revealed by Hi-C maps (Rao et al. 2014) 

Compartments and subcompartments clearly emerge in the Hi-C map as blocks of different colours 

indicating various interaction intensities (left matrix and model). On the next resolution level, TADs can 

be identified (middle matrix and model). They appear along the diagonal as blocks of highly 

self-interacting regions (darker colour). Loops are contacts with higher interaction frequency than 

expected (right matrix). A background model has to be defined in order to distinguish these spots and 

identify loops. 

 

Figure 4: Tools implementing interaction and TAD calling and their key analysis steps (Forcato 

et al. 2017) 

Individual analysis steps shown as orange arrows are alignment, filtering, binning, normalization and 

downstream analysis. Blue boxes specify the strategy used in each analysis step. Sometimes 

a pre-processing step by an external tool is required (grey boxes). For filtering levels, the following 

abbreviations are used: read level (R), read-pair level (R-pair) and fragment level filtering (Fr.)  
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2.3 ChiP-based method 

Other methods for studying protein-DNA interaction are based on chromatin 

immunoprecipitation (ChIP). As well as 3C-based methods, the procedure starts with covalent 

cross-linking, accompanied by fragmentation of chromatins typically through sonication. 

Chromatin fragments are then immunoprecipitated using specific antibodies against target 

protein factors. Reverse crosslinking and detection follow (Figure 5). ChIP-seq uses 

high-throughput sequencing methods for detection, while ChIP-chip map the enriched 

fragments by DNA microarrays. Derivative called ChIP-loop (or ChIP-3C add ChIP) to the 3C 

protocol to identify specific protein-chromatin interactions and to decrease non-specific noise. 

Chromatin interaction analysis using paired-end tag sequencing (ChIA-PET) allows 

genome-wide detection of chromatin interactions (Fullwood and Ruan 2009). It includes 

sonication as a method of fragmentation, ChIP-based enrichment, linker ligation, chromatin 

proximity ligation and paired-end tag high-throughput sequencing (Figure 5). 

 

 
Figure 5: Schematic comparison of 3C, 4C, 5C, ChIP-3C, and ChIA-PET (Fullwood and Ruan 2009) 

First of all, there is a protein-DNA cross-linking by formaldehyde. The stabilized protein-DNA structure 

is then digested with restriction enzymes in the 3C-based methods (3C, 4C, 5C). Within ChIP-based 

methods, the fragmentation is usually made through sonication and the followed up by 

immunoprecipitation. Next step for all protocols is re-ligation of the loose DNA fragment ends. 

The ChIA-PET ligation includes two parts: linker ligation and usual proximity ligation. Resulting 

molecules are then detected and analysed. 
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3 Data 

This chapter aims to efficient storage of 3D genomics data. Information about the genome 

structure can be either sequenced or aligned reads (1D data), contact and interaction matrices 

(2D data) or directly the 3D coordinates. Several file formats and database systems to store and 

query them are presented (Figure 6). 

3.1 File formats 

Especially with new technologies, standards for data formats have to be established in order to 

share them and assess their quality. Definition of these standards is also one of the goals of the 

4D Nucleome project (Dekker et al. 2017).  

A common format for storing 1D data in the form of sequenced reads is FASTQ file. It is a 

text-based file containing sequence letters and the quality scores. The quality value determines 

the probability that the corresponding base is incorrect. The standard for aligned reads is BAM 

file, which is a compressed binary version of SAM file. In addition to the location of the aligned 

mate read for paired-end sequencing, it contains other information about the read, such as read 

name, chromosome, position, mapping quality, cigar string, read sequence and custom tags. 

2D data (contact matrices) can be stored in tabulated or comma-separated formats. However, 

because the Hi-C matrix is symmetric and sparse, other representation can be used in order to 

reduce the data size, e.g. coordinate list with only non-empty entries of the matrix coordinates. 

Further size reduction is achieved by using compressed binary formats. According to the 

4D Nucleome consortium, there are two standard binary file formats for storing 2D data at 

multiple resolutions: hic and cool. The hic format is produced by the Juicer pipeline (Durand et 

al. 2016). The cool format is based on Hierarchical Data Format (HDF5) that is generally used 

for large scientific datasets (Kerpedjiev et al. 2018). Other developed formats are used by 

specific analysis and visualisation tools. Binary Upper Triangular Matrix (BUTLR) is a binary 

indexed format used by 3D Genome Browser (Wang et al. 2018). Chromosome contact map 

(ccmap) and genome contact map format (gcmap) using a HDF5 container are applied by 

Genome contact map explorer (Kumar et al. 2017). Because the formats are implemented in 

different programming languages (hic uses Java and C; cool, ccmap and gcmap are based on 

Python; BURTL uses Perl), there are different scripts to convert and manipulate these files 

available. However, in the case of reading, writing and manipulation, all these data formats are 

more or less comparable.  
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For storing 3D data, Protein Data Bank (PDB) format was commonly used in the past. In PDB, 

3D coordinates of the atoms are recorded in fixed-size columns. One of the main drawbacks is 

a small number of atoms this format can store. Therefore a text-based macromolecular 

Crystallographic Information File (mmCIF) and later on a binary Macromolecular 

Transmission Format (MMTF) were developed (Bradley et al. 2017). However, all of the 

mentioned were primarily designed for storing protein structures and therefore are inadequate 

for genomes with multiple levels of structural organization. Genome Scale System (GSS),  on 

the other hand, contains five individual files storing 3D genome at different resolutions (from 

lower to higher): genome scale (.gs.gss), chromosome scale (.cs.gss), loci scale (.ls.gss), fiber 

scale (.fb.gss) and nucleosome scale (.ns.gss) (Nowotny et al. 2016). Each file of a lower 

resolution stores a location of the centre of compartments of the next higher resolution. This 

multi-scale system allows better reading and displaying of the genomic structures. 

For genomic annotation, mostly Browser Extensible Data (BED) format is used. It stores 

genomic regions as coordinates and associated annotations in the form of columns (up to 12) 

separated by spaces or tabs. Another format for gene description is general feature format (GFF) 

and its derivative GFF2, GFF3 and GTF. It contains tab-separated values in 9 columns. 

3.2 Database systems 

For subsequent data research, it is also necessary to have an efficient and flexible database 

system in place. Relational database MySQL based on B-trees is suitable and often used for 

storing and querying primary structures. For managing 2D data, such as interaction matrices, 

MySQL database system is still appropriate if the queries are not too complex. Recently, 

3D-genome Interaction Viewer and database (3DIV) has been constructed to store long-range 

chromatin interactions with epigenomic annotation (Yang et al. 2018).  

However, these database systems are inappropriate when searching for spatial neighbours 

within a specific volume. Competent 3D genome database should organize the data for easy 

querying in 3D space, adapt the storage system to the data and queries, as well as adjust when 

new data is added. Spatial databases usually use R-trees and their variants, but they are not 

optimized to organize the large amounts of data along the DNA backbone. 3DBG is an on-line, 

adaptive and cluster-based database system meeting all the above criteria (Butyaev et al. 2015). 

It surpasses the performances of the other storage systems such as PostGIS database, especially 

in the reduction of query latencies and thus allowing real-time visualization and exploration of 

3D genome. Currently, there are three complete 3D models stored in 3DBG, that can be 
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explored using 3D Genome Browser (3DGB). The first is the whole diploid genome of human 

cell K562 from (Asbury et al. 2010). Second and third model contain individual chromosomes 

from human B-cell GM06990 and leukaemia B-cell from (Trieu and Cheng 2014). 

As will be discussed in the next chapter, most of the visualisation tools for 3D strictures use 

some kind of database system to store and query data. Some of them provide sequence querying 

but only 3DGB using spatial database 3DBG support querying in 3D space. 

 

Figure 6: Overview of the techniques for storage and visualisation of 2D and 3D genomics data 

(Waldispühl et al. 2018) 

On the left, there is a table with 2D data, columns represent the type of data: one vs. one, one vs. many 

and many vs. many. Different strategies to store and visualise the data are listed in the rows. Suitable 

file format and database are important prerequisites for efficient storage. Visualisation tools can be 

divided into a single scale and multiscale. A similar table for 3D data of TAD and the full genome is on 

the right. Boxes indicate the strategy adopted to address the challenge. Examples of implementation are 

given in the parenthesis. 
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4 Visualisation 

The visualisation of the data is also a key part of their analysis. In the previous chapter, the type 

of data available and data formats used to store them are introduced. This chapter present 

graphical tools developed to visualise this information. There are various approaches to display 

3D genome data: arc and circular representation for 1D data, heat maps for 2D contact matrices, 

TAD or full genome visualisation in case of real physical models (Figure 7). Some of the tools 

incorporate special features resulting from downstream analysis, e.g. display of genomic 

annotation tracks. 

 
Figure 7: Overview of approaches and software technology for 3D genomics data visualisation 

(Waldispühl et al. 2018) 

(a) 1D arc representation (WashU Epigenome browser) 

(b) 1D circular representation with genomic annotations (CHiCP) 

(c) 2D Hi-C interaction matrix (HiGlass) 

(d) 2D Upper triangular matrix mapped on linear genomic annotation tracks (3Disease browser) 

(e) 3D representation of TAD (TADkit) 

(f) Full 3D genome visualisation (3DBG) (Waldispühl et al. 2018) 
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4.1 Contact maps and 2D representation 

There are many ways how to visualise spatial genome data in the form of contact matrices and 

other 2D representations (Table 1). Long-range chromatin interactions (1D data) can be shown 

as arcs connecting two indexes in the genome sequence. Some visualisation tools also use a 

circular representation of the sequences, e.g. CHiCP, Rondo, WashU epigenome browser and 

HiBrowse. 

2D Hi-C data are usually visualised as heatmaps, where domains and loops can be easily 

explored (Figure 3). Because the interaction matrix is symmetric sometimes only upper 

triangular matrix representation is used. Advanced tools map the upper triangular heatmap on 

linear genomic annotation tracks. 

Table 1: Summary of visualisation tools for contact maps and 2D representations 

 1D 2D Data type Client 
Data 

formats 
Reference 

UCSC Genome 

Browser 
✓  Hi-C Browser BED (Karolchik et al. 2003) 

My5C ✓ ✓ 5C Browser BED (Lajoie et al. 2009) 

HiBrowse ✓ ✓ Hi-C Browser BED (Paulsen et al. 2014) 

CHiCP ✓  cHi-C Browser 
contact 

map 
(Schofield et al. 2016) 

HiView ✓  Hi-C Browser BED (Xu et al. 2016) 

Juicebox ✓ ✓ 
Hi-C, cHi-C, 

ChIA-PET 

Browser, 

Java app 
hic (Durand et al. 2016) 

Rondo ✓  Hi-C Browser N/A (Taberlay et al. 2016) 

Genome Contact Map 

Explorer 
✓ ✓ Hi-C, ChIP-seq Python app HDF (Kumar et al. 2017) 

HUGIn ✓  Hi-C Browser N/A (Martin et al. 2017) 

3D Genome Browser ✓ ✓ 
Hi-C, cHi-C, 

ChIA-PET 
Browser BUTLR (Wang et al. 2018) 

3DIV ✓ ✓ Hi-C Browser N/A (Yang et al. 2018) 

HiCExplorer ✓ ✓ Hi-C, ChIP-seq Python app cool (Ramírez et al. 2018) 

HiGlass ✓ ✓ Hi-C Browser 
HDF, 

cool 

(Kerpedjiev et al. 

2018) 

HiPiler ✓ ✓ Hi-C Browser N/A (Lekschas et al. 2018) 

WashU epigenome 

browser 
✓ ✓ 

Hi-C, cHi-C, 

ChIA-PET 
Browser 

HDF, 

hic, cool 
(Li et al. 2019) 

Compiled with the help of (Waldispühl et al. 2018; Pal et al. 2018)  
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4.2 3D genome structure 

There are many visualisation tools for small biological molecules such as proteins, e.g. Pymol, 

Jmol etc. However, when it comes to visualisation of large-scale genome structures only a few 

tools have been developed. Main limitations for the effectiveness of these programs are file 

formats and loading of the structure data. Besides the chromatin structure visualisation, some 

tools facilitate the entire process of Hi-C data analysis and 3D model prediction. 

4.2.1 Genome3D  

Genome3D is a C++ program that runs only on Windows platforms. Genome3D uses 

compressed XML file format to store chromosomal data at three scales (nucleosome, fibre, 

DNA). Because the positions are computed on demand and not saved, the storage size is 

substantially reduced. Genome3D enables interactive manipulation and displaying of genomic 

data at multiple resolutions. Thanks to the open XML format, users can easily add their own 

models. It supports screen capture and the models can be also exported as PovRay models for 

high quality renders or as PDB models for additional downstream analysis. Among the latter, 

Genome3D also incorporates UCSC Genome Browser annotations tracks and users can define 

various display parameters themselves, such as colour or shape (Asbury et al. 2010). 

4.2.2 3DGB  

3D Genome Browser (3DGB) is a web-based visualisation tool for 3D genome structures. It 

was developed simultaneously with a database system 3DBG. The 3D genome viewer uses 

Javascript library Three.js for real-time navigation. Users can explore three data sets available 

in the database: complete diploid human genome and individual chromosomes from normal 

and leukaemia B-cells. 3DGB has three modes in which the chromatin structure can be 

explored. In cubic mode, users can define and query a 3D neighbourhood represented by a box 

around the cursor (Figure 8). Once selected, the list of all single nucleotide polymorphisms 

(SNP) and genes within the box can be obtained. In linear mode, users can retrieve all SNPs 

within the 1D neighbourhood that is defined as a sequence interval. Transcription factor binding 

sites can be highlighted in the third ChIP-seq mode. Users can also upload their own SNP data 

for comparison. Moreover, 3DGB is dynamically linked to a 2D genome map viewer for better 

navigation. Another feature 3DGB has is a distance measurement between two points (Butyaev 

et al. 2015). 
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Figure 8: Screenshot of 3DGB in Cubic mode (Butyaev et al. 2015) 

In the viewer, a cursor is in the centre of a red box representing a neighbourhood to be explored (the 

size of the box is adjustable). After selecting a volume, users can find out basic information about this 

part of the genome: chromosome number and helix, positions and a list of all SNPs located within that 

box. There are hyperlinks to directly access detailed information stored on the NCBI databases for each 

SNP and it is also possible to access the list of all genes present in the query cell.  

4.2.3 GMOL  

GMOL is based on Java application Jmol. However, it adds some special features for genome 

visualisation, which include sequence querying, measurement system and last but not least 

a new file format that enables a six-scale system of visualisation. The file format created 

especially by GMOL is GSS. It can be easily converted from PDB format using scripts provided 

on the GMOL source site. For an interactive multiscale exploration of structures, users can 

select any unit at any scale and scale it up to get an overview of the location within the larger 

structure. By scaling down to a higher resolution, users can get a detailed view of the selected 

unit. Selection of a unit is based on the index (sequential number of this unit in genome 

sequence), scale information or sequence. GMOL also allows querying of selected units into 

Ensembl or a local database. In the case of measuring capabilities, GMOL can measure the 

distance between two units or the angle between any three units. The functionality of GMOL 

can be extended by writing custom scripts and commands (Nowotny et al. 2016). 
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Figure 9: Screenshots of GMOL at Genome Scale (Nowotny et al. 2016) 

Side by side are screenshots of two models visualising the human genome at the genome scale. Balls in 

the model represent individual chromosomes. The difference in the position of Chromosome 1 between 

the two models is highlighted.  

4.2.4 3D-GNOME  

3D Genome Modelling Engine (3D-GNOME) generates 3D models directly from 3C data. 

Besides the simulation frameworks, it provides a web-based 3D viewer. The simulation 

algorithms are written in C++ and are based on a multiscale top-to-bottom modelling approach. 

It means that low-resolution structures are modelled first using singleton heatmaps followed by 

utilization of PET interaction to attain high-resolution structures. The simulation protocol is 

based on energy function and conversion of interaction frequencies into the distances between 

genomic regions. There are various parameters, such as CTCF orientation or TAD definition, 

which can be defined by a user to get more reasonable structures. 3D-GNOME takes as input 

a tab-delimited BEDPE (paired-end BED) file that contains at least 7 columns. First six 

columns describe regions on both sides of the interaction (chromosome, start and end position). 

The seventh column represents the frequency of that interaction. From the data provided, 

3D-GNOME creates 1D arc representations of the PET interactions, 2D heatmaps 

representations of the singleton data and other distribution statistics. The 3D viewer is 

implemented in WebGL using Three.js Javascript library. It allows uploading genomic 

annotation data over the structure and colouring defined by users. The 3D model representation 

can be saved as an image or as a rendering STL file (Szalaj et al. 2016). 
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4.2.5 3Disease browser  

3Disease Browser integrates 3D chromosome structure with disease-associated chromosomal 

rearrangements (CR) such as deletion, duplication, insertion, inversion, translocation and ring 

chromosomes. CR events that may affect TAD boundaries and misregulate gene expression 

were predicted using Hi-C and ChIP-seq data. In addition, Hi-C contact frequencies were used 

to build a 3D model of the chromosomal structure surrounding that CR event. The prediction 

algorithm is based on multidimensional scaling algorithm. Users can query an interested gene 

or disease and opt for one from six different cell types, that were analysed. 3Disease Browser 

displays the contact matrix as an upper triangular heatmap with TADs identification, along with 

other evaluation scores and gene information. The second graph shows the 3D model of the CR 

region and users can overlay the corresponding epigenetic information on the 3D structure 

(Figure 10). 3Disease browser is a web-based software implemented in Javascript using D3.js 

for interactive 2D representation and Plotly.js for 3D visualisation. It uses the Mongo database 

system (Li et al. 2016). 

 

Figure 10: Screenshot of 3Disease browser showing chromosomal rearrangement of developmental 

delay disease (Li et al. 2016) 

On the left, there is the heatmap of Hi-C contact matrix. The bold red bar represents the CR region. 

The DI (directionality index), HS (HMM state) and TB (TAD boundary) help us to determine TAD 

boundaries. E (Enhancer) represents the number of base pairs corresponding to strong enhancers in 

10 kb bins. The me1 (H3K4me1) and ac (H3K27ac) ChIP-seq data help for enhancers identification. 

The Gene row contains gene information, such as gene names and strand information. On the left is 

a 3D model of the rearrangement region. The red region in the model corresponds to the CR region 

indicated also in under the heatmap.  
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4.2.6 HiC-3DViewer  

HiC-3DViewer is a browser-based tool for an exploration of 3D genomic structures. It is based 

on client-server architecture, where the client uses Three.js and D3.js Javascript library. 

The server side is implemented in Python and is responsible for 3D model prediction and data 

storage. Users can upload their own data in different formats such as Hi-C matrix or 3-columned 

file. There are four prediction algorithms available – two use multidimensional scaling method 

and the other two are based on a statistical model of Poisson distribution. HiC-3DViewer 

enables also exploration of the pre-built models for yeast, drosophila and human genomes. 

The visualisation tool shows an interactive mapping between 1D genome sequence, 2D Hi-C 

heat map and the 3D genome model (Figure 11). Users can highlight 3D positions in the model 

based on the selected regions on the Hi-C map or by uploading a BED file with annotations. 

Another HiC-3DViewer’s feature is the distance measuring between selected regions and 

displaying information about them, such as name linked to the UCSC browser or position. 

Additionally, cis- and trans-interactions can be visualised to better understand the topological 

structure (Djekidel et al. 2016). 

 
Figure 11: Screenshot of HiC-3DViewer (Djekidel et al. 2016, p. 3) 

The main interface of HiC-3DViewer displays the yeast genome. Pink arrowheads show the 2D to 3D 

mapping – the selected regions on Hi-C heat map are highlighted in orange and blue on the 3D model. 

The green arrowhead indicates a 2D to a 1D mapping of the selected region in the yeast genome. Each 

selected region is mapped to an individual 1D genome. 



 
23 

4.2.7 TADbit + TADkit 

TADbit is an open-source Python library. It takes as input the sequenced reads of 3C-based 

experiments in FASTQ format. It performs data pre-processing (quality check), iterative 

mapping of reads to the reference genome, filtering and normalization. Many parameters can 

be specified by users, e.g. the position of the mapping windows, filtering criteria or the bin size 

used in normalization. To estimate the degree of similarity of two interaction matrices, two 

different comparison scores can be computed. Other functions of matrix analysis of TADbit are 

genome segmentation into TADs, their alignment and clustering. Last but not least, TADbit can 

be used for 3D modelling of genomic domains and their structural analysis. TADbit front-end 

and 3D genome browser for visualisation is called TADkit. It is implemented in HTML5 and 

JavaScript using D3.js library for 1D and 2D tracks rendering and Three.js for 3D tracks. Users 

can upload a TADbit JSON file or display sample TADbit data. TADkit is an interactive 

visualisation tool, where the 3D model view is juxtaposed to synchronizes 1D and 2D tracks 

for better evaluation of relationships (Figure 12). Users can add genomic tracks to the viewer 

in BED, GFF3 and other formats (Serra et al. 2017). 

 

Figure 12: Screenshot of TADkit (Serra et al. 2017) 

The sample TADbit data from human chromosome 18 are visualised. 3D model on the left is 

synchronized with the interaction matrix on the right. After selecting a specific point on the Hi-C matric, 

genomic details are shown such as the distance of interaction, transcription factors binding sites and 

genes. 
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4.2.8 Delta 

Delta is a web-based analysis and visualisation tool. It is composed of two parts: Delta-analysis 

and Delta-view. Delta-analysis takes Hi-C or ChIA-PET contact matrix as input. It applies 

external tool TADtree to perform TAD calling and FastHiC for interaction calling. It can also 

predict 3D models from the uploaded contact matrices using three different algorithms. 

Delta-view serves as the visualisation toll using either output of Delta-analysis or user’s own 

data can be uploaded. GFF3 is the supported TAD and loop file format. It takes XYZ (Cartesian 

coordinates of specific regions) or JSON file formats as input for the 3D model view. 

Delta-view has three modes: genome browser 1D view, topological circlet plots view and 

physical view. It also enables dual-mode that juxtaposes the 3D physical model with 

a synchronized genome browser or topological view. Tracks can be also added to the views to 

highlight or distinguish some regions. The 3D model has some space limitation of track number, 

but this can be overcome by using the genome or topological view (Tang et al. 2018). 

 

 

 

Figure 13: Screenshot of Delta in Dual-mode (Physical + Topological View) (Tang et al. 2018) 

A specific region within the human chromosome 11 is shown, where a particular interaction is 

highlighted. On the left is a 3D physical model that is synchronized with the circlet topological view on 

the right. Users can add specific genome tracks onto the ball-and-stick model of 3D chromatin structure, 

but only a few features can be displayed in the model due to space limitation. On the other side, the 

topological view on the right can overcome this limitation and much more tracks can be shown.  
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4.2.9 GenomeFlow  

GenomeFlow is implemented as a Java application and it is basically a GMOL extension. It 

facilitates Hi-C analysis and modelling of 3D genome structures. It consists of three main parts: 

1D, 2D and 3D functions. 1D functions map raw pair-end Hi-C reads from FASTQ files to 

a reference genome. It uses external tools for indexing and mapping (Burrows-Wheeler Aligner 

or Bowtie2). It creates a formatted text file, that is further utilized by 2D functions. Among 

these functions, GenomeFlow can convert that text file into a binary hic format and create 

a contact matrix. It also provides a normalization function and contact matrices can be displayed 

as heat maps. The external tool ClusterTAD is used for identification of TADs. 3D functions 

implement two different algorithms for 3D genome modelling. Both take a sparse matrix format 

as input, visualise the reconstruction in real-time and the output is in GSS format. In the 3D 

models, GenomeFlow can highlight loops or display genome annotation tracks in the BED 

format (Trieu et al. 2019).  

 

4.3 Comparison 

The usage of different visualisation tools depends on what users want to investigate, if they 

have their own data to analyse and what kind of data they have.  

Some tools, such as Genome 3D and GMOL, are designed only for 3D genome structure 

visualisation, while others facilitate the entire process of modelling and analysis. 3D-GNOME, 

Delta, HiC-3DViewer and GenomeFlow would belong to the second category. In most cases, 

the 3D structure prediction tool is implemented separately, e.g. Delta-analysis, TADbit or 

server-side by HiC-3D Viewer. They take as input either sequenced reads in FASTQ format or 

Hi-C contact matrix and perform all the analysis steps. Ultimately, they produce outputs 

compatible with their visualisation tool usually similar to the PDB format.  

Only in 3DGB and 3Disease Browser, users cannot upload and analyse their own data. Both 

visualisation tools enable model selection from their database. 3DGB has implemented its own 

database system called 3DBG, while 3Disease Browser uses MongoDB database system. Both 

tools comprise only human genome models. 

Some visualisation tools incorporate preloaded Hi-C datasets from reputable experiments (Tang 

et al. 2018). Data from experiments by (Dixon et al. 2012; Rao et al. 2014) are available 
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in 3Disease Browser and Delta. HiC-3DViewer and Delta can access datasets from 

(Lieberman-Aiden et al. 2009) as well as their normalized versions. 

Genome 3D is probably the first viewer specifically designed for 3D genome visualisation and 

it is a C++ program working only on Windows.  GMOL and GenomeFlow are both Java 

application that can be run on Windows, Mac OS and Linux. The use of Java applications is 

declining because of the installation requirements. Development of modern web technologies 

enabled the viewers to be accessible through web browsers. Most of them make use of HTLM5 

WebGL capabilities for interactive 2D and 3D rendering. Javascript library Three.js is very 

favourite allowing the display of large structures with reasonable memory and process time.  

Some tools support the multi-level exploration of genome structures ranging from the 

nucleosome-scale containing all the nucleotides to the genome-scale. Genome3D uses 

4 visualisation scales, whereas GMOL and GenomeFlow utilize GSS file format to store and 

display the 3D genome model at 6 different levels of resolution. The rest of the viewers show 

only the 3D structure of chromatin. 

All the visualisation tools are interactive allowing users to zoom or rotate the structures. Besides 

that, GMOL, 3DGB, HiC-3DViewer and GenomeFlow have also a measurement function. 

Within some tools, users can write custom scripts that they might need for specific projects. 

For a better study of the relationship between chromatin conformation and its function, it is also 

important to highlight some regions of interest and visualise specific epigenetic tracks. 

Displaying of genome annotation in 3D space is supported by all of the above except 

3D-GNOME.



 

 

Table 2: Summary of visualisation tools for 3D structures 

 
Implemen-

tation 

Input file 

format 

Visua-

lisation 

Model 

predi-

ction 

Measu-

rement 

Sequence 

querying 

Scripts/ 

Command 

Full genome 

visualisation 

Visua-

lisation 

scales 

Model 

saving 
Reference 

Genome3D 
C++ 

program 
XML 3D   

Local 

database 
 ✓ 4 

JPG, 
PovRay, 

PDB 

(Asbury et 

al. 2010) 

3DGB 
web 

browser 
 3D  ✓ 

UCSC, 

NCBI 
database 

✓ ✓ 1  
(Butyaev 

et al. 2015) 

GMOL Java app GSS 3D  ✓ 

Ensembl, 

local 
database 

✓ ✓ 6 JPG, PDB 
(Nowotny 

et al. 2016) 

3D-

GNOME 

web 

browser 
BEDPE 

1D,2D, 

3D 
✓  N/A   1 

PNG, PDB, 

XYZ, STL 

(Szalaj et 

al. 2016) 

3Disease 

Browser 

web 

browser 
 2D, 3D ✓  N/A   1  

(Li et al. 

2016) 

HiC-

3DViewer 

web 
browser 

contact 
matrix, XYZ 

1D,2D, 
3D 

✓ ✓ N/A  ✓ 1  
(Djekidel 
et al. 2016) 

TADbit + 

TADkit 

Python 

library + 
web 

browser 

FASTQ + 
JSON 

2D,3D ✓  
local 
database 

  1 PNG 
(Serra et 
al. 2017) 

Delta 
web 
browser 

contact 

matrix, 
GFF3, XYZ, 

JSON 

1D, 3D ✓  N/A   1 PDF 
(Tang et 
al. 2018) 

Genome-

Flow 
Java app 

FASTQ, 
sparse 

matrix 

2D, 3D ✓ ✓ 

Ensembl, 

UCSC, 
NCBI, 

local 

database 

✓ ✓ 6 
JPG, PDB, 

GSS 

(Trieu et 

al. 2019) 
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Conclusion and challenges going forward 

This bachelor’s thesis aimed to compare visualisation tools for 3D genome structures, their 

main features and the computing technology that have been used for implementation. It also 

summarized the whole Hi-C experiment process, along with data representation, storage and 

navigation. 

Over the past few years, Hi-C and its other high-throughput derivatives have been widely 

adopted for genome spatial structure exploration.  Besides other things, Hi-C experiments 

started the big data era in genomics. However, traditional analytical methods prove to be 

insufficient and unscalable to reveal new genomic insights from this data. This bachelor’s thesis 

discussed the visualisation challenge in terms of data architecture, database systems and viewer 

software available.   

In the first chapter, basic terms in genome organization used in this bachelor’s thesis are 

introduced and explained. More and more evidence indicates that 3D genome architecture plays 

a major role in genome function. However, it is important to mention that the genome spatial 

structure is still not completely understood. For instance, there is not a clear and unambiguous 

definition of TADs, making it complicated for computational identification. 

Next chapter addressed the 3C-based methods that investigate the spatial proximity between 

non-adjacent genomic regions. In particular, this chapter provided an overview of the Hi-C 

method, which is important in further chapters to understand the context. Here are some issues 

and challenges that need to be taken into account, while performing Hi-C experiments. The first 

limitation is the Hi-C data resolution, which is primarily defined by the restriction enzymes and 

the sequencing depth. Advances in high-throughput sequencing techniques led to the increased 

size of datasets and their better quality. Specific protocol variants have also been designed to 

improve the resolution. Secondly, the resolution is also affected by data pre-processing. 

Filtering is particularly important for Hi-C data, so that spurious signal and all the biases are 

removed. Whereas binning defines the final resolution of the results. The third challenge 

represents the downstream analysis, which is not straightforward because of the lack of an 

experimentally validated identification. Different analytical tools implement different 

computational approaches, so the researches should test more of them to find out which one fits 

the most to their specific case.  
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The third chapter applied to the efficient storage of Hi-C data in terms of file formats and 

database systems. One of the critical points of the Hi-C data analysis is the lack of standard 

formats. Most analytical and visualisation tools use different data formats, but only a few 

provide conversion feature. A common standard in format could allow researchers to easily test 

their data with multiple tools. 3D genomics coordinates data are also special with respect to 

storing and querying. File formats designed primarily for smaller structures such as proteins are 

limited by a number of atoms and do not support multiple levels of structural organization. 

Regarding the database system, it should execute the queries in 3D spaces, allowing to access 

spatial neighbours with low latency. Some data formats such as GSS format and database 

systems, e.g. 3DBG, have been proposed, but their usage is limited because they are not widely 

adopted. 

Finally, the last chapter is focused on the visualisation of structural genomics data. 

Representation and manipulation of contact and interaction matrices are quite developed areas. 

At the beginning of this chapter, some of the software technologies to display 2D Hi-C data are 

presented and compared in Table 1. On the other hand, visualisation and exploration of 3D 

genome structures are still in its infancy. 3D structure study tools could be divided into two 

categories: prediction and visualisation. Programs and applications for 3D structure prediction 

implement various algorithms to model a 3D genome. They can usually display only the 

architecture of TADs, but are not adjusted for full genome visualisation. Visualisation tools 

designed especially for 3D genomes represent the second category. They support functions as 

multiscale exploration or genomic annotation. They work as databases displaying pre-

calculated 3D models or take as input directly the 3D coordinates. Detailed overview and 

comparison are provided in the subchapter 4.3 and sum up in Table 2. 

Being user-friendly, while allowing interactive real-time exploration is one of the main 

requirements for the visualisation tools. Using a game engine is suggested to get a better 

rendering speed and process a larger amount of data on the fly (Shepherd et al. 2014). Also, 

virtual reality has a big potential for additional 3D genome exploration (Hérisson et al. 2004). 

No doubt, further development of the viewers, along with more accurate 3D genome models 

from experimental data are essential for further studies. 
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