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Abstract

Over the last decade, genomic proximity ligation approaches have reshaped our vision of chromosomes 3D
organizations, from bacteria nucleoids to larger eukaryotic genomes. The different protocols (3Cseq, Hi-C,
TCC, MicroC [XL], Hi-CO, etc.) rely on common steps (chemical fixation digestion, ligation. . .) to detect
pairs of genomic positions in close proximity. The most common way to represent these data is a matrix, or
contact map, which allows visualizing the different chromatin structures (compartments, loops, etc.) that
can be associated to other signals such as transcription, protein occupancy, etc. as well as, in some instances,
to biological functions.

In this chapter we present and discuss the filtering of the events recovered in proximity ligation
experiments as well as the application of the balancing normalization procedure on the resulting contact
map. We also describe a computational tool for visualizing normalized contact data dubbed Scalogram.

The different processes described here are illustrated and supported by the laboratory custom-made
scripts pooled into “hicstuft,” an open-access python package accessible on github (https: //github.com/
koszullab /hicstuft).

Key words Chromatin folding, Genome architecture, 3C, Hi-C, normalization, Proximity ligation,
Chromosome organization

1 Introduction

Since the conception and application on budding yeast chromo-
some III of the original chromosome conformation capture
(3C) protocol [1] (see Note 1), numerous derivatives of the 3C
technique (also referred to as C approaches) have been developed
and applied to many species. Those approaches provide insights on
the higher order of genome folding that, combined with imaging
and other molecular data, unveil functional interplay between chro-
mosome architecture and metabolism [2, 3]. C approaches have
notably allowed the visualization of chromatin loops signal in a
variety of genomes, such as those that appear during the meiotic
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and mitotic metaphase stages of the baker’s yeast Saccharomyces
cerevisine [4, 5]. Genetics analyses have further allowed the dissec-
tion of the regulatory mechanisms involved in their maintenance,
positioning, and features [6]. Chromosomal domains, i.e., regions
displaying preferential contacts within themselves rather than with
their flanking regions, have been called with different names (topo-
logically associating domains or TADs, chromosome interacting
domains, micro-domains, etc.) [7]. The formation of these
domains results from mechanisms that remain actively investigated
and involve, among others, roadblocks of various nature along the
chromatin interplaying with dynamic loop extrusion or transcrip-
tion [8—11]. The genomes of several animals, and more recently of
an archaea, display a bi-partition into two main compartments: the
transcriptionally inactive and active ones [12].

The biological significance of these different levels of architec-
ture remains to be understood as well as the precise molecular
mechanism(s) responsible for their formation and maintenance.

While the general principles behind C’s approaches remain
similar, some variations have been introduced to improve or refine
the resolution of the captured contact signal. The original chemical
fixation step of the experiment has been carried out principally
using formaldehyde cross-linking using paraformaldehyde [13],
whereas ethylene glycol bis(succinimidyl succinate) (EGS),
dimethyl adipimidate (DMA), as well with dual cross-links have
been used on occasion [14]. The later cross-links generate longer
bridges between the reactive molecules, hence their interest. The
genomic digestion step can also be adapted, from the use of cocktail
of restriction enzymes [15], to the use of Mnase in Micro-C [16]
and Hi-CO [17] protocols, all aiming at higher cutoff frequency
and thus higher read coverage and short-scale resolution [4]. And
the genomic template can even be engineered to display regularly
spaced restriction sites, resulting in polymorphism allowing
tracking of two homologous sequences in otherwise isogenic
strains [4].

The first steps of the Hi-C data analysis consist in data proces-
sing, filtering, and normalization. They aim at improving the
signal-to-noise and thus the characterization of relevant contact
features in the matrices. In this chapter we describe standard pro-
cedures to process contact data using hicstuff, an open-access
python package available on https://github.com /koszullab/
hicstuft/.

We will also describe a visualization tool called Scalogram,
already used to display bacterial contact maps, which can be used
to plot normalized contact data while providing some insights on
the local behavior of the DNA fiber, eventually reflecting dynamic
properties (see [10]).
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2 Materials

2.1 Hardware

2.2 Software

Table 1

Required software.

for download

To process genomic contact data, we recommend a machine with
~10 CPUs and at least 8 Gb of RAM, but this is largely dependent
on the size of the genome. To visualize chromatin loops along the
human genome a Hi-C local resolution of 10 kb or higher is
necessary, resulting in matrices of 10,000 x 10,000 that will neces-
sitate several Gb available memory (se¢ Note 2).

The recommended software is listed in Table 1 and detailed below:

1. The python package used below is hicstuff, which contains
several modules and all functions needed for matrix manipula-
tion (Numpy), computation (SciPy) and visualization (Matplo-
tlib). The easiest way to install the program is to use the python
package installer:

pip3 install -U hicstuff

2. Alignment software such as bowtie2, bwa, or minimap2 must
also be installed as well as the samtools suite to process the
aligned reads. Bowtie2 is the more comprehensive aligner and
retains the most contacts, whereas minimap?2 is the fastest but
may discard alignments along the way.

The table reports the list of required software along with their function and URL

Name

Function

URL

Fasterq-dump

bowtie2

minimap2
bwa
hicstuff
samtools

tutorial for 3C
data

Scalogram

Spyder

Reads extraction

Alignment

Alignment

Alignment

Hi-C pipeline
processing of sam files

codes to process contact
data

Scalogram visualization
tool

IDE

https: //www.ncbi.nlm.nih.gov/sra

http: //bowtie-bio.sourceforge.net/bowtie2 /index.
shtml

https: //github.com/lh3 /minimap2
https: //github.com/1h3 /bwa

https: //github.com /koszullab /hicstuff
http: //samtools.sourceforge.net/

https: //github.com /axelcournac/3C_tutorial

https: //github.com /koszullab /E_coli_analysis

https: //www.spyder-ide.org/
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3. Finally, we recommend installing the integrated development
environment Spyder which allows an interactive use of the
python language and thus facilitates an exploratory approach
of genomic data processing.

3 Methods

3.1 Alignment of
Read Pairs

3.2 Filtering of Non-
informative Events

To launch hicstuff, an example of command line can be:

hicstuff pipeline -t 8 -a bowtie2 -e DpnII --matfmt bg2 --no-
cleanup -F -p -o out/ -g /home/sacCer3/sacCer3 SRR8769549_1.
fastg SRR8769549_2.fastqg

The different options are explained in detail on github
(https: //github.com /koszullab /hicstutf) or can be read by calling
the help file:

hicstuff pipeline --help

Raw reads can be extracted from Short Read Archive server
(SRA)  (https://www.ncbi.nlm.nih.gov/sra) using program
fasterq-dump from SRA tool kit (sra_sdk,/2.9.6) and the following
command:

fasterg-dump --split-3 SRR8769549 -0 .

As in most technologies involving high-throughput sequencing,
one of the first steps is to align the reads to a reference genome.
This results in a first filter, since reads whose alignment is ambigu-
ous are discarded from subsequent analysis. This quality filtering is
applied by setting a minimum threshold on the Mapping Quality
present in the output sam file of the alignment; MQ > 30 is
generally used by the community (see Note 3).

Another important filter is the filtering of duplicates from PCR
amplification. A commonly used filter consists of filtering pairs with
identical genomic positions. The probability of finding several of
the same pair of positions is very low and these events can be
considered as duplicates.

The next step is to assign to each read position the corresponding
restriction fragment when applicable. This assignment will allow
visualizing the different events present in the library and eventually
filter the ones that are not directly informative in terms of physical
contacts and spatial organization. In our original description of a
Hi-C contact map normalization procedure [18], we distinguished
several different types of ligation events (sec Note 4):
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Fig. 1 Types of events in Hi-C libraries. (@) Configurations of the different events present in a Hi-C library. (b)
Pie charts of the different types of events that can be found in a genomic contact library for different protocols:
from 3C seq, [19], from Hi-C [5], from Micro-C [XL] [14], from Hi-CO [17]

1. “uncuts” events: non-digested collinear fragments (also named
“dangling ends”). They can represent a large proportion of the
events in the library, especially if the process of biotin enrich-
ment of the ligation events is absent (3Cseq, Fig. 1a) or has not
functioned correctly.
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2. “circularization” events: one or more collinear fragments have
circularized (also named self circles). If their proportion is very
low, it may indicate that the ligation step has not worked well.

3. “weird” events: pairs of reads with the same orientation aligned
onto the same restriction fragment. These events are not possi-
ble with a single copy of the restriction fragment. They could
be explained either by sequencing errors or events involving
two copies of the DNA fragment (e.g. sister chromatids
post-replication, or in the presence of diploid genomes) (see
Note 5).

4. “Intrachromosomal” events: contacts involving two reads on
the same chromosome and having correctly passed the differ-
ent steps of the protocol and that can be considered as physical
contacts between two loci.

5. “Interchromosomal” events: pairs of reads involving two dif-
ferent chromosomes.

Figure 1 illustrates the distribution of these categories of events
for different genomic contact techniques from various representa-
tive experiments involving baker yeast Saccharomyces cevevisine (see
Note 6). The information contained in these pie charts can give
indications on the proper conduct of the protocol (digestion effi-
ciency, ligation, enrichment with biotin). The proportion of events
in inter can also be a good indicator of the noise content of the
library (see Note 7). A 3Cseq protocol (which does not include a
ligation event selection step with biotin) contains a large propor-
tion of undigested collinear fragment events compared to the Hi-C
protocol. The use of MNase allows a good digestion of genome
into small fragments. The use of long cross-linkers as proposed in
the protocol of Micro-C [XL] allows capturing relevant physical
contacts [20]. The rate of Inter events is very high in the Hz-CO
protocol. This may be due to high presence of random ligation
caused by the low cross-link procedure adopted (1% formalde-
hyde). It is probable that a strong cross-link as in Micro-C [XL]
would have decreased drastically this proportion.

Filtering out non-informative events is crucial when analyzing
small-scale (a few kb) signals. For instance, we recently showed a
positive correlation between the short-scale contact signal (~2 kb)
detected with 3Cseq and the transcription level measured with
RNAseq in several bacteria (see Supplementary Fig. S2 in [10]).
In other words, the more a region is transcribed, the more it makes
contacts with its close neighbors. Such a correlation would have
been very difficult to demonstrate without filtering the events.
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To build the contact map, it is necessary to bin the pairs of reads
that form the contact. The size of the bin is a compromise between
the desired spatial resolution and the sequencing depth. An exam-
ple of a 2 kb binned raw contact map for the model organism
Saccharomyces cevevisine is given in Fig. 2a (see Note 8). The pur-
pose of normalization balancing is to mitigate the various biases
that may be present.

Several biases due to the protocol have been identified in most
of the contact techniques notably:

1. The density of restriction sites or cut sites is one of the most
important biases. The difference can come from heterogeneity
in GC content of the genome (coming for the presence of
horizontal transfer elements). It can result in restriction frag-
ments of very different size. The probability of capture depends
on the fragment size gradually reaching a plateau around

1 kb [18].

2. The presence of repeated and non-mappable sequences can also
generate difference in detectability. An unknown amount of
signal can be “lost” among these regions this way. In practice,
matrices are often riddled of empty columns and rows that
represent these repeat “gaps.”

3. Other biases more difficult to quantify: the local accessibility of
chromatin for certain genomic regions, PCR amplification or
sequencing biases, etc.

These variations can be corrected or at least a bit attenuated by
the iterative normalization procedure, which consists in dividing
each matrix element by the detectability of the bin it belongs (i.e.,
the sum of the elements of each row and then each column). This
normalization assumes that each region must have similar detect-
ability: if one bin is under- or over-covered, this may be due to
protocol limitations [18, 21]. This assumption may not always be
valid (see below). The main advantage of this type of method is that
it has no a priori on the nature of the biases present in the library.
One example of such methods is the Sequential Component
Normalization (SCN), [18].

Other such methods exist:

e The most commonly used in the community is the Iterative
Correction and Eigenvector decomposition (ICE) [22]. The
term “normalization” is misleading here, as the sums of rows
and columns are not equal to one as with the SCN. It should be
seen as a bias correction procedure instead. It relies on the first
eigenvectors of the contact maps, whose values often correlate
with biases such as GC content

e The Knight-Ruiz balancing algorithm [23] is also a widely used
method to quickly obtain a doubly stochastic matrix P (whose
sums of rows and columns are equal to one) from a contact map
M by finding diagonal scaling D and E such that M = DPE.
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Fig. 2 Effect of matrix balancing normalization. (a) Contact map without and with balancing normalization for
chromosome 5 of S. cerevisiae (bin 2 kb, mitotic state, data from study [5]). (b) Genomic distance law
computed without and with the balancing normalization. (c) Agglomerated plot for peaks of cohesin. (d) The
mean Hi-C coverage for bins centered at peaks of cohesin

e Another intuitive method, also called “de-trending” or median
contact frequency scaling (MCES), requires computing, for each
genomic distance between any two loci, the median of all con-
tacts found at that genomic distance. This draws a so-called
“trend” of contacts as a function of the genomic distance. The
contacts between two loci are then divided by the trend found at
their distance. As with the ICE, it is not strictly speaking a
normalization.

¢ Some normalizations effectively correct for specific biases, such
as copy number variants (CNV) as in [24].

Before the iterative procedure, poor interacting bins should be
removed (to avoid distortion of the matrix elements involving
those bins) (see Note 3). As for the biases identified above, these
bins could correspond to bins containing repeated sequences and
filtered during the alignment procedure or to bins with no or few
restriction sites. These bins can correspond to genomic regions that
have a different GC content compared to the rest of the genome
(that can be attributed to horizontal transfer elements, prophages,
etc.).
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Example of command line to normalize using the ICE proce-
dure and visualize contact map (sec Note 9):

hicstuff view --normalize --binning 2 kb --region “chr5:0,0-
600,000” --frags fastg sam/out/fragments_list.txt abs_frag-

ments_contacts_weighted.bg2

An example of a normalized contact map is given in Fig. 2a for
the model organism Saccharomyces cerevisine. After normalization,
the map appears more homogeneous: poor lines or on the contrary
rich lines in contact are more balanced. In particular, it becomes
casier to distinguish chromosomal domains and loops.

To test the effect of normalization on the resulting contact map
and the following calculations, we compute the genomic distance
law Fig. 2b. This computation is a good metric that reflects the
physical properties of chromatin [25] or can be a good check for
the cross-link step. The balancing normalization does not affect this
plot. The averaging contained in this computation must indirectly
normalize the possible biases present in the library. We also com-
pute the agglomerated plot of pairs of cohesin peaks between 10 kb
and 50 kb (for more precision on that procedure see [6]). This
computation allows detecting the general contact pattern emerging
from a particular genomic group. In this example, we can see loop
pattern formed by the pairs of cohesins peaks between 10 kb and
50 kb. Interestingly, the pattern is not exactly the same with and
without normalization Fig. 2c. The hot spot of contacts is clearly
visible on both computations at the center of the plot. However,
without balancing normalization, a cross pattern is also visible. To
explain this difference, we compute the mean number of the bins
that are peaks of cohesin (Fig. 2d). The group of bins containing
the cohesin peaks has a greater number of contacts. This enrich-
ment may have been partially mitigated during normalization
which can explain why the cross pattern initially present has
disappeared.

To explain the greater number of contacts for this group of
bins, either these genomic positions have a more efficient cross-link
(potentially due to higher concentration of proteins at these posi-
tions). It can also be interpreted as these bins really making more
physical contacts than the rest of the genome, thus opposing the
initial hypothesis of uniformity in the number of contacts along the
genome. These contact stripes could be compatible with a loop
extrusion model [8]. In this model, cohesins, which are molecular
motors, wind up the DNA and can be blocked at specific locations
(thus forming a stable loop). These lines could correspond to
genomic positions trapped with the cohesins that have not yet
been blocked and continue to extrude. It is also possible that
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3.4 Scalogram:
Alternative
Visualization Tool for
Normalized

Contact Data

both effects (protocol bias and true biological effect) co-occur to
explain the representation without normalization.

This example shows us a possible limit to balancing normal-
izations. Thus, it seems important to us to always keep both repre-
sentations in mind when interpreting the data and the associated
molecular mechanisms. It is possible that with the decisive improve-
ments brought to the different protocols in recent years, we are
moving away from a uniform distribution of the number of contacts
per bin. Indeed, some loci, due to their biological properties, could
make a higher number of physical contacts than the rest of the
genome and play a particular role in the general architecture of
genomes. The loci enriched in cohesin appear good candidates for
such category. Many biological networks do not have a uniform
connectivity (networks of genes regulation, network of proteins
interactions), it appears possible that the contact networks detected
with C technologies are not either.

One of the most used computations when analyzing contact maps
is the so-called genomic distance plot (see above). It represents the
number of contacts in function of the genomic distance and can
reflect the structural properties of chromatin. The slope of the
curves changes according to the type of chromatin (active or inac-
tive) [25] or according to the color of chromatin in drosophila
data [26].

In this last section, we propose a simple visualization tool called
Scalogram that allows an alternative visualization of normalized
contact maps that aims at giving a kind of local representation of
the genomic distance law along a chromosome. The algorithm takes
as input a binned and normalized contact map for one chromo-
some. It also takes as input the number of bins on which the
computation is done. Scalogram representation aims at represent-
ing the dispersion of contact signal along the different spatial scales.
For each spatial scale, the cumulative contact signal is computed as
the percentage of the total contact signal. The use of contour lines
commonly used in cartography science allows smoothing out fluc-
tuations and gives a more readable representation of the contact
signal dispersion along a chromosome. The dispersion can give a
representation of the local constraint along a chromosome, i.c., if
the contact signal is important at short scales or on the contrary
quite dispersed along the spatial scales (se¢ Note 10).

To have a scalogram visualization, you can use the following
command line with the associated code (https://github.com/
koszullab /3C_tutorial /blob/master/python_codes/scalogram_

tool.py):

python users_scalogram.py MAT_RAW_chr5_2kb.txt chr5 150
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Fig. 3 Normalized contact maps and Scalogram representation. (a) For Escherichia coli genome, bin 5 kb, data
from [10]. In the scalogram representation, mobilities measurements are also included. They correspond to
MSD (Mean Square Displacement) measurements of fluorescent proteins attached to a specific locus [27, 28]
(blue dots). (b) For Chromosome 5 of Saccharomyces cerevisiae, bin 2 kb, data from [5]. (¢) For chromosome
3 of Homo Sapiens, primary hepatocytes, bin 100 kb, data from [29]. (d) For chromosome 3 of Ursus
maritimus (polar bear), bin 100 kb, genome assembly and contact data from [30, 31]

It takes as input 3 arguments:

e The name of the file containing the raw contact map
e Name given to the output file

¢ The number of bins up to which to compute the cumulative
signal

The local structuring of chromosome can be apprehended for
chromosomes of diverse organisms (Fig. 3). One of the main results
of using cumulative signal is an unexpected correlation between
contact signal and measurements from dynamics experiments com-
ing from time lapse microscopy technologies [10, 27, 28] (Fig. 3a).
We recently observed using this approach in the model organism
Escherichin coli, a positive correlation between the cumulative signal
extracted from contact data (level line in the Scalogram) with
mobilities measurements, i.e., MSD, Mean Square Displacement
represented as blue dots measured with time lapse microscopy (for
more details see [10]). It would be interesting to test if this type of
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correlation between contact data and dynamics measurements can
apply for other organisms.

For human chromosome 3 (Fig. 3¢), the sub-telomeric regions
look more constrained compared to the rest of the chromosome.
Interestingly, certain regions in inactive chromatin (around the
genomic position 50 Mb in example shown) looks as well very
constrained. We think that this alternative representation can
bring out other aspects of spatial structuring and open up new
hypotheses.

4 Notes

1. Interestingly, preliminary conceptualization of a method based
on the capture of physical contacts to infer 3D organization can
be found in earlier works in the 1980s that focused on the 3D
structure of bacteriophage lambda and T7 genomes using a
chemically synthesized cross-linker called BAMO (bis(mono-
azidomethidium)-octaoxahexacosanediamine) capable of stick-
ing together two double helices of DNA [32].

2. The human chromosome 1 is about 240,000,000 bp, resulting
in a Hi-C matrix of ~24,000 x 24,000 bins of 10 kb. If the
matrix is densely represented with float numbers, the required
memory space is 24,000 x 24,000 x (24 bytes) ~ 14 Gb. A
sparse formalization is necessary for it to be used in most
common machines. This should be kept in mind when design-
ing new algorithms for Hi-C normalization, extrapolation of
data, or other operations on contact maps.

3. These discarded sequences represent a non-negligible part of
the potential information contained in a genomic contact
library. For example, for a bacterial genome such as that of
Vibrio cholerae (having a super-integron containing numerous
repeated sequences) a proportion of 15% of pairs of sequences
is removed and not exploited. For a yeast genome such as that
of Saccharomyces cevevisine which contains several families of
transposons repeated throughout the genome, 28% of the
paired-end reads are removed. Finally, for a standard library
of the human genome that contains a large number of different
repeated sequences, about 35% of the sequence pairs are not
currently used.

4. These different events can be determined by looking at the
positions and orientations of the reads in relation to the refer-
ence genome and the size separating them (in number of
restriction fragments or bins). For a detailed explanation, see
[18, 33].
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5. Interestingly, this type of event has recently been used in an
analysis of genomic contact data of drosophila [34]. They have
been linked to positions of architectural proteins connecting
homologous chromosomes in a diploid genome (on Kcl67
cells). They computed the signal in G2, G1, and unsynchro-
nized cells as well with high correlation, which indicates that
signal detects homolog pairing and not necessarily sister chro-
matid pairing. To our knowledge, this is the first study showing
a biological interpretation (homologous pairing) of these type
of events; it would be interesting to test this approach in other
organisms with diploid genomes.

6. Before starting a Hi-C experiment on a new organism, it is
advisable to compute the restriction map of the enzyme being
considered for genomic digestion and to ensure that the num-
ber of restriction sites is sufficient and relatively homogeneous.
A good average restriction fragment size is around 250 bp. The
restriction map of the genome can be computed using bicstuff
with the following command line:

hicstuff digest --plot --outdir output_dir --enzyme
DpnII /home/sacCer3/all_chr.fa

7. Another trick to quantify the rate of random ligation present in
a library of genomic contacts can also be done by calculating
the ratio of contacts made with the mitochondrial genome
(if available). Since the mitochondrial genome is located in a
separate compartment from the rest of the genome, it can be
useful for counting purely random ligations that take place
without physical contact. However, this metric has several lim-
itations: the number of mitochondria may vary from one
biological state to another, some mitochondrial sequences
may also be integrated into the main genome. Finally, the
sequences of mitochondrial genome can be difficult to access:
tor example, yeast S. cerevisine mitochondria has a very low GC
content (~17%) and may not be sufficiently cut by standard
Hi-C protocols. In our experience, only a Micro-C XL protocol
gives a realistic physical contact map for the mitochondrial
genome of the yeast Saccharomyces cerevisine.

8. To plot the contact map, since the signal is very strong on the
main diagonal, a distortion is necessary to visualize the signal on
large scales. A log representation can be used. We usually apply to
the initial matrix an exponent less than 1.0 to make this distortion
(for example: 0.2). This exponent can be easily adjusted by hand
to make structures at a specific scale appear clearer.

9. The Hi-C community has yet to come to a consensus file format
to store Hi-C data. Among the many existing formats, hicstuff
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10.

supports bedgraph2d, cool, and graal. Bedgraph2d and graal
are tabular text formats, which can be handy to quickly process
the data with external scripts. However, when working on
organisms with large genomes, storage of Hi-C data can
become an issue due to space limitations. Hence, the Hi-C
community is progressively adopting the cool file format as a
standard. This compressed hierarchical file format is based on
HDF5 and therefore inherit many of'its perks, such as support-
ing out-of-core operations and having a small file size. The cool
file format comes with an associated command line tool named
cooler, also available as a python API. hicstuff having full sup-
port for all 3 formats, the choice boils down to the specific needs
of the user; however one should keep in mind that tools for the
downstream processing of Hi-C data are most likely to require
cool format as input. Conversion between different file formats
can be achieved using hicstuff. For example, to convert a matrix
from cool to bedgraph2d (bg2) format, one could use:

hicstuff convert --to bg2 example.cool converted_ example

When using the Scalogram tool, playing with the bin size of the
matrix and /or with the number of bins to compute the cumu-
lative signals allows making different structures appear. Picto-
grams for each species come from http: //phylopic.org/.
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