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Throughout evolution, genomes have acquired various repetitive elements, such as transposons, ribosomal DNA, duplicat-
ed genes, and tandem repeats. These sequences pose significant challenges to current high-throughput sequencing pipelines,
which generate short reads that cannot be unambiguously mapped to reference genomes. We present an innovative algo-
rithm, Hicberg, designed to leverage reads typically discarded by standard pipelines. Hicberg employs statistical inference
coupled with probability distribution computation to accurately infer missing 3D contacts of repetitive elements within a
genome from paired omic data, such as Hi-C data. Our results demonstrate that Hicberg provides new insights into the po-
tential impact of repetitive elements on the spatial organization of genomes. Notably, we observed the positioning of mo-
lecular motors that create chromosomal loops associated with certain transposons in yeast. These findings underscore the
importance of an integrative approach to better understand genomic complexity and pave the way for deeper explorations

of repeated elements.
[Supplemental material is available for this article.]

The spatial organization of chromosomes or whole genomes in-
volves different levels of structure, such as chromosomal domains
or loops, which can be linked to the cell’s biological functions. In
parallel with superresolution microscopy technologies, chromo-
some conformation capture (3C) approaches coupled with high-
throughput sequencing (Hi-C) have been developed to explore
the spatial organization of a genome at different scales (Dekker
et al. 2002; Lieberman-Aiden et al. 2009). These technologies are
based on the capture of DNA fragments that are in physical contact
by fixation with a cross-linking agent combined with high-
throughput sequencing to obtain the contact frequencies of differ-
ent loci within a genome through the formation of chimeric DNA
molecules (Lieberman-Aiden et al. 2009). Such methods allow the
quantification of contacts between different loci computed on a
population of cells and reveal a wide range of three-dimensional
chromatin structures that can be involved in various biological
processes, such as DNA replication and segregation (Dekker and
Mirny 2024), gene regulation (Yang and Hansen 2024), or cell dif-
ferentiation (Karpinska et al. 2025). Unusual genome organization
can also be observed in disrupted biological functions such as can-
cer in humans (Wang et al. 2022) or infection (Wei and Ho 2022).

To address the growing amount of Hi-C data produced by the
community, numerous analysis tools and pipelines have been pro-
posed covering a variety of functions, notably to process, filter, and
normalize (Forcato et al. 2017); detect loops (Fang et al. 2022) and
topological domains (Fang et al. 2022); and quantify compartment
signals (Chakraborty et al. 2022).

Many so-called up-scaling methods are also currently being
developed to increase the resolution of Hi-C data that are, for exam-
ple, sparsely covered. In particular, many of these methods use train-
ing phases to transform low-coverage data into high-coverage data,
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thereby enabling higher resolutions (Zhang et al. 2018; Carron et al.
2019; Hu and Ma 2021). However, these methods do not
handle regions containing repetitive sequences that have multiple
ambiguous alignments and leave these regions without a signal.

Indeed, as with other types of high-throughput sequencing
and associated downstream analysis pipelines, the size of the gen-
erated reads, which is limited, for example, to the order of 50 bp,
can lead to ambiguous mapping within the genome during the
alignment process. Consequently, Hi-C analysis pipelines are lim-
ited to the exploitation of read pairs in which both partners of the
pair align to unique genomic positions (uniquely mapping reads).
Read pairs in which one partner of both partners can be mapped at
several positions (multimapping reads) are traditionally filtered
out, leading to a significant loss of information on the spatial orga-
nization of the genome, representing ~15% of the standard Hi-C
library for yeast and up to 35% of the Hi-C libraries for humans
(Supplemental Fig. S1). These portions of the genome with repeat-
ed sequences remain invisible, appearing as empty bins, namely,
white lines and columns on Hi-C contact maps.

However, various analyses have shown that repeated ele-
ments could play a fundamental role in metazoan genome folding
(Cournac et al. 2016), in the genome organization of filamentous
fungi (Winter et al. 2018), in the immune escape of apicomplexan
parasites such as Plasmodium falciparum (Bunnik et al. 2018), or in
the superintegron structure in Vibrio cholerae (Marin and Vicente
2013). One interesting recent example is the case of primate-spe-
cific endogenous retrotransposon human endogenous retrovirus
subfamily H (HERV-H), which has recently been highlighted in
the formation of topologically associating domains (TADs)
(Zhang et al. 2019). Hence, characterizing the role of repeated ele-
ments in the three-dimensional structure of genomes remains a
challenge that needs to be investigated.
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To our knowledge, very few pipelines have been proposed to
offer a reasonable solution for processing reads with ambiguous
alignments in Hi-C or Micro-C experiments, and to date, there is
only one pipeline addressing this issue called mHi-C (Zheng et
al. 2019), which reallocates some of the ambiguous reads using
some paired-end Hi-C read features. This pipeline allows fractional
contact (i.e., multiple genomic coordinates can be assigned for one
given Hi-C read pair), which can make signals difficult to interpret.
This proposed answer remains partial, leaving out a significant
proportion of reads that are not reallocated.

Here, we propose Hicberg, a computational approach that en-
ables Hi-C data processing and maximizes the rescue of multimap-
ping reads through a statistical inference based on the
computation of statistical trends derived from both polymer phys-
ics and the technical features of Hi-C protocols. This approach
paves the way for a deeper characterization and understanding of
repeated elements in the context of the spatial organization of ge-
nomes. Although initially developed for processing data from 3C-
derived capture techniques, Hicberg can also be used to process
other paired-end omics, such as MNase-seq or ChIP-seq. This al-
lows contact signals and other genomic signals to be confronted
in the same computational framework, allowing a more exhaustive
exploration of signals from repeated elements.

Results

The algorithm’s operating principle of Hicberg

The operating principle of the computational method we propose
here is to compute and use statistical trends present in the unique-
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ly mapping part of the data to determine the probability of the dif-
ferent genomic positions of possible alignments of multimapping
reads (Fig. 1).

Hicberg used paired-end high-throughput sequencing data
such as the Hi-C library and a reference genome as inputs. Each
of the two mates is independently aligned to the reference genome
via mapper software such as Bowtie 2 (Langmead and Salzberg
2012). The alignment procedure is performed so that all possible
alignment positions for an ambiguous read are given. In the case
of complex genomes rich in repeated elements, a partial report
of the different alignment possibilities for an ambiguous read
(e.g., 100 possible alignments) can be used to limit the use of com-
putational resources.

Hicberg then classified pairs of reads into three different
groups (Fig. 1; Supplemental Fig. S1B): nonmapping pairs, unique-
ly mapping pairs, and multimapping pairs. Nonmapping pairs
have at least one read that does not align to the reference genome
(which could be because of contamination, errors from sequenc-
ing, the presence of adapters, chimeric reads, etc.) and are exclud-
ed. Uniquely mapping pairs are those in which both reads
uniquely align on the reference genome. These pairs are retained
and used to build the statistical model. Multimapping pairs have
at least one mate with more than one possible alignment; namely,
the alignment quality is below a user-defined quality threshold (by
default, mapq > 35). The pairs of reads belonging to this last group
are those that are reassigned via the statistical model.

Statistical trends are computed via the fraction of uniquely
mapping read pairs. The statistical model can rely on several ten-
dencies present in the data. First, chromosomes can be character-
ized by their polymer behavior (Rippe 2001). Constrained by
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Figure 1.

General principles of the Hicberg method for the reconstruction of contact maps and genomic tracks. Read pair reconstruction involves clas-

sification into three groups (nonmapping, uniquely mapping, and multimapping reads). The uniquely mapping fraction of reads is used to profile the stat-
istical trends of the data. Several components can be included in the statistical model: chromatin polymeric behavior P(s), genome coverage, and others.
The statistical model computes the propensities for each potential contact to occur, and the propensity distribution is built. For each ambiguous pair, a

single possibility is then chosen according to the propensity distribution.
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thermodynamics, in the case of intrachromosomal contacts, two
loci are more likely to interact at short distances than at long dis-
tances. This observation is known as the distance law or P(s),
which represents the probability (or normalized frequency) that
two loci separated by distance s are in contact (Dekker et al.
2013). The distance law can be split into three different sublaws,
taking into account the directionalities of the aligned reads and re-
flecting the different possible read configurations associated with
the Hi-C protocol (Methods) (Supplemental Fig. S1C; Cournac et
al. 2012; Matthey-Doret et al. 2022). Calculating contact frequen-
cy laws based on genomic distances while taking into account the
directionality of the reads is essential for accounting for all the
events that make up a Hi-C library. Indeed, many noninformative
events such as undigested fragments and recircularization events
(Supplemental Fig. S1C) can constitute a significant portion of
the data. We chose to reconstruct this type of event as well to ob-
tain data that most accurately reflects the reality of the experience.
This is a key difference in the mHi-C method, which includes sev-
eral upstream event filters prior to reconstruction.

Second, genome coverage (number of reads at each bin along
the genome) is not necessarily uniform (Supplemental Fig. S1A).
Therefore, the greater the coverage of a genomic region is, the
greater the probability that a read will come from that region.
This statistical trend can be discriminating when it presents a par-
ticular profile, such as for bacteria undergoing rapid growth, in
which the region close to the origin of replication is naturally
two to four times more covered than the region close to the repli-
cation terminus (Supplemental Fig. S1A). Such variation in geno-
mic coverage can thus be used as a selective component for the
relocation of multimapping pairs.

Each of the descriptors outlined above are evaluated and com-
bined. In this way, each plausible pair of reads is assigned a propen-
sity, forming a discrete probability distribution for all possible
pairs. One pair of reads is then chosen by a random draw
according to this probability distribution. Ambiguous read pairs
whose genomic coordinates have been inferred are then aggregat-
ed with uniquely mapping pairs, enabling the establishment of
complete genomic data sets.

Benchmark of Hicberg

We first assessed the quality of the reconstructions proposed by
Hicberg via data-driven simulations based on in silico modifica-
tion of reference genome and Hi-C input files (Methods) (Fig.
2A). The benchmark strategy is based on a controlled injection
of repeated sequences for certain regions. The reference genome
is changed to have a sequence duplicated in the FASTA file, and
all reads corresponding to the chosen repeated sequences are con-
verted to generate alternative input FASTQ files of the paired-end
data on which Hicberg is applied. The genomic data are recon-
structed and compared with the ground truth via Pearson’s
correlation.

We include a “random” mode, in which equal probabilities
are assigned to all possible alignments (more specifically, if there
are N possible alignments, it assigns a probability of 1/N to each
one). This mode is used to illustrate how reconstructed signals
behave when no specific statistical trend is used in the computa-
tion of probabilities.

We first tested the Hicberg method with three different
modes of determination of contact probabilities: “random
mode” (uniform distribution between the different contacts), “P
(s) mode” using the frequency of contact in function of genomic

distance, and “standard mode” using in addition the genomic cov-
erage (Fig. 2B). It can be seen that the statistical trend of the P(s)
distributions is the key factor in distinguishing and faithfully re-
constructing the ground-truth data. The addition of genomic cov-
erage has almost no impact.

Given the exhaustive nature of the scenarios that could be
tested, we have chosen to limit ourselves to evaluations close to bi-
ological scenarios. The first parameter that can be tested concerns
the number of repeated sequences within a genome. Hicberg
shows strong stability to the number of repeated sequences, with
a reconstruction score above 0.9 for a number of 50 when used
in the standard mode (which takes into account P(s) and genomic
coverage) in Saccharomyces cerevisiae. The correlation coefficient
decreases sharply when the random mode is used reaching approx-
imately 0.12 under these conditions (Supplemental Fig. S2C).

We also measured the quality of the reconstructions proposed
by Hicberg as a function of the distance separating two repeated el-
ements in S. cerevisiae. We observed relative stability, with recon-
struction quality scores above 0.9 for separations between
repeated sequences increasing from 5 to 200 kb in standard
mode, whereas scores between 0.55 and 0.75 on average were ob-
tained for the same separations in random mode (Supplemental
Fig. S2C). The dispersion of the reconstruction quality scores is
also greater when a random model is used. Finally, we evaluated
the quality of the reconstructions according to the size of the re-
peated sequences. Hicberg shows robustness with respect to this
parameter, with reconstruction qualities more than 0.97 up to
20 kb in S. cerevisiae in standard mode, compared with scores of
less than 0.6 with a random model (Supplemental Fig. S2C).

The reconstructions are similar even if the seed for the ran-
dom seed is changed (Supplemental Fig. S2B). Importantly, select-
ing from a probability distribution is a crucial step in allowing the
statistical inference engine to explore and select events that can be
rare but present in the data set. In fact, systematically selecting the
contact with the highest probability would mean that certain con-
tacts would go undetected, which would create imbalances in the
reconstructions and produce aberrant signals (Supplemental Fig.
S2B).

We then compare the mHi-C and Hicberg methods evaluated
using our benchmark. To illustrate the constructions of the two
methods, we show three different representative regions from
data with controlled injection of repeated elements, from data re-
constructed with mHi-C, from data reconstructed with Hicberg,
and from ground-truth data (Fig. 2C).

The distribution of 24 comparisons using Pearson’s correla-
tion coefficient (PCC) between the reconstructed region and the
same region derived from the ground-truth data shows that the
Hicberg approach is much closer to the ground-truth data com-
pared with the mHi-C approach in our test bench (Fig. 2D).

For comparison with computer resources, we ran Hicberg and
mHi-C on standard Hi-C data from an asynchronous S. cerevisiae
yeast population (Methods) with a sequencing depth of 47 million
reads. Hicberg outperforms mHi-C in terms of both RAM usage and
computing time. The Hicberg RAM consumption level remains
well below mHi-C regardless of the level of data subsampling
(Fig. 2E). In terms of computation time, when 16 CPUs are used,
contact map reconstruction with 2 kb resolution according to stan-
dard parameters is achieved in 63 min with Hicberg versus 270 min
for mHi-C from read alignment to contact map construction with-
out library subsampling (Fig. 2F).

A major difference between Hicberg and mHi-C is the toler-
ance of contact splitting for a pair of reads to be reassigned (i.e.,
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Figure 2.

Insilico bench testing strategy for assessing the quality of Hicberg reconstructions. (A) Controlled ambiguity is injected by duplicating sequenc-

es and selected reads in the FASTA and FASTQ files at chosen positions. This ambiguity is then confronted with Hicberg reconstruction after profiling and
statistical inference. The ground truth and the data reconstructed through Hicberg are compared to assess the quality of the proposed reconstruction via
the Pearson’s correlation coefficient (PCC). (B) Comparison of the Hicberg method with three different modes of determination of contact probabilities:
random mode (uniform distribution between the different contacts) and P(s) mode using the frequency of contact in function of genomic distance, with
standard mode using in addition the genomic coverage. (C) Comparison of the mHi-C and Hicberg methods evaluated using the benchmark shown for
three different representative regions: from left to right; contact map from data with controlled injection of repeated elements (blue boxes), with data re-
constructed with mHi-C, with data reconstructed with Hicberg, and from ground-truth data. PCCs with the ground-truth data are given for mHi-C and
Hicberg reconstructions. (D) Comparison of the mHi-C and Hicberg methods evaluated using the benchmark. The box plot shows the distribution of
24 comparisons using the PCC between the reconstructed region and the same region derived from the ground-truth data. () Memory usage of both
Hicberg and mHi-C according to the subsampling of Hi-C data of S. cerevisiae from 5% to 100% of the 47 million pairs of reads of the data. (F)
Runtime of both Hicberg and mHi-C according to the subsampling of Hi-C data of . cerevisiae from 5% to 100% of the 47 million pairs of reads in the data.

the possibility of assigning several genomic coordinates to a given
pair of reads). Our choice with Hicberg not to tolerate this splitting
makes absolute comparison of genomic track reconstructions via
our strategy complex. Indeed, using the standard mHi-C parame-
ters, we obtain matrices with a greater overall number of contacts
than the number of initial reads in the library under study.
Although not quantitatively evaluable according to the modality
set for the Hicberg benchmark, the quality of the reconstructions
proposed by our method and mHi-C can be visually appreciated.
Indeed, the reconstructions proposed by mHi-C of the subtelo-
meric regions of Chromosomes IX and X in S. cerevisiae
(Supplemental Fig. S3A,B) show an absence of contact reattribu-
tion and therefore an absence of correctly defined structuring of
these regions in contrast to the structuring proposed by Hicberg.
A similar observation can be made for reconstructions of the
peripheral region of ribosomal DNA (rDNA) located on
Chromosome XII in S. cerevisiae. This region, previously absent

from contact maps, is very poorly reconstructed via mHi-C, where-
as a clearly defined structure, showing local chromatin compac-
tion, was revealed by Hicberg (Supplemental Fig. S3C). Finally,
some specific regions, such as those located on Chromosomes
VII and XIV, presented medium-range artifactual patterns after
mHi-C reconstruction, even though these patterns were absent
from Hicberg reconstructions (Supplemental Fig. S3D,E).

Reconstruction of real genomic data in S. cerevisiae

To illustrate examples of new biological analyses that can be per-
formed via Hicberg reconstructions, we first focus on reconstruc-
tions of chromosome contact maps in the model organism S.
cerevisiae. This yeast has a medium-sized genome of 12.5 Mb,
with diverse sources of repeated sequences: It has five long termi-
nal repeat (LTR)-retrotransposon families called Tyl, Ty2, Ty3,
Ty4, and Ty5 (Bonnet and Lesage 2021), with approximately 50
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elements distributed across all chromosomes. It contains the rDNA
region, which consists of a 100- to 150-copy locus repeat. It also
contains repeated sequences in telomeric regions, which mainly
contain two types of repeated elements, called “X” and “Y.”
Finally, it contains several duplicated genes (e.g., CUPI on
Chromosome VIII). For alignment, we used the genome sequences
recently obtained for the telomere-to-telomere (T2T) quality
(O’Donnell et al. 2023; Miao et al. 2025) associated with the online
database SCRAPdD (see Methods).

We started performing Hicberg reconstructions on an exam-
ple of standard Hi-C libraries (using a commercial kit; Methods)
for the yeast S. cerevisiae under normal growth conditions and
for an asynchronous population. Without Hicberg reconstruction
and with standard filtering of ambiguous reads, 35.3 million ex-
ploitable reads remained over the initial 47 million. With
Hicberg reconstruction, there are 42.3 million exploitable reads,
representing 7 million additional pairs of reads, that is, an infor-
mation gain of 20%. The remaining 5 million read pairs had at
least one of the two reads that was chimeric or nonmapping owing
to sequencing errors or mutations, sequencer noise, etc.

If we calculate in terms of usable bins, for a standard Hi-C li-
brary of S. cerevisiae yeast, 8.2% of bins are under-covered (the
threshold is five median absolute deviations below the median
log marginal sum). After Hicberg reconstruction, the percentage
of bins with low read counts that cannot be used drops to 0.6%

(Fig. 3A). These bins correspond in particular to regions of the ge-
nome that are poor in restriction sites used in the Hi-C protocol
(examples are given in the following section).

We present examples of Chromosome VII reconstruction
(Fig. 3B-D) and of all chromosomes (Supplemental Fig. S4-S21).
The coverage of the reconstructed parts reaches a normal level
for the whole chromosome, and the contact map shows a homo-
geneous signal on all the different chromosomes. With respect to
reconstruction, some regions still have very low coverage. This is
the case for Chromosome I, for example, in which several bins
show low Hi-C coverage with reconstruction (Supplemental Fig.
S4). Gene annotation revealed that these genes correspond in
particular to those of the FLO family (e.g., FLO9 and FLO1 for
the Chromosome I). Computation of the number of restriction
sites used in the Hi-C protocol (Dpnll, Hinfl) revealed that all
FLO genes were deficient in these restriction sites (with the ex-
ception of the FLO8 gene on Chromosome V) (Supplemental
Fig. S21). On the basis of the Hi-C data from a similar type of pro-
tocol, it was proposed (Ruault et al. 2021; Lazar-Stefanita et al.
2022) that these genes present contact enrichment. The fact
that these genes are restriction site deficient has a significant im-
pact on their detectability, and different protocols are needed to
study contacts between FLO genes. This highlights the fact that
Hicberg can uncover regions that are difficult to detect apart
from mapping problems.
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ization corresponds to five median absolute deviations below the median log marginal sum and is represented by a dashed line. (B) Chromosome contact
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Scc1, a cohesin subunit.
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Hicberg reconstructs specific contact signals between telo-
meres on the same chromosome or between different chromo-
somes (Fig. 3E). These signals are important biologically, as they
depend on the cell state and metabolism. For example, in quies-
cent cells, the grouping of telomeres into a unique focus or hyper-
cluster localized in the center of the nucleus has been shown
(Guidi et al. 2015; Ruault et al. 2021).

Chromosome reconstructions revealed interesting contact
patterns, such as the presence of chromosomal domains at subte-
lomeric regions such as Chromosome IX (Supplemental Fig.
S11B) or Chromosome XIII (Supplemental Fig. S15B). We also ob-
served a border pattern at the Hidden MAT Left (HML) locus on
Chromosome III (Supplemental Fig. S6B), which recalls the border
pattern at the Hidden MAT Right (HMR) locus visible in the data
without reconstruction (Supplemental Fig. S6B). Interestingly,
these loci have been recently proposed to be associated with
loop extrusion processes with condensin complexes (Piveteau et
al. 2026).

We also present two examples of contact maps between two
different chromosomes (Supplemental Fig. S20). Reconstructions
can show lines in depleted areas of contact (notably at centro-
meres). However, these reads represent a very small proportion
of the signal.

Finally, we generated a mitochondrial contact map
(Supplemental Fig. S19). Although reconstruction with Hicberg
only slightly increases map coverage, it is possible to see an inter-
action domain at the level of the large COX1 gene (size, 12.8 kb),
reminiscent of domain structures observed in bacterial genomes
(Bignaud et al. 2024).

To determine the biological relevance of the data reconstruct-
ed by Hicberg, we detected typical chromosome loop and domain
boundaries patterns in Hi-C data with and without reconstruction
(Fig. 3F). We used Hi-C data from S. cerevisiae synchronized in the
G2/M phase of the mitotic cell cycle (Supplemental Table S1).
During this phase, it is now well established that cohesin loops
form along S. cerevisiae chromosomes to ensure genome-wide con-
densation (Costantino et al. 2020; Dauban et al. 2020). The major-
ity of the loops detected therefore show cohesin enrichment at
their anchors in the data without reconstruction. This is visible
in the average ChIP-seq signal profile of Sccl at the loop anchor
positions, Sccl is a subunit of cohesin. Interestingly, using the re-
constructed data, a greater number of loops are detected (corre-
sponding to a 27% increase). Cohesin enrichment is also visible
on the newly detected loops, showing that the detections on the
reconstructed data are consistent with the expected biology. A sim-
ilar analysis is performed with the detection of domain boundar-
ies, in which the use of data reconstructed by Hicberg represents
a41% increase in the number of boundaries detected, with the sig-
nature of cohesin enrichment also present in the newly identified
boundaries. Examples of newly detected chromosomal loops and
associated repeated sequences will be described in the following
sections.

Hicberg can detect changes in repeated sequence positions in a
reference genome

Aberrant contact patterns can appear in several contact maps, for
example, at Chromosome III and Chromosome XII, with recon-
structions using the current reference genome of the
Saccharomyces Genome Database (SGD) (genome assembly R64,
GCF_000146045.2, sacCer3) instead of the T2T assembly
(Supplemental Fig. S22A). By plotting the 4C-like contact signal

as, for example, from a family of Tyl retrotransposons
(Methods), it is possible to detect peaks at regions that are not an-
notated as carrying a Ty (Supplemental Fig. S22B,C). Indeed, this
type of approach allowed the identification of the presence of a
Tyl on Chromosome XII that is not annotated in the sacCer3 ver-
sion of the S. cerevisiae S288C genome. A PCR experiment followed
by Sanger sequencing confirmed the presence of Ty1 at this geno-
mic position (Methods) (Supplemental Fig. S22D). This finding
shows that Hicberg can also reveal the presence of repetitive se-
quences that might be omitted from the reference genome.
Although it is not intended to replace a long-read approach
(Oxford Nanopore Technologies [ONT], Pacific Biosciences
[PacBio]) for genome-wide annotation of repetitive sequences, it
can locally detect the presence of one or more repetitive sequences
absent from a reference genome.

Reconstruction of genomic data in bacteria

Finally, we present two examples from the bacterial world: The first
example corresponds to the reconstruction of a contact map of the
genome of the bacterium Escherichia coli (Cockram et al. 2021),
which contains a duplicated region of several kilobases
(Supplemental Fig. S23). The reconstruction shows a map consis-
tent with the layout of the duplication, enabling us to check the
geometry and correct positioning of genetic constructs within
the genome involving repetitions. We also present an example
of a reconstruction for the V. cholerae bacterium, which contains
two chromosomes (Supplemental Fig. S24). The reconstruction is
able to produce a contact pattern between the two chromosomes,
notably at the level of the superintegron on Chromosome 2, which
harbors hundreds of gene cassettes (Rowe-Magnus et al. 1999).

Hicberg is able to reconstruct signals linked to compartmental
organization

To explore the potential of Hicberg reconstructions with complex
contact signals, we reconstructed several Hi-C data sets of organ-
isms that have compartment signals. This characteristic of the spa-
tial organization of genomes, particularly in eukaryotes, notably in
humans (Lieberman-Aiden et al. 2009), corresponds to a biparti-
tioning of the genome into two compartments: One, known as
compartment A, is rather active at the transcriptional level and
contains genes; the another, known as compartment B, is rather si-
lent and contains fewer genes. This signal is particularly visible on
the correlation matrix in the form of a checkered pattern
(Chakraborty et al. 2022). Our laboratory has recently artificially
created a compartment signal in chimeric S. cerevisiae strains that
contain pieces of the Mycoplasma mycoides bacterial chromosome
on Chromosome XVI (Meneu et al. 2025). This chromosome alter-
nates between a yeast chromosome with a GC content of ~38%
and an M. mycoides chromosome with a GC content of ~20%
(Fig. 4A).

M. mycoides bacteria contain several repeated sequences, par-
ticularly insertion sequences (ISs), which are bacterial transposons
that can affect genome organization and plasticity (Thiaucourt et
al. 2011). These regions generate white lines at the IS regions in
the contact maps processed with standard pipelines. With the
Hicberg reconstructions, the normalized contact map shows a ho-
mogeneous signal over the whole chromosome, including the re-
peated sequences present on the M. mycoides segments (Fig. 4A).
Interestingly, if we plot the 4C signal, such as that of the telomeric
region present only in the reconstructed data, we can observe that
the signal shows nonmonotonic behavior with increases in
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Figure 4. Compartment reconstruction signals by Hicberg. (A) Normalized contact map of the chimeric Chromosome XVI of S. cerevisiage and M.
mycoides binned at 5 kb resolution without and with Hicberg reconstruction. The GC content of the sequences and annotations for S. cerevisiae and M.
mycoides are shown below the left panel, and the Hi-C coverages before (blue) and after (green) the Hicberg reconstructions are shown below the right panel.
(B) Correlation matrices of the chimeric Chromosome XVI of S. cerevisiae and M. mycoides binned at 5 kb resolution without and with reconstruction. The
GC content is shown below the map on the right. (C) Normalized contact map of Chromosome 5 of Epichloé festucae binned at 10 kb resolution without
and with reconstruction. Hi-C coverages before (blue) and after (green) Hicberg reconstruction are shown below the right panel. (D) Correlation matrices of
Chromosome 5 of E. festucae binned at 10 kb resolution without and with reconstruction. The GC content (orange) is shown below the map on the right. A
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intermediary genomic distances in the contact signal following
the organization of the compartments (Supplemental Fig. S25).

The computation of the correlation matrix used to highlight
the compartment signals is much clearer, with a stronger correla-
tion signal across the whole matrix (Fig. 4B). Although the
Hicberg reconstructions on the normalized matrices mainly
modify the lines with poor coverage, the effect of the Hicberg
reconstructions on the correlation matrices, which calculate for
each pixel the correlation coefficient between the whole row
and the whole column, influences the whole correlation matrix
(Fig. 4B).

We then tested it on other microorganisms naturally contain-
ing a high proportion of repeated sequences. For example, we tested
it on the organism Epichloé festucae, which is a filamentous fungus
known to have a high proportion of repeated sequences in its ge-
nome, notably LTR retrotransposons, miniature inverted repeat
transposable elements (MITEs) (Fleetwood et al. 2011), and DNA
transposons. It was shown that repeated elements play a key role
in the nuclear organization of E. festucae. These repeated elements
help to divide the genome into distinct regions with similar gene
expression profiles (Winter et al. 2018). Without reconstruction, a
large proportion of reads are below the mapping threshold of
standard pipelines, generating many empty lines or presenting an
unusable weak contact signal (Fig. 4C). The Hi-C coverage signal
shows a very inhomogeneous profile with many undetectable re-
gions. The correlation matrix used to highlight the compartment
signals is also poor in exploitable signals, and only a restricted
part of the genome allows us to observe a checkerboard signal typ-
ical of the behavior of the signal in the compartments (Fig. 4D).
With Hicberg reconstruction, the contact map is filled with signals,
the Hi-C coverage becomes homogeneous, and the compartment
signal can now be observed at the scale of the chromosome and
the whole genome. Interestingly, this confirms the link with GC

content: Genomic regions with similar GC contents are present in
the same compartment (Fig. 4D, zoom).

Both of these examples of reconstructions display Hicberg’s
ability to reconstruct signals that deviate from the average behav-
ior mediated by contact frequency as a function of genomic dis-
tance, P(s). Indeed, the reads present in the data set that are
generally excluded for analysis provide sufficient constraints for
signal prediction and allow the reconstruction of more complex
signals for compartment signals.

The 2p parasitic plasmid shows enriched contact with Ty
transposons

The 2p plasmid is a natural plasmid present in the nucleus of labo-
ratory or natural strains of S. cerevisiae (McQuaid et al. 2019). Itis 6.4
kb in size and does not appear to confer any advantage on its host
(Chan et al. 2013). It has very high stability, close to that of its
host chromosomes, potentially because of a hitchhiking mecha-
nism (Sau et al. 2019). Recently, the 2p plasmid was shown to pref-
erentially contact long regions with low transcriptional activity
(Girard et al. 2025). Compared with the average size of genes (1.5
kb) of the host organism, Ty retrotransposons in the yeast S. cerevi-
siae are also rather large (Curcio et al. 2015), with a size of ~5.5 kb.
The transcription of these genes is generally low compared with
that of the rest of the genome (Morillon et al. 2002). They meet
the two criteria that make them potential hot spots of contact for
the 2p plasmid. To test this hypothesis, we reconstructed the con-
tact signals of the 2p plasmid with the different elements making
up the Ty1, Ty2, and Ty4 families. The contact signal of the 2 plas-
mid is enriched with various Ty elements (Fig. SA-D).

The average contact profile for each of the families shows
contact enrichment. For the negative control, the same analysis
was performed with the pR413 plasmid, which does not have the
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*

Parasitic 2p plasmid shows contact enrichment with yeast transposons. (A) Contact map of Chromosome VI of S. cerevisiae without reconstruc-

tion; bin =2 kb in the asynchronous population (BY4741 strain). Below is the contact signal of the 2 plasmid along Chromosome VI without reconstruction.
(B) Heatmap representing the contact signals of the 2 plasmid with three different families of yeast transposons: Ty1 (31 elements), Ty2 (13 elements), and
Ty4 (3 elements) without reconstruction. Below is the averaged signal (in blue) over the different elements of each family. (C) Contact map of Chromosome
VI of $. cerevisiae with reconstruction, bin=2 kb. Below is the contact signal of the 2p plasmid along Chromosome VI with reconstruction. (D) Heatmap
representing the contact signals of the 2u plasmid with three different families of yeast transposons: Ty1, Ty2, and Ty4 with reconstruction. Below is
the averaged signal summed over the different elements of each family. (E) Heatmap representing the contact signals of the pR413 plasmid sequence
with Ty1 elements without reconstruction. Below is the averaged signal over the different elements for the Ty1 family. (F) Heatmap representing the contact
signals of the pR413 plasmid sequence with Ty1 elements with reconstruction. Below is the averaged signal summed over the different elements of the Ty1

family.

2p gluing system but relies on a centromeric system for its
partitioning mechanism, and the contact enrichment is not pre-
sent (Fig. SE-F). This is also the case for other sequences used as
negative controls: The mitochondria or other chromosomes
of the host do not show enrichment with these same families
of retrotransposons. It should be noted that even if the
reconstructions for each specific retrotransposon are not neces-
sarily perfect, their average signal should be correct. Therefore,
the observation of the contact enrichment of the two-micron
plasmid in association with retrotransposon families should
be valid regardless of the accuracy of the reassignments.
Interestingly, these reconstructions show that these two biolog-
ical objects, the 2 plasmid and Ty retrotransposons, which are
in a sense two colonizers of the S. cerevisiae genome, co-locate in-
side the nucleus.

Cohesin can accumulate at the ends of Ty transposons

Chromosomal loops have recently been shown to form at certain
stages of the cell cycle in mammals (Abramo et al. 2019) as well as
in the model organism S. cerevisiae (Lazar-Stefanita et al. 2017). In
the yeast S. cerevisiae, loops of 10-15 kb are formed by cohesin
complexes in the G,/M phase (Costantino et al. 2020, Dauban et

al. 2020), and their size can be finely regulated by a set of dedicated
proteins, such as Pds5 or Wapl (Bastié et al. 2022). Cohesin com-
plexes, which are molecular motors, can condense the whole ge-
nome, possibly through loop extrusion (Fudenberg et al. 2016),
which can impact various biological processes such as DNA repair
(Piazza et al. 2021). The minimum ingredients for the formation
and precise positioning of these loops are still under debate.
Some models, for example, have recently indicated that transcrip-
tion is the source of energy that drives cohesin and engages it in
chromosomal loops (Guérin et al. 2024). To explore the potential
impact of the presence of retroposons on cohesin loop position-
ing, we produced reconstructions of chromosome Hi-C contact
maps under two different biological conditions: In the G, phase,
cohesins are not bound to chromatin; and in the cdc20 genetic mu-
tant, which synchronizes cells in the G,/M phase, cohesins create
chromosomal loops. The data used were extracted from Piazza et
al. (2021) in the W303 genetic background with the T2T assembly
genome (Methods). Interestingly, we observed that retrotranspo-
sons placed in a convergent configuration, such as two pairs on
Chromosome IV, are associated with the presence of chromosomal
loops only in the G/M phase (Fig. 6A-D, black arrows).
Interestingly, the genome of strain W303 contains a third pair of
retrotransposons in a convergent configuration, which also shows
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Figure 6. Yeast transposons can be associated with the positioning of cohesin loops in the S. cerevisiae genome. (A,B) Zoomed view of the contact
map of Chromosome IV of S. cerevisiae without and with Hicberg reconstruction; bin=2 kb in a population synchronized in the G; phase (W303
strain) (data from Piazza et al. 2021). (C,D) Zoomed contact map of Chromosome IV of S. cerevisiae without and with Hicberg reconstruction in
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ChIP-seq of Sccl in the G,/M phase without and with Hicberg reconstruction. The forward and reverse genes are represented by blue and red ar-
rows, respectively. Retrotransposons are represented by orange arrows. The black triangles point to chromosomal loops that are only visible with
Hicberg reconstruction and are associated with cohesin occupancy peaks (Scc1) at convergent transposons.

a loop pattern at the convergence area of Ty (Supplemental Fig.
S26).

Although this is not its primary function and other algo-
rithms perform this task, Hicberg can also be used to reconstruct
1D tracks of various genomic signals, such as nucleosome occu-
pancy by MNase-seq (Supplemental Fig. S27; Guo et al. 2026), pro-
tein occupancy by ChIP-seq, or chromatin accessibility by ATAC-
seq. To confront the chromosomal loops observed at the ends of
Ty elements, we reconstructed the occupancy signal for the pro-
tein Sccl, which is part of the cohesin complex, and juxtaposed
it with contact maps (Fig. 6E,F). Interestingly, we detected peaks
of occupancy at the ends of the open reading frames (ORFs) of
the Ty that form chromosomal loops. Notably, the peaks are some-
times already partially visible in the data without reconstruction.

To generalize the analysis, we constructed an agglomerated
plot of the occupancy signal for the protein Scc1 for all Ty elements

and for all genes of S. cerevisiae without and with Hicberg recon-
struction. The Ty group is enriched at the ends of the ORF, which
is more pronounced (a twofold increase) than the average of the
yeast genes (Fig. 7A; for biological replicate, see Supplemental
Fig. S28C; Chapard et al. 2025). When each family of retrotranspo-
sons is calculated separately (Supplemental Fig. S28A), this behav-
ior is visible for the Ty1, Ty2, and Ty4 transposon families. We
replicated the analysis in the S$288C genetic background, in which
the retrotransposons are not all at the same positions, and ob-
tained similar results.

If we generate the average contact signal plot at the diagonal
of the contact maps, we see a border pattern without and with re-
construction (Fig. 7B). Without reconstruction, the average plot
contains fluctuations, but the border pattern is already visible
with the presence of red squares on the diagonal and blue areas
around them (contact depletion). The presence of a border pattern
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Figure 7. Averaged signal of cohesin occupancy and agglomerated contact plot of the transposons (Ty) in the yeast S. cerevisiae genome. (A) Averaged
signal of cohesin occupancy (ChlIP-seq of Scc1) at genes and at Ty elements without and with Hicberg reconstruction in the yeast S. cerevisiae in the G,/M
phases of the cell cycle. (B) Agglomerated contact plots of Ty in the G, and G,/M phases of the cell cycle without and with Hicberg reconstruction in the

yeast S. cerevisiae.

at the Ty regions during the G, phase is quite unexpected, because
these regions are not highly transcribed and cohesins are not func-
tional at this stage of the cell cycle. Further experimental studies
and analyses are needed to clarify the mechanisms underlying
the presence of these patterns. The pattern also appears to be stron-
gest in G,/M, when cohesin is active. With only reconstruction
(Fig. 7B), the average plot shows a small area of the domain at
the level of the Ty ORF, which has a size of ~5.5 kb, namely, three
bins, suggesting a structure linked to the Ty ORF, which is reminis-
cent of the gene globules observed in yeast in Micro-C (Hsieh et al.
2015; Hsieh et al. 2016). Finally, if we compute the average ag-
glomerated signal between the different transposons, we do not
detect any loop or enrichment pattern, indicating that the recon-
structions do not show clustering of the different Ty within the nu-
cleus (Supplemental Fig. S28B).

The Ty1 retrotransposons, which have been best character-
ized, are not known to have high transcriptional activity (but do
have high RNA stability) under normal culture conditions
(Curcio et al. 2015). The fact that they are associated with strong
levels of cohesin occupancy at the ends of their ORF positions
(twofold effect) is an intriguing observation in the context of un-
derstanding the ingredients required for the natural cohesin posi-
tioning throughout the cell cycle. Interestingly, cohesin has
recently been shown to be enriched in the 5’ region of long inter-
spersed nuclear element-1 (LINE-1 or L1), which is a retrotranspo-
son group that constitutes 17% of the human genome (Li et al.
2024) and can form chromosomal loops between LINE-1 and their
cognate gene promoters. All these observations suggest a potential
impact of certain transposons, particularly long transposons, on
the positioning of the molecular motors that organize genomes,
such as cohesins.

Discussion

In this work, we present Hicberg, an algorithm based on statistical
inference with the computation of specific probability distribu-

tions to reassign the positions of reads from repeated sequences.
To the best of our knowledge, Hicberg is the only computational
method that allows the positions of multimapping reads to be re-
attributed at all spatial scales. The algorithm does not filter the data
and reconstructs all the events present in the high-throughput se-
quencing library in the pair ends, whether they are informative
events, noninformative events or noise. This approach therefore
enables the data to be reconstructed faithfully and can then be
used to work on data that are more homogeneous across the whole
genome. We demonstrated that our tool outperformed the only al-
gorithm currently available for carrying out such an operation
(mHi-C) (Zheng et al. 2019). Hicberg paves the way for the explo-
ration of the functional 3D organization of repeated elements. It
has been designed to be versatile and usable both for all Hi-C-deriv-
ative technologies and for a plethora of pair-ended omic data, as
well as for a wide range of genomes and experimental conditions.

A current limitation of Hicberg reconstructions concerns
regions with very low signals and high inhomogeneity, such as
contact maps between different chromosomes. Our approach is
sometimes unable to reconstruct the inhomogeneity of data
around centromeric regions in particular. A possible extension
would be to add a new level of information containing 2D signal
variations, for example, via geometric extrapolations. Although
such a refinement is possible and is currently being explored (den-
sity mode in the code), it presents a significant computational
overhead that does not justify its implementation in the current
Hicberg package. Indeed, the fact that Hicberg is capable of recon-
structing signals that deviate from the average behavior, such as
chromosome loops during certain cell cycle states or compartment
signals, shows that the constraints provided by the reads present in
the library and the statistical inference currently implemented in
Hicberg are sufficient for the reconstruction of this type of signal.

One current area for improvement in the algorithm is reduc-
ing its computation time especially for organisms with families of
repetitive sequences containing a large number of elements. The
most time-consuming step in the algorithm is the reassignment
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of reads based on the defined probability distributions. To select an
alignment from a distribution of possible alignments with differ-
ent probabilities, we use the “random.choice” function from the
“numpy” package. This function generates a random sample
from a given 1D array of size N. Computing time is thus propor-
tional to the number of probabilities N. The dominant factor is
the path of the probability vector used to construct the cumulative
distribution function (CDF). The computation time increases line-
arly with the size of the vector of probabilities. Because the proba-
bility distribution is not exactly the same for every pair of reads,
the CDF must be computed for each read. Although it is possible
to reconstruct Hi-C data from the human genome, particularly
by limiting the number of possible alignments to 10,000.
Computation times are on the order of a hundred hours for a stan-
dard machine, which currently prevents its everyday use in this
context.

Furthermore, the use of Hicberg on contact data from strains
whose genetic background could vary slightly from the reference
genome resulted in the formation of unusual patterns on the con-
tact maps, suggesting changes in the positions of repeated ele-
ments within these strains (Supplemental Fig. S22). Because
Hicberg is sensitive to variations in genetic background, for exam-
ple, positions of transposons, it can be used as an alternative tool
for detecting genomic variations.

It should also be noted that Hi-C technologies coupled with
long-read sequencing such as Nanopore are being developed,
such as Pore-C (Zhong et al. 2023). However, these technologies
need sufficient coverage (at least 200 million contact events) to
achieve interesting resolutions at the genome scale.

Furthermore, although the read size with this type of se-
quencing reaches 5 kb, the reads are chimeric and contain
several restriction fragments (which are ~300 bp in size),
which makes their mappability still insufficient for many families
of repeated sequences and makes an approach such as Hicberg
relevant.

With the growing appeal of chromosome contact techniques,
driven by lower sequencing costs and optimized capture methods,
the Hicberg algorithm provides a bioinformatic framework for the
exploration of new hypotheses concerning genome architecture
and the role of repeated elements.

Methods

Read alignment and classification

The alignment of reads to a reference genome was performed with
Bowtie 2 (Langmead and Salzberg 2012) in the “very-sensitive-lo-
cal” mode. For short-read Illumina Hi-C libraries, Bowtie 2 was
chosen as the default aligner because several benchmarks report
that it is generally faster and less memory intensive, while retain-
ing high mapping accuracy for reads in the 50-150 bp range
(Fonseca et al. 2012; Hatem et al. 2013). However, BWA-MEM
may better rescue chimeric reads spanning ligation junctions via
split-local alignment and can be used as well. For genomes con-
taining repeated sequences with a reasonable number of occur-
rences (e.g., fewer than 4000), the -a option in Bowtie 2 can be
used, which will give all possible positions for an ambiguous align-
ment, which is the case for the model organisms E. coli and S. cer-
evisiae. For genomes with many repeated sequences, the -k 100
option of Bowtie 2 could be used, resulting in 100 possible geno-
mic positions for a read. The SAM files are then converted to
BAM files via the software SAMtools (Li et al. 2009).

Computation of statistical trends

Different statistical trends are computed via uniquely mapping
pairs to create a statistical model that is used to assign ambiguous
reads. Here, we briefly describe the computations of two of them,
but others can be generated and added to the model. We assume
that each of the statistical trends is independent of the others.

—The statistical law known as P(s) represents the contact frequency
as a function of the genomic distance s (in base pairs). This met-
ric is regularly computed in Hi-C analyses. It contains a thermo-
dynamic component: It derives from the polymer behavior of
the chromosome, and the frequency of contact decreases as
the genomic distance increases. It may also contain trends ow-
ing to biological chromatin condensation (e.g., during the G,/
M phase of the cell cycle of the yeast S. cerevisiae, the appearance
of regular loops every 15 kb has an impact on the behavior of this
law) (Dauban et al. 2020).

Finally, this law also depends on the presence of noninforma-
tive events commonly present in the Hi-C libraries, which can be
classified into three different categories and depend on the direc-
tionality of the reads that make up the pair (Matthey-Doret et al.
2022).

- “Dangling-ends” events correspond to nondigested collinear
fragments that can represent a significant proportion of se-
quenced events in Hi-C libraries (with [+,—] orientations).

— “Self-circularized” events correspond to collinear fragments that
have circularized on themselves (with [—,+] orientations).

- “Mirrors” events correspond to pairs of reads having the same
orientation and aligning on the same restriction fragment
(with [+,+] or [-,—] orientations).

We have therefore chosen to compute the P(s) law for each of
these three possible configurations, namely, taking into account
the directionality of the two reads making up the pair. This allows
us to take advantage of the variability in the frequencies of appear-
ance of these different types of events, presenting a discriminating
property in the attribution of genomic coordinates for the multi-
mapping read pairs (Supplemental Fig. S1A).

For contacts between different chromosomes, the average
contact frequency for each pair of chromosomes is computed
while accounting for the size of each of the two chromosomes.

—The second statistical trend we calculate is the coverage along the
chromosomes. Each chromosome is binned at a given size (e.g.,
2 kb), and the number of reads is counted for each bin. A
smoothing procedure is applied via a sliding window. The win-
dow size is computed on the data by taking the maximum num-
ber of consecutive bins that have significantly low values (for
which the number of reads is below the median —nmads x
mad, where mad is the median absolute deviation; nmads by de-
fault is set to one).

Assignment of the contacts from the different possible pairs

Once these different trends have been computed, the propensity
of each possible pair of reads (i,j) for the ambiguous alignments
is computed as the product of the two previous statistical trends:

Pr(i, j) = Ps(i, j) x Coverage(i, j),

where (i,j) represents the genomic coordinates of a given ambigu-
ous read pair.

The propensities of possible contacts resulting from all (r,11)
pair combinations are computed and form a probability law:

F = [Pr(i, j); Pr(i, k); Pr(j, k); ...Pr(n, m)],

Genome Research 11
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where each Pr(i,j) represents the weight of the probability distribu-
tion of the different possible pairs (i,j); (i,k); (j,k) ... (n,m). The sum
of these values is normalized to one.

The function choice from the numpy.random package returns
nonrepeated and nonuniform random samples of the given array
F. Notably, the chosen coordinates are not necessarily those with
the highest weight, which makes it possible to be more realistic
about the statistical features of the data and allow for some
fluctuations.

Generation of matrices and normalization

Pairs of contacts are then binned (by default, 2 kb bins) in contact
matrices, which are normalized via the ICE method (Imakaev et al.
2012) and saved in the cool format (Abdennur and Mirny 2020).

Hicberg benchmarking

To quantify the quality of the reconstructions generated by
Hicberg, we adopted a simulation strategy in which we controlla-
bly inject several possible alignments for a given genomic region.
The first step is to define a set of genomic intervals whose number,
genomic distance, or size can vary. Second, the set of (initially un-
ambiguous) read pairs for which at least one of the two partners
aligns with one of the previously defined genomic intervals is au-
tomatically duplicated in the set of other defined intervals in the
alignment procedure (Supplemental Fig. S2).

Because the ambiguity injection procedure is performed un-
der controlled and localized conditions, the quality of the recon-
struction proposed by Hicberg is determined by comparing the
bins (rows or columns of the contact matrix) relative to twin geno-
mic regions between the initial matrix and the reconstruction re-
sulting from Hicberg. The assessment of the reconstruction is
then performed via the computation of Pearson’s correlation of
all the genomic bins affected by the injection of ambiguity be-
tween the initial vectors and the reconstruction given by
Hicberg. This makes it possible to evaluate the closeness of the con-
tact distribution between the initial signal and reconstruction. The
closer this correlation coefficient is to one, the better the recon-
struction is. To make this reconstruction score interpretable, we
need to compare it with the score obtained via a null model, for
which the pairs of twin genomic regions are randomly assigned.
Each box plot corresponds to 20 different experiments.

For the performance benchmark, the standard data set used is
a 47 million-read asynchronous S. cerevisiae Hi-C library generated
with a standard protocol (Bastié et al. 2022). To compare the use of
RAM memory and CPU computation time, this data set was sub-
sampled to 1%, 10%, 25%, 50%, 75%, and 100%. Both Hicberg
and mHi-C were tested in their respective standard modes, with
the contact matrix resolution set at 2 kb. All programs were run
with 16 CPU threads on an Intel Xeon W-2255 at 3.70 GHz and
with 32 GB of RAM available. The software versions used for this
benchmark were Hicberg v1.0.1 and the latest version of mHi-C
available at GitHub (https://github.com/yezhengSTAT/mHiC) as
of January 2025.

Generation and visualization of reconstructed contact maps

Chromosomal contact maps without and with reconstruction
were normalized via the cooler package and visualized via
Python code 2whole_matrices_reconstruction_mappability.py.

Theoretical mappability along the chromosomes was com-
puted via the software GenMap (Pockrandt et al. 2020; https
://github.com/cpockrandt/genmap with default parameters), and
a BED file was generated for the plot with the contact map.

For the 4C-like signal for the telomeric region of the chimeric
chromosome (Supplemental Fig. $25), the sum of the five last bins
corresponding to the telomeric region was computed and then
plotted along the chromosome (Python code: mycoT_4Clike.py).

Correlation matrices were calculated via the correlation_
matrice.py code. Briefly, the data were normalized via the
balance_cooler function in the cooler package. A detrending rela-
tive to the genomic distance was subsequently performed via the
distance_law_from_mat function in the hicstuff package. Finally,
the correlation matrix was computed via the corrcoef_sparse func-
tion in the hicstuff package.

Tys as 2y plasmid contact hotspots

For the reconstruction of 2p plasmid contact signal, a standard
Hi-C library in log-phase condition was exploited, and the default
parameters of Hicberg were used, as was the standard reference
genome (sacCer3). The contact signal of the 2p-plasmid was
computed as previously described (Girard et al. 2025). Briefly,
the 2p plasmid contact signal is the number of contacts of the
2n plasmid with a given bin (2 kb resolution) normalized by the
number of Hi-C reads of the bin along the genome (to reduce
the differences in detectability of certain regions) (Matthey-Doret
et al. 2022) and divided by the proportion of reads coming
from the 2p sequence (to take into account differences in the
number of copies of the plasmid for a given biological condition).
The positions of the various transposons were extracted from
the SGD database (http://sgd-archive.yeastgenome.org/sequence/
S288C_reference/other_features/). Mean plots and contact heat-
maps for each element of the different families were generated
via the homemade Python code plasmid_HSC_1D_agglo.py.

Tys and cohesin positioning

Reconstruction of Hi-C maps and ChIP-seq of Sccl protein data
were performed with the default parameters of the Hicberg and
W303 genomes from the T2T project (W303.asm01.HPO).
Annotations of genes and Ty retrotransposons were performed
via files from the gff3 annotation file (W303.asm01.HPO.mito
chondrial_genome.tidy.gff3 from the https://www.evomicslab
.org/db/ScRAPdDb database).

The occupancy signals for Sccl were reconstructed with
the Hicberg default parameters of Hicberg in omics mode.
BEDtools was used to convert pair files into BED files, and
bedGraphToBigWig from the UCSC Genome Browser utilities
was used to convert BED files to bigWig files. The occupancy signal
representations for Sccl for each element of the transposon fami-
lies and their mean profile were produced via the deepTools tool
suite (https://github.com/deeptools/deepTools).

Agglomerated contact plots of Ty elements were performed
using the package hicue with extract mode and detrending
(https://pypi.org/project/hicue/).

Identification of the position of transposons from contact signals

A 4C-like plot for a group of genomic elements was generated
via custom-made Python codes available on GitHub (code:
4Clike_cool_multi.py); for example, for the group of transposons,
at each position of the annotated Ty, the 4C-like signal was com-
puted. The calculation of the 4C-like signal is similar to that of
the 2p plasmid contact signal; then, the total signal is summed.
If other Ty elements are present, secondary peak(s) can be
visualized.
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Experimental confirmation of Ty presence

To validate the presence of an unannotated Ty in the reference ge-
nome at genomic position Chr 12: 818,200-818,800 bp, we desig-
nated primers on either side of the potential integration (primers
used: PL-45 CACTGAAGTTAGTGCCCTTTATGG and PL-46
GGACGTCGGCATAATTGATGGAAC) via the DreamTaq PCR pro-
tocol. Sanger sequencing was also performed on the PCR products
to confirm the presence of the transposon.

Code availability

The source code for Hicberg is available at GitHub (https://github
.com/koszullab/Hicberg) and as Supplemental Code. All the scripts
used to reproduce the figures and analyses are available at GitHub
(https://github.com/axelcournac/Hicberg_bioanalysis).
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accession numbers are listed in Supplemental Table S1.
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