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Abstract

We use data-driven physical simulations to study the three-dimensional architecture

of the Aedes aegypti genome. Hi-C maps exhibit both a broad diagonal and compart-

mentalization with telomeres and centromeres clustering together. Physical modeling

reveals that these observations correspond to an ensemble of 3D chromosomal struc-

tures that are folded over and partially condensed. Clustering of the centromeres and

telomeres near the nuclear lamina appears to be a necessary condition for the formation

of the observed structures. Further analysis of the mechanical properties of the genome

reveals that the chromosomes of Aedes aegypti, by virtue of their atypical structural

organization, are highly sensitive to the deformation of the nuclei. This last finding

provides a possible physical mechanism linking mechanical cues to gene regulation.
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Introduction

Within the nucleus, the genome of eukaryotes folds into partially organized three-dimensional

structures specific to the cell type and phase of life. It is increasingly evident that these ar-

chitectural features of the genome are related to the process of transcriptional regulation;

the disruption of such organization has been observed to lead to disease.1–6 In interphase,

chromatin architecture brings together sections of DNA separated by long genomic distance

and modulates the interactions between genes and regulatory elements. Additionally, the

position of genes within nuclei appears to correlate with transcription, with repressed or

heterochromatic regions being often found in the vicinity of the nuclear lamina7 while tran-

scriptionally active loci are preferentially positioned in the outer portion of chromosomal

territories.8–11

In the past decade, DNA-DNA proximity ligation assays have opened the way to the

systematic study of genome architecture. The high-throughput ligation assay called Hi-C, in

particular, reports the frequency of chromatin contacts genome-wide.12–17 Hi-C assays have

shown that chromatin segregates into regions of preferential long-range interactions referred

to as compartments.16,17 In general, one group of compartments, the A compartments, tends

to be more gene-rich and contains a more significant fraction of active chromatin than do

the B compartments. Theoretical models have shown that a process akin to liquid-liquid

phase separation is likely to be responsible for the segregation of chromatin characterized by

similar epigenetic marking patterns into distinct genomic compartments.8,18–20

At a smaller scale (tens to hundreds of kilobases), DNA-DNA ligation assays have shown

the existence in a wide range of organisms of chromatin domains that are characterized

by preferential internal interactions, commonly referred to as “topologically associating do-

mains” (TADs).21–26 In mammals, the boundaries of TADs are often characterized by the

presence of CCCTC-binding factor (CTCF) and structural maintenance of chromosomes

(SMC) protein complexes.17 In the presence of both of these factors, the two loci bordering

a TAD form strong interactions, which are visible in Hi-C maps as peaks in contact fre-
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quency. Notably, at the TAD boundaries, CTCF binding motifs are almost always seen in

convergent orientation.

To explain this last feature, it was proposed that DNA loops are extruded by SMC com-

plexes; a phenomenon subsequently confirmed to occur by in vitro live imaging.27 According

to the "loop extrusion model", the process of DNA extrusion is halted by the presence of

a pair of CTCF proteins bound to the polymer with convergent orientation.28–30 As a con-

sequence, while DNA extrusion is thought to be ubiquitous along chromosomes, peaks in

contact probability are predicted to be formed only at the anchors of a loop domain, as

observed with Hi-C. The "loop extrusion model" has since been backed-up by numerous

studies that involve the depletion in vivo of cohesin, the cohesin-loading factor Nipbl, or

CTCF.31–35

The observations just summarized, together with several theoretical studies,8,18,36–40 demon-

strate that chromosomal architecture is shaped by the two processes of lengthwise com-

paction, driven by motor activity (which gives rise to the Ideal Chromosome model8,41,42),

and phase separation, which is controlled by epigenetic marking patterns.18 While the phys-

ical mechanisms and the molecular machinery behind the formation of genome architecture

seem to be largely shared among organisms, the resulting genome architectures are far from

unique. Ongoing efforts characterizing the genomic structural ensembles of many species

have found an assortment of distinct chromosomal spatial organizations.43–46 How the two

processes of phase separation and lengthwise compaction generate this collection of shapes

remains an open question.

Here, we study the chromosomal architecture of the mosquito Aedes aegypti - a vector

transmitting the viruses responsible for several tropical fevers, including dengue, chikun-

gunya, zika, mayaro, and yellow fever.47–52 Aedes aegypti ’s genome is roughly half the length

of the human genome and is organized only into 3 chromosomes; thus leading to comparably

large chromosomes.53 Furthermore, Hi-C assays reveal the existence of preferential interac-

tions among chromosomal telomeres and among the centromeres. Conversely, the telomeres
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rarely make contact with the centromeres. This pattern indicates that the centromeres

and telomeres are separated from each other, and the resulting nuclei are polarized. These

observations suggest that the chromosomes are arranged similar to the so-called Rabl con-

figuration,54 a type of genome architecture previously seen in many eukaryotes of variable

genome size, including yeast and plants.43,55–57 In this polarized configuration, chromosomes

are folded over into a hairpin-like structure that persists over time, with the centromeres

and the telomeres possibly anchored to the nuclear lamina.55,58 While it has been suggested

that the Rabl configuration may help in reducing chromatin entanglement (59,60), it remains

unclear whether organisms exhibiting different types of genome architecture display different

entanglement levels. It has been reported that the absence of condensin II subunits corre-

lates with different genomic organization types in several species. Also, theoretical models

suggest that the lengthwise compaction associated with motor activity counteracts phase

separation.43

In this paper, we use data-driven physical simulation to decode the information contained

in the Hi-C maps of Aedes aegypti. We use a polymer model for chromatin that includes

phase separation driving the compartmentalization of chromatin as well as the effects of

motor activity, as described by the Ideal Chromosome potential.8 We also show that po-

larization, i.e. the clustering of telomeres and centromeres at opposite ends of the nucleus,

is a necessary condition for the formation of the observed structures. One possible mecha-

nism of polarization, which we employ, is through anchoring to the nuclear envelope. While

other polarization mechanisms are possible, the analysis of the structural ensembles of the

chromosomes would remain largely unchanged.

At first glance, one would think that if two mechanisms existed, one giving rise to com-

partmentalization and another giving rise to polarization, the result of their concurring

activity would be partial compartmentalization. A key finding of our investigation is that

this is not so; in fact, partial compartmentalization requires not only foldback, but also

enhanced short-range extrusion during interphase.
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By optimizing the parameters in our physical model to produce an ensemble of 3D struc-

tures that is in optimal agreement with the DNA-DNA proximity ligation maps of Aedes

aegypti, we show that the experimental crosslinking data themselves imply that Aedes ’s in-

terphase chromosomes are subject to a greater amount of short-range lengthwise compaction

than what has been observed in other organisms (see SI figure 1).

The combined effects of the polarized configuration and enhanced short-range extru-

sion create unusually elongated chromosomal territories, such that individual chromosomes

occupy non-overlapping regions of space but that nevertheless interact significantly at the

surface of those regions. In such a configuration, genomic contacts are formed only within

relatively short contiguous chromatin segments or across the territorial boundaries with

opposite-facing loci. This explains why the Hi-C maps exhibit a broad main diagonal and

an enhanced probability of contacts along a secondary diagonal. Compartmentalization is

observed along the two diagonals, indicating that chromatin, while partially condensed by

strong short-range length-wise compaction, remains fluid and can rearrange to accommodate

phase separation.

Finally, we explore the effect of deforming the shape of the nucleus on the formation

of contact interactions within the mosquito’s genome. In stark contrast to the relative

insensitivity of territorialized chromosomes to deformation - mammalian chromosomes, for

example - we find that changing the shape of the nuclei of Aedes aegypti results in dramatic

changes in the contact patterns of the Rabl configuration. Besides the obvious influence of

the anchoring of centromeres and telomeres to the lamina, we find that the high level of

length-wise compaction found in Aedes’s interphase chromosomes leads to high sensitivity of

its genomic contact patterns to mechanical cues. This last finding constitutes an intriguing

new feature of the Rabl configuration and suggests a possible physical mechanism linking

mechanical signals on the cell to gene regulation.
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Results and Discussion

3D Modeling Reveals that Interphase Chromosomes in Aedes aegypti

are Partially Condensed

The first task at hand is to calculate the ensemble of 3D chromosomal structures that best

corresponds to the observed Hi-C maps. This can be done using the Maximum Entropy

(MaxEnt) principle and polymer physics.8,41 One such model, called the Minimal Chro-

matin Model (MiChroM) has already been employed with success in investigating chromo-

somal organization in interphase in many organisms.8,9,18,19,43,61,62 To obtain the interaction

parameters specific for the Aedes aegypti genome, the MiChroM energy function was re-

trained using the Hi-C data for the Aedes aegypti chromosome 145 with a resolution of 100

kilobases. A/B compartment annotations were also obtained from the Hi-C maps using the

first eigenvector of the Hi-C correlation matrix.16 Additionally, we incorporated harmonic

restraints to reproduce the clustering of telomeres and centromeres and to anchor telomeric

regions to one side of the nucleus wall and centromeres to the opposite side55,58 (see Methods

for details). The newly trained MiChroM model is then used for the chromatin simulations

using Langevin dynamics63 in order to produce an ensemble of hundreds of thousands of 3D

structures for the chromosomes of Aedes aegypti.

To verify that this ensemble of genomic conformations does indeed represent what is found

in the DNA-DNA ligation assays, the experimental Hi-C maps (Figure 1A) are compared

with the Hi-C maps predicted by the in silico ensemble (Figure 1B). The similarity of the two

sets of Hi-C maps is immediately evident; the Pearsons’ correlation between the simulation

and the experiments is R = 0.957 (the Pearson’s correlation as a function of the genomic

distance is shown in SI Figure S2). Figures 1C and 1D show the Pearson’s correlation matrix

for the experimental and simulated data, respectively. The correlation matrices highlight

the compartmentalization signal present in the anti-diagonal. As previously mentioned,

both sets of Hi-C maps show very distinct properties when compared to those observed in
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most mammalian cell lines. The main diagonal appears particularly wide, indicating the

frequent formation of contacts between loci further away in genomic distance than what is

commonly seen in mammals. Figure 1F presents the contact probability as a function of the

genomic separation and shows that the compaction seen in the polymer model is consistent

with the experimental data. A similar wide diagonal, corresponding to a high degree of

compaction, has been observed in the Hi-C maps of mitotic chromosomes.64,65 In addition,

a secondary diagonal is observed in the maps; besides these two diagonals, the frequency of

intra-chromosomal contacts is greatly depleted with respect to what is seen in mammalian

cells.

Analyzing the ensemble of 3D structures associated with the Hi-C maps, we see that

these features correspond to partially condensed chromosomal conformations. These confor-

mations do indeed visually resemble those of chromatids (Figure 1E). This is in stark con-

trast with the roughly globular chromosomal conformations typically observed in interphase

in mammals.8,19,40,43,62 In addition, the Aedes aegypti chromosomes are folded over, gener-

ating frequent interactions between the two arms, which are manifested as the secondary

diagonal (Coarsened 3D structure - Figure 1G). Crucially, we find that both polarization

and the shortening of the chromosomes are needed for the emergence of this doubled-over

architecture, reflected in the features observed in the Hi-C maps. In the MiChroM energy

landscape, the shortening of the chromosomes is due to a high degree of lengthwise com-

paction, a term related to the ideal chromosome potential that we have shown to be directly

related to the activity of SMC complexes.43 This last observation seems to suggest that the

partial condensation observed in the chromosomes of Aedes aegypti is due to increased DNA

extrusion by SMC complexes. The question is however more complicated, because, while

in the mosquito’s chromosomes short-range genomic contacts are enhanced, long-range con-

tacts are depleted; so, differential extrusion appears a more likely explanation rather than

increased extrusion per se (reference45 and figure S1). The origin of the specific lengthwise

compaction profile characteristic of Aedes aegypti is beyond the scope of this study. We ex-
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pect one organism’s profile to depend on a variety of different known and unknown factors;

among them, the individual concentrations of the many different SMC complexes as well as

the presence of CTCF, which is likely to interfere with cohesin extrusion.

Additional insights about the genomic energy landscape of the mosquito can be obtained

through a process of a quenching simulation; in this way, the natural structural tendencies

of the chromosomes are uncovered by removing thermal disorder. Quenched chromosomes

appear to adopt conformations composed of helices of helices, another remnant of mitotic

chromosomes.64–66 The tendency of chromatin to form hierarchical helices has been observed

in human chromosomes as well and is perhaps a universal feature of eukaryotic genomes.41

Representative 3D structures of chromosome 1 at the nominal information theoretic temper-

ature (T = 1.0) are presented in Figure S1.

Elongated territories lead to local compartmentalization and exten-

sive inter-chromosomal interactions

MiChroM interaction parameters for Aedes aegypti determined from chromosome 1 were

then used to simulate its complete genome, consisting of both the maternal and paternal

copies of each of the three chromosomes typically present in the Aedes aegypti family (see

SI for details). The inter-chromosomal Hi-C maps generated in silico, once again, were very

similar to those found experimentally, as shown in Figure 2A; in particular, it is evident

that the high contact frequency between the telomeres and centromeres of different chromo-

somes45 is very well reproduced. The whole nucleus simulation of the mosquito’s genome

allows us to examine territorialization, compartmentalization, and inter-chromosomal inter-

actions. Chromosomal territories are non-overlapping spatial domains occupied by a single

chromosome, typically characterized by a globular shape; such shape increases the frequency

of intra-chromosomal contacts and decreases the frequency of inter-chromosomal contacts.

Territories are easily visible in Fluorescence In-Situ Hybridization (FISH) images and Hi-

C maps of most mammals.16,67 According to this definition, territories are not present in
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Aedes aegypti .43,45 More careful examination of the ensemble of 3D structures shows that

non-overlapping spatial domains occupied by a single chromosome do exist, but display a

very elongated shape. Furthermore, the unusually asymmetric shape of the Aedes aegypti

territories, by virtue of their high surface to volume ratio, does not significantly limit the fre-

quency of inter-chromosomal interactions; yet, chromosomes remain spatially well separated

and are untangled (Figure 2).

Next, we examined compartmentalization. As mentioned previously, the wide main di-

agonal of Aedes ’s intra-chromosomal ligation maps resembles that of mitotic chromosome

maps.41,65 In contrast with the mitotic case, however, Aedes aegypti chromosomes show

compartmentalization along the diagonal - a characteristic commonly also found in the hu-

man interphase but that usually extends to the whole map. Similarly, compartmentalization

is apparent along the secondary diagonal. The presence of compartmentalization indicates

that the chromosomes, while being condensed, are still fluid enough to accommodate local

phase separation. Chromatin micro-droplets are formed among small contiguous segments

of one arm (main diagonal) or are comprised of loci on opposite arms but which have been

brought into proximity by the folded over configuration (secondary diagonal)(Figure 2).

The epigenetically-driven phase separation driving compartmentalization competes with the

ordering of the helical fibers, in which defects are formed to accommodate the creation

of micro-compartments.43 The coexistence of both ordering and fluidity indicates that the

Aedes aegypti chromatin manifests properties typical of a liquid crystal.41,68

Somatic pairing of homologous chromosomes is a phenomenon that could play a role

in the 3D organization of chromosomal territories in Aedes. Pairing between the two ho-

mologous chromosomes has been observed in a variety of species belonging to the Diptera

order.43,69–71 While at the moment direct evidence of pairing in Aedes aegypti is still lacking,

we nevertheless expect Aedes to exhibit some degree of pairing. In absence of suitable exper-

imental data, we decided not to include any mechanism of pairing in our physical modeling.

We do not expect pairing of homologous chromosomes to significantly changes the shape of
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the Aedes aegypti chromosomal territories or their internal organization. However, pairing

may have an effect on the positioning of chromosomes within nuclei and in compartmen-

talization acting across territories, which for moment remains unaccounted. Additionally,

it remains unclear if homologous pairing is phenomenon that is functionally related to the

partially condensed chromosomes observed in this manuscript or to the Rabl configuration,

or if these are just uncorrelated contingencies.

In human cells, active chromatin tends to be positioned at the periphery of chromo-

somal territories8,9 and thus frequently interacts with other chromosomes.11 We study the

spatial distribution of active chromatin using, previously published, ATAC-seq (Assay for

Transposase-Accessible Chromatin using sequencing) data for Aedes aegypti brain.72,73 ATAC-

seq signal identifies accessible DNA regions and correlates positively with their belonging to

A compartments. For Aedes aegypti, we observe a strong correlation between one of the com-

partments and ATAC-seq peaks, allowing the compartment to be identified as an A compart-

ment despite the fact that Hi-C experiments were performed using whole body extract, while

ATAC-seq experiments were performed using only brain cells. Using the 3D genomic struc-

tural ensemble of the mosquito, we measure the radial positioning of the ATAC-seq peaks -

a proxy for high activity - with respect to the axis of the chromosomes as defined by the line

joining telomeres and centromere. Similar to what was observed in human cells, we find that

active chromatin is preferentially located in the outer shell of Aedes aegypti ’s elongated terri-

tories Figure 3. Further support to this finding comes from quantifying how often each locus

is exposed to the surface of the territory, and therefore available to form inter-chromosomal

contacts (Figure 3). Overall, just as in humans, a disproportionately large fraction of inter-

chromosomal interactions occurs among active chromatin regions. The preservation of this

feature of genome organization across species and architectural types43 suggests that the po-

sitioning of active chromatin at territorial interfaces might have a role in gene regulation.74,75

Nevertheless, significant differences between the chromosomal architecture of mammals and

Aedes mosquitoes exist even in the case of active chromatin positioning. In mammals, we
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have observed that chromatin segments belonging to the same genomic compartment - and

thus carrying similar epigenetic markings - form liquid droplets. These droplets rearrange

dynamically by splitting and fusing, leading to the emergence of genome-wide compartments

observed in DNA-DNA ligation assays.8,18,61 Again for Aedes aegypti, active chromatin still

forms droplets; but, because of the increased condensation and the elongated shape of terri-

tories, these droplets are less dynamical and become less likely to fuse with similar droplets

situated at a distant position along the chromosomal axis. This last feature leads to the

formation of local compartments. In contrast with what is seen in mammals, for Aedes ae-

gypti the loci diffuse within local compartments but do not mix with far away chromatin

even when the distant chromatin carries similar epigenetic markings. The distinct nature of

compartments in Aedes is likely to have some repercussions for transcriptional regulation.

Chromosomal structures of Aedes aegypti are sensitive to mechanical

cues

As discussed, our model indicates that the anchoring to the nuclear envelope of the cen-

tromeres and telomeres is necessary for the formation of the genomic architecture observed

in Aedes aegypti. This spatial connection between the chromosomes with the nuclear enve-

lope might play a role in transducing mechanical cues into gene regulation. To investigate

this intriguing possibility, we studied the effect of deforming the shape of the nucleus on

the ensemble of conformations of the mosquito’s genome (Figure 4 - left panels). We apply

tension and compression along the axis joining the telomeres and centromeres; in both cases,

the resulting deformation is set to 30 percent of the initial distance. Compression reduces

the asymmetry in the shape of territories. In this case, the in silico Hi-C maps display

less prominent primary and secondary diagonals with, conversely, an increased frequency of

promiscuous intra-chromosomal contacts distributed along the entire chromosome is found.

In other words, under compression, the mosquito’s chromosomes resemble more mammalian

chromosomes than they do without compression. Likewise, stretching the nucleus results in
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an opposite effect, with more prominent primary and secondary diagonals and generalized

depletion of all other intra-chromosomal interactions.

Overall, it is clear that in Aedes aegypti deformations of the nuclear shape are able to

shift the ratio between intra-chromosomal and inter-chromosomal interactions. Moreover,

large shape deformations can make frequent genomic contacts otherwise infrequent, and vice

versa. This modulation of contact frequencies that would result from nuclear deformation

could provide a physical mechanism by which mechanical cues could influence transcriptional

regulation. The present model indicates that the sensitivity of the Rabl architectural type

toward changes in the shape of the nucleus is due to both anchoring of the chromosome to

the nuclear envelope and increased length-wise compaction. Mammalian chromosomes, in

contrast, appear relatively insensitive to changes in the shape of the nucleus, with their Hi-C

maps hardly showing any differences in the contact frequencies upon shape deformations.

To establish whether anchoring alone could be responsible for the increased mechanical sen-

sitivity of the mosquito’s genome, we simulated the mosquito chromosome with MiChroM

interaction parameters tuned to reproduce the human Hi-C maps (Figure 4 - right panels).

With this tuning, because of the lesser degree of lengthwise compaction, only very minor

changes of the Hi-C maps were found when applying longitudinal deformations. It is sug-

gestive that the very same features leading to the emergence of the Rabl configuration are

also responsible for its sensitivity to mechanical signals.

Conclusions

The explosion of activity to characterize genome architecture across the tree of life is reveal-

ing that genomic structural ensembles are far more diverse than previously believed.43 Yet,

it is reasonable to assume that the physical processes that form this architectural diversity

should be similar because the emergence of new physical processes is ultimately limited by

the slow process of molecular evolution. Our analysis shows that a universal physical model
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can account for two very different genome architectural types; the territorialized architecture

of mammals and the polarized architecture of Aedes mosquitoes. Our physical model con-

sists of simple polymer subject to the two processes of motor-driven length-wise compaction

and epigenetically driven phase separation; both of these processes have been supported by

numerous studies in vitro and in vivo. Besides the origin of genome architectural types, a

fundamental question in physical genetics pertains to the functioning of the different archi-

tectural types. The length of an individual chromosome is likely to play a role in determining

the optimal genome architecture. It is possible that the increased short-range length-wise

compaction seen in Aedes aegypti is an adaptive mechanism to accommodate the large chro-

mosomes of the mosquito. On the other hand, increased length-wise compaction also leads to

high sensitivity with respect to mechanical cues, so, perhaps, the Rabl configuration evolved

as a sensing apparatus. Regardless of the evolutionary trajectory, combining theoretical and

computational analysis with experiments is essential toward unraveling the mechanisms by

which 3D architecture influences the functioning of genomes.

Model and Simulation Details

The genome of the mosquito Aedes aegypti was modeled using a polymer physics model where

parameters are found using the maximum entropy principle. The resulting model resembles

the Minimal Chromatin Model (MiChroM) that was successfully employed to investigate the

genome organization for human chromosomes in different cell lines in interphase.8,9,18,19,61,62

The MiChroM energy function has two assumptions; The first presumes that the chromosome

phase separation is related to the A/B chromatin types annotation. The second considers

the different proteins’ motor activity to be related to the polymer compaction through an

ideal chromosome interaction. The MiChroM potential has the following form:
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UMiChroM(~r) = UHP (~r) +
∑
k ≥ l

k, l ∈ Types

αkl

∑
i ∈ {Loci of Type k}

j ∈ {Loci of Type l}

f(rij)

+

dcutoff∑
d=3

γ(d)
∑
i

f(ri,i+d)

(1)

where UHP (−→r ) is the potential energy of a generic homopolymer (see Supporting Infor-

mation for details); αkl is the strength of the energy interactions between the chromatin type

k and l; γ is the ideal chromosome energy interaction as a function of the genomic distance

d, and the f(rij) represents the probability of crosslinking of loci i and j. Similar to the

approach taken for the human genome investigation,8 here it was also necessary to obtain

the interaction energy parameters for each term of the potential α and γ. The model was

trained usinf the data for chromosome 1 of the Aedes aegypti obtained from the Hi-C map45

with a resolution of 100kb per bead. The chromatin types annotation A and B were obtained

from the first eigenvector from the experimental data correlation matrix.16 An additional

assumption was included during the training of the potential parameters by incorporating

spatial position restraints for the chromosome telomeres and the centromere. Telomeric re-

gions are positioned on one side of the nucleus wall and the centromere on the opposite side.

This assumption is based on possible interactions of these chromosome regions with lamins

that are found in the nuclear envelope.55,58 Chromatin dynamics simulations were performed

using Gromacs package version 2016.3.76 The simulations employed Langevin dynamics and

followed the protocol described in the Nucleome Data Bank (NDB).19 The parameters min-

imization α and γ for the types and ideal chromosomes, respectively, were obtained after 20

iterations. The procedure follows the same protocol described in the human MiChroM work8

that compares the probabilities of the simulated polymer with the experimental Hi-C map.

The 3D structure representation of the chromosomes was built using Chimera software,77 and

the coarse backbone representation was built using the Bendix VMD plugin.78,79 Trajectory
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data, scripts for running MiChroM, and visualization of the 3D structures are available at

the NDB server19 (https://ndb.rice.edu). The ATAC-seq data were obtained using the SRX

code SRX3580386.73 The short reads were aligned to the reference genome AaegL5.0 using

the Bowtie 2 software package.80 Files conversion and peaks calling were performed using

Samtools81 and Macs3.82 The ATAC-seq signal values were integrated over 100kb segments

over the whole genome. High-intensity ATAC-seq signals are selected on values belonging to

the 75th percentile and higher. On the other hand, Low-intensity signals are based on the

25th percentile and lower.
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Figure 1: Hi-C maps and 3D structures of chromosome 1 after the parameter’s minimization.
A - Hi-C map of chromosome one from experiments.45 B - in silico Hi-C map obtained by the
ensemble of 3D structures generated by simulations. The red color intensity is related to the
probability of a loci contact formation. The Persons’ correlation between the experimental
and the in silico map is 0.957. C - 3D quenched representative structure of chromosome 1 at
100kb resolution. The color scheme paints the locus by their sequential position from blue to
red, head to tail, respectively. Highlighted regions represent the telomeres and centromere.
D - Contact probability as a function of genomic distance. In red is the curve obtained
from the experimental Hi-C. The dashed blue line represents the polymer scaling obtained
from the in silico Hi-C map. E - Coarsened structure of chromosome 1 from the quenched
structure presented on E. The segment representation is an average of over ten loci in the
polymer chain.
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Figure 2: Full nucleus simulation of the Aedes aegypti genome. A - Experimental (top)
and in silico (bottom) Hi-C maps of the Aedes aegypti genome. The zoom-in region shows
the inter-chromosomal interactions between chromosomes 1 and 3. The whole genome Hi-C
maps emphasize the centromere-centromere and telomeres-telomeres preferential contact for-
mation. B - Full nucleus representative 3D structure. Each chromosome chain is represented
by a unique color. Centromeres are represented by blue beads (left) and telomeres by orange
and red ones (right). The 3D structure highlights the formation of elongated territories in
the Aedes aegypti genome.
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Figure 3: ATAC-seq signal intensity correlates with chromatin types A (high) and B (low).
A - Radial density distribution for low and high ATAC-seq signal intensity (gray and green
lines). High ATAC-seq signals are often located on the chromosome surface. B - Radial
density distribution for chromatin types A and B (red and blue lines). Analogous to High
ATAC-seq signals, chromatin type A is often presented in the chromosome periphery. C -
Representative 3D structure of the Aedes aegypti full nucleus colored based on ATAC-seq
signal. Cylindrical density distributions are presented for five sections along the centromere-
telomeres axis. D - Violin plots show the normalized exposed area for beads with low and
high ATAC-seq signal intensity. The distributions are shown for the whole genome e for
each chromosome. Higher values mean the locus is exposed and more often located at the
periphery (interacting with the neighbors chromosome).
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Figure 4: Effects of changing the centromere-telomeres separation distance. Left panels show
the results applying more and less tension in the mosquito genome. Right panels present the
analysis of simulations running using the Human genome parameters (MiChroM8). Repre-
sentative 3D structures of each condition are shown alongside the in silico Hi-C maps. The
top panels present the centromere-telomeres separation distance L+, 30% bigger than L0 that
is presented in the middle. At the bottom is present the case where the separation distance
L− is 30% smaller than L0.
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