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Significance 

Segregation of duplicated DNA 
is essential for cell proliferation. 
By combining experimental 
Hi-C contact maps with a energy 
landscape approach, we uncover 
how Structural Maintenance of 
Chromosomes (SMC) complexes 
reorganize the chromosome 
during bacterial replication to gen-
erate the mechanical conditions 
required for sister-chromosome 
segregation. Our results reveal a 
conserved physical mechanism of 
lengthwise compaction by which 
SMC-driven contacts produce 
a mid-replication architectural 
transition that positions 
duplicated origins in opposite 
cell halves. In the absence 
of SMCs, chromosomes adopt 
a nematic, segregation-resistant 
configuration, generating 
a distinctive intersister Hi-C 
signature. While SMC complexes 
are essential for the mechanical 
forces underlying chromosome 
segregation, certain nucleoid-
associated proteins appear to play 
a modulatory rather than essential 
role, with direct implications 
for designing a minimal cell. 

Faithful chromosome segregation during bacterial replication requires global reor-
ganization of the nucleoid, where Structural Maintenance of Chromosomes (SMC) 
complexes play a crucial role. Here, we develop an energy landscape framework 
that integrates data-driven pairwise interactions with coarse-grained polymer physics 
to infer the 3D architectural ensembles of Escherichia coli and Bacillus subtilis 
chromosomes throughout replication. We show that SMC-mediated long-range 
lengthwise compaction reshapes the nucleoid to induce a robust mid-replication 
transition in which the terminus relocates toward the nucleoid center and duplicated 
origins segregate toward opposite cell halves. SMC-deficient mutants lack this 
transition and instead exhibit emergent nematic-like alignment of sister chromosomes 
that impedes segregation. A distinctive intersister Hi-C signature accompanies the 
emergence of the nematic alignment. By systematically tuning nonspecific intersister 
adhesion, we reveal that SMC activity expands the physical regime permitting faithful 
segregation. This buffering protects segregation against adhesive forces intrinsic to the 
crowded bacterial nucleoid. Our framework provides mechanistic insight into SMC-
dependent coreplication segregation across bacterial species, yielding experimentally 
testable predictions for imaging and sister-chromosome-resolved Hi-C. 

chromosome segregation | SMC proteins | energy landscape dynamics | Hi-C modeling | 
bacteria genome 

The bacterial chromosome is a densely packed, hierarchically organized polymer whose 
physical constraints resemble those of eukaryotic genomes, underscoring the universal 
role of polymer mechanics in chromosome maintenance and reorganization. Structural 
Maintenance of Chromosomes (SMC) proteins, conserved across all domains of life, are 
central to this organization: They extrude loops to reinforce long-range intrachromosome 
interactions (1, 2). Steady-state SMC activity via loop extrusion modulates the 
lengthwise mode of chromosome compaction, facilitating segregation and regulating 
interchromosomal organization across species (3–6). Lengthwise compaction refers to an 
ordered form of compaction in which loci adjacent along the chromosome contour 
are brought into close spatial proximity. Data-driven approaches have realized this 
compaction via a unique potential, termed the ideal chromosome, that emerges from the 
residual interactions after accounting for genomic compartments (7). In bacteria, DNA 
replication and segregation occur simultaneously. During mid-replication, SMCs interact 
with nucleoid-associated proteins (NAP) to direct the newly replicated origins (ori) to 
opposite cell halves, ensuring their segregation (8). However, a quantitative evaluation of 
the SMC-driven structural intermediates involved in coreplication segregation of bacterial 
chromosomes, further consolidating the conserved role of SMC proteins, is lacking. 

To dissect how chromosome architecture governs this process, we developed 
quantitative energy landscape models for the rod-shaped bacteria Bacillus subtilis and 
Escherichia coli. Using a maximum-entropy framework (7, 9–11), we optimized coarse-
grained (10 kb) energy landscapes to reproduce Hi-C-derived contact probabilities 
(12, 13), then extended these landscapes across discrete replication stages to predict 
the associated three-dimensional structural ensembles. Hi-C-trained models validate 
emergent features of imaging experiments, such as the axial localizations of ori and 
ter (14–16). We performed this analysis for wild-type (wt) cells and for SMC mutants, 
Δmukb lacking the loop-extrusion activity of MukBEF in E. coli (13) and Δsmc, a mutant 
of the extrusion complex SMC-ScpAB in B. subtilis (12). Our models predict that SMC-
driven long-range lengthwise compaction produces a robust mid-replication transition 
in which the unreplicated terminus (ter) moves axially inward while replicated origins 
(ori) segregate outward. This transition, a signature of faithful chromosome segregation, 
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is absent in SMC mutants; they instead show more intersister 
contacts characterized by a nematic alignment of sister chromo-
some arms that hinder segregation. Across both species, these 
findings point to a conserved role for SMC proteins in making 
coreplication segregation more reliable. 

Extruding and maintaining stable loops has emerged as the 
dominant mode of SMC activity. Kinetic modeling of extrusion 
dynamics has established a paradigm where SMC-mediated loops 
regulate the steady-state contact probability at loop length scales 
of ∼0.1 to 1 Mb (17–22). By inferring interaction landscapes 
directly from data, our framework effectively models steady-state 
loop extrusion by SMC complexes, together with the ensemble 
of NAP-driven contacts, enabling a quantitative comparison of 
their effects on segregation mechanics. 

Prior models of bacterial segregation have focused mainly 
on the entropic effects arising from excluded-volume interac-
tions between self-avoiding polymers (23), with newer work 
incorporating loop extrusion to direct these entropic forces 
(24–26). However, these approaches neglect the heterogeneous 
adhesive interactions mediated by NAPs and crowders, which 
also shape global chromosome architecture. Hi-C-constrained 
polymer reconstructions have shown that experimentally derived 
contact heterogeneity is essential to recover realistic chromosome 
architectures in bacteria (27, 28). Our results, consistent with the 
previous entropic segregation theories and Hi-C data, show that 
SMC activity reshapes the chromosome energy landscape to favor 
entropic segregation forces across species. SMC activity restruc-
tures the sister chromosomes to inhibit a NAP-assisted low-
entropy nematic state that resists their segregation. The model 
makes testable predictions, such as an X-shaped Hi-C signature 
for intersister interactionsassociatedwiththesegregation-deficient 
nematic state, and provides a conceptual framework to understand 
the interlinked roles of NAPs, transcription, and SMCs in coordi-
nating sister-chromosome segregation across bacterial species. 

In what follows, we first introduce the essential aspects of 
the model, learning single-chromosome energy landscapes from 
Hi-C and constructing the landscapes for partly replicated sister 
chromosomes (Fig. 1). Then, we inspect the learned single chro-
mosome structures for E. coli and B. subtilis (Fig. 2), and describe 
the predictions of the model related to chromosome structure and 
segregation mechanics using typical inferred parameters (Fig. 3). 
Subsequently, by varying the parameters and comparing across 
both species, we link SMC activity to faithful chromosome 
segregation across a broad physiological context (Fig. 4). Finally, 
we conclude with a discussion. 

Model 

We develop a coarse-grained model of bacterial chromosomes in 
which each monomer represents 10 kb of DNA and evolves under 
Langevin dynamics within an effective energy landscape (Fig. 
1A) (see Eqs. 1 and 2 in Materials and Methods). The polymer 
landscape corresponds to a ring homopolymer that includes 
nearest-neighbor harmonic bonds (Eq. 3) and soft excluded-
volume interactions (Eq. 4). These terms alone are insufficient 
to reproduce experimentally observed chromosome architecture; 
hence, following previous studies (7, 10, 11), we introduce an 
additional pairwise bias potential (UHi−C

ij ) to be calibrated using 
Hi-C data (Eq. 5). 

To infer UHi−C 
ij , we employ an iterative maximum-entropy 

scheme in which simulated Hi-C contact probabilities 𝜙 are 
compared to experimentally measured probabilities to compute 
the loss gradient and update the bias potential. To convert 
distances into contact probabilities, we use a sigmoid 𝜙(r) 

that is parameterized combining Hi-C and imaging studies 
(Fig. 1B, Eq. 6). During optimization, the mean error between 
simulated and experimental Hi-C maps decreases monotonically 
and converges after ∼15 epochs (Fig. 1C ), at which point 
we take the learned UHi−C 

ij as the optimized landscape. This 
procedure is performed for B. subtilis and E. coli wild-type (wt) 
chromosomes and mutants, such as Δsmc and Δmukb. Because 
the experimental Hi-C maps used in this optimization are 
obtained from asynchronous, exponentially growing populations 
and therefore average over cells at different stages of replication, 
we verified that this averaging does not significantly affect the 
inferred interaction landscapes (SI Appendix, Fig. S5). 

The optimized interaction landscape reproduces Hi-C con-
tact probabilities but yield globular conformations lacking the 
experimentally observed cylindrical shape (SI Appendix, Fig. S1). 
We therefore introduce a cylindrical confinement (Eq. 7) that 
constrains only the cross-section to experimentally measured nu-
cleoid dimensions for E. coli and B. subtilis (15, 16). This confine-
ment minimally affects the Hi-C map while correctly reproducing 
axial dimensions and is kept fixed for all downstream modeling. 

The effective single-chromosome landscapes are then used to 
predict the architecture of partially replicated sister chromosomes 
(Fig. 1A). Each replication stage is parameterized by the replica-
tion fraction 𝛼, defined as the ratio of replicated DNA to the full 
chromosome length L; 𝛼 = 0.5 corresponds to mid-replication. 
For a given 𝛼, we create a replicated sister-chromosome segment 
of length 𝛼L with the two sister origins positioned at its center. 
The two ends of this replicated segment, the replication forks, 
are harmonically bonded to the unreplicated circular chromo-
some, ensuring symmetric connectivity. Excluded-volume and 
confinement terms are identical for all monomers. 

Because Hi-C cannot distinguish between the two nearly 
identical sister chromosomes, the intrasister and sister-to-
unreplicated interactions learned for the single chromosome 
were assumed to be symmetric. All components of the landscape 
can therefore be inherited directly from the single-chromosome 
model, except for the intersister component of the Hi-C bias 
potential, denoted U sis 

ij (Fig. 1A). Importantly, using the learned 
intrasister interactions for U sis 

ij would incorrectly embed polymer-
connectivity effects such as loop extrusion into interactions 
between different chromosomal copies. Instead, we interpret U sis 

ij
as representing adhesive forces arising from protein-mediated 
crosslinking, crowding, and other nonspecific interactions in the 
dense nucleoid. 

To model such nonspecific adhesion without imposing struc-
ture, we draw U sis 

ij from a normal distribution with mean 
U sis

ij  = 𝛽 and a SD 0.2|𝛽|. The physiologically relevant estimate 
of 𝛽 can be made from the baseline nonspecific interactions 
that generate low-probability long-range contacts in the learned 
single-chromosome landscape, such as the ori with ter interac-
tions (SI Appendix, Fig. S2). This yields 𝛽 = −0.17 for B. subtilis 
and 𝛽 = −0.10 for E. coli, reflecting a stronger nonspecific 
compaction in B. subtilis. We first analyze sister-chromosome 
segregation using these inferred baseline interaction strengths 
(Fig. 3), and subsequently vary 𝛽 to map the physiological regimes 
of chromosome segregation across species (Fig. 4). 

Results 

Hi-C-Derived Structural Ensembles Validate Imaging Obser-
vations. We first confirm that the learned energy landscapes 
reproduce Hi-C contact patterns and known axial organizations, 
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A 

B 

C 

Fig. 1. Energy landscape model for replicated sister chromosomes. (A) Schematic of the model construction. The chromosome model consists of a polymer 
system defined by an energy landscape U(r), which comprises multiple physics-derived components and one data-driven component (UHi−C

ij ). Our goal is to 
optimize the data-driven term iteratively using a loss function that maximizes entropy within the constraints of the experimental Hi-C data. In each epoch, we 
compute the pairwise contact probabilities using the simulation model (𝜙ij ) and compare them with the observed probabilities 𝜙exp to backpropagate the 
error. Once the error converges, we use the learned potential to construct a symmetric energy landscape of sister chromosomes at a certain replication stage, 
as defined by the replication fraction 𝛼. The energies corresponding to the intersister interactions (Usis

ij ) cannot be directly inferred from experimental Hi-C due 

to sequence similarity of the sisters. We set the mean 𝛽 = Usis
ij  to the nonspecific baseline interactions in UHi−C to study typical behavior, and later sweep 

this parameter to construct regime diagrams. The constructed model is then used to predict the structural ensembles of partly replicated chromosomes for a 
given 𝛽 and 𝛼. (B) Three-dimensional distance between certain loci pairs is plotted against their Hi-C contact probabilities. The markers (diamonds and crosses) 
represent experimental data where distances are measured using FISH probes (12, 13, 29); the colors represent the genomic distance between the locus pairs 
(see color bar). The solid line is the definition of a Hi-C contact used in the simulations. The horizontal axis is plotted in units of 𝜎 for the Hi-C function 𝜙 and in 
units of 0.1 μm for the experimental data. (C) Error convergence during the optimization scheme for various cases. We used the energy landscape at epoch 15 
(dashed vertical line) for all downstream analyses. 

establishing a validated base model for all downstream analyses 
(Fig. 2A). Both the SMC-deficient Δmukb and Δsmc ensembles 
exhibit depletion of long-range contacts ∼0.5 to 1 Mb relative 
to wt and an enhancement in the short-range (Fig. 2B). While 
SMC-mediated loop extrusion naturally explains the enhanced 
long-range contacts in wt, the mechanism increasing short-range 
compaction likely relates to NAP redistribution and altered 
transcription upon SMC depletion. Nevertheless, our inferred 
structural ensembles recapitulate these characteristic features. 

A notable outcome of the learned landscapes is that constrain-
ing pairwise interactions and cylindrical cross-section is sufficient 
to break the symmetry of axial positioning (Fig. 2C ). As expected, 
our ensemble predictions preserve the reflection symmetry across 
the XY plane. We divide the nucleoid axial length into two mid 
and two polar quarters, and classify conformations as ori-ter and 
left-ori-right based on the positioning of ori and ter in these 
quarters. The ori-ter conformation is defined by an ori-to-ter 
distance greater than half the nucleoid length and at least one 
locus in a polar quarter. The left-ori-right conformations have 
ori and ter residing in the mid quarters with their interlocus 

distance less than a nucleoid quarter. All other conformations are 
intermediates. 

The E. coli wt ensemble shows the left-ori-right organization; 
whereas Δmukb exhibits intermediate states with asymmetric 
ori-ter patterns (Fig. 2 C and D), as has been observed in 
imaging experiments (8, 30). The B. subtilis wt landscape prefers 
the ori-ter pattern, while the mutant Δsmc shows intermediate 
states. Experiments suggest that B. subtilis chromosomes may 
adopt either conformations (14); the predicted configurations 
are majorly ori-ter with modest contributions from intermediate 
states where ori and ter occupy neighboring quarters of the 
nucleoid (Fig. 2 C and D). 

Wild-Type Origins Segregate Mid-Replication, Accompanied by 
Repositioning of the Terminus Toward Nucleoid Center. We 
next examine how chromosome architecture evolves during repli-
cation and identify a robust mid-replication structural transition 
that drives ori segregation and ter repositioning (Fig. 3). Using 
the optimized single-chromosome landscapes, we constructed 
effective potentials and corresponding structural ensembles for 
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A 

C D 

B 

Fig. 2. Optimized ensembles before replication. (A) Simulated (Upper) and experimental (Lower) Hi-C maps for wt and SMC-deficient mutants E. coli Δmukb 
and B. subtilis Δsmc. The ori is located at the Middle and ter at the end. (B) Mean Hi-C contact probability as a function of genomic distance, showing SMC-
dependent enhancement of long-range ∼1 Mb, and suppression of short-range contacts ∼0.1 Mb. (C) Representative 3D structures showing ori in red and 
ter in green spheres. They illustrate three recurrent axial arrangements–left-ori-right, ori-ter, and intermediate states. The ori-ter configuration must have a 
distance between ori and ter that is greater than half the nucleoid length and at least one of the loci occupying a polar quarter. The left-ori-right organization 
must have their ori and ter residing in the mid quarters with an interlocus distance less than a nucleoid quarter. All other configurations are intermediates. 
Each structure is shown in two representations, density-based surface construction (Top) and polymer trace (Bottom). Chromosome arms are shown in gray and 
salmon. (D) Probability of each axial organization in the learned structural ensembles, showing SMC loss perturbs their canonical wt configurations, increasing 
the proportion of intermediate states. 

sister chromosomes across replication fractions, fixing the mean 
intersister interaction 𝛽 to their respective baselines for E. coli 
and B. subtilis. We define the inter-ori axial distance normalized 
to the nucleoid length d , and use d > 0.5 as a criterion for ori 
segregation. 

In the wt of both E. coli and B. subtilis, early replication stages 
(𝛼 < 0.3) show the two unsplit ori fluctuating within the two 
mid quarters, while the ter resides in a polar quarter (Fig. 3A). 
The entry to the mid-replication stage (𝛼 ≈ 0.5) is marked 
by a stable mid-quarter localization of both ori, a conformation 
with elevated segregation pressure due to the increased overlap 
between sister chromosomes. During mid-replication, the ter 
and the adjoining ori swap positions, producing an ori-ter-ori 
arrangement with low intersister overlap and a marked increase 
in inter-ori separation (Fig. 3B). This transition, essential for 
positioning the sister chromosomes at opposite cell halves during 
late replication (𝛼 > 0.7), has been experimentally observed in 
wt cells (Fig. 3C ) (15, 16). 

In contrast, the SMC mutants Δmukb and Δsmc lack the 
characteristic mid-replication swap; instead, the ter remains 
polar while the two unsplit ori either fluctuate within the mid 
quarters (Δsmc) or occupy the same pole (Δmukb). This leads to 
unsegregated sister chromosomes and unresolved origins in late 
replication (Fig. 3 A–C ). In wt, the enhancement of long-range 
intrasister contacts effectively introduces an entropically driven 
intersister repulsion that underlies the mid-replication transition; 
in the mutants, this repulsion is weakened, impairing segregation. 

Unsegregated Sister Chromosomes of SMC Mutants Exhibit 
Emergent Nematic Order with Distinctive Hi-C Signatures. We 
then analyze the SMC-deficient mutants and show that the 
loss of long-range compaction produces nematic alignment of 
sister chromosomes, which resists segregation and predicts a 
testable intersister Hi-C signature (Fig. 3F ). We use the term 
nematic alignment in a descriptive sense to denote strong parallel 

orientation of sister chromosome arms. We quantify this ordering 
using the nematic-like order parameter S (Eq. 8), that ranges 
from −1/2 for perpendicular configurations to 1 for perfectly 
aligned arms (Eq. 8). Sister chromosomes coarse-grained by 30 
monomers when show S > 0.2 are classified to have a significant 
nematic alignment (Fig. 3E and SI Appendix, Fig. S6). 

In extrusion-deficient mutants, redistribution of lengthwise 
compaction causes the two sister-chromosome arms to behave 
as two U-shaped rods with orthogonally oriented planes that 
exhibit higher nematic order (Fig. 3 D and E). This low-
entropy configuration resists segregation of sister chromosomes, 
and in some cases, results in an X-shaped pattern in the 
intersister block of the simulated Hi-C maps (Fig. 3E). The 
B. subtilis chromosomes exhibited lower nematic alignment than 
E. coli due to their higher overall compaction. Importantly, 
the intersister interaction potential itself is structureless, its 
elements are randomly drawn around the mean 𝛽, so the 
observed nematic alignment and Hi-C signature is an emergent 
geometric consequence of altered lengthwise compaction rather 
than an imposed interaction pattern. Traditionally, Hi-C does 
not resolve sister chromosomes and is incapable of detecting 
signatures of intersister organization (12, 13); however, improved 
Hi-C technology, focused on distinguishing sister-chromosomes 
(31, 32), should be able to verify the model predictions. 

Structural Organization by SMC Proteins Enhances Robustness 
of Chromosome Segregation. To test how SMC-dependent 
architecture modulates segregation fidelity, we varied the mean 
intersister adhesion 𝛽 and mapped the regimes in which wt and 
mutant chromosomes successfully segregate. Our earlier results 
showed that SMC-mediated structural organization can drive 
coreplication segregation when 𝛽 is comparable to a typical 
nonspecific interaction. Physically, 𝛽 represents the combined 
effects of nonspecific nucleoid crosslinkers, homology-mediated 
pairing, NAP-driven protein bridging, and crowding-enhanced 
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A 

D 

E F 

B C 

Fig. 3. Structural transitions, segregation dynamics, and intersister interactions during replication. Kymographs showing the cell cycle axial dynamics of (A) the 
two ori and (B) ter across replication fractions 𝛼 for E. coli (Top) and B. subtilis (Bottom). The corresponding mutants SMC-deficient E. coli and B. subtilis are shown 
in adjacent subpanels. The white horizontal lines denote the nucleoid quarters and the vertical white line denotes mid-replication. wt chromosomes undergo a 
mid-replication transition in which the ter moves toward the nucleoid center and the two ori separate toward opposite poles, whereas mutants lacking SMCs fail 
to undergo this rearrangement. (C) Inter-ori axial distance as a function of replication fraction, showing ori segregation in wt but proximal ori pair in Δmukb and 
Δsmc mutants. (D) Representative 3D structures at early (𝛼 = 0.2), mid (𝛼 = 0.5), and late (𝛼 = 0.8) replication, illustrating wt ori splitting and ter repositioning 
versus persistent overlap and nematic alignment in mutants. Two ori and ter are red, purple, and green spheres, respectively. Chromosomes shown in density 
representation with two sisters in orange and blue, and unreplicated DNA in gray. (E) Intersister nematic alignment parameter S for 𝛼 = 0.8, where S varies 
from −1/2 for perpendicular, to 0 for random isotropic, to 1 for perfectly aligned polymer. wt demonstrates more isotropic organization compared to SMC 
mutants with strong nematic alignment (S > 0.2) of replicated arms. (F ) Simulated sister-chromosome-resolved Hi-C maps at 𝛼 = 0.8 for E. coli and B. subtilis. 
The Upper triangle shows wt versus SMC mutants Δmukb and Δsmc in the Lower triangles; intersister interaction blocks are highlighted by dashed rectangular 
boxes. SMC mutants show an increase in overall intersister contacts impeding segregation. The unsegregated state has nematic alignment that generates an 
X-shape in the intersister contact map. Together, these analyses show that SMC-mediated long-range compaction drives the structural transitions necessary 
for robust coreplication segregation. 

attractions, and may vary during the cell cycle in response to 
environmental or regulatory cues. Importantly, we posit, SMCs 
do not contribute to 𝛽, because of their strictly intrachromosome-
specific activity. We therefore varied 𝛽 across a wide range to 
test the robustness of SMC-driven segregation across different 
replication fractions 𝛼 (Fig. 4). 

We scanned 𝛽 from zero, corresponding to an absence of 
intersister adhesion, to values representing strongly attractive in-
teractions in the learned single-chromosome potentials. Because 
wt E. coli and B. subtilis exhibit different baseline interaction 
strengths, the relevant 𝛽 ranges differ across species (Fig. 4A, 
solid green line). Despite this, both organisms display similar 

segregation regimes when comparing wt and SMC mutants (Fig. 
4B), indicating a conserved physical mechanism. 

When intersister adhesion is weak, the polymer entropy of the 
long replicated arms is sufficient to separate the sisters during late 
replication, even in SMC-deficient mutants. In this regime of 
high 𝛼 and low 𝛽, both the wt and mutant ensembles show inter-
ori distances larger than half the nucleoid length (d > 0.5), 
establishing segregated ori. As 𝛽 increases to moderate values, 
wt chromosomes continue to undergo the characteristic mid-
replication transition and segregate their ori, whereas SMC 
mutants fail to do so and instead develop nematic alignment 
of unresolved sister arms. At high 𝛽, adhesion dominates the 
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A 

B 

Fig. 4. Regimes of chromosome segregation in rod-shaped bacteria revealed by energy landscape modeling. (A) Segregation outcomes for E. coli (Top) and 
B. subtilis (Bottom) as a function of replication fraction 𝛼 (horizontal axis) and mean intersister adhesion 𝛽 (vertical axis). For each parameter pair, structural 
ensembles were generated under the learned chromosome landscapes for wt and SMC mutants (Δmukb in E. coli and Δsmc in B. subtilis). Symbols denote 
the resulting segregation state of the two replicated origins–unsegregated (blue and red triangles, and blue diamonds), Intermediate (unfilled circles and 
diamonds), and segregated (gray crosses). Segregated means the inter-ori axial distance is larger than half the nucleoid length (d > 0.5). The background 
shading shows d, the mean inter-ori axial distance normalized to total nucleoid length, where darker regions correspond to larger separations. The black solid 
contour line represents inter-ori distance equal to half the nucleoid length d = 0.5; the thick horizontal green line corresponds to the nonspecific baselines 
interaction, see Fig. 3. The yellow squares represent nematically aligned configurations in which sister chromosome arms lie parallel, a signature of unsegregated 
chromosomes. wt cells segregate their origins robustly over a wide range of adhesion strengths and replication stages, whereas Δmukb and Δsmc mutants 
lose segregation competence at moderate 𝛽 and instead enter a nematic-alignment regime. This nematic arrest emerges despite the intersister potential being 
structureless, reflecting a geometric consequence of the altered lengthwise compaction in SMC-deficient chromosomes. At higher adhesion values, both WT 
and mutant chromosomes collapse, leading to complete segregation failure. (B) Schematic phase diagram summarizing the three physically distinct regimes 
uncovered in panel (A), where the cross-hatched region is physiologically relevant range of interactions learned from Hi-C. As replication fraction increases, the 
increased entropy of the sister chromosomes will favor segregation. However, biological activity introduces nonspecific adhesive interactions 𝛽 that reduce 
the entropic pressure to segregate. By establishing long-range intrasister contacts, SMC activity enhances the eective segregation pressure. SMC mutants 
show loss of long-range compaction leading to significant overlap and emergence of nematic order that impedes segregation. At high adhesion, nonspecific 
intersister attractions dominate polymeric forces, causing chromosomes to collapse regardless of SMC activity. The diagram illustrates how SMC activity shifts 
the segregation boundary upward in 𝛽 and enlarges the region of successful chromosome partitioning. Together, these results establish SMC complexes as key 
physical regulators of coreplication segregation, expanding the conditions under which rod-shaped bacteria reliably resolve their replicated genomes. 

ensembles and both wt and mutants fail to segregate their origins. 
These results show that SMC-mediated long-range lengthwise 
compaction broadens the range of intersister adhesion strengths 
over which ori segregates faithfully, buffering chromosome 
segregation against variable adhesive forces across diverse cellular 
contexts (Fig. 4B). 

Nucleoid-Associated Proteins Interact with SMCs to Regulate 
Ori Segregation. Finally, we investigate how key nucleoid-
associated proteins (NAPs) modulate SMC-dependent chromo-
some organization and find that they tune, but do not replace, 
the core SMC-driven segregation mechanism. We examined two 
well-studied NAPs—MatP in E. coli (13) and ParB in B. subtilis 
(12)—to assess their impact on chromosome architecture and 
sister-chromosome segregation. 

MatP in E. coli binds the terminus-proximal region and 
excludes the extrusion complex MukBEF from the ter domain. 
Consistent with this, MatP mutants (Δmatp) exhibit a ter-
specific increase in long-range contacts (0.5 Mb), likely re-
flecting elevated MukBEF activity near the terminus (13, 33). 

The optimized Δmatp models adopt an ori-ter arrangement 
and predict enhanced segregation of ter-proximal regions (SI 
Appendix, Fig. S3), suggesting that MatP normally suppresses 
premature ter segregation. In contrast, deleting both MukB and 
MatP (Δmukbmatp) shows a severe loss of segregation robustness 
(SI Appendix, Fig. S3), including in the ter region, indicating 
that the increased ter segregation observed in Δmatp arises from 
residual MukBEF activity. 

ParB is part of the ParABS partitioning system in B. subtilis 
that loads SMCs onto origin-proximal DNA, driving the Hi-
C counterdiagonal observed in wt cells (12, 16, 24, 34, 35). 
Consistently, disruption of ParB eliminates the counter-diagonal 
while preserving long-range contacts (12, 16, 34). To test whether 
ParB is required for sister-chromosome segregation, we optimized 
the energy landscape of ParB-deletion mutants (Δpar) (12). The 
resulting single-chromosome structures predominantly exhib-
ited a left-ori-right configuration (SI Appendix, Fig. S4). The 
Δpar mutant displayed larger inter-ori distances during early-
mid replication than wt, yet ultimately segregated their sister 
chromosomes less efficiently in late replication. Additionally, 
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the Δpar ensembles showed no nematic alignment of the sister 
chromosome, reiterating the loss of SMC-mediated long-range 
lengthwise compaction as the major driver of nematic order. 

Together, these results indicate that while NAPs such as MatP 
and ParB interact with SMCs to reshape local chromosomal 
organization, particularly around ori and ter, the fundamental 
structural transitions that drive ori segregation are primarily 
mediated by SMC complexes, even in the absence of their 
localized loading. 

Discussion 

We present an energy landscape framework that provides a 
quantitative, mechanistic account of how SMC complexes shape 
bacterial chromosome organization to ensure faithful coreplica-
tion segregation. By integrating Hi-C-derived constraints with 
coarse-grained polymer physics, we show that SMC lengthwise-
compaction activity reorganizes the nucleoid during replication 
by enhancing long-range and suppressing short-range contacts. 
This SMC-driven remodeling produces a cooperative mid-
replication transition in which the terminus moves toward the 
center while replicated origins separate toward opposite cell poles, 
offering a unifying physical explanation for the spatiotemporal 
choreography of bacterial chromosomes across species. 

Our approach constructs a least-biased effective-equilibrium 
ensemble that reproduces the measured Hi-C contact landscape 
while remaining agnostic to the microscopic processes that 
generate these contacts (Figs. 1 and 2). Active mechanisms 
such as loop extrusion enter implicitly through their influence 
on observed contact probabilities, rather than through explicit 
dynamical modeling (17–22, 24–26). Recent polymer-physics 
models have shown that loop extrusion can direct entropic forces 
to promote bacterial chromosome segregation, while passive loop 
formation and confinement can also facilitate segregation by 
modifying polymer overlap and entropy (24, 36). 

Replication is treated as a sequence of discrete stages, essentially 
assuming that the primary effect of the replication apparatus is 
to perturb short-range fluctuations near the fork while large-
scale architecture is determined chiefly by DNA length and 
global structural constraints. Recent studies modeling bacterial 
coreplication segregation (24–26) have considered both a steady-
state approach like ours and a dynamic approach with explicit 
replication-progression events, and shown that both yield the 
same segregation dynamics. Polymer-based models have further 
shown that DNA replication itself can serve as an active driver 
of large-scale genome reorganization, independent of SMC-
mediated loop extrusion (37–39). In these dynamic descrip-
tions, replication forks can act as barriers to loop extrusion 
and introduce fork-associated interactions; in our framework, 
such replication-specific effects are absorbed into the effective 
interaction landscape inferred from Hi-C. This coarse-grained 
description allows us to focus on robust, large-scale architectural 
constraints and to track how these constraints shift across ge-
netic backgrounds, isolating the dominant physical mechanisms 
shaping chromosome organization. 

Additional constraints, such as tethering of genomic segments 
(ori or ter) to the cell poles by specific NAPs may arise during 
the cell cycle (8, 12). Our model effectively encodes them via the 
pairwise contacts; substantial disagreements would suggest the 
need to explicitly incorporate such constraints. However, as far 
as axial localizations during exponential growth in E. coli and 
B. subtilis go, our cylindrically confined pairwise-interaction 
model quantitatively captures the observed phenomenology 
(14–16). 

The polymer structural ensembles, characterized by soft 
self-exclusion between all monomers, allow polymer-topology 
fluctuations. This accounts for the double-strand-passing activity 
of Type-II DNA topoisomerase enzymes, such as bacterial gyrase 
and Topo IV (8). In such fluctuating topology ensembles, contact 
enrichment embeds topological entanglement (5). This suggests 
that the enriched contacts between the sister chromosome arms 
in early-to-mid replication, preceding ori splitting, are likely 
to have higher entanglements and require DNA topoisomerase 
activity to execute the mid-replication transition. Explicit dy-
namic modeling of strand passage by topoisomerase enzymes 
has observed their importance in preventing catastrophic DNA 
entanglements during both bacterial (25, 26) and eukaryotic 
replication (37). Experiments on bacterial systems suggest an 
interplay of SMC complexes and Topoisomerase enzymes in 
regulating sister-chromosome segregation dynamics (40, 41). 

Comparison of wt and SMC-deficient mutants Δmukb and 
Δsmc highlights how the redistribution of lengthwise compaction 
acts as the principal physical force coordinating chromosome 
partitioning. Loss of long-range compaction in SMC mutants 
results in nematic-like alignment of sister chromosomes that 
restricts origin segregation. The nematic state may be observed in 
sister-chromosome resolved Hi-C (31, 32) via specific intersister 
Hi-C signatures (Fig. 3). The nematic alignment is further 
reinforced by enhanced short-range compaction in SMC mutants 
(Fig. 2B), which likely reflects subtleties of SMC function. 
In light of recent works suggesting that transcription-induced 
loops or supercoiled domains may drive local compaction state 
(42), the short-range compaction may be a result of altered 
transcription and NAP distribution in the absence of SMCs. 
Further modeling, incorporating aspects of DNA mechanics 
(25, 26) and transcription dynamics (43), will be required to 
disentangle SMC loop extrusion from transcription-mediated 
genome restructuring. 

By systematically varying the effective intersister adhesion, we 
show that SMC activity broadens the parameter regime in which 
segregation is robust, buffering against adhesive interactions 
in the crowded bacterial nucleoid (Fig. 4). Importantly, such 
effective adhesion likely arises from multiple, nonexclusive 
sources, including protein-mediated crosslinking and nonspecific 
crowding effects that may act both within and between sister 
chromosomes. This robustness supports the view that SMC-
mediated organization provides an evolutionarily conserved 
strategy for promoting chromosome segregation in an adhesive 
intracellular environment. Future experimental approaches that 
combine spatial imaging with contact-based measurements may 
help further constrain the dominant physical contributors to 
intersister interactions. 

Finally, our findings provide a framework to understand how 
NAPs interact with SMCs to regulate chromosome architecture. 
While ParB- or MatP-dependent effects reshape local structures, 
such as ori-proximal extrusion in B. subtilis or MukBEF exclusion 
from ter in E. coli, the core SMC-driven mid-replication 
transition persists in their absence. Thus, NAPs tune but do 
not replace the fundamental SMC-dependent mechanism of 
segregation via lengthwise compaction. This suggests that certain 
nucleoid-associated proteins, such as MatP, may be dispens-
able for robust large-scale chromosome segregation under the 
conditions studied, an insight with potential implications for 
synthetic biology efforts aimed at constructing minimal cellular 
systems (44). Together, our data-driven models generate testable 
predictions for imaging and Hi-C experiments, establishing a 
generalizable physical paradigm for chromosome organization 
and segregation across bacteria. 
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Materials and Methods 

Simulating Chromosome Dynamics Using Polymer Potentials. We inte-
grate the following Langevin equation of motion to get the dynamics of each 
coarse-grained monomers. 

m 
dv𝜈 
i 

dt 
+ m𝛾v 𝜈 

i = − 
N 

j=1 
∇
𝜈 
i Uij + 𝜉 𝜈 

i , [1] 

where the mass of each monomer is m = 1.0 and the friction coefficient is 
𝛾 = 0.1. The velocity components are v𝜈 

i , where 𝜈 ∈ (x, y, z) correspond to 
three Cartesian coordinates and i, j ∈ (1, · · · , N) for particles. The thermal 
noise, given by 𝜉𝜈 

i , has zero mean and is uncorrelated: 𝜉 𝜈 
i  = 0 and 

𝜉𝜈 
i (t)𝜉

𝜈 

j (t ) = 2m𝛾kBT 𝛿(t − t )𝛿𝜈𝜈 𝛿ij, where kBT = 1.0 sets the scale 
for thermal energy with T denoting the temperature and kB the Boltzmann 
constant. The velocity components are integrated via the leap-frog method with 
a time step dt = 0.01. The term ∇𝜈 

i Uij refers to the forces acting along 𝜈 on 
the i-th particle, derived from the pairwise chromosome potential Uij, written as 
follows. 

Uij(rij) = Unn + Uex + UHi−C 
ij , [2] 

where rij = |ri − rj|, is the interparticle distance, and the terms on the R.H.S. 
are the contributions from, respectively, the nearest neighbor connections of the 
polymer, soft self-exclusion, and the data-driven pairwise interactions learned 
from Hi-C. 

Unn = (kb/2) 
 
(|ri − ri+1| − rb)

2 + (|ri − ri−1| − rb)
2 
 

[3] 

The nearest neighbor interactions are harmonic springs, Unn with an equili-
brium distance rb = 1.0𝜎, where 𝜎, the monomer diameter, is the unit of 
distance, and bond stiffness kb = 30.0 kBT/𝜎 2 . The same potential is used for 
circularization of the chromosome polymer by connecting the last and the first 
monomers. The self-avoidance potential Uex is a soft-repulsive sigmoid, 

Uex = (Eex/2) 
 

1 + tanh 
 
kex(rex − rij) 

 
, [4] 

where the slope of the sigmoid is controlled by kex = 5.0/𝜎, the cutoff 
distance rex = 0.7𝜎, and the maximum strength of the self-avoidance is given 
by Eex = 4.0 kBT . Finally, the potential UHi−C is derived from the pairwise 
constraints of the Hi-C data, as described in the next section. We use all the 
potentials defined above as the reference on top of which UHi−C is learned to 
recapitulate the experimental Hi-C maps in simulation ensembles. 

We initialized the polymer using a random gas-like conformation and then 
equilibrated under the chromosome potential (Eq. 2) for 106 simulation steps 
before storing data for calculations. We ran 20 independent replicates for each 
parameter sets, with each replicate run spanning 5× 106 steps. The simulations 
used a time step of dt = 0.01 and the structures were sampled every 500 steps, 
giving a total of 2 × 105 structures per replicate run. All the structures from 
the replicates were combined to do the statistical analyses and computation of 
simulated Hi-C maps. 

Chromosome simulations were performed using the freely available custom 
software chromdyn, inspired by OpenMiChroM (45) and implemented as a 
wrapper around OpenMM (46). We used VMD with Trace, VDW, and QuickSurf 
representations to generate the polymer visualizations (47). 

Optimizing the Chromosome Potential Using Hi-C Data. We seek to find 
the potential UHi−C 

ij , such that a polymer equilibrated under the total potential 
U (Eq. 2) recapitulates the experimental Hi-C maps (12, 13). The problem 
may be cast as a search for a probability distribution such that samples from 
the distribution give chromosome structures consistent with the Hi-C maps. We 
build upon a statistical mechanical approach of entropy maximization, originally 
proposed by E.T. Jaynes (9) and later implemented in various forms for inferring 
chromosome structures (7, 10, 11). 

The most general potential consistent with the maximum-entropy approach 
gives 

U Hi−C 
ij (rij) = 𝜆ij𝜙ij(rij), [5] 

The coefficient 𝜆ij is the Lagrange multiplier associated with the Hi-C contact 
probability between the monomer pairs i and j, denoted by 𝜙ij (Eq. 6). Note we 
consider only the interactions between nonneighboring loci pairs, i.e., j > i+1, 
since the nearest neighbor contacts are fixed by bonded interactions (Eq. 3). 
Using the Lagrangian as the loss function, L(𝜆) = ln Z(𝜆) + 


ij 𝜆ij𝜙

exp 
ij , 

where Z is the partition function, the error gradient takes a simple analytical 
form, gij ≡ ∂L/∂𝜆ij = 𝜙ij − 𝜙 exp 

ij . We use the gradient-descent update, 
𝜆(t + 1) = 𝜆(t) + 𝜂gij(t), with a fixed learning rate 𝜂 = 0.2, where t 
represents the training epoch. 

The experimental Hi-C maps used for inference were obtained from 
asynchronous, exponentially growing populations and therefore represent 
averages over multiple replication states. We explicitly tested the robustness 
of the inferred interaction potentials to this replication-state averaging, as 
described in SI Appendix, Fig. S5. Incorporating replication-stage averaging 
had only a minimal effect on the optimized chromosome potentials, resulting in 
deviations of approximately 3% relative to those learned from nonreplicating 
chromosomes. 
Preprocessing experimental Hi-C maps for optimization. We normalized the 
experimental Hi-C maps by dividing all the matrix elements by the mean nearest-
neighbor values, which maximized the experimental probability of contact with 
the nearest neighbor, Pi,i+1 = 1.0. This condition is always satisfied in the 
simulated ensembles because of the bonded neighbors. While the provided 
B. subtilis Hi-C matrices were of 10 kb resolution (12), the E. coli Hi-C were of 
5 kb resolution (13). We used block-averaging downsampling by a factor of 2 to 
obtain 10 kb E. coli Hi-C maps. 
Converting 3D distances to Hi-C probability. We define a Hi-C contact from 3D 
distance between loci pairs i and j using a modified sigmoid as follows. 

𝜙(rij) = 

⎧ ⎨⎩ 
(1/2) 

 
1 + tanh 

 
𝜇 (rc − rij) 

 
, rij ≤ rc , 

(1/2) 
 
rc/rij 

 p 
, rij > rc , 

[6] 

where, we used 𝜇 = 2.0/𝜎, rc = 2.0𝜎, and p = 4.0, which showed good 
agreement with imaging data (Fig. 1B). Note that the power-law tail of the 
function, that relaxes conformational constraints for low-probability contacts 
between far-away particles rij > rc , is only used for the simulated Hi-C 
computation. The contacts driving the potentials do not use this long-range 
decay, making all the potentials purely physical contact-based. 

Predicting Structural Ensembles of Sister Chromosomes. To create the 
geometry of sister chromosomes at replication fraction 𝛼, we add a sister 
chromosome segment of length 𝛼L to a circular chromosome of size L by 
harmonically bonding the two extremities of the sister chromosome to the two 
monomers representing the replication fork positions on the two chromosome 
arms. Except for the component of the intersister interactions Usis 

ij , all the other 
potentials are directly derived from the learned single chromosome potential 
using symmetry (Fig. 1A). We hypothesize the intersister interaction to be 
nonspecific, hence draw elements of Usis 

ij from a random distribution. We 
vary the nonspecific interaction strength by varying the mean of the random 
distribution 𝛽 = Usis

ij . The width of the distribution is set at 0.2|𝛽| to add 
moderate noise. 

We additionally implement a cylindrically symmetric confinement potential 
that kicks in when the cross-sectional radius is larger than 𝜌conf. 

Uconf = (kconf/2)(𝜌i − 𝜌conf)
2Θ(𝜌i − 𝜌conf), [7] 

where, 𝜌i = 
 
x2 
i + y2 

i is the perpendicular distance from the z-axis, 
kconf = 10.0 kBT/𝜎 2 is the stiffness of the confinement potential, and the 
Heavyside-theta function with the usual definition: 1 if 𝜌i > 𝜌conf, else 0. The 
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confinement-free optimized potential produces globular, rather than cylindrical 
chromosomes, as observed in bacteria (15, 16). Adding this radial confinement 
bias on top of the learned potentials reproduced the observed aspect ratio of 
bacterial nucleoids. We used 𝜌conf = 4.0𝜎 and 2.5𝜎 for E. coli and B. subtilis, 
respectively. See SI Appendix, Table S2 for all the simulation parameters used 
in this study. 

Nematic Alignment of Sister Chromosomes. We defined the nematic order 
parameter 

S = (3cos 2 𝜃 − 1)/2, [8] 
where 𝜃 is the angle between coarse-grained backbone tangent vectors, one 
from each sister chromosome, evaluated at loci that are equidistant along the 
chromosome contour from the replication fork. S = −1/2 for perpendicular 
configurations, S = 0 for random isotropic configurations, and S = 1 for 
perfectly aligned arms. The nematic alignment S increased monotonically and 
then saturated when the tangent vectors were constructed from an increasingly 
coarse-grained polymer (SI Appendix, Fig. S6). In Figs. 3E and 4A, we coarse-grain 
the sister chromosomes by 30 monomers (∼0.3 Mb). 

Data, Materials, and Software Availability. The custom software for chro-
mosome simulations and optimization, chromdyn, is freely available (48). 

All the experimental data used in this study are previously published and 
available from the Gene Expression Omnibus (GEO) repositories: Hi-C data of 
B. subtilis (49–51) and Hi-C data of E. coli (52–55). The imaging data for B. subtilis 
are from ref. 12, and for E. coli are from refs. 13 and 29. 
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