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Entropic forces have been argued to drive bacterial chromosome
segregation during replication. In many bacterial species, how-
ever, specifically evolved mechanisms, such as loop-extruding
SMC complexes and the ParABS origin segregation system, con-
tribute to or are even required for chromosome segregation, sug-
gesting that entropic forces alone may be insufficient. The in-
terplay between and the relative contributions of these segrega-
tion mechanisms remain unclear. Here, we develop a biophys-
ical model showing that purely entropic forces actually inhibit
bacterial chromosome segregation until late replication stages.
By contrast, our model reveals that loop-extruders loaded at the
origins of replication, as observed in many bacterial species, al-
ter the effective topology of the chromosome, thereby redirect-
ing and enhancing entropic forces to enable accurate chromo-
some segregation during replication. We confirm our model pre-
dictions with polymer simulations: purely entropic forces do not
allow for concurrent replication and segregation, whereas en-
tropic forces steered by specifically loaded loop-extruders lead
to robust, global chromosome segregation during replication.
Finally, we show how loop-extruders can complement locally
acting origin separation mechanisms, such as the ParABS sys-
tem. Together, our results illustrate how changes in the geom-
etry and topology of the polymer, induced by DNA-replication
and loop-extrusion, impact the organization and segregation of
bacterial chromosomes.
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Introduction
Many bacteria contain a single circular chromosome that is
simultaneously replicated and segregated during the cell cy-
cle (1–3). The physical segregation of these large DNA poly-
mers (∼ 1 mm) must be achieved rapidly, accurately, ro-
bustly, and within the tight confinement of the cell (∼ 1 µm),
to ensure the viability of daughter cells. Various mecha-
nisms, including entropic forces (4), loop-extruding Struc-
tural Maintenance of Chromosomes (SMC) complexes (5–
8), and the origin segregating ParABS system (9–11), are
implicated in the bacterial chromosome segregation process.
However, the interplay between and the relative importance
of these mechanisms are not fully understood. In this study,
we investigate when in the replication cycle, where along the
chromosome, and how these different components can indi-
vidually and collectively contribute to bacterial chromosome
segregation.
The concept of entropic segregation forces arises from the
field of polymer physics. Put simply, two spatially con-
fined polymers with excluded volume interactions will seg-

regate because there are more configurations that they can
adopt when they do not overlap (4, 12, 13); segregated states
are more numerous and therefore have higher entropy. En-
tropic forces can also cause chromosomal loops to segre-
gate, which has been proposed to affect the organization and
segregation of eukaryotic (14) and prokaryotic (15) chro-
mosomes. Previous work has suggested that entropic seg-
regation forces could largely explain bacterial chromosome
segregation (4, 16). These works theoretically focused on
the entropic segregation of two fully replicated chromo-
somes, whereas in vivo, segregation is concurrent with repli-
cation (17, 18). A concentric-shell model was needed to
achieve concurrent chromosome replication and segregation
in simulations; a newly replicated chromosomal strand was
given a larger accessible volume, an assumption that may not
hold for all bacteria (16). A later simulation study showed
that entropic segregation can occur when chromosomal re-
gions corresponding to E. coli Macrodomains are geometri-
cally constrained (19). Hence, while the theoretical concept
of entropic segregation has gained traction, the role and im-
portance of entropic segregation forces are still subjects of
debate. When in the replication cycle are entropic segrega-
tion forces effective? And how do they act in conjunction
with dedicated chromosome segregation mechanisms?

Three widely spread biological mechanisms are known to
contribute to chromosome segregation in prokaryotes: loop-
extrusion by SMC complexes (8, 20, 21), terminus segre-
gation by the translocase FtsK (22–25), and origin segre-
gation by the ParABS system (26). Loop-extrusion is said
to “individualize” newly replicated chromosomes, but it re-
mains unclear how this biophysically promotes spatial seg-
regation (3). FtsK “pumps” replicated terminal regions in
opposite directions right before cell division (27, 28). Fi-
nally, at least in the model organism Caulobacter crescentus,
the ParABS system can be modeled as a locally acting force
that tethers one origin of replication to a pole, and pulls the
other origin to the opposite pole (29–33). In C. crescentus,
the ParABS system and FtsK are essential for chromosome
segregation (11, 25) whereas the SMC condensin does not
appear to be required (34–36). By contrast, Escherichia coli
has no ParABS system, and instead relies on loop-extrusion
and FtsK for faithful chromosome segregation (5, 22, 37). Fi-
nally, in Bacillus subtilis, the ParABS system and FtsK only
become critical for chromosome segregation in the absence
of condensin (38–40). These observations suggest that bio-
logical mechanisms can play important but sometimes over-
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lapping roles during bacterial chromosome segregation. The
relative contributions of these mechanisms to chromosome
segregation in various species, as well as their interplay with
entropic forces, remain unclear.
Here, we start by revisiting the theoretical question of
whether entropic forces alone can segregate bacterial chro-
mosomes. We develop a biophysical model and simulations
for entropic segregation that take the geometry and topol-
ogy of a replicating chromosome into account. We show
that, until late replication stages, purely entropic forces cause
the alignment of replicated chromosome strands, and there-
fore actually inhibit chromosome segregation. Remarkably
however, our results also demonstrate that topological con-
straints due to origin-proximally loaded loop-extruders trans-
form these segregation-inhibiting entropic forces into “topo-
entropic” forces that efficiently drive global chromosome
segregation. By contrast, we find that locally acting ParABS-
like separating forces alone can be insufficient to segregate
terminal regions. This suggests that faithful ParABS-based
chromosome segregation requires either loop-extrusion or an
additional dedicated terminus-segregation mechanism. Our
work explains results from existing knock-out experiments,
makes novel, testable predictions, and provides a conceptual
framework for understanding how different bacterial chromo-
some segregation mechanisms operate in unison.

Results
Topo-entropic segregation model. We develop a biophys-
ical model to gain physical intuition for how entropic forces
act on the global organization of a replicating bacterial chro-
mosome. In contrast to previous theoretical work (4), we
consider how the extent of replication affects the geome-
try and topology of the chromosome and thereby the direc-
tion of entropic forces. For simplicity, we do not include
structural features such as Chromosome Interaction Domains
(CIDs) (35) or E. coli Macrodomains (19), nor do we assume
constraints on the replication fork positions (4, 41). Using
this topo-entropic segregation model, we investigate how en-
tropic forces are affected by loop-extruders that are loaded at
the origins of replication (ori) and traverse along the chromo-
somal arms towards the terminus (ter), as observed in multi-
ple bacterial species.

Entropy does not segregate partially replicated cir-
cular chromosomes. To describe the global organization
of a replicating chromosome, we can employ a coarse-
grained polymer model. In this model, the chromosome
is represented as a circular polymer with N coarse-grained
monomers of length b – set to be larger than the persistence
length of DNA – at a time point where R monomers have
been replicated. This partially replicated chromosome ex-
hibits excluded volume interactions and is confined to a cylin-
der of diameter d and length L, representing the nucleoid.
Chromosomes are highly compressed: without confinement,
they expand drastically (44–46). In this highly compressed
limit (Nb1/ν ≫ L1/ν , where ν is the Flory exponent), we
can describe chromosomal strands as compressed entropic

springs (Fig. 1A,B).
To find the entropically preferred chromosome configuration
at a given replication stage, we first decompose the chromo-
some into the largest possible ring and a remaining linear seg-
ment connecting the replication forks (Fig. 1C). In the first
half of the replication cycle (R < N/2), the largest ring is
given by a union of one replicated strand and the unreplicated
strand of the chromosome, together of length N . Once more
than half of the chromosome has been replicated (R > N/2),
the largest ring is given by the union of the two replicated
strands, together of length 2R. We seek long-axis configu-
rations that maximize the entropies of the ring and the linear
segment, under the constraint that they are conjoint at the
two replication forks. To simplify our reasoning, we neglect
excluded volume interactions between the ring and the lin-
ear segment, as we can use a blob scaling analysis to show
that including these interactions does not change the entropi-
cally favored configuration of the chromosome (Supplemen-
tary Note 1, Supplementary Fig. 1).
The configurational entropy of the largest ring is optimized
when it maximally extends across the length L of the nu-
cleoid. But, the ring by itself has no preferred orientation;
the ring can freely rotate into a different orientation. We note
that including ParABS-like forces, polymer structures such
as Macrodomains (19) or fixed loops (15) could break this
rotational symmetry. However, even in the absence of such
effects, the remaining linear segment of the partially repli-
cated chromosome breaks this symmetry and determines the
entropically preferred orientation of the chromosome.
In the first half of the replication cycle, once the newly
replicated linear segment is long enough to be compressed
(R ≫ (d/b)1/ν), the linear segment entropically prefers to
orient and extend along the long-axis of the cell. The repli-
cation forks are hence pushed apart, resulting in a “fork-
segregated”, left-ori-right configuration, where the newly
replicated chromosome segments lie parallel to each other
(Fig. 1D, first cell). For the first half of the cell cycle, purely
entropic forces thus inhibit chromosome segregation.
In the second half of the replication cycle, as long as the un-
replicated linear segment is long enough to be compressed
(N − R ≫ (d/b)1/ν), the linear segment’s entropy is again
larger when the replication forks are pushed apart along the
long-axis of the cell. The chromosome hence still favors
a fork-segregated orientation (Fig 1D, second cell). Once
replication is nearly complete (N −R ≲ (d/b)1/ν), however,
the limit of two conjoined circular chromosomes is reached.
The unreplicated linear segment is now so short that it no
longer gains entropy by aligning with the long axis, and thus
no longer pushes the replication forks apart. This results in
an ori-ter-ori configuration, and we finally achieve entropic
segregation of sister chromosomes along the long-axis of the
cell, as previously argued (4) (Fig 1D, third cell).

Loop-extrusion redirects entropic forces enabling
segregation during replication . We next consider the ef-
fect of bidirectional loop-extruders primarily loaded at the
origins of replication, such as condensin in B. subtilis (8, 47),
Streptococcus pneumoniae (48), or C. crescentus (49). Im-
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Fig. 1. Schematics for topo-entropic segregation model and simulations A A highly compressed circular chromosome of N monomers, with R monomers replicated, confined
to a cylinder. Orange and blue lines depict newly replicated chromosomal strands, black line the unreplicated strand. In schematics, we depict only the orientation of each
strand (thick lines), rather than the microscopic configuration of the highly compressed polymers (thin wiggly lines). Filled circles mark oris (blue and orange), replication
forks (red) and the ter (black). B Similar to A, but showing a sister strand-segregated configuration. C At each replication stage, we decompose the partially replicated
chromosome into the largest possible ring and a linear segment. D The entropically favored global orientation for three distinct replication stages. Colored arrows indicate the
direction of purely entropic forces. Until late replication stages, we expect fork-segregated left-ori-right configurations, and at late replication stages, a segregated ori-ter-ori
configuration. E When loop-extruders are loaded at oris, the opposite arms of the chromosome are effectively tied together. The entropically favored global configurations
under these topological constraints are sketched at three replication stages. Overlaid arrows indicate the direction of topo-entropic forces. For R < N/2, we expect an ori-
ori-ter configuration, and for R ≥ N/2, a segregated ori-ter-ori configuration. F Bidirectional loop-extrusion is simulated in 1D (42, 43) on a replicating circular chromosome.
The replication forks proceed independently, creating new sites where loop-extruders can move. Loop-extruders are preferably loaded at the oris. The terminal region has
an enhanced offloading rate. G Loop-extruder and replication fork positions from the 1D simulations are used to constrain 3D bead-spring polymer simulations, where loop-
extruders act as springs between monomers. The replicating polymer is confined to an exponentially growing cylinder. H When a replication fork encounters a loop-extruder
leg, the loop-extruder either unbinds or steps onto either strand on the other side of the fork.

portantly, the loop-extruders tie the opposite arms of the
chromosome together, effectively changing the chromosome
topology. This implies that, in the presence of enough loop-
extruders, the largest chromosomal ring at a given replica-
tion stage is (at least partially) linearized, with loop-extruder
loading sites acting as “chain ends”. This linearized seg-
ment entropically prefers to extend across the long-axis of
the cell, so that the loop-extruder loading site is near a cell
pole. The region near the other origin of replication is also
linearized. For the first half of the replication cycle, the pre-
ferred chromosome configuration is then ori-ori-ter (Fig. 1E,
first cell), and for the second half, ori-ter-ori (Fig. 1E, sec-
ond and third cell). A blob scaling argument shows that loop-
extruders loaded at the origins also shift the free energy due
to chain overlap in favor of the global orientations sketched
in Fig. 1E (Supplementary Note 2, Supplementary Fig. 1).
Conceptually, the entropic forces are modified by topological
constraints on the polymer imposed by loop-extruders, into
“topo-entropic” forces. In contrast to purely entropic forces,
topo-entropic forces drive chromosome segregation concur-
rent with replication.

In summary, by developing this topo-entropic segregation
model that takes into account the geometry and topology of
a replicating chromosome, we reason that, unlike previously
proposed (4), entropic forces inhibit rather than promote bac-
terial chromosome segregation for most of the replication cy-
cle. Importantly, we also find that concurrent replication and
segregation can be recovered if loop-extruders redirect en-
tropic forces by changing the effective topology of the chro-
mosome.

Simulations of a replicating chromosome. To test our
predictions, we construct a computational model for loop-
extrusion on a replicating bacterial chromosome, by adapt-
ing a previously published algorithm for a single bacterial
chromosome (42, 43), with system parameters based on ex-
perimental data (42, 43, 50–53) (Supplementary Notes 3-4).
Briefly, we first simulate the movements of a set of loop-
extruders and two independently moving replication forks on
a 1D lattice (Fig. 1F). When a loop-extruder leg encounters
a replication fork, it either unbinds with a probability PU, or
steps to either DNA strand on the other side of the fork with
equal probabilities (Fig. 1H). Similar rules are defined for
cases where loop-extruders overtake replication forks (Sup-
plementary Fig. 2). We find that increasing PU slightly
improves segregation, but does not qualitatively impact our
results (Supplementary Fig. 3), and hence use a value of
PU = 0 unless otherwise stated. The loop-extruder and fork
positions from the 1D simulations are then imposed as mov-
ing constraints in molecular dynamics simulations of a 3D
polymer (Fig. 1G). These coarse-grained simulations have
sufficiently strong excluded volume effects that the polymer
exhibits self-avoiding behavior (Supplementary Note 5, Sup-
plementary Fig. 4). Finally, the replicating chromosome is
confined to an exponentially growing cylinder to model cell
growth, and we can add origin-pulling forces to qualitatively
model the ParABS system (Supplementary Note 6). This
computational model allows us to test how different mecha-
nisms (individually and together) affect the spatio-temportal
organization of replicating chromosomes.
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Fig. 2. Steady-state simulations of chromosome organization at different replication stages Icons with (crossed) loops indicate whether simulations were conducted with
(without) loop-extruders. A Steady-state mean long-axis positions loci as a function of genomic position for R = 100,200,300, or 402. Total chromosome length N = 404.
Without loop-extruders, replication forks separate, whereas with loop-extruders, they occupy the same mean long-axis position. B When ori-pulling forces are added, steady-
state configurations without loop-extruders still exhibit fork segregation. With loop-extrusion, regions near the forks are better segregated. Data for R = 200, Supplementary
Fig. 9 shows other replication stages. C Intrachromosomal contact maps at R = 200. Without loop-extruders (top-left), the chromosome folds from mid-arm, consistent
with a fork-segregated left-ori-right configuration. With loop-extruders (bottom-right), the chromosome folds from the ori, consistent with an ori-ter organization. Weaker
lines from the replication forks arise from the unreplicated segment folding towards the origin of replication. Color bar in Subfigure D. D Inter-chromosomal contact maps
for R = 100,200,402. Without loop-extruders (top row), inter-chromosomal contacts only diminish when R ≈ N . With loop-extrusion (bottom row), inter-chromosomal
contacts are diminished earlier. Inset in top-left contact map illustrates chromosome configurations that would give contacts for each section of the map. E Mean steady-state
long-axis separation between replication forks without loop-extruders. Black line gives a prediction calculated by assuming that the distance between the forks scales with
the shortest genomic length between them (Supplementary Note 7). Turquoise indicates estimated maximum separation, light-gray indicates confinement length L. F Mean
steady-state long-axis position of replication forks with loop-extruders. The distance between ori 1 and the replication forks is predicted to scale with R/2 for R < N/2, after
which the forks should stay at mid-cell. G Segregated fraction as a function of replicated length for simulations with loop-extruders, without loop-extruders, and an ideal chain
without loop-extruders. Error bars indicate standard deviation.

Loop-extruders prevent entropically favored fork seg-
regation. The efficiency of chromosome segregation de-
pends on two factors: the directions of the relevant forces,
which determine the steady-state configuration a partially
replicated chromosome would relax to given enough time,
and the speed at which the system relaxes. To test our pre-
dictions for the directions of entropic forces and the resulting
global organization with and without loop-extrusion, we start
by investigating steady-state simulations with a given, fixed
replicated length R. We initialize simulations with unseg-
regated, overlapping ori-ter configurations. Simulations are
run long enough that the mean long-axis positions of various
loci converge to steady-state values (Supplementary Fig. 5).
Since the two replicated strands are identical, averaging over
sampled configurations yields the same statistics for both
replicated strands, as well as for both replication forks. We
hence orient all chromosome configurations to break these
symmetries (Methods). This orientation allows us to look for
indicators of chromosome and fork segregation in the data.
Mean long-axis positions of monomers show that, without
loop-extruders, for N/4 ≤ R < N , the replication forks are

on average in different cell halves (Fig. 2A). The replica-
tion forks are hence clearly separated along the long-axis of
the cell, and the replicated chromosomal strands are mostly
aligned in slightly shifted left-ori-right configurations. By
contrast, with loop-extruders the chromosomes are in ori-ori-
ter (R < N/2) or ori-ter-ori (R > N/2) configurations, as
predicted by our segregation model. Furthermore, alignment
of the chromosomal arms by loop-extruders implies that the
replication forks coincide at roughly the same mean long-axis
coordinate, consistent with experimental evidence that repli-
cation forks often colocalize in C. crescentus (36, 54) and
other bacterial species (55).
The preferred chromosome orientations can also be seen
from simulated contact maps, which measure how frequently
two genomic regions are spatially close to each other. The
cis-contact maps of chromosomes (Fig. 2C, Supplementary
Fig. 6) without loop-extrusion show an off-diagonal line
of enhanced contacts starting from mid-arm of the chromo-
some, indicative of a left-ori-right organization. With loop-
extruders, by contrast, the off-diagonal line starts from the
origin of replication, indicative of an ori-ter configuration.

4 | bioRχiv Harju et al.

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 28, 2023. ; https://doi.org/10.1101/2023.06.30.547230doi: bioRxiv preprint 

https://doi.org/10.1101/2023.06.30.547230
http://creativecommons.org/licenses/by/4.0/


We also find that trans-contact maps show less contacts be-
tween replicated chromosomal strands with loop-extruders
than without (Fig. 2D, Supplementary Fig. 6), further illus-
trating how loop-extrusion enhances segregation.

To better understand fork segregation in the absence of loop-
extruders, we analyze the mean long-axis separation between
replication forks. We find that the fork separation can be
qualitatively predicted by presuming that the polymer strands
are all equally compressed along the long-axis of the cell
(Supplementary Note 7, Fig. 2E). In the presence of loop-
extruders, a similar argument can be used to predict the av-
erage long-axis separation between replication forks and the
ori (Fig. 2F). Our findings indicate that, as replication pro-
gresses in the absence of loop-extruders, the forks approach
each other as the unreplicated segment between them shrinks,
so that there is a smooth transition from fork-segregated to
chromosome-segregated states. With loop-extruders, on the
other hand, we expect a smooth transition towards segregated
states half-way through replication.

Since loop-extruders effectively bring the replication forks
together, one can ask whether connecting the replication
forks into a “replication factory” (4, 41, 55) would be suf-
ficient to explain the enhancement of segregation we observe
due to loop-extrusion. To test this hypothesis, we simulate
steady-state configurations of a model where the replication
forks are tied together in the absence of loop-extruders. We
find that although the replication factory model shows bet-
ter segregation than the model with neither loop-extruders
nor a replication factory, segregation is still significantly bet-
ter with only loop-extruders (Supplementary Note 8, Sup-
plementary Fig. 11). Even if the replication forks are tied
together, in the absence of loop-extruders, the two arms of
a newly replicated strand can spread in opposite directions
across the long axis of the cell. We hence find that the ef-
fective linearization of the origin proximal regions by loop-
extruders, which prevents this arm spreading, is important for
redirecting entropic forces towards segregation.

To quantify the long-axis segregation of the chromosomes
using a simple metric, we calculate the segregated fraction:
the fraction of replicated monomers in the correct cell half,
minus the fraction in the incorrect cell half. For all simulated
values of R, we find that the the segregated fraction at steady-
state is larger in the presence of loop-extruders (Fig. 2G). To
see whether purely entropic forces still lead to some segrega-
tion in the absence of loop-extruders, we compare the segre-
gated fraction to values from simulations with an ideal poly-
mer, where chains can freely mix because of the absence of
excluded volume interactions (Fig. 2G). For R ≤ N/2, the
segregated fraction without loop-extruders is close to that
of the ideal polymer, suggesting that entropic forces do not
lead to significant segregation. Indeed, as predicted by our
segregation model, it is only when we approach the limit of
fully replicated chromosomes that entropic segregation with-
out loop-extruders becomes significant, as reflected by the
increase in the segregated fraction beyond the ideal poly-
mer reference line. However, even in the limit of fully repli-
cated chromosomes, the segregated fraction remains substan-

tially higher with loop-extruders (mean 0.92, standard devia-
tion 0.02) than without (mean 0.71, standard deviation 0.20).
This improvement of segregation by loop-extruders could be
due to repulsion between chromosomal loops (14) caused by
off-target loop-extruder loading. Thus, although purely en-
tropic forces drive segregation of fully replicated chromo-
somes, as previously predicted (4), loop-extruders drive seg-
regation at earlier replication stages and additionally enhance
the segregation of terminal regions (Fig. 2A, D), thus en-
abling stronger segregation right before cell division.
Together, these numerical results confirm our topo-entropic
segregation model, showing that purely entropic forces push
chromosomes towards fork-segregated left-ori-right config-
urations until late replication stages, and hence inhibit seg-
regation. This is consistent with previous steady-state sim-
ulations where half-replicated chromosomes did not demix
unless Macrodomain constraints were included (19). We
find that topo-entropic forces directed by loop-extruders can
drive chromosome segregation at earlier replication stages.
Even when replication is nearly complete and purely en-
tropic forces become segregative, topo-entropic forces still
drive stronger segregation. These results suggest that loop-
extrusion could significantly enhance segregation during a
dynamic replication process.

Loop-extrusion drives robust simultaneous segrega-
tion and replication. Our simulations at fixed replication
stages indicate the direction of (topo-)entropic forces on par-
tially replicated chromosomes. However, it is unclear how
these entropic forces affect the dynamics of rapidly repli-
cating chromosomes. Next, we investigate whether chro-
mosomes undergoing dynamic replication in growing cells,
where the polymer does not have time to fully relax, will dis-
play similar global organization as in the converged steady-
state simulations. Importantly, the time-scale of polymer
relaxation in our dynamic simulations is set such that the
diffusivity of the origin of replication matches experimental
data (56) (Supplementary Note 9, Supplementary Fig. 9).
All simulations are initialized with a single chromosome
in an ori-ter orientation. Animations from our simulations
readily show that simulated replicating chromosomes do not
segregate without loop-extruders (Fig. 3A, Supplementary
Video 1). This contrasts previous work (4) where segregation
during replication was achieved using the concentric-shell
model. Our simulations with loop-extruders, on the other
hand, show clear transitions to segregated states roughly half-
way through replication (Fig. 3B, Supplementary Video 2).
This difference is striking: we find that the segregated frac-
tion in the absence of loop-extruders is worse than what is
achieved by chance in an ideal chain for the first half of repli-
cation, and plateaus at roughly 0.2 , close to ideal chain val-
ues. By contrast, with loop extruders the segregated fraction
reaches values of 0.7 (Fig. 3C). This indicates that, while
purely entropic forces in dynamically replicating systems
hardly contribute to the dynamic segregation of replicating
chromosomes, topo-entropic forces enable rapid large-scale
chromosome segregation.
Despite starting from an ori-ter configuration before repli-
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Fig. 3. Dynamic simulations of chromosome organization A Snapshots from simulations of a replicating chromosome without loop-extruders or ori-pulling forces, with
replication progressing from left to right. Orange and blue lines are newly replicated chromosomal strands, the black line is the unreplicated strand. B Snapshots from
simulations with loop-extruders but no ori-pulling forces. Roughly half-way through replication, the replicated strands start to segregate along the long-axis of the cell. C
The segregated fraction as a function of replicated length during replication, from simulations with loop-extruders, without loop-extruders, and for an ideal chain without
loop-extruders. For clarity, the standard deviation is only shown for simulations with excluded volume interactions, see Supplementary Fig. 8 for the standard deviation of
the ideal chain simulations. D Mean long-axis positions of chromosomal regions as a function of genomic position from dynamic simulation at different replication stages (as
in Fig. 2B). Despite starting from an ori-ter organization, without loop-extruders dynamic simulations exhibit fork segregation. Regions around the replication forks appear
intermingled. With loop-extruders, segregation is more robust. E Mean long-axis position of genomic regions ori 1, ori 2, and ter across the replication cycle. Without loop-
extruders, the origins of replication follow similar paths towards mid-cell, consistent with a transition towards a fork-segregated, left-ori-right organization. With loop-extruders,
half-way through replication we observe the terminal region move towards mid-cell, indicating the predicted transition from an ori-ori-ter to an ori-ter -ori configuration. F
Mean long-axis positions of chromosomal regions at R = N/2 and R = N , from simulations with origin-pulling forces. Fork segregation without loop-extruders is still visible
for R = N/2. At the end of replication, terminal regions are better segregated with loop-extruders.

cation, chromosomes without loop-extruders start to rotate
towards fork-segregated states during dynamic simulations,
as can be confirmed from the average long-axis positions
of monomers (Fig. 3D). With loop-extruders, on the other
hand, the chromosomes maintain clear ori-ter configurations
throughout the replication cycle. This suggests that loop-
extrusion can allow replicating chromosomes to maintain
their orientation.

Tracking the oris and the ter over time reveals that, without
loop-extruders, both origins of replication slowly move to-
wards mid-cell, as expected for left-ori-right configurations
(Fig. 3E). By contrast, in the presence of loop-extruders, the
origins of replication separate at a steady rate as the genomic
distance between them grows. The terminal region starts to
move towards mid-cell when R ≈ N/2, corresponding to the
transition from an ori-ori-ter configuration to an ori-ter-ori
configuration predicted by our segregation model.

Overall, our results show that even if replication proceeds
rapidly compared to the relaxation of the chromosome, topo-
entropic forces directed by loop-extruders drive effective
chromosome segregation concurrent with replication, in line
with our topo-entropic segregation model. To study how sen-
sitively this result depends on our choice of parameters, we

perform simulations with different numbers of loop-extruders
(Supplementary Note 10, Supplementary Fig. 10) as well
as faster loop-extruder off-loading (Supplementary Note 11,
Supplementary Fig. 11). Faster off-loading implies that loop-
extruders remain localized to narrower region around the ori-
gin, as seen in C. crescentus (49). Remarkably, we find that
our central results are robust to varying these parameters over
a broad range, indicating that loop-extruders can contribute to
bacterial chromosome segregation even in smaller numbers,
and even if they do not travel all the way from the origin to
the terminus.

Loop-extruders complement origin segregation by
separating terminal regions. To study how loop-extrusion
can interact with a ParABS-like mechanism, we include
origin-pulling forces in our simulations. We find that in
steady-state simulations without loop-extruders, fork segre-
gation occurs even if ori-proximal regions are pulled to op-
posite poles of the cell (Fig. 2B, Supplementary Fig. 12).
This result can be rationalized by noting that even if the ori-
gins of replication are tethered, fork segregation creates re-
gions where fewer chromosomal strands overlap (Fig. 1A,B).
Inclusion of loop-extruders prevents fork segregation, and
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hence enhances sister chromosome segregation near the repli-
cation forks.
In dynamically replicating simulations, we find that early
on in the replication process, pulling origins apart leads to
faster segregation without loop-extruders, at a rate compara-
ble to that of an ideal chain (Supplementary Fig. 12; Supple-
mentary Videos S3, S4). Since loop-extruders compact and
sometimes interlink the replicated strands, loop-extruders can
also oppose the stretching of replicated chromosomal strands
across the length of the cell at these early replication stages.
However, at later replication stages, when entropy favors fork
segregation via extension of the unreplicated strand, loop-
extruders start to enhance segregation. This is also visible
in the mean long-axis positions of the chromosomal regions
(Fig. 3F): although most genomic regions are clearly segre-
gated to opposite cell halves, ter-proximal regions are inter-
mingled without loop-extrusion. We hence find that ParABS-
like forces alone can be sufficient to maintain chromosome
orientation and to largely segregate bacterial chromosomes
as may be expected, but they can be insufficient to efficiently
segregate terminal regions. Interestingly, in the presence of
loop-extruders, segregation is as accurate with or without
origin-pulling in our simulations.

Discussion
In this work, we have developed a topo-entropic segrega-
tion model, which we confirmed with detailed simulations, to
conceptually understand how distinct bacterial chromosome
segregation mechanisms work in unison, when during the
replication process they are effective, and whether they allow
for global or local segregation (Fig. 4). Our model reveals
that purely entropic forces cause partially replicated circu-
lar chromosomes to adopt unsegregated left-ori-right config-
urations. In accordance, our steady-state simulations without
loop-extrusion did not exhibit segregation except at late repli-
cation stages, whereas our dynamic simulations revealed that
purely entropic forces hardly contribute to chromosome seg-
regation. Our findings contrast previous simulation results,
where a concentric-shell model (4) or constraints on the repli-
cation forks (41) were used to achieve concurrent replication
and segregation. Unlike these previous models, our work
explains why dedicated mechanisms such as loop-extrusion
or the ParABS system are necessary to achieve concurrent
chromosome replication and segregation: they are needed to
overcome segregation-inhibiting entropic forces during repli-
cation. Finally, our topo-entropic segregation model eluci-
dates how loop-extruders loaded at the origins of replication
physically enhance segregation: the effective linearization of
the origin-proximal regions turns segregation-inhibiting en-
tropic forces into segregation-driving topo-entropic forces.
Our simulations indicate that loop-extruders loaded at the
origin can be sufficient to robustly drive global chromosome
segregation.
Our simulation results further indicate that, whereas locally
acting origin segregation forces are a good segregation mech-
anism at early replication stages, they do not lead to effective
segregation of the terminal regions without loop-extruders.

Replication stage

Loop-extrudersOri
forces

Topo-entropic
forces

FtsK

Fig. 4. Schematic model of the relative contributions of different bacterial chromo-
some segregation mechanisms. At initial replication states, ori segregation enables
fast separation of newly replicated regions. Around half-way through replication,
topo-entropic forces give the most important contribution. Finally, near the end
stages of replication, purely entropic forces start to drive chromosome segregation,
and factors such as loop-extrusion and FtsK help resolve terminal regions.

This suggests that ParABS(-like) systems need to be comple-
mented by other mechanisms, such as SMC-mediated topo-
entropic forces, repulsion between SMC-loops (14), or termi-
nus segregation mechanisms like FtsK. Thus our model can
explain why simultaneously removing condensins and FtsK
was found to be lethal in B. subtilis (40). Additionally, at
late replication stages even purely entropic segregation forces
become effective, especially if segregation has already been
initiated (57, 58), suggesting that in species such as C. cres-
centus, origin segregation could be responsible for initiation,
and entropic forces together with FtsK (essential in C. cres-
centus (25)) for completion of segregation. Loop-extrusion
directed topo-entropic forces, by contrast, appear to facilitate
chromosome segregation globally, and can be efficient even
without origin segregation mechanisms, as observed in ParA-
lacking mutants of B. subtilis (59).
Our work gives additional experimentally testable predic-
tions: first, in the absence of loop-extruders loaded at the
origin, replication fork separation should be observable; sec-
ond, as the “ends” of effective linear segments, loop-extruder
loading sites should be the first loci to segregate after repli-
cation; and third, in systems with sufficiently efficient loop-
extrusion and an origin segregation system, loop-extrusion
might be sufficient for chromosome segregation, whereas lo-
cally acting origin segregation forces should always be com-
plemented by a mechanism for terminus segregation. Further
work could also explore whether entropic fork segregation
plays a role in establishing left-ori-right chromosome states
in some bacteria, such as in E. coli (60) and transiently in B.
subtilis (61).
Our work also provides insight into possible mechanisms
of loop-extrusion in bacteria. In our model, we employed
nontopological loop-extruders capable of by-passing obsta-
cles (43, 62, 63), as opposed to topological loop-extruders
that trap a chromosomal strand in a ring (64). When we re-
peated our simulations with topological loop-extruders, we
found that chromosomal segregation was drastically inhibited
(Supplementary Note 12, Supplementary Fig. 13). This sug-
gests one possible reason why nontopological loop-extrusion
might be preferred by bacteria.
The physical principles we have elucidated — on how en-
tropy, specifically loaded loop-extruders, and locally acting
forces act together to segregate and organize bacterial chro-
mosomes — could be used to design segregation mechanisms
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for synthetic cells (65) or “genomes-in-a-box” (66). Finally,
although our work has focused on SMCs loaded at the origins
of replication on an unstructured circular chromosome, our
model for how topo-entropic forces orient polymers could be
adapted to include structures such as Macrodomains (19) or
CIDs (35), or for prokaryotic or eukaryotic systems with dif-
ferent patterns of loop-extruder loading.
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Methods
Orienting sampled chromosome configurations. Since
the two replicated strands and two arms on a partially repli-
cated chromosome are indistinguishable, when averaging
over many simulations, the mean positions of both replication
forks and both oris are equal. Hence, to distinguish whether
chromosomes or replication forks segregate, each simulated
configuration is oriented so that these symmetries are bro-
ken. We define Strand 1 such that the center of mass of
Strand 1 and the unreplicated segment is closer to mid-cell
than Strand 2 and the unreplicated segment (Supplementary
Fig. 14A). Pole 1 is defined as the pole closer to Strand 1.
Arm 1 is defined as the arm of Strand 1 and the unreplicated
segment that is closer to Pole 1 (Supplementary Fig. 14B).
When ori-pulling forces are simulated, the strands are not re-
named, since the applied forces distinguish the two replicated
strands.
In replicating simulations, the direction of replication dis-
tinguishes the terminal region. In steady-state simulations
with loop-extruders, the terminal region lacks a loop-extruder
loading site. However, in steady-state simulations with-
out loop-extrusion, when R = N/2, all three chromosomal
strands are indistinguishable. In this case, we label Strand 1
as the one with a center of mass closest to a pole, Strand 2
as the strand closest to mid-cell, and Strand 3 as the strand
closest to the other pole.
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