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Bacterial nucleoid: Interplay of DNA demixing and supercoiling
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Statement of significance: Many biological processes take place simultaneously in living cells. It is tempting to study each of them separately and rely on the hypothesis that cells behave like the "addition" of the isolated parts. This is however not always the case and the present work illustrates this fact. We consider two different processes, which are both able to compact the bacterial DNA, namely demixing and supercoiling, and we study how the DNA reacts when subject to both of them simultaneously. Through coarse-grained modeling and Brownian dynamics simulations, we show that the two processes are "additive" only in a limited range of biologically relevant values of the parameters and that their interplay is much more complex outside from this range.

INTRODUCTION

This work addresses the question of the interplay of DNA demixing and supercoiling in bacterial cells. Prokaryotic cells are simpler than eukaryotic ones in many respects, yet several of their fundamental features remain poorly understood. For example, the mechanism leading to the formation of the bacterial nucleoid is a longstanding but still lively debated question (1)(2)(3)(4)(5). The nucleoid is the region of the cell which contains the genomic DNA, together with a certain number of proteins and other macromolecules (6). In contrast with the nucleus of eukaryotic cells, the bacterial nucleoid is not separated from the rest of the cytosol by a bounding membrane. It nevertheless occupies only a fraction of the cell, whose volume depends sensitively on several factors, like the richness of the nutrients (7)[START_REF] Yazdi | Variation of the folding and dynamics of the Escherichia coli chromosome with growth conditions[END_REF][START_REF] Jin | The dynamic nature and territory of transcriptional machinery in the bacterial chromosome[END_REF][START_REF] Jin | Role of RNA Polymerase and Transcription in the Organization of the Bacterial Nucleoid[END_REF][START_REF] Stracy | Live-cell superresolution microscopy reveals the organization of RNA polymerase in the bacterial nucleoid[END_REF], the cell cycle step [START_REF] Spahn | Super-resolution imaging of Escherichia coli nucleoids reveals highly structured and asymmetric segregation during fast growth[END_REF][START_REF] Fisher | Four-dimensional imaging of E. coli nucleoid organization and dynamics in living cells[END_REF], and the eventual addition of antibiotics [START_REF] Jin | The dynamic nature and territory of transcriptional machinery in the bacterial chromosome[END_REF][START_REF] Jin | Role of RNA Polymerase and Transcription in the Organization of the Bacterial Nucleoid[END_REF][START_REF] Stracy | Live-cell superresolution microscopy reveals the organization of RNA polymerase in the bacterial nucleoid[END_REF][START_REF] Cagliero | Dissociation and re-association of RNA polymerase with DNA during osmotic stress response in Escherichia coli[END_REF][START_REF] Cabrera | Active transcription of rRNA operons condenses the nucleoid in Escherichia coli: Examining the effect of transcription on nucleoid structure in the absence of transertion[END_REF][START_REF] Bakshi | The spatial biology of transcription and translation in rapidly growing Escherichia coli[END_REF][START_REF] Bakshi | Superresolution imaging of ribosomes and RNA polymerase in live Escherichia coli cells[END_REF][START_REF] Bakshi | Time-dependent effects of transcription-and translation-halting drugs on the spatial distributions of the Escherichia coli chromosome and ribosomes[END_REF]. This is quite puzzling, because the volume of the unconstrained bacterial genomic DNA in physiological saline conditions (estimated from the Worm-Like Chain (WLC) model [START_REF] Teraoka | Polymer solutions: An introduction to physical properties[END_REF]) is approximately thousand times larger than the volume of the cell. One has therefore to understand why the DNA molecule remains localized inside the nucleoid instead of expanding throughout the cell.

It is becoming increasingly clear that the formation of plectonemes, the bridging of DNA duplexes by nucleoid proteins, and the action of short-range attractive forces, which are commonly evoked as the mechanisms responsible for the formation of the bacterial nucleoid (1), may not play the leading role in the compaction of the DNA (see for example (4) and references therein). In contrast, the 20 years old proposition that increasing amounts of nonbinding globular macromolecules may be able to compact the genomic DNA gradually [START_REF] Sear | Coil-globule transition of a semiflexible polymer driven by the addition of spherical particles[END_REF][START_REF] Van Der Schoot | Protein-induced collapse of polymer chains[END_REF][START_REF] Odijk | Osmotic compaction of supercoiled DNA into a bacterial nucleoid[END_REF][START_REF] Castelnovo | Semiflexible chain condensation by neutral depleting agents: Role of correlations between depletants[END_REF][START_REF] De Vries | Depletion-induced instability in protein-DNA mixtures: Influence of protein charge and size[END_REF] has recently received strong support, both from the experimental [START_REF] Krotova | DNA compaction in a crowded environment with negatively charged proteins[END_REF][START_REF] Yoshikawa | Compaction of DNA induced by like-charge protein: Opposite salt-effect against the polymer-salt-induced condensation with neutral polymer[END_REF][START_REF] Zinchenko | Crowding by anionic nanoparticles causes DNA double-strand instability and compaction[END_REF] and computational [START_REF] Kim | A polymer in a crowded and confined space: Effects of crowder size and poly-dispersity[END_REF][START_REF] Jeon | Effects of molecular crowding and confinement on the spatial organization of a biopolymer[END_REF][START_REF] Jeon | How are molecular crowding and the spatial organization of a biopolymer interrelated[END_REF][START_REF] Jeon | A ring-polymer model shows how macromolecular crowding controls chromosome-arm organization in Escherichia coli[END_REF][START_REF] Joyeux | Coarse-grained model of the demixing of DNA and non-binding globular macromolecules[END_REF][START_REF] Joyeux | A segregative phase separation scenario of the formation of the bacterial nucleoid[END_REF] sides. The proposed mechanism is that the overall repulsion between all components of the system leads to a separation into two phases [START_REF] Hsu | Thermodynamics of Polymer Compatibility in Ternary Systems[END_REF][START_REF] Mutch | Colloid-polymer mixtures in the protein limit[END_REF][START_REF] Sear | Phase separation in mixtures of colloids and long ideal polymer coils[END_REF][START_REF] Odijk | Many-body depletion interactions among protein spheres in a semidilute polymer solution[END_REF][START_REF] Fleer | Analytical phase diagram for colloid-polymer mixtures[END_REF][START_REF] Bolhuis | Colloid-Polymer Mixtures in the Protein Limit[END_REF][START_REF] Fuchs | Structure of colloid-polymer suspensions[END_REF][START_REF] Fuchs | Structure and thermodynamics of colloidpolymer mixtures: A macromolecular approach[END_REF][START_REF] Fuchs | Macromolecular theory of solvation and structure in mixtures of colloids and polymers[END_REF][START_REF] Chen | Depletion interactions in suspensions of spheres and rod-polymers[END_REF][START_REF] Kulkarni | Depletion interactions in the protein limit: Effects of polymer density fluctuations[END_REF][START_REF] Woodward | A many-body Hamiltonian for nanoparticles immersed in a polymer solution[END_REF], one of them being rich in DNA and poor in the other macromolecule (the nucleoid) and the other one being almost deprived of DNA (the rest of the cytosol). The connectivity of the long DNA molecule and its ability to deform close to and around the proteins to fit in void spaces between proteins play crucial roles in this mechanism, in that they induce many-body interaction terms that ultimately result in effective DNA-DNA and protein-protein attraction when DNA is depleted from the regions between particles. Compaction of the genomic DNA through its demixing from other macromolecules of the cytosol is the first point this work focuses on.

The second point deals with supercoiling, that is the winding about itself of the circular DNA double-helix in response to the torsional stress induced by topoisomerases [START_REF] Bates | DNA topology[END_REF]. Experimental and theoretical results suggest that supercoiling is able to induce some limited compaction of the bacterial DNA. For example, relaxation of the underwinding of the circular DNA molecule through inhibition of the topoisomerase activity leads to a modest increase in the size of E. coli nucleoids [START_REF] Cagliero | Dissociation and re-association of RNA polymerase with DNA during osmotic stress response in Escherichia coli[END_REF][START_REF] Stuger | DNA supercoiling by gyrase is linked to nucleoid compaction[END_REF]. Moreover, theoretical arguments suggest that the radius of gyration of an unconstrained supercoiled DNA molecule with contour length of 2.6 mm is of the order of 2.5 µm [START_REF] Cunha | Polymer-mediated compaction and internal dynamics of isolated Escherichia coli nucleoids[END_REF], which is smaller than the WLC estimate for a circular chain with the same contour length (about 3.4 µm), but still significantly larger than the average dimensions of E. coli cells.

The question addressed in this paper is that of the interplay of these two mechanisms, DNA demixing and supercoiling, which are both able to compact the bacterial DNA, and more precisely the question whether the total compaction of the DNA coil is the mere sum or some more complex function of the compaction ratios due to each mechanism. Stated in other words, is the increase of DNA compaction ratio provoked by an increase of crowder density similar for torsionally relaxed (less compact) and supercoiled (more compact) DNA coils ?

Or, conversely, is the increase of DNA compaction ratio provoked by an increase of torsional stress similar for DNA immersed in a dilute cytosol (less compact DNA coils) and a highly crowded cytosol (more compact DNA coils) ? Indeed, plectonemes are composed of two intertwined DNA duplexes and are consequently thicker (estimated diameter in the range 10-32 nm for standard values of the underwinding of in vivo DNA [START_REF] Cunha | Polymer-mediated compaction and internal dynamics of isolated Escherichia coli nucleoids[END_REF][START_REF] Boles | Structure of plectonemically supercoiled DNA[END_REF][START_REF] Bednar | The twist, writhe and overall shape of supercoiled DNA change during counterion-induced transition from a loosely to a tightly interwound superhelix. Possible implications for DNA structure in vivo[END_REF] and more rigid (estimated persistence length of ≈80 nm (48)) than simple duplexes (diameter of ≈2 nm and persistence length of ≈50 nm). One may therefore expect that the demixing mechanism is less efficient in compacting plectonemic DNA than linear DNA, which implies that the effects of the two mechanisms do not simply add up.

More generally, understanding the interplay of DNA demixing and supercoiling is important for rationalizing some in vivo observations. For example, the nucleoid of certain bacteria, like E. coli, is divided into different macro-domains (4 macro-domains for E. coli cells), which display quite different densities of DNA nucleotides [START_REF] Niki | Dynamic organization of chromosomal DNA in Escherichia coli[END_REF][START_REF] Valens | Macrodomain organization of the Escherichia coli chromosome[END_REF][START_REF] Espéli | DNA dynamics vary according to macrodomain topography in the E. coli chromosome[END_REF][START_REF] Duigou | Long range chromosome organization in Escherichia coli: The position of the replication origin defines the non-structured regions and the Right and Left macrodomains[END_REF]. It is known that certain families of nucleoid proteins probably contribute to the organisation of these macrodomains [START_REF] Mercier | The MatP/matS site-specific system organizes the terminus region of the E. coli chromosome into a macrodomain[END_REF][START_REF] Dupaigne | Molecular basis for a protein-mediated DNA-bridging mechanism that functions in condensation of the E. coli chromosome[END_REF][START_REF] Valens | The MaoP/maoS site-specific system organizes the Ori region of the E. coli chromosome into a macrodomain[END_REF]. On the other hand, it is also known that the DNA molecule is dynamically partitioned into several hundreds of independently supercoiled loops with average size ≈10 kb, which are called topological domains [START_REF] Postow | Topological domain structure of the Escherichia coli chromosome[END_REF][START_REF] Deng | Organization of supercoil domains and their reorganization by transcription[END_REF]. One may therefore reason that the difference in DNA density in different macro-domains may result from different levels of supercoiling in the corresponding topological domains, provided that different levels of supercoiling result in different levels of DNA compaction at constant crowder density.

The topology and dynamics of free supercoiled DNA have received much attention from the experimental [START_REF] Stuger | DNA supercoiling by gyrase is linked to nucleoid compaction[END_REF][START_REF] Boles | Structure of plectonemically supercoiled DNA[END_REF][START_REF] Lyubchenko | Visualization of supercoiled DNA with atomic force microscopy in situ[END_REF][START_REF] Hammermann | Salt-dependent DNA superhelix diameter studied by small angle neutron scattering measurements and Monte Carlo simulations[END_REF][START_REF] Zakharova | Dimensions of plectonemically supercoiled DNA[END_REF][START_REF] Latulippe | Radius of gyration of plasmid DNA isoforms from static light scattering[END_REF][START_REF] Irobalieva | Structural diversity of supercoiled DNA[END_REF], theoretical [START_REF] Marko | Statistical mechanics of supercoiled DNA[END_REF], and numerical (66-72) points of view.

The effects of confinement [START_REF] Lim | Conformational response of supercoiled DNA to confinement in a nanochannel[END_REF][START_REF] Sottas | Brownian dynamics simulations of DNA condensation[END_REF][START_REF] Marko | Scaling of linking and writhing numbers for spherically confined and topologically equilibrated flexible polymers[END_REF] and increasing nucleic acid concentration [START_REF] Benedetti | Effects of physiological self-crowding of DNA on shape and biological properties of DNA molecules with various levels of supercoiling[END_REF][START_REF] Zhu | Effect of crowding on the conformation of interwound DNA strands from neutron scattering measurements and Monte Carlo simulations[END_REF] on supercoiled DNA have also been investigated. In contrast, much less work has been devoted to the influence of non-binding globular macromolecules on the conformations of supercoiled DNA [START_REF] Odijk | Osmotic compaction of supercoiled DNA into a bacterial nucleoid[END_REF][START_REF] Cunha | Polymer-mediated compaction and internal dynamics of isolated Escherichia coli nucleoids[END_REF][START_REF] Gupta | Compaction of plasmid DNA by macromolecular crowding[END_REF][START_REF] Bessa Ramos | Polymer induced condensation of DNA supercoils[END_REF]. In the perspective of the present work, the most striking result is probably the observation that in crowded conditions the size of supercoiled DNA may exceed that of its linear variant [START_REF] Gupta | Compaction of plasmid DNA by macromolecular crowding[END_REF], which supports the putative non-additivity of the two compaction mechanisms. Moreover, condensation experiments suggest that the tight packing of DNA supercoils in condensates is facilitated by the decrease of the diameter of plectonemes rather than by a variation of the writhe/twist ratio [START_REF] Bessa Ramos | Polymer induced condensation of DNA supercoils[END_REF], which points towards the need for mechanical rearrangements of the plectonemes to accommodate strong compaction ratios. These results were however obtained for short plasmids (less than 3000 base pairs) in free solution and need to be confirmed for longer and confined DNA molecules.

In order to shed light on the interplay of DNA demixing and supercoiling, a coarsegrained model was developed along the same lines as those used previously to investigate facilitated diffusion [START_REF] Florescu | Description of non-specific DNA-protein interaction and facilitated diffusion with a dynamical model[END_REF][START_REF] Florescu | Dynamical model of DNA protein interaction: effect of protein charge distribution and mechanical properties[END_REF][START_REF] Florescu | Comparison of kinetic and dynamical models of DNA-protein interaction and facilitated diffusion[END_REF], the interactions of DNA and H-NS nucleoid proteins [START_REF] Joyeux | A model of H-NS mediated compaction of bacterial DNA[END_REF][START_REF] Joyeux | Equilibration of complexes of DNA and H-NS proteins on charged surfaces: A coarse-grained model point of view[END_REF][START_REF] Joyeux | Role of salt valency in the switch of H-NS proteins between DNAbridging and DNA-stiffening modes[END_REF], and the formation of the bacterial nucleoid (4,5,[START_REF] Joyeux | Coarse-grained model of the demixing of DNA and non-binding globular macromolecules[END_REF][START_REF] Joyeux | A segregative phase separation scenario of the formation of the bacterial nucleoid[END_REF][START_REF] Joyeux | Preferential localization of the bacterial nucleoid[END_REF]. Torsional energy was accounted for in the model as described in [START_REF] Chirico | Kinetics of DNA supercoiling studied by Brownian dynamics simulation[END_REF] and the properties of the full model were investigated for different values of the number of crowders and the superhelical density (i.e. the relative overwinding) of the DNA chain. In particular, the number of crowders was increased up to the jamming threshold, where strong compaction is known to occur [START_REF] Joyeux | Coarse-grained model of the demixing of DNA and non-binding globular macromolecules[END_REF][START_REF] Joyeux | A segregative phase separation scenario of the formation of the bacterial nucleoid[END_REF], and the investigated range of superhelical density values encompasses the estimated value for E. coli [START_REF] Bauer | Structure and reactions of closed duplex DNA[END_REF]. The results presented in this article reveal that there actually exist different regimes, which are separated by threshold values of the crowder volume ratio and the DNA superhelical density.

In particular, a regime where the effects of DNA demixing and supercoiling on the compaction of the DNA coil simply add up is shown to exist up to moderate values of the superhelical density, while the mean radius of the DNA coil ceases to decrease above this threshold and may even increase again for sufficiently large crowder concentrations.

Moreover, the model predicts that the DNA coil may depart from the spherical geometry very close to the jamming threshold, as a trade-off between the need to minimize the bending energy of stiff plectonemes and the need to minimize the volume of the DNA coil to accommodate demixing.

METHODS

The coarse-grained bead-and-spring model developed for the present study is described in detail in Model and Simulations in the Supporting Material. In brief, the DNA molecule is modeled, as in [START_REF] Joyeux | Role of salt valency in the switch of H-NS proteins between DNAbridging and DNA-stiffening modes[END_REF], as a circular chain of 2880 beads with radius 1.0 nm separated at equilibrium by a distance 2.5 nm and enclosed in a confinement sphere of radius 120 nm, which represents the cell envelope. Two beads represent 15 base pairs and the circular chain therefore corresponds to 21600 base pairs. Both the contour length of the DNA chain and the volume of the confinement sphere are about 200 times smaller than their actual values in E. coli cells, so that the nucleic acid concentration of the model is close to the in vivo concentration of most bacteria (≈10 mM). Note that the spherical confinement chamber is adequate for modeling cocci, but not bacilli (including E. coli), which look rather like capped cylinders. DNA beads interact through stretching, bending, torsional, and electrostatic terms. The bending rigidity constant is chosen so that the model reproduces the known persistence length of double-stranded DNA (≈50 nm). The torsional energy term is borrowed from [START_REF] Chirico | Kinetics of DNA supercoiling studied by Brownian dynamics simulation[END_REF] and the torsional rigidity is adjusted so that at equilibrium the writhe contribution accounts for approximately 70% of the linking number difference [START_REF] Boles | Structure of plectonemically supercoiled DNA[END_REF]. The values of the bending and torsional rigidities are close together, in agreement with experimental results [START_REF] Boles | Structure of plectonemically supercoiled DNA[END_REF]. Electrostatic repulsion between DNA beads is written as a sum of Debye-Hückel terms, which depend on effective electrostatic charges placed at the center of each bead. The values of these charges are derived from the net linear charge density along a DNA molecule immersed in a buffer with monovalent cations according to Manning's counterion condensation theory [START_REF] Manning | Limiting laws and counterion condensation in polyelectrolyte solutions. I. Colligative properties[END_REF][START_REF] Oosawa | Polyelectrolytes[END_REF]. The value of the Debye length (≈1 nm) corresponds to a concentration of monovalent salt of 100 mM, which is the value that is generally assumed for the cytoplasm of bacterial cells.

Globular macromolecular crowders are modeled as a variable number N of spheres with radius 7.4 nm and the same electrostatic charge as DNA beads. DNA-crowder and crowder-crowder interactions are expressed as sums of Debye-Hückel potentials, so that all components of the systems repel each other. It was shown previously [START_REF] Joyeux | Coarse-grained model of the demixing of DNA and non-binding globular macromolecules[END_REF][START_REF] Joyeux | A segregative phase separation scenario of the formation of the bacterial nucleoid[END_REF] that maximum compaction of torsionally relaxed DNA chains is obtained when ρ, the effective crowder volume fraction (Eq. (S6)), is close to the jamming threshold for hard spheres, that is 

RESULTS AND DISCUSSION

The goal of this paper is to shed light on the interplay of DNA supercoiling and DNA demixing from other macromolecules with respect to the compaction of the DNA coil. 

The effect on DNA compaction of each mechanism taken separately

The evolution of the compaction of the DNA coil with ρ and σ is summarized in Fig. which forms an increasing number of plectonemes to reduce torsional stress (see Fig. 1).

Plectonemes can conveniently be sought for as illustrated in Fig. S1, which displays the index j of the bead located closest to bead i for the equilibrated DNA conformations shown in Fig. On the other hand, the points on the ordinate axis ( 0 σ = ) in Fig. 3 indicate that the mean radius of the torsionally relaxed DNA coil decreases from 82 nm down to 72.3 nm when ρ is increased from 0 to 0.65. Along this axis, compaction of the DNA coil results from the demixing of the DNA chain and the spherical crowders, which are expelled outside from the DNA coil (32,33) (see Fig. 2). As was already observed in previous studies based on somewhat different models [START_REF] Joyeux | Coarse-grained model of the demixing of DNA and non-binding globular macromolecules[END_REF][START_REF] Joyeux | A segregative phase separation scenario of the formation of the bacterial nucleoid[END_REF], demixing increases strongly close to the jamming threshold for spherical crowders ( 0.65

ρ ≈

). This is more clearly seen in Fig. S2, which

shows the evolution of R < > with ρ for torsionally relaxed DNA. A further slight increase of ρ beyond 0.65 will probably result in significantly stronger compaction of the DNA coil, as in [START_REF] Joyeux | Coarse-grained model of the demixing of DNA and non-binding globular macromolecules[END_REF][START_REF] Joyeux | A segregative phase separation scenario of the formation of the bacterial nucleoid[END_REF], but the dynamics of the system becomes too slow to be numerically tractable with our computer facility.

The purpose of the present paper is to decipher the rest of Fig. 3, that is to rationalize the compaction of topologically constrained DNA with increasing crowder volume fraction.

The additive regime at moderate superhelical density

A first remarkable feature of Fig. 3 . The fact that compaction of the DNA coil upon increase of the concentration of crowders is accompanied by an increase of r / k W L < ∆ > (see bottom plot of Fig. 4) is more surprising, because one would rather imagine that compaction is favoured by unwinding rather than winding of the supercoils [START_REF] Bessa Ramos | Polymer induced condensation of DNA supercoils[END_REF]. A possible interpretation of this observation is that further winding of the supercoils from r / k 0.72

W L < ∆ > = ( r 40 W < > ≈ -) to r / k 0.79 W L < ∆ > = ( r 44 W < > ≈ -) contributes to the
reduction of the diameter of the superhelix, which in turn facilitates compaction.

The non-additive regime at larger superhelical density

Additivity of the effects of DNA supercoiling and demixing on the compaction of DNA coils does however not extend to values of σ larger than 0.027. This can be checked in . While in the third row the geometry of the DNA coil is again nearly spherical, so that the coil as the same aspect when viewed from any axis, this is no longer the case in the fourth row, where the geometry of the DNA coil is nearly toroidal, so that the coil appears like a ring when viewed parallel to the axis with largest momentum and like a disk when viewed perpendicular to this axis. As far as we can tell from 80 ms trajectories, both the spherical and toroidal conformations are stable or at least metastable.

Since the toroidal geometry was never observed for torsionally relaxed DNA, it is most likely that the probability for the DNA chain to relax towards the toroidal geometry increases with σ . The rationale behind this observation is most probably that the toroidal geometry reduces the bending energy of the DNA coil by allowing the DNA chain to form large loops with radius close to that of the confinement sphere, while still allowing demixing and compaction perpendicular to the plane of the torus. It is therefore expected that increasing σ , thereby making plectonemes more rigid, should favor relaxation towards the toroidal geometry. Quite importantly, the mean radius of equilibrated DNA coils with toroidal geometry is of the order of 85-90 nm, which is larger than the mean radius of torsionally relaxed DNA coils in the absence of any crowder (about 82 nm, see Fig. , where the toroidal geometry is predominant, were therefore not displayed in Figs. 3 and4, because R < > is no longer a measure of the compaction of the DNA coil. Last but not least, it may be worth mentioning that toroidal DNA coils are also obtained in the absence of crowders and confinement when explicit and relatively strong attraction between DNA segments is plugged explicitly in a model of torsionally relaxed DNA (see for example Ref.

(4)). This is of course completely different from what is observed in the fourth row of Fig. 5,

where the toroidal geometry of the DNA coil is a direct consequence of the spherical geometry of the confinement chamber, which is specific to cocci. For non-spherical confinement chambers, like the capped cylinders specific to bacilli (including E. coli), DNA coils will rather relax towards more complex geometries which minimize both the bending energy of the DNA chain and the volume occupied by the coil.

CONCLUSION

The demixing of DNA from other macromolecules of the cytosol and the formation of plectonemes are two independent mechanisms, which are both able to compact the DNA coil.

In the present work, we investigated the interplay of these two mechanisms through coarsegrained modeling and Brownian dynamics simulations, with the goal of understanding how a topologically constrained DNA molecule compacts under the influence of non-interacting globular crowders. The model suggests that there exist three different regimes, depending on the superhelical density σ of the DNA molecule and the effective volume ratio ρ of the crowders:

(i) below a certain threshold for σ , the effects of the two mechanisms are additive, and the total compaction ratio of the DNA coil is the sum of the ratios due to demixing and to supercoiling. Compaction of supercoiled DNA is facilitated by the decrease of the diameter of the plectonemes with increasing values of ρ.

(ii) above this threshold for σ , the mean radius of the DNA coil ceases to decrease with increasing values of σ because of the increasing stiffness of the plectonemes. For sufficiently large values of ρ, the DNA coil even decompacts upon increase of σ .

(iii) for values of ρ just below the jamming threshold, the coil formed by topologically constrained DNA may adopt a non-spherical geometry, which represents some trade-off between the minimization of the bending energy and the minimization of the volume of the coil. For example, toroidal DNA coils were observed with the spherical confinement chamber.

According to the model, the threshold where the two mechanisms cease to have additive effects on the compaction of the DNA coil lies around 0.027 σ =

. This turns out to be almost exactly the value of the effective supercoil density which is observed in living cells

( 0.025 σ = -
), where DNA-binding proteins reduce the number of supercoils to approximately one half of the value in protein-free samples [START_REF] Bliska | Use of site-specific recombination as a probe of DNA structure and metabolism in vivo[END_REF][START_REF] Zacharias | The B-to Z-DNA equilibrium in vivo is perturbed by biological processes[END_REF]. Owing to the approximations of the model, such an exact correspondence is likely to be fortuitous, but it still suggests that both the additive and the non-additive regime may be relevant in vivo, because most biological functions rely on alternative winding and unwinding of the circular DNA [START_REF] Travers | DNA supercoiling -A global transcriptional regulator for enterobacterial growth ?[END_REF][START_REF] Hatfield | DNA topology-mediated control of global gene expression in Escherichia coli[END_REF]. Moreover, the translational diffusion coefficient of macromolecules is much smaller in bacterial cells than in water and in eukaryotic cells [START_REF] Mika | Macromolecule diffusion and confinement in prokaryotic cells[END_REF], which indicates that the bacterial cytosol is indeed close to jamming. The regime predicted by the model, where the mean radius of the nucleoid increases with σ instead of decreasing, and the abrupt change of its geometry very close to the jamming threshold, may consequently also be relevant for living cells. Finally, while the explicit modeling of topological domains is beyond the scope of this work, the results presented above support the hypothesis that differences in DNA concentration between different macro-domains (51-57) may indeed reflect differences in the level of superhelical density of the corresponding topological domains [START_REF] Postow | Topological domain structure of the Escherichia coli chromosome[END_REF][START_REF] Deng | Organization of supercoil domains and their reorganization by transcription[END_REF], provided that these domains are in the additive regime. An interesting related question is that of topological insulators and, more precisely, of the nature of the constraints these proteins must exert on the DNA duplexes they bind to in order to prevent the diffusion of DNA supercoils [START_REF] Moulin | Topological insulators inhibit diffusion of transcription-induced positive supercoils in the chromosome of Escherichia coli[END_REF][START_REF] Leng | Dividing a supercoiled DNA molecule into two independent topological domains[END_REF][START_REF] Yan | Protein-mediated loops in supercoiled DNA create large topological domains[END_REF][START_REF] Xia | Transmission of dynamic supercoiling in linear and multi-way branched DNAs and its regulation revealed by a fluorescent G-quadruplex torsion sensor[END_REF]. Work in this direction is in progress.

More generally, it may be worth emphasizing that there exist, in addition to DNA demixing and supercoiling, several other mechanisms that may contribute to the compaction of the bacterial DNA and the formation of the nucleoid (for a recent review, see for example

Ref. ( 4)). Each of these mechanisms, which have not been taken into account in the model proposed here, may interact additively or destructively with DNA demixing and supercoiling.

Of particular interest is the action of nucleoid proteins, which can bridge (like H-NS), bend 
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which describe the internal energy of the DNA molecule, DNA-crowder interactions, crowder-crowder interactions, and the repulsive potential that maintains DNA beads and crowding spheres inside the confinement sphere, respectively. The internal energy of the DNA chain is further written as the sum of 4 contributions
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which describe the stretching, bending, torsional, and electrostatic energy of the DNA chain, respectively. k r denotes the position of DNA bead k,
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the distance between two successive beads, and )) /( ) )( arccos(( where e is the absolute charge of the electron and 0.7 B = ℓ nm the Bjerrum length of water.
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In Eq. (S4), / B e ℓ is the net linear charge density along a DNA molecule immersed in a buffer with monovalent cations derived from Manning's counterion condensation theory (4,5). Note that electrostatic interactions between nearest neighbours are not included in Eq. (S2) because it is considered that they are already accounted for in the stretching and bending terms.

DNA-crowder and crowder-crowder interactions are similarly expressed as sums of Debye-Hückel potentials with hard cores 4 , where ( )
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x t
is the tangent to the chain at position x, L the distance between the two segments, and ξ the fitted persistence length (Insert) Evolution of ξ as a function of σ -.

.

  The properties of the present model for supercoiled DNA were investigated by integrating numerically overdamped Langevin equations with time steps of 10 ps for different values of the number of crowders, N, and the superhelical density of the DNA chain, σ. Various sets of trajectories were run with 0 N = , 1500, 1750, 1875, and 2000, which corresponds to effective crowder volume ratios 0 ρ = , 0.49, 0.57, 0.61, and 0.65, respectively. σ was varied from 0 (torsionally relaxed DNA) to -0.08, thus encompassing the estimated value for E. coli cells, 0.06 σ ≈ -(87). Simulations were performed by first letting DNA chains with prescribed values of σ equilibrate for 2 ms inside the confinement sphere in the absence of any crowder. The N crowding spheres were then added at random, homogeneously distributed, and non-overlapping positions, and the complete system was allowed to equilibrate again for 5 ms ( 1500 N = and 1750), 10 ms ( 1875 N = ), or 20 ms ( 2000 N = ), in order to cope with the marked slowing down of the dynamics close to the jamming threshold. The radius of the DNA coil, R (computed as the mean distance of the DNA beads from the center of the confinement sphere), the excess of twist, Tw ∆ , and the writhe, Wr , were then averaged over time windows of 8 up to 60 ms for 2000 N = . For the sake of better statistics, all results were moreover averaged over 4 different trajectories with different initial conditions but identical values of N and σ. The error bars shown in the figures correspond to the standard deviation of the 4 average values obtained from the different trajectories with identical values of N and σ. Temperature T was assumed to be 298 K throughout the study. Representative snapshots extracted from trajectories with 0

3 ,

 3 which shows the evolution of R < > with σ for different values of ρ. The blue dashed line with open circular symbols indicates that the mean radius of the DNA coil decreases from 82 nm down to 75 nm when σ is increased from 0 up to 0.08 in the absence of any crowder ( 0 ρ = ). Along this curve, compaction results from the reorganization of the DNA chain,

1 .,

 1 The nearest neighbors were searched for with the constraint that [ ] that the algorithm does not systematically select immediate neighbors along the DNA chain.In the vignette for torsionally relaxed DNA ( 0 σ = ), the points are essentially randomly distributed, except for a discrete accumulation of points close to the diagonal, which correspond to the trivial case where the search algorithm led to 11 j i = ± . In the vignettes for 0plectonemes appear instead as well defined segments parallel to the anti-diagonal. Plectonemes also appear in the vignette for 0.027 σ = -, but the segments are significantly shorter, thereby pointing towards a poor plectonemic structure. As illustrated in the top plot of Fig. 4 (blue dashed line with open circular symbols), and in agreement with previous work, the mean distance d < > between the opposite strands of the plectonemes decreases significantly, like 1/ σ (49), with increasing values of σ . Moreover, the mean contribution of the writhe to the linking number difference, r / k W L < ∆ > , decreases slightly with increasing values of σ (blue dashed line with open circular symbols in the bottom plot of Fig. 4). It was shown previously that r / k W L < ∆ > increases with σ for short DNA sequences (300-3500 bp) and remains nearly constant for a 7 kbp DNA sequence (66). The present work therefore confirms that r / k W L < ∆ > varies in opposite directions as a function of σ for short (< 10 kbp) and long (> 10 kbp) DNA sequences.

ρ.

  is that the curves corresponding to different values of ρ are parallel to the curve for 0 that the effects of the two compaction mechanisms are actually simply additive for such moderate values of the superhelical density. As a consequence, the mean radius of the DNA coil is as small as 68.The reason for such additivity is that the plectonemes are still few and loose and do not oppose compaction. This point can be checked in the vignettes for 0.027 σ =in Figs1 and 2, where plectonemes are hardly noticeable, and Fig.S1, where the segments of points which signalize plectonemes are significantly shorter than for larger values of σ . Moreover, as was anticipated on the basis of theoretical grounds in Ref.[START_REF] Bessa Ramos | Polymer induced condensation of DNA supercoils[END_REF] and observed upon increasing nucleic acid concentration in Ref.[START_REF] Gupta | Compaction of plasmid DNA by macromolecular crowding[END_REF], the compaction of the DNA coil is facilitated by a decrease of the diameter of the superhelix with increasing crowder concentration. Indeed, the top plot of Fig.4indicates that for 0the opposite strands of the plectonemes decreases from 14.4 nm in the absence of any crowder down to 10.0 nm for 0.61 ρ =

Fig. 3 ,..

 3 Fig.3, where the curves corresponding to different values of ρ do not remain parallel to the curve for 0 ρ = above

  3). Still, such an increase in the mean radius of the DNA coil does not imply decompaction of the DNA coil, because the DNA still occupies only a limited portion of the confinement sphere. Results obtained with 0

(

  like IHF, HU, and Fis), or wrap (like Dps) the DNA molecule[START_REF] Luijsterburg | The major architects of chromatin: Architectural proteins in bacteria, archaea and eukaryotes[END_REF]. Cells lacking both HU and Fis have a large decondensed nucleoid (100), while the overproduction of H-NS leads instead to very compact nucleoids and may be lethal (101). Moreover, most nucleoid proteins, like Fis (102,103), HU (104-106), H-NS (102,107), and IHF (108) are capable of inducing gradual and strong DNA compaction in vitro, although at concentrations much larger than in vivo ones (109-111). It is known that nucleoid proteins interact with the underwinding of the DNA molecule (112) and are responsible for the fact that the number of supercoils in living cells is approximately one half of the value in protein-free samples[START_REF] Bliska | Use of site-specific recombination as a probe of DNA structure and metabolism in vivo[END_REF][START_REF] Zacharias | The B-to Z-DNA equilibrium in vivo is perturbed by biological processes[END_REF]. It may therefore be interesting in future work to introduce DNA-binding proteins in the model, as was done for example in Refs.[START_REF] Joyeux | A model of H-NS mediated compaction of bacterial DNA[END_REF][START_REF] Joyeux | Equilibration of complexes of DNA and H-NS proteins on charged surfaces: A coarse-grained model point of view[END_REF][START_REF] Joyeux | Role of salt valency in the switch of H-NS proteins between DNAbridging and DNA-stiffening modes[END_REF], in order to investigate the interplay of DNA demixing and supercoiling with the binding of nucleoid proteins. In contrast, compaction of the DNA molecule in eukaryotic cells is primarily due to its wrapping around histone proteins, with supercoiling and crowding by non-binding macromolecules playing a priori a minor role compared to prokaryotes. This problem is therefore rather different from the formation of the bacterial nucleoid and its study requires the development of quite different models (see for example Ref. (113)).
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Figure 2 :

 2 Figure 2 : Representative snapshots extracted from trajectories with 1875 N = ( 0.61 ρ =

Figure 3 :

 3 Figure 3 : Plot of the mean radius of the DNA coil, R < > as a function of the opposite of the superhelical density of the DNA chain, σ -, for values of the effective crowder volume ratio ρ ranging from 0 to 0.65. The lines are guides for the eyes. See text for explanations regarding the points that are missing for 0.65 ρ =

Figure 4 :

 4 Figure 4 : Plot, as a function of the opposite of the superhelical density of the DNA chain, σ -, of the mean distance d < > between the opposite strands of the plectonemes (top plot) and the mean contribution r / k W L < ∆ > of the writhe to the linking number difference (bottom plot), for values of the effective crowder volume ratio ρ ranging from 0 to 0.61. The lines are guides for the eyes.
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 5 Figure 5 : Representative snapshots viewed either parallel (left column) or perpendicular (right column) to the main axis of inertia of the DNA chain. Trajectories were run with 1875 N = ( 0.61 ρ =
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  successive beads. The stretching energy is a computational device without biological meaning, which is aimed at avoiding a rigid rod description. The stretching force constant h was set to the variations of the distance between successive beads remain small enough(1). In contrast, the bending rigidity was obtained from the known persistence length of DNA, borrowed from Ref.(2) and torsional forces and momenta are computed as described therein. 1 k k + Φ -Φ denotes the rotation of the body-fixed frame ( , , ) k k k u f v between DNA beads k and k+1. The value of the torsional rigidity, B 25 k T τ = , was obtained by imposing that the writhe contribution Wr accounts for approximately 70% of the linking number difference Lk ∆ at equilibrium (3), see Fig. 4. The value of the torsional rigidity used in the simulations is close to the value of the bending rigidity, which agrees with experimental findings (3). Finally, the electrostatic energy of the DNA chain is written as a sum of repulsive Debye-Hückel terms with hard core. length inside the buffer. This value of theDebye length corresponds to a concentration of monovalent salt of 100 mM, which is the value that is generally assumed for the cytoplasm of bacterial cells. q is the value of the electric charge, which is placed at the centre of each DNA bead

F

  are vectors of inter-particle forces arising from the potential energy pot E , 298 T = K is the temperature of the system, ( ) integration time step. After each integration step, the position of the centre of the sphere was slightly adjusted so as to coincide with the centre of mass of the DNA molecule. Trajectories were integrated for 10 ms for 0 N = , 20 ms for 1500 N writhe r W , and the linking number difference k L ∆ , of the DNA chain were computed at regular time intervals according to (2) of the formal number of base pairs of the DNA chain and the mean number of base pairs per turn of the torsionally relaxed double helix.

Figure S1 :

 S1 Figure S1 : Plot of the index j of the bead located closest to bead i for the equilibrated DNA conformations shown in Fig. 1. The segments of points parallel to the anti-diagonal denote the presence of plectonemes.

Figure S2 :

 S2 Figure S2 : Plot, as a function of the effective crowder volume ratio ρ, of the mean radius of the DNA coil R < > for torsionally relaxed DNA chains ( 0 σ = ).

Figure S3 :

 S3 Figure S3 : (Main plot) Plot of the logarithm of the directional correlation function of the segments of the mid curve of plectonemes for different values of the superhelical density σ of a DNA chain with 200 beads (1500 bp). The solid lines show the results of linear fits according to Ln( ( ). ( ) / x x L L ξ < + >=t t, where ( ) x t is the tangent to the chain at position x,

where j R denotes the position of crowding sphere j, and a charge q is placed at the centre of each crowding sphere, as for DNA beads. The repulsion potential between a DNA bead and a crowding sphere is therefore the median of the repulsion potential between two DNA beads and the repulsion potential between two crowding spheres. According to previous work (6,7), strong compaction of torsionally relaxed DNA chains is consequently expected for effective volume fractions of the crowders Finally, wall V is written in the form wall

where the repulsive force constant ζ is set to 1000 B k T and the function ( ) f r is defined

The dynamics of the system was investigated by integrating numerically overdamped Langevin equations. Practically, the updated positions and torsion angles at time step i+1 are computed from the positions and torsion angles at time step i according to