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ABSTRACT A defining feature of the bacterial cytosolic interior is a distinct membrane-less 

organelle, the nucleoid, that contains the chromosomal DNA. Although increasing experimental 

evidence indicates that macromolecular crowding is the dominant mechanism for nucleoid 

formation, it has remained unclear which crowders control nucleoid volume. It is commonly 

assumed that polyribosomes play a dominant role, yet the volume fraction of soluble proteins in the 

cytosol is comparable to that of polyribosomes. Here, we develop a free energy-based model for the 

cytosolic interior of a bacterial cell to distinguish contributions arising from polyribosomes and 

cytosolic proteins in nucleoid volume control. The parameters of the model are determined from the 

existing experimental data. We show that while the polysomes establish the existence of the nucleoid 

as a distinct phase, the proteins control the nucleoid volume in physiologically relevant conditions. 

Our model explains experimental findings in Escherichia coli that the nucleoid compaction curves 

in osmotic shock measurements do not depend on cell growth rate and that dissociation of polysomes 

in slow growth rates does not lead to significant nucleoid expansion, while the nucleoid phase 

disappears in fastest growth rates. Furthermore, the model predicts a cross-over in the exclusion of 

crowders by their linear dimensions from the nucleoid phase: Below the cross-over of 30—50 nm, 

the concentration of crowders in the nucleoid phase decreases linearly as a function of the crowder 

diameter, while decreasing exponentially above the cross-over size. Our work points to the 

possibility that bacterial cells maintain nucleoid size and protein concentration homeostasis via 

feedback in which protein concentration controls nucleoid dimensions and the nucleoid dimensions 

control protein synthesis rate.    

 
 
STATEMENT OF SIGNIFICANCE Bacterial chromosomal DNA is compacted into a membrane-

less organelle called the nucleoid. DNA compaction can be expected to affect DNA replication, 

segregation, and, via transcription, most cellular processes. Although increasing evidence indicates that 

macromolecular crowding is responsible for the phase separation of the nucleoid from the remaining 

cytosol, the specific roles of different crowders remain poorly understood. We develop a free energy-

based model of the bacterial cell interior to distinguish contributions arising from polysomes and proteins. 

Our model shows that while the polysomes establish the existence of a distinct nucleoid phase, the proteins 

control the phase volume in physiologically relevant conditions. Our work points to the possibility that 

bacterial cells maintain simultaneous nucleoid size and protein concentration homeostasis.   
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INTRODUCTION 

 

All living cells organize their key biological processes in space to properly function and reproduce (1). A 

notable example is the organization of chromosomal DNA (2,3). In interphase eukaryotic cells, 

chromosomal DNA is confined by the nuclear membrane, and individual chromosomes occupy well-

defined territories within the nucleus (4). Bacteria and archaea lack a nucleus, yet prokaryotic 

chromosomes do not spread over the whole cytosol, despite the considerable length of DNA. In Escherichia 

coli (E. coli), the chromosomal DNA is 1.6 mm long (4.6 Mb), but it occupies only about 50% of the 

available cytosolic volume in a typical cell that is about 3 m long and less than 1 µm wide (5). This 

volume is referred to as the nucleoid. In growing E. coli the nucleoid size is found to be proportional to 

cell size during the cell cycle (6-8). However, the nucleoid size changes in response to growth conditions 

and varies significantly from one species to another (9). When released from the cell, the DNA expands 

to more than 100 times the cell volume (10,11). The significant compaction of chromosomes in bacterial cells 

can affect DNA replication, segregation, and transcription. Via the latter, the size of the nucleoid can 

influence most cellular processes. It is therefore of interest to understand the processes that compact the 

chromosomal DNA in a cell to a nucleoid.  

Several factors contributing to the compaction of the nucleoid have been proposed, including nucleoid-

associated proteins (NAPs), DNA supercoiling, and molecular crowding (2,12-14). The NAP, and, in 

particular, condensin-like MukBEF (15), have a significant effect on how the DNA is folded within the 

nucleoid (16). At high enough concentrations NAPs can compact DNA in vitro (17) and stationary phase 

cells in vivo (18). However, NAPs' activity appears not to significantly alter the global size of the nucleoid 

in log-phase cells. Deletion of genes coding for the NAPs one by one has only a minor effect on the size 

of the nucleoid in E. coli (7).  

Similarly to NAPs, changing the supercoiling level of DNA in live cells appears also to have only a small 

effect on the size of the nucleoid (19). Notably, it has been observed that in virus-infected bacteria, where 

the host DNA becomes fragmented and torsionally relaxed, the cells still maintain compaction of 

chromosomal DNA (20). This finding can be explained by macromolecular crowders holding different 

DNA fragments together. Measurements in hyperosmotically shocked and mechanically squeezed E. coli 

cells also support the idea that macromolecular crowding plays a major role in nucleoid compaction (5,21). 

In these experiments, water was forced out from the cells, leading to a 3-fold decrease in nucleoid volume. 
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In mechanical squeezing experiments, such a decrease occurred at a 100 ms timescale (21). It is highly 

unlikely that the large-scale changes in supercoiling levels or DNA looping by MukBEF could have 

caused the nucleoid to compact at such short times. Instead, crowding-related compaction of the nucleoid 

resulting from the outflow of water and increased concentration of all macromolecular crowders offers a 

simple explanation for the observed rapid compression. In vitro measurements of nucleoids released from 

E. coli cells also strongly support that nucleoid compaction occurs via macromolecular crowding: 

Artificial crowding agents can compact the released DNA to the sizes observed in live cells (10,22). 

The crowder-induced compaction of the nucleoid has been explained using equilibrium thermodynamics 

(free energy arguments) (23) and computer simulations (molecular dynamics) (24-28). The latter consider 

DNA as a flexible string of spherical beads and crowders as spherical particles. Both theoretical and 

modeling approaches consider only repulsive interactions and excluded volume effects. The repulsive 

interactions arise because DNA and most cytosolic macromolecules (crowders) are net negatively 

charged. All these previous works predict that DNA is compacted and that the cell's interior spontaneously 

separates into two liquid phases at sufficiently high crowder volume fraction. One of these phases, the 

nucleoid phase, contains the chromosomal DNA and is depleted of cytosolic macromolecules (Fig. 1a) 

(23,25,26). The second phase encompasses the remainder of the cytosol, lacks the chromosomal DNA, 

and is enriched in other macromolecules. We refer to this phase as the cytosolic phase (not to be confused 

with the whole cytosol). It is worth noting that the phase separation of bacterial cytosol arises due to 

repulsive interactions between DNA and the crowders. At the same time, the liquid-liquid phase separated 

organelles/condensates in eukaryotic cells (nucleolus, etc.) arise due to the attractive interactions between 

ribonucleic acids, mediated by specific positively charged proteins.  

While macromolecular crowding compacts chromosomal DNA and is responsible for forming the 

nucleoid as a distinct organelle-like entity in the prokaryotic cell, the roles of different types of 

macromolecules remain unclear. The main macromolecules acting as cytosolic crowders in the bacterial 

cell are proteins, protein complexes, and polyribosomes (polysomes). Additionally, the 30S and 50S 

ribosome subunits contribute to the crowding, but to a smaller extent because most ribosomal RNA is 

involved in active translation as part of polysomes (>85%) in log-phase cells (29,30). tRNA species are 

also abundant, but their total excluded volume is much smaller than that of proteins and polysomes (5). 

Currently, most theoretical works assume that polysomes act as the main crowding agents for nucleoid 

compaction, and the contribution of the proteins can be neglected (25,31-34). The exception is the seminal 

work by Odijk, which concluded that cytosolic proteins have the dominant effect while the contribution 
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of polysomes can be neglected (23).  

Our theoretical work aims to explain the existing experimental data (Yang et al. (5) and Xiang et al. (8)) 

on crowding effects on the in vivo nucleoid in wild type Escherichia coli cells. In the first part of the 

study, we investigate the contribution of polysomes and cytosolic soluble proteins on the compaction of 

the E. coli nucleoid using a free energy-based model. We compare the model predicions to experimental 

data by Yang et al. (5) where the variation of crowding levels on nucleoid dimensions were experimentally 

probed using osmotic shocks, mechanical perturbations, growth rate changes and dissociation of 

ribosomes. In contrast to previous modeling studies, where the effects of macromolecular crowding were 

addressed in a coarse-grained manner using Brownian dynamics simulations with spherical crowders 

(25,27,28,33,35), our model here explicitly accounts for the polymeric nature of polyribosomes. The model 

also considers supercoiling of chromosomal DNA and its effect on the excluded volume interactions. The 

advantage of the free energy approach is that, by sacrificing some of the microscopic details, the 

phenomenology of more macroscopic experimental measurements can be directly incorporated into the 

model parameters. Other modelling approaches, such as molecular dynamics, typically require a (usually 

simplified) microscopic model, such as a bead-and-spring representation of the DNA, with no obvious 

connection to experiments. So, to determine the unknown parameters of our model, we calibrate the free 

energy by fitting to experimental data obtained from in vivo measurements (5).  Our results suggest that, 

in E. coli cells at physiological conditions, the nucleoid size depends more sensitively on the concentration 

of cytosolic proteins/protein complexes than on polysomes, even though the polysomes are more strongly 

excluded from the nucleoid. In other words, the polysomes establish the existence of the nucleoid phase, 

while the proteins control the overall volume of this phase. Our model can also explain a recent puzzling 

finding that the dissociation of polysomes to 30S and 50S subunits in slow growth rates has a minimal 

effect on nucleoid expansion (5). At the same time, our new experimental data shows that the nucleoid 

phase disappears at fast growth rates.  

In the second part of the study, we explore how the nucleoid and cytosolic phases organize biological 

activity by partitioning differently-sized macromolecules. We may expect that larger macromolecules are 

excluded from the nucleoid. For example, experiments have shown that ribosomes (polysomes) are 

strongly excluded from the nucleoids (36-38). Consequently, translation appears to be concentrated in 

nucleoid-free regions in the cell. Recently, Xiang et al. measured the distribution of different-sized 

artificial particles (tracers)  in E. coli, and developed a model based on scaling arguments to explain their 

results (8). The model predicted a characteristic mesh size of chromosomal DNA of about 50 nm and an 
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exclusion of all macromolecules larger than this size. Although the model gives a correct order of 

magnitude estimate for the excluded particle size, it cannot quantitatively predict the partial exclusion of 

different-sized macromolecules from the nucleoid. Here, our goal is to revisit the data by Xiang et al (8) 

using the free energy model mentioned above to investigate how macromolecules of different sizes are 

distributed between nucleoid and cytosolic phases. We find that the concentration of particles in the 

nucleoid region decreases approximately linearly when the diameter of the particle, 𝑎௧, is less than 30 nm 

and decreases exponentially for 𝑎௧ ൐ 30 nm. 

The organization of the presentation is as follows: In the next section, we discuss our free energy model 

and the free energy minimization methods. In the Results section, we go through our model predictions 

and explanations for 1) the contribution of polysomes versus proteins in compacting the nucleoid, 2) the 

compaction properties of the nucleoid under different growth conditions, 3) the effects of polysome 

dissociation (rifampicin treatment) on nucleoid compaction, and 4) the partitioning of differently sized 

crowders between the cytosol and nucleoid regions. We conclude with a discussion of our results and 

possible future studies.  

 

METHODS 

We model the E. coli cell as a collection of proteins, polysomes, and chromosomal DNA contained in a 

cytosolic volume, 𝑉ୡୣ୪୪ (Fig. 1a,b). The notations for various quantities and their values are summarized 

in SI Table S1 and S2 and the main assumptions entering the model in SI Text (section “List of model 

assumptions”). We refer to both proteins and polysomes as crowders. For simplicity, we consider proteins 

to be monodisperse, hard spheres of diameter 𝑎௣ ൌ 5 nm. We treat polysomes as a "beads-on-a-string" 

polymer, where translating ribosomes are represented by the beads with a diameter 𝑎୰୧ୠ୭ ൌ 20 nm 

attached to the corresponding mRNA, treated as a flexible (massless) string. We assume that there are, 

on average, ten translating ribosomes per mRNA (𝑁୰୧ୠ୭ ൌ 10ሻ (31), although somewhat smaller average 

numbers were reported recently (39). This bead-on-a-string polymer has a characteristic radius of gyration 

𝑅௚
୮୭୪୷  which depends on the physical phase where the polysome resides and on the experimental 

conditions. For a given condition, we determine 𝑅௚
୮୭୪୷ from minimizing the total free energy. We find  

𝑅௚
୮୭୪୷only weakly depends on the experimental conditions, with a typical value 𝑅௚

୮୭୪୷ ൎ 35 nm.  

The total free energy of the above system can be written as a sum of self-energies of DNA, proteins and 

polysomes and their pairwise interaction terms: 
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𝐹 ൌ 𝐹଴ ൅  𝐹DNA ൅  𝐹DNA-crowder ൅ 𝐹poly-protein ൅ 𝐹poly-poly ሺ1ሻ 

 

Here, 𝐹଴ denotes the free energy terms describing the corresponding crowder-only system (see SI Text 

for details) and 𝐹ୈ୒୅  is the free energy of due to DNA self-interaction. The remaining three terms 

describe the interaction free energy between the three different molecular species. Below we describe the 

key terms in Eq. 1 in more detail while leaving the terms with a more conventional approach for the SI 

Text. In what follows, we write all free energies in units of 𝑘஻𝑇 unless otherwise specified.  

 

DNA self-interaction 

For the free energy 𝐹DNA of the isolated DNA, we follow a power law formulation by Cunha et al. (10)  

 𝐹DNA ൌ 𝑔 ൬
 𝑉୬୳ୡ,୤୰ୣୣ

𝑉nuc
൰
஑

. ሺ2ሻ 

Here, 𝑉nuc,free  is the volume of the nucleoid (chromosome) in the absence of crowders and cellular 

confinement and  𝑉୬୳ୡ is the nucleoid volume inside the cell. It has been argued that 𝑔 is proportional to 

the number of DNA crosslinks in the nucleoid (10), while the exponent 𝛼 can be linked to the fractal 

dimension of DNA (see SI Text). Eq. 2 is a phenomenological model for DNA that is valid in the high 

compaction regime. An experiment with nucleoids liberated from E. coli cells has yielded the following 

estimates: 𝑉୬୳ୡ,୤୰ୣୣ ൎ 27 𝜇mଷ , 𝑔 ൎ 362  and 𝛼 ൎ 1.34  (10). Note that the presence of both 𝑔  and 

𝑉୬୳ୡ,୤୰ୣୣ  overparameterizes Eq. 2. However, since these variables have been separately determined in the 

experiment, we choose to keep both. The values of 𝑉୬୳ୡ,୤୰ୣୣ , 𝑔 and 𝛼 depend on the details of the 

interaction between DNA segments via DNA binding proteins such as MukBEF (condensin analog), H-

NS and others (14). These interactions become perturbed upon the liberation of nucleoids from the cells 

as these proteins dissociate from the DNA. We, therefore, treat 𝑔 and 𝛼 as adjustable model parameters 

whose values we determine from fitting the model to experimental data (5), as will be explained below.  

 

DNA-crowder interaction  

We describe DNA-crowder interaction via the first-order virial coefficient 𝐵,  representing the excluded 

volume between DNA and a crowder. We use a separate estimation of 𝐵 for proteins and polysomes. For the 

excluded volume between DNA and proteins, 𝐵ୈ୒୅ି୮୰୭୲ୣ୧୬,  DNA supercoiling has a minor effect because 

proteins can diffuse into the supercoiled segments (Fig. 1b). The proteins are thus only excluded from the 
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cylindrical volume of the DNA double helix, with a diameter 𝑑ୈ୒୅ ൎ 2 nm. Thus, the excluded volume 

interaction between DNA and proteins reads 

  𝐵DNA-protein ൌ
1
4
𝜋𝐿ୈ୒୅൫𝑑ୈ୒୅ ൅ 𝑎௣൯

ଶ
, ሺ3ሻ 

where 𝐿ୈ୒୅ is the length of DNA. For a single fully replicated chromosome in E. coli, 𝐿ୈ୒୅ ൌ 1.6 mm. 

We must consider DNA supercoiling for the excluded volume between DNA and polysomes because the polysomes 

are too large to enter the supercoiled segments. To estimate the corresponding excluded volume, we represent a 

supercoiled segment of DNA as a cylinder (Fig. 1b) with a diameter 𝑑௦ ൌ  𝑃 cos 𝛿, where 𝛿 is the superhelical 

pitch angle, which has been reported around 52 (40), and 𝑃 ൎ 50 nm is the persistence length of the 

dsDNA (40). The number of these superhelical segments, 𝑁௦, was reported to be around 6700 (31,34). Assuming all 

chromosomal DNA forms a uniformly supercoiled structure, we write the excluded volume between DNA 

and polysomes as 

𝐵DNA-poly ൌ
π
8

sinሺδሻ 𝐿DNA൫𝑑௦ ൅ 𝑎poly൯
ଶ
൅ 𝑁௦

π
6
൫𝑑௦ ൅ 𝑎poly൯

ଷ
, ሺ4ሻ 

where 𝑎poly  ≡ 2𝑅௚
poly is the effective polysome diameter, which can be calculated from the radius of the gyration 

value 𝑅௚
poly determined via free energy minimization. In Eq. 4, the first term describes the excluded volume 

interaction between the cylindrical part of the superhelical segments and the larger crowders. The second term 

is the interaction between the end caps of the superhelical segments and polysomes, as illustrated in Fig. 

1b. We also consider other macromolecules whose size falls between proteins and polysomes. To treat 

these species, we use an interpolation formula between Eq. 3 and 4, as explained in detail in the SI Text.   

Polysome-polysome interaction  

To capture the interaction between polysomes, we use the results from the theory of polymer solutions. For 

a polymer in a good solvent, the osmotic pressure is well-approximated by combining the limiting 

behaviors in dilute and semidilute regimes (41). The two regimes are separated by an overlap volume 

fraction ϕov defined as ϕov ≡ 𝑁୰୧ୠ୭𝑏ଷ/ቀ𝑅௚
୮୭୪୷ቁ

ଷ
 , where 𝑏 is the size of a single monomer (Kuhn length) 

and 𝑅௚
୮୭୪୷ is the radius of gyration of the polysome. We take the diameter of the ribosome, 𝑎ribo ൌ 20 nm, 

as the Kuhn length for polysomes, thereby assuming the mRNA connecting the ribosomes is highly 

flexible with a persistence length in 1-1.5 nm range (42). The resulting polysome osmotic pressure, 

extrapolating between the dilute and semidilute regimes (43), is given by  
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Π ൌ
𝑛poly

𝑉
൥1 ൅ ቆ

ϕpoly

0.69ϕov
ቇ
ଵ.ଷ଴ଽ

൩ , ሺ5ሻ 

where 𝑛poly is the number of polysomes and 𝑉 is the volume of the corresponding phase (nucleoid or 

cytosol). The value of the exponent, 1.309, follows from a renormalization group calculation (44). The 

free energy contribution due to polysome-polysome interaction from this osmotic pressure (see SI text 

for the derivation) is  

𝐹poly-poly ൌ
𝑛poly

1.309
ቆ
ϕ୮୭୪୷

0.69ϕov
ቇ
ଵ.ଷ଴ଽ

. ሺ6ሻ 

Eq. 6 describes the non-ideal nature of the polysome mixture and is analogous to the Carnahan-Starling 

term of a hard sphere mixture that we use to describe protein-protein interactions (see SI text).  

 

Minimizing the total free energy and determining model parameters 

At a high enough crowder concentration, the total free energy in Eq. 1 exhibits phase separation, with a 

heterogeneous mixture yielding an overall lower free energy than a homogeneous one. Let us consider the 

phase-separated state in more detail. Assuming there is no additional cost to forming interfaces, the total 

free energy of the cell in the de-mixed state is the sum of free energies of each phase: 𝐹 ୣ୫୧୶ ൌ 𝐹୬୳ୡ ൅

𝐹ୡ୷୲୭. The free energy of the nucleoid 𝐹୬୳ୡ is given by Eq. 1, while the free energy for the cytosol phase 

𝐹ୡ୷୲୭ is given by the same equation but without the DNA self-interaction and DNA-crowder interaction 

terms. We find a free energy minimum with respect to the volume of the nucleoid phase, 𝑉୬୳ୡ,  the numbers 

of each crowder species in each phase (𝑛nuc
protein, nnuc

poly), and the radius of gyration of the polysomes (𝑅௚
୮୭୪୷). 

To find these values, we minimize the total free energy 𝐹 ୣ୫୧୶ using a simplex (Nelder-Mead) algorithm in 

the Python Scipy optimization library (45) (See SI text for detail). 

 

The experimental uncertainties for several parameters entering the expression of the total free energy are 

considerable. These quantities include 𝑔  and 𝛼  in Eq. 2, along with the total numbers of ribosomes 

(polysomes) 𝑛୮୭୪୷ and proteins 𝑛୮୰୭୲ୣ୧୬ୱ. We determine the values of these parameters from least squares-

fitting of the model to the experimental data from (5) (Fig. 1c). The experimental data originates from 

osmotic shock measurements of E. coli cells that determine the relative change of the nucleoid volume as a 

function of the relative change of crowder concentration. We refer to these curves as the nucleoid 



 
10  

compaction curves. The nucleoid volume in these curves is normalized by the volume of the nucleoid in 

unshocked cells, 𝑉୬୳ୡ,଴, which we also refer to as the nucleoid volume at physiological condition. The 

concentration of crowders in these curves is normalized by the concentration of crowders in their 

unperturbed (physiological) condition, 𝐶଴. The normalized change in the concentration of crowders species 

𝑖, 𝐶௜/𝐶௜,଴, is the same for all crowder species (i.e., 𝐶௜/𝐶௜,଴ ൌ 𝐶/𝐶଴)  because all changes in concentration in 

the experiments arise from the change in the total cell volume (with total macromolecule numbers fixed), 

i.e., 𝐶/𝐶଴ ൌ 𝑉cell,0/𝑉cell.  

 

We again use the Nelder-Mead algorithm to fit the model parameters 𝑔 , 𝛼 , 𝑛୮୭୪୷ , and 𝑛୮୰୭୲ୣ୧୬  to 

experimentally-determined compaction curves via the least square method. The best-fit values we find are  

𝑔 ൌ 145, 𝛼 ൌ 0.85, 𝑛poly ൌ 600 and 𝑛protein ൌ 2.3 ൈ 10ହ. The theoretical compaction curve differs from 

the data at higher concentration values 𝐶/𝐶଴ ൐ 1.4. This is expected for two reasons: First, the free energy 

approach assumes relatively dilute crowding conditions, which may not be valid at such high 

concentrations. Second, experimental determination of the nucleoid volume at high crowder concentrations 

is prone to systematic errors because the linear dimensions of the nucleoid approach the resolution limit of 

the microscope. Nevertheless, we find good agreement between our theory and the experimental curve over 

a wide range of concentrations. The values for 𝑔 and 𝛼 from the fit are both smaller than the values found 

previously from in vitro data (𝑔 ൌ 362 and 𝛼 ൌ 1.34 (10)). These 𝑔 and 𝛼 values from in vitro data give a 

poor fit to in vivo measurements (SI Fig. S1a). The smaller values of 𝑔 and 𝛼 for the in vivo conditions may 

arise from a different ionic environment (only monovalent salts were present in (10)), use of lysosome to 

liberate nucleoids (lysosome later binds to DNA after liberation (46)) or some other difference between in 

vivo and in vitro environments. The total number of polysomes 𝑛poly ൌ 600 is in reasonable agreement 

with previous estimates (29,47). The total number of soluble proteins in the cytosol 𝑛protein ൌ 2.3 ൈ 10ହ 

may appear lower than the typical estimates of few times 106 although more than an order of magnitude 

lower and higher estimates have been also reported (47). However, only fraction of the total proteins, which 

has been estimated to be in the range 20-40% (5), count as cytosolic crowders. Ribosomal proteins, proteins 

that bind to DNA including majority of RNA polymerazes and all the proteins associated with the cell 

envelopes do not count in our model as soluble cytosolic proteins. Furthermore, the estimates for protein 

numbers are drawn based fast growing cells while the fitting here is to data from slow growth where cell 

volumes and proteins numbers are about factor 2 smaller than in slow growth (Fig. S6a). In that light of 
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these considerations, 𝑛protein ൌ 2.3 ൈ 10ହ is within a reasonable range. However, this number should not 

be interpreted beyond the scope of the current model because it depends on the chosen diameter of the 

typical protein, which is fixed to 𝑎௣ ൌ 5 nm in this study.         

 

Analysis of nucleoid expansion in rifampicin-treated E. coli in EZ-Rich medium 

While the remainder of the experimental data used to compare the model originates from previously 

published measurements (5,8), the effect of rifampicin treatment in EZ-Rich media has not been published. 

The measurement used E. coli MG1655 derivative strain JM57 as described in (5). The analysis protocol 

also follows the same work (5).  

 

RESULTS 

Soluble proteins control the nucleoid dimensions in physiological conditions while ribosomes 

establish the nucleoid phase. 

Our first goal is to understand the relative contribution of polysomes and proteins to the compaction of 

the nucleoid. To that end, we consider a hypothetical cell whose volume is fixed but where the numbers 

of crowders can be varied. We will consider a variation that holds the number ratio of polysomes to 

proteins in the cell, 𝑛poly/𝑛protein  (or concentration ratio), fixed. While such variation has not been 

experimentally measured, it allows us to describe key properties of the system in simple terms. We will 

discuss the effect of varying protein and polysome numbers to experimentally measured compaction 

curves in the next section.  

To find how the nucleoid volume and the concentration of polysomes and proteins in the nucleoid phase 

vary as a function of the total concentration of polysomes and proteins in the cell we minimize the free 

energy, using the best-fit values for the parameters 𝑔 and 𝛼 from the previous section. We find the mixed 

state, where the nucleoid fills the whole cell volume, occurs only at dilute overall concentrations of 

crowders: 𝑛௖/𝑛௖బ ൌ 𝐶/𝐶଴ ൎ 10ିଶ  as shown in the inset of Fig. 2a. Here, 𝑛௖  stands for either 𝑛poly  or 

𝑛protein and 𝑛௖బ is the corresponding value at physiological growth conditions. Increasing the number of 

crowders above 𝑛௖/𝑛௖బ ൎ 10ିଶ favors the formation of the nucleoid phase. The formation of the nucleoid 

is accompanied by rapid depletion of polysomes from the nucleoid phase, which occurs over a small range 

of concentration ratios 𝑛௖/𝑛௖బ (Fig. 2a, inset). The nearly discontinuous change in polysome concentration 

in the nucleoid is reminiscent of a first-order phase change.  
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The DNA and the polysomes are effectively immiscible to each other in the phase-separated regime. As a 

result of this immiscibility, the nucleoid volume decreases as more and more polysomes are added to the 

cell (moving from left to the right in Fig. 2a). At physiological concentrations (𝑛௖/𝑛௖బ ൎ 1ሻ, the nucleoid 

volume begins to decrease more rapidly as more crowders are added to the cell. This decrease is 

accompanied by the onset of the depletion of proteins from the nucleoid phase (Fig. 2a). The depletion 

slows down once the concentrations of proteins and polyribosomes exceed their physiological values by 

about 25%. At this concentration, the depletion of proteins from the nucleoid is about 50%. 

To delineate the contribution of proteins and polysomes to nucleoid compaction, we consider hypothetical 

cells where only polysomes (Fig. 2b) or only proteins (Fig. 2c) are present. For a cell with only polysomes, 

the nucleoid volume for the low crowder concentration changes the same way as for the cell where both 

polysomes and proteins are present (Fig. 2b). For low crowder concentrations (𝑛௖/𝑛௖బ ൏ 0.5) polysomes 

thus solely determine the volume of the nucleoid (a shaded region in Fig. 2b). Conversely, for a cell with 

only protein crowders, the mixed state is conspicuously present and only vanishes for 𝑛௖/𝑛௖బ ൐ 1.4 (Fig. 

2c). The mixed state collapses abruptly to a highly compacted nucleoid state with 𝑉୬୳ୡ ൌ 0.2𝑉ୡୣ୪୪. After an 

abrupt decrease, the nucleoid volume further gradually decreases as the total number of proteins in the cell 

increases (Fig. 2c). For 𝑛௖/𝑛௖బ ≳ 1.5, the change of nucleoid volume in the cell with only proteins is almost 

the same as in the cell where both crowder species were present (a shaded region in Fig. 2c), which indicates 

that proteins play a dominant role in compacting the nucleoid in the high crowder concentration regime.   

These comparisons thus show that polysomes determine the nucleoid volume at low crowder 

concentrations, while at high crowder concentrations, the contribution from proteins dominates. The 3-fold 

compaction of the nucleoid in osmotic shock measurements results from protein crowders leaving the 

nucleoid phase. In other words, the polysomes are responsible for the initial compaction and phase 

separation of the nucleoid from the cytosol phase, while the proteins determine the homeostatic size of the 

nucleoid near the physiologically most relevant range of crowder concentrations. 

 

The previous discussion explained qualitatively the contributions of proteins and polysomes on the nucleoid 

volume. To quantify these contributions, we investigated the differences in partial osmotic pressures of 

polysomes ΔΠ୮୭୪୷ and proteins ΔΠ୮୰୭୲ୣ୧୬ between the nucleoid and cytosolic phases. The usual definition 

of partial pressure, which is the pressure when only a single species is present, is not informative for our 

system because of strong interactions between species. Instead, we defined these pressures when other 



 
13  

species are still present (see SI Text for details). To avoid ambiguity arising from the interaction term 

between polysome and protein crowders, we assigned equal contributions from this term to both polysome 

and protein partial pressures. Using this definition, ΔΠ୮୭୪୷ ൅ ΔΠ୮୰୭୲ୣ୧୬, balances the bulk stress in the DNA 

coil due to its self-energy (τDNA ≡ െడிీొఽ
డ௏౤౫ౙ

ൌ 𝛼𝑔𝑉nuc,free
஑ /𝑉nuc

஑ାଵ). The analysis shows (Fig. 2d) that the 

partial pressure of polysomes increases linearly for 𝑛௖/𝑛௖,଴ ൏ 0.9  and then reaches a plateau where 

ΔΠ୮୭୪୷ ൎ 125 Pa. In this regime, the contribution from proteins is small and negative. Negative values for 

ΔΠ୮୰୭୲ୣ୧୬ indicate that crowding due to protein crowders (in the presence of polysomes) favors expansion 

of the nucleoid instead of compaction. However, at about the same point where the osmotic pressure of the 

polysomes plateaus (𝑛௖/𝑛௖,଴ ൎ 0.9), ΔΠ୮୰୭୲ୣ୧୬ starts to increase. At 𝑛௖/𝑛௖,଴ ൎ 1.25, ΔΠ୮୰୭୲ୣ୧୬ becomes 

equal to the contribution from polysomes and exceeds it after that (Fig. 2d). Despite significant compaction 

of the nucleoid at 𝑛௖/𝑛௖,଴ ൎ 1.25, all the pressures/stresses remain in this range on the order of 100 Pa.  

These pressures are significantly less than the osmotic pressure difference between the cell interior and 

exterior (estimated to be 200 െ 300 kPa (48)).  

To conclude, the quantitative analysis of protein and polysome contributions shows that, at the physiological 

concentrations (𝑛௖/𝑛௖଴ ൌ 1), the contribution of the partial osmotic pressure of polysomes exceeds the 

partial osmotic pressure of proteins. Consequently, polysomes are the main source of compaction of 

nucleoids.  However, at 𝑛௖/𝑛௖଴ ൎ 1, ΔΠ୮୭୪୷ is effectively constant while ΔΠ୮୰୭୲ୣ୧୬ increases rapidly as the 

concentration of crowders increases. The latter finding further confirms that the proteins determine the 

variation of the nucleoid size near the physiologically most relevant range of crowder concentrations.  

 

Scaling properties of the nucleoid compaction curves explain experimental data at different growth 

rates 

We will next characterize what effect the variations of protein and polysome numbers have on the 

experimentally accessible portion of the nucleoid compaction curves. The compaction curves differ from 

those in the previous section (Fig. 2), where the number of crowders changes at fixed cell volume. Here, 

the volume of the cell changes at a set number of crowders.  We find that variation of the protein number 

around the value found from the fit to the experimental data (𝑛୮୰୭୲ୣ୧୬ ൌ 2.3 ⋅ 10ହ) while holding the 

polysome number fixed leads to a change in the shape of the compaction curve (Fig. 3a, S2). At low protein 

numbers, a knee-like bend is present at 𝐶/𝐶଴ ൌ 1.0 െ 1.2 , which gradually disappears as the protein 
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number increases. Contrary to protein number changes, a 2.5-fold variation in the polysome number 

changes do not affect the compaction curve (Fig. 3b). This invariance of the compaction curve with respect 

to polysome number explains the unexpected experimental finding from Ref. (5) that the nucleoid 

compaction curves were effectively the same in two different growth media where the growth rate of the 

cells differed by about a factor of two (SI Table S3). The finding was unexpected because the polysome 

concentration has been determined to be also approximately two-fold different in these two growth 

conditions (30) (see also SI Fig. S6b), while the protein concentration has been estimated to be almost the 

same (39). As Fig. 3b shows, the 2.5-fold variation in polysome concentration has effectively no effect 

on the nucleoid volume when the latter is scaled by 𝑉୬୳ୡ,଴. This result thus explains the experimentally 

observed insensitivity of the nucleoid compaction curves to changes in cell growth rates and polysome 

concentrations.  

 

We also investigated the scaling properties of  𝑉୬୳ୡ/𝑉ୡୣ୪୪ vs 𝐶/𝐶଴  curves for the case when cell volume is 

fixed. Molecular dynamics modeling has shown that the poly-dispersity of crowders does not change the 

shape of these curves when plotted against an appropriately scaled "crowding level" (5,35) defined as ∑ 𝑎௖,௜
ଶ

௜ 𝐶௖,௜, 

where 𝑖 represents different crowder species (Fig. S3a). We did not find such collapse in our model (Fig. 

S3b) when both proteins and polysomes were present. There may be two reasons for this. First, in our 

model, the polysomes and proteins interact differently with supercoiled DNA (Eq. 4, 5). Conversely, the 

molecular dynamics simulations used in (35) consider the same Weeks-Chandler-Anderson potential 

between a monomer of the DNA chain and any kind of crowder species, varying only the crowder radius. 

We verified that this difference is significant by neglecting the supercoiling structure of the DNA by 

replacing the polysome-DNA interaction with an interaction between a hard sphere (the polysome) and a 

hard cylinder (the DNA strand). In this case, we found that the curves of various crowder compositions 

acquired a similar shape but there was no collapse (Fig. S3c). A second factor likely influencing the collapse 

is our phenomenological scaling form for the DNA self-interaction, which is not necessarily obeyed by 

the string-and-beads DNA model, except at very high compressions.    

 

The effect of polysome dissociation on the compaction of the nucleoid at different growth rates 

Breaking up polysomes into 30S and 50S ribosome subunits by rifampicin (Rif) treatment (Fig. 4a) has 

been known to lead to the expansion of the nucleoid (8,49-51). A potential explanation for this expansion 
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has been that 30S and 50S subunits compact DNA less efficiently than polyribosomes. This prediction was 

confirmed by computer modeling (31). Interestingly, data from recent experiments indicated that nucleoid 

expansion is growth rate dependent, with relatively modest expansions at slower growth rates (5). We 

revisited these data, analyzing the expansion of the nucleoid with respect to cytosolic volume. In addition 

to the previously published data in slow and moderately fast growth rates, we considered a measurement at 

fast growth rates in EZ-Rich medium (Fig. 4b, SI Fig. S4). Unexpectedly, we found that the Rif treatment 

led to an expansion of the nucleoid throughout the whole cytosolic volume in the fast growth conditions, 

indicating the complete abolishment of the nucleoid phase. Such a response to Rif contrasts the one at slower 

growth rates where, based on quantitative data analysis, the nucleoid phase remains present (5,8). Note that 

the curve for 𝑉୬୳ୡ/𝑉ୡୣ୪୪ in Fig. 4b in fast growth rates does not reach 1, which may appear to contradict the 

conclusion about lacking nucleoid phase. The reason for 𝑉୬୳ୡ/𝑉ୡୣ୪୪ ൎ 0.95 ൏ 1.0 is that, even in the mixed 

state, the DNA density near the plasma membrane drops due to the finite bending radius of DNA (𝑙௣ ൎ

50 nmሻ. Consistent with this assessment, the width of the nucleoid after the treatment remains about 40 nm 

smaller than the cytosolic width (SI Fig. S4b).  

We shall now discuss what insights our model provides to help explain such pronounced growth-rate 

dependence of nucleoid expansion. To model the effect of rifampicin treatment, we replaced the polysome 

with the corresponding number of 30S and 50S ribosome subunits (a total of 2𝑁୰୧ୠ୭ ൌ 20 subunits for each 

polysome), keeping the other parameters of the model unchanged. We assumed both ribosome subunits to be 

spherical particles of approximately the same diameter (∼ 16 nm, see SI Text). Under such an assumption, the 

total volume of ribosome-associated crowders is roughly the same before and after the dissociation of polysomes. 

Comparing the experimentally measured nucleoid compaction curve in rifampicin-treated cells to the model 

predictions while considering only the polysome dissociation into subunits did not yield a good match (SI Fig. 

S5a). However, rifampicin treatment could alter the supercoiling level of DNA since rifampicin inhibits 

transcription, a key factor determining the supercoiling level (49,52). In our model, the change in supercoiling 

level can be expected to change factor 𝑔 (Eq. 2), or equivalently 𝑉୬୳ୡ, free. To find the 𝑔 in rifampicin treated 

cells, we fit our theoretical model for the nucleoid compaction curves to the experimentally measured curves in 

Rif-treated cells (5), generating a new fit value 𝑔 ൌ 200 (SI Fig. S5b). This new value is larger than the value 

we calculated for untreated cells (𝑔 ൌ 145), presumably because the treatment results in an expansion of the 

isolated nucleoid (larger 𝑉nuc, freeሻ due to lower levels of DNA supercoiling.  
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To understand the growth rate dependence of nucleoid expansion under polysome dissociation, we needed to 

account for the growth-rate dependence of polysome and protein numbers, the amount of DNA in the cell, and 

the cell volume (for details, see SI Text). The available data for these quantities come from measurements at 37 

C, while the fitted data (Fig. 1c) is from measurements at 28 C. The higher temperature is not expected to 

change these quantities (53), but temperature rise increases growth rates, 𝜇. To use the existing experimental 

data, we matched the growth rates from 28 C measurements (5) to those at 37 C (SI Table S3).  Since there is 

no experimental data available for the concentration of cytosolic protein crowders, we mapped out the relative 

dimensions of the nucleoid, 𝑉୬୳ୡ/𝑉ୡୣ୪୪, as a function of both protein crowder concentration and doubling time, 

𝑇஽ ൌ lnሺ2ሻ /𝜇 before and after Rif treatment (Fig. 4c, d, respectively). The model predicts the nucleoid phase 

to be present for all protein volume fractions and doubling times for the untreated cells (Fig. 4c). For the Rif 

treated cells, the resulting (phase) diagram is partitioned into two distinct regions: The nucleoid phase is present 

in the region of high protein volume fractions/concentrations and is absent at low volume fractions (Fig. 4d). 

The model thus predicts two distinct growth-rate related responses of the nucleoid to the dissociation of 

polysomes, consistent with the experimental observations.       

 

The total protein concentration in E. coli cells has been found to slightly decrease with increasing growth rate 

(39). Based on the data in (39), we estimate the total protein concentration decreases by about 25% from the 

slow to fast growth condition of Fig. 4b. If the cytosolic protein volume fraction would decrease the same way, 

then the de-mixed state for the nucleoid would appear only for unrealistically short doubling times (𝑇஽ ൏ 15 

min) in our model. This discrepancy may arise from large uncertainties in the experimental growth rate 

dependencies (SI Text) that entered the calculation. However, it is also plausible that the concentration of 

cytosolic protein crowders decreases with the growth rate faster than the total concentration of the proteins in 

the cells. This is sensible because the cytosolic protein crowders are mostly enzymes involved in central 

metabolism. Cells achieve fast growth rates in high nutrient quality medium, where many of the enzymes for 

metabolism are not expressed because the enzymatic products are already present in the growth medium. 

Decreasing cytosolic crowder concentration at higher growth rates is also consistent with the notion that 

ribosome concentration increases proportionately to the growth rate. Since proteins contribute about half of the 

mass of the ribosomes (and polysomes) and the total protein is only weakly dependent on the growth rate, then 

it follows that protein concentration in other sectors (membrane proteins and soluble proteins that are not part of 

the ribosomes) needs to decrease more significantly as a function of growth rate. These arguments together thus 

suggest that the concentration of soluble cytosolic proteins that are not part of ribosomes decreases with the 
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increasing growth rate more significantly than the total protein concentration. In this scenario, the protein 

concentration (volume fraction) would follow the red-dashed arrow displayed in Fig. 4d when the growth rate 

increases. This line crosses from a mixed state to a de-mixed state at doubling times close to the one found from 

the experiments in the fast growth conditions (Fig. 4e). It is worth emphasizing that Rif treatment may introduce 

other effects beyond dissociation of polysomes that alter the size of the nucleoid. For example, inhibition of 

transcription is likely to alter supercoiling levels of chromosomal DNA. Nevertheless,  the lack of the nucleoid 

phase in Rif-treated E. coli cells in fast growth rates can be explained by our model solely by dissociation of 

polysomes to ribosomal 30S and 50S subuinits and by assuming that the concentration of cytosolic protein 

crowders decreases with the increasing growth rate faster than the total protein concentration in the cell.  

 

Partitioning of macromolecules between the nucleoid and cytosol phases based on their linear 

dimensions 

Nucleoid compaction by macromolecular crowders is linked to the question of how macromolecules are 

distributed (partitioned) between the nucleoid and cytosolic phases. This distribution represents a key 

organizing principle of the bacterial interior, which typically lacks membrane-bound organelles. A recent 

study has addressed this question experimentally, following the distribution of differently-sized artificial 

particles within the E. coli cytosol (8). The experimental findings from this study were explained by 

arguing that the partitioning is determined by a characteristic mesh size of chromosomal DNA, as derived 

from a scaling approach. Particles smaller than the mesh size were postulated to be included in the 

nucleoid, while the larger ones were excluded. Our goal here is to find a quantitative distribution of 

particles by their sizes beyond this categorical estimate. To that end, we added additional spherical 

particles (tracers) to our model at dilute concentrations (maximal volume fraction ϕmax ൎ 0.002) so that 

their presence did not perturb nucleoid volume. We then determined the distribution of these particles 

between the nucleoid and cytosolic phases as a function of the particle diameter 𝑎௧ (see SI Text/Methods 

for details).  

Our model predicts the concentration of the particles in the nucleoid phase to decrease monotonically as 

the diameter of tracer particles increases (Fig. 5a). According to the model, most proteins and protein 

complexes (𝑎௧ ൌ 1 െ 10  nm) distribute almost uniformly between the two phases at physiological 

conditions. For a particle with 𝑎௧ ൌ 10 nm, the depletion from the nucleoid phase is only 5%. For larger 

particles in the range 𝑎௧  ൌ 10 െ 25 nm, the concentration of particles in the nucleoid phase decreases 
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approximately linearly with 𝑎௧. This range includes the 30S and 50S ribosomal subunits and 70S and 

100S ribosomal particles. Our model predicts that free 30S and 50S subunits are ∼ 40% excluded from the 

nucleoid, consistent with the qualitative conclusions made in the previous experimental study (51). Beyond 

this linear region, the concentration of tracers in the nucleoid phase shows an exponential decay with 𝑎௧ 

(Fig. 5b). The cross-over to exponential decay occurs due to the interaction of tracer particles with DNA 

supercoils instead of single-stranded DNA. Particles with 𝑎௧ ൒ 30 nm are effectively entirely excluded 

from the nucleoid. This regime applies to polysomes. The model predicts their concentration in the 

nucleoid region to be only 10ିସ  of their total concentration. The cross-over region in our model 

approximately represents the effective mesh size of the earlier work. We find it to be about 30 nm, which 

is smaller than the 60 nm reported in (8).  

The difference may be due to a difference in strains, as our estimate is based on parameters derived from 

the nucleoid compaction experiments of Ref. (5). Furthermore, it is difficult to directly compare the 

concentrations reported here to the average "exclusion score" calculated in Ref. (8). The latter includes 

contributions from particles from both phases rather than solely from the nucleoid phase as we assume in 

our calculations. Considering these uncertainties, our model is consistent with these experimental data 

and shows that the nucleoid phase strongly excludes polysomes. Our model also predicts that the 

exclusion effects of larger protein complexes and 30S and 50S particles from the nucleoid are not 

negligible. This effect could be functionally relevant in controlling translation.  

 

DISCUSSION AND CONCLUSION 

We investigated the compaction of the nucleoid and the spatial distribution of cellular components in E. 

coli cells based on an equilibrium free energy model. Unlike previous attempts to address the problem in 

a coarse-grained manner using Brownian dynamics simulations (25,27,28,33,35), our model is more 

specific in describing the molecular details of soluble proteins and polyribosomes, the dominant crowders 

in prokaryotic cells. Previous works have assumed that the dominant crowders species in the cell are 

polysomes while neglecting the crowding from proteins (25,31-34).  Our model incorporates the polymeric 

nature of polysomes and the supercoiling of chromosomal DNA. We also extract the key parameters of 

the model from experimental data. The resulting model suggests that polysomes and cytosolic proteins are 

both needed to explain the experimentally determined compaction curves of the nucleoid under external 

hyperosmotic shock (5), with the largest changes in nucleoid volume coming from protein crowders 

leaving from the nucleoid volume. Protein crowders are effectively solely responsible for the 
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approximately 3-fold decrease in the nucleoid volume upon the highest osmotic shocks of about 1 Osm 

(𝐶/𝐶଴ ≳ 1.4 in Fig. 1c). 

Although osmotic shocks are common natural occurrences for E. coli cells, it is relevant to understand how 

protein and polysome numbers control the volume of the nucleoid in unperturbed, steady-state conditions. 

Even in well-controlled growth environments, such as in chemostats or microfluidic devices, the 

concentrations of ribosomes and proteins vary from cell to cell. There are, as yet, no experimental data 

available on these fluctuations, but we consider the plausible range to be about ±20% relative to the mean 

value (based also on our preliminary data on ribosomes). Our model predicts that the variation of ribosome 

concentration in this range about its mean value causes only a 15% change in the nucleoid volume (Fig. 

6). This variation is symmetric relative to the mean value. By contrast, variation of protein concentration 

in the same range causes an asymmetric 55% change. The depletion of proteins from their typical values 

has only a minor effect, while a 20% excess leads to about 50% compaction of the nucleoid from its 

physiological value. Fig. 6 thus further emphasizes the conclusion that proteins are the dominant species 

in controlling the dimension of the nucleoid in normal growth conditions.  

It might not be a coincidence that the protein concentration is just below the level at which rapid 

compaction of nucleoid dimensions starts in steady-state growth conditions (Fig. 6). It is possible that 

transcriptional activity is increasingly suppressed as the dimensions of the nucleoids shrink. Suppression 

of transcriptional activity by nucleoid compaction suggests a feedback mechanism between nucleoid size 

and protein concentration that simultaneously maintains the volume of the nucleoid and protein 

concentration. In this putative scenario, excess expression of proteins in a cell leads to a more compacted 

nucleoid which then slows down protein expression. Once the protein expression decreases, the 

concentration of proteins decreases due to cell growth (dilution) which leads to a more expanded nucleoid 

and increased protein synthesis. It has been proposed that cells maintain crowding homeostasis by actively 

regulating the volume fraction of crowders in the cell (54). The scenario proposed here is one possible 

mechanism for maintaining this crowding homeostasis. Further experimental work linking global protein 

expression levels to nucleoid dimensions is needed to determine if this hypothetical feedback mechanism 

is present in E. coli and other bacteria. In such experiments, one could upregulate a concentration of soluble 

proteins (such as GFP) by expressing them from a high copy number plasmid while determining time-

dependent response of the nucleoid volume to such changes.   

 

Our model considers the cell's interior to be in equilibrium. In actuality, many energy-driven processes 
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are occurring in the cell, including DNA replication, gene transcription, and translation. The former two 

could significantly alter the level of nucleoid compaction. Given that our model can explain several 

experimental findings, the effects of replication and transcription can likely be effectively accounted for 

by the chosen form of DNA self-energy (Eq. 2) by adjusting parameters 𝛼, 𝑔 and 𝑉୬୳ୡ,୤୰ୣୣ in various 

environments/growth conditions, as we have done here. We found that 𝑔 was the smallest for cells in 

physiological conditions (𝑔 ൌ 145ሻ, intermediate for the Rif-treated cells (𝑔 ൌ 200), and the largest for 

liberated nucleoids (𝑔 ൌ 362  based on (10)). Increasing 𝑔  in this series is equivalent to increasing 

𝑉୬୳ୡ,୤୰ୣୣ in Eq. 2. Decreasing the energy driven DNA processes appears thus to enlarge the intrinsic 

volume of the nucleoid. The larger intrinsic nucleoid volume could be caused by lower supercoil density. 

Most DNA transactions (transcription, replication, etc.) alter DNA supercoiling levels.  

 

Like DNA, polysomes are also inherently dynamic and energy-driven entities. The lifetime of individual 

ribosomes in a polysome complex is 10-20 seconds (39). At this time scale, ribosomes leave mRNA after 

completing the synthesis of an average-sized protein. New ribosomes are also expected to assemble on 

the mRNA from their 30S and 50S subunits at about the same rate (39), so that there is an overall steady-

state number of ribosomes on a given mRNA. Since the 30S and 50S subunits are not excluded from the 

nucleoid (Fig. 5a), polysomes can assemble within the nucleoid. Indeed, co-transcriptional translation is 

a well-described phenomenon in E. coli and other bacteria (55). Assembly of polysomes within the 

nucleoid and co-transcriptional translation have not been accounted for by our model, meaning that we 

likely underestimate the number of polysomes in the nucleoid phase. However, if the partitioning of other 

macromolecules between the nucleoid and cytosolic phases is more consistent with equilibrium, then this 

underestimation may not qualitatively affect our conclusions. The fraction of polysomes involved in co-

transcriptional translation can be again taken into account by modifying the effective DNA self-energy 

(Eq. 2) and excluding their number from the total polysome number, 𝑛poly. However, the polysomes 

involved in co-transcriptional translation may affect the results from our model in Rif-treated cells, where 

the effective number of subunits after the treatment could be higher than we estimate now (10𝑁୮୭୪୷).     

 

The effects of polysome dynamics and the ability of ribosome (subunits) to diffuse into the nucleoid were 

recently described by a kinetic model (34). The model was able to explain the positioning of two nucleoids 

at the cell's quarter positions and the splitting of a single nucleoid into two lobes in long filamentous E. 

coli cells. However, the model did not consider crowding effects arising from proteins, and it represented 
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DNA as a set of disjoint cylinders. Also, the assumption that the ribosome concentration in the 

filamentous cells remains unchanged compared to their value in normal cells may not have been justified 

(56). In the future, we plan on incorporating non-equilibrium effects arising from the dynamics of 

polysomes as in (34) with a more detailed description of supercoiled chromosomes and incorporation of 

protein crowders to find a more complete description for the dynamic interior of E. coli. 

 

In summary, our model predicts that the increase in the concentration of soluble cytosolic proteins from 

their physiological value leads to significant compaction of the nucleoid volume. At the same time, 

although the presence of polysomes is needed for the formation of the nucleoid phase, the polysome 

concentration has a much smaller effect on nucleoid size. Growing cells maintain a remarkably constant 

nucleoid size to cell size ratio (9). It remains to be tested in future experiments if the nucleoid size 

homeostasis is achieved by a feedback mechanism whereby the nucleoid compaction downregulates 

protein synthesis. 
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Figure 1: Defining the model. (a) A schematic for the cytosolic interior in E. coli. Supercoiled DNA 

occupies the nucleoid phase (dark brown), which phase-separates from the rest of the cytosol. The latter is 

referred to as the cytosol phase (light yellow). Here a cylindrical cell is depicted while the model neglects 

the cell shape. (b) Polysomes and proteins are the two main macromolecular crowder species in the cytosolic 

interior. The polysomes are modeled as a "beads on a string" polymer consisting of 𝑁ribo = 10 ribosomes, 

each of diameter  𝑎ribo ൌ 20 nm . The cytosolic proteins are considered as hard sphere particles with 

diameter 𝑎௣ ൌ 5 nm.  Polysomes due to their large effective radius, 𝑅௚
୮୭୪୷, cannot diffuse through DNA 

supercoils while proteins can. A DNA supercoil is modeled as helix with a diameter of 𝑑௦= 30 nm and the 

pitch angle δ ൌ 52°. (c) Fitting the experimental data on nucleoid volume vs crowder concentration from 

osmotic shock measurements (5) to the free energy model. The nucleoid volume and each crowder 

concentration is scaled by their respective values in not osmotically shocked cells. The best fit parameters for 

the model are 𝑔 ≈ 145.0, 𝛼 ≈ 0.85, 𝑛poly,0 ≈ 600 and 𝑛protein,0 ≈ 2.3 × 105. The reduced chi-squared of the 

fitting  𝜒௥ଶ ൎ 13.6. 
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Figure 2: Differentiating contributions from proteins and polysomes to nucleoid compaction. (a) The 

nucleoid compaction curve (solid red line) and the relative crowder concentrations within the nucleoid phase 

𝐶nuc/𝐶୲୭୲ (blue and green dotted lines) as a function of number of crowders at fixed cell volume 𝑉cell ൌ

0.7 μmଷ. The best fit parameters from Fig. 1c are used. Here, 𝑛௖ stands for either 𝑛poly or 𝑛protein and 𝑛௖బ 

is the corresponding value at normal growth conditions. The number of both macromolecular crowder 

species (proteins and polysomes) is proportional to each other throughout the curve. The inset shows the 

same data  for the low crowder number region in semi-log scale. (b)  The same curves when polysomes are 

the only crowder species (magenta solid and green dot lines, respectively). The red dashed line is the 

reference curve from panel (a), where both crowder species are present. The shading indicates a region where 

both compaction curves match. (c) The same curves when proteins are the only crowder species (magenta 

solid and blue dot lines, respectively). The shading indicates the region where contribution from proteins 

determines the shape of the overall compaction curve. (d) The differences in partial osmotic pressure of 

crowder species between the two phases (ΔΠpoly, ΔΠprotein) and the bulk stress in DNA coil (τDNA) as a 

function of 𝑛௖/𝑛௖బ . The yellow dashed line represents the sum of the three solid curves in the plot. 

Temperature is assumed to be 37 C. 
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Figure 3: Scaling of the nucleoid compaction curves at different crowder numbers.  In all individual curves of this 

figure, the number of all macromolecular crowders in the cell is fixed but the cell volume changes as in 

osmotic shock measurements. The volume change changes 𝐶/𝐶଴ via relation 𝐶/𝐶଴ ൌ 𝑉ୡୣ୪୪,଴/𝑉ୡୣ୪୪ where 

𝐶଴  and 𝑉ୡୣ୪୪,଴  are crowder concentration and cell volume in unperturbed cells. (a) The nucleoid 

compaction curves at different protein numbers. The number of polysomes is fixed for all curves (𝑛poly ൌ

600). The other parameters of the model are the same as in Fig. 1c. (b) The nucleoid compaction curves 

for various polysome numbers. The number of proteins is fixed for all curves (𝑛protein ൌ 2.3 ൈ 10ହ). The 

experimental data from osmotic shock measurements from (5) at slow and moderately fast growth conditions (SI 

Table S3) shown by magenta and cyan points, respectively.  



 
25  

 

Figure 4: The growth-rate dependent expansion of the nucleoid upon dissociation of polysomes. (a) 

A schematic explaining the effect of the rifampicin treatment. (b) The experimentally determined change in the 

nucleoid to cell volume ratio as a result of treatment of E. coli JM57 cells with 300 g/ml rifampicin. Treatment starts 

at time 0 min. The doubling times extrapolated to 37 C are 60, 40 and 20 min corresponding to slow, moderate and 

fast growth rates, respectively. For the extrapolation see SI Table S3. The error bars correspond to standard error for the 

cell population. (c) Calculated nucleoid to cell volume ratio before the rifampicin treatment as a function of the cytosolic 

protein volume fraction and doubling time. The doubling times are linked to the average cell volumes (left vertical axes) 

via the universal bacterial growth law (SI Fig. S6a). (d) The same for rifampicin treated cells. The dashed horizontal 

lines show the doubling times from the experiment. The dashed white line corresponds to the change in the total protein 

volume fraction (including envelope layers) with the doubling time based on data in (39). The dashed red line shows a 

change for cytosolic volume fraction of crowding proteins that is consistent with the rifampicin treatment experiment. 

(e) 𝑉୬୳ୡ/𝑉ୡୣ୪୪ calculated along the dashed upward pointing lines of panel (d).  The red line corresponds to the red 

dashed arrow and the blue line corresponds to the white dashed arrow. The experimental data from the plateau region 

of panel (b) is also shown.   



 
26  

 

 

Figure 5: The dependence of the partitioning of macromolecules between the nucleoid and 

cytosol phases on their linear dimensions. (a) The ratio of volume fractions for the tracer particles 

in the nucleoid, ϕnuc, and the whole cell, ϕcell,  as a function of the particle diameter 𝑎௧ is displayed. A 

linear fit to the calculated curve from 𝑎௧ ൎ 7 nm to 𝑎௧ ൎ 28 nm is plotted with green dashed line 

ϕnuc/ϕcell ∼ െ0.04 ቀ ௔೟
ଵnm

ቁ . The size-ranges for proteins and ribosomal subunits in the cell are 

schematically shown. (b) The same curve in semi-log scale. The dashed line represents an 

exponentially decreasing fit to the model in the range from 𝑎௧ ൎ 30  nm to 𝑎௧ ൎ 110  nm 

( lnሺϕnuc/ϕcellሻ ∼ െ0.2 ቀ ௔೟
ଵnm

ቁ ). The size-ranges for common macromolecular crowders are 

schematically shown. 
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Figure 6: Differential effects arising from the fluctuations in the number of proteins and polysomes 

around their physiological values on the volume fraction of the nucleoid. The volume fraction of 

the nucleoid is displayed as a function of the normalized concentration 𝐶/𝐶଴ , where 𝐶  is the 

number of the varying crowder species (polysomes or proteins) and 𝐶଴ is its physiological value as 

determined from the fitting in Fig. 1c. The cell volume 𝑉ୡୣ୪୪ is fixed here. The blue solid line represents 

the result for varying protein number while keeping the number of polysomes fixed (𝑛poly ൌ 600). The 

green dash-dotted line represents the result for varying polysome number while keeping the number of 

proteins fixed (𝑛protein ൌ 2.3 ൈ 10ହ ). The vertical, red-dotted line indicates the physiological 

concentration. 
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SI Text 
 
SI Text provides a more detailed description for individual terms in the free energy model, notes on 

minimizing the free energy numerically and formulas expressing growth rate dependence of the E. coli 

cytosolic components.   

 

Free energy terms describing the corresponding crowder-only system, 𝑭𝟎  

In the Eq. 1 of the main text, we use 𝐹଴ to denote several free energy terms describing the corresponding 

crowder-only system. Here we discuss these terms in detail.  

1) Translational free energy. For a mixture of a polymer and solvent, the ideal free energy of mixing 

(derived via a Flory-Huggins model, say (1)) is given by 

𝐹 ൌ 𝑛 lnϕ െ 𝑁𝑛, ሺS1ሻ 

where n is the number of polymers and 𝑁 is the degree of polymerization (monomers per polymer). We use 

𝑁 ൌ 𝑁୰୧ୠ୭ ൌ 10 for polysomes and 𝑁 ൌ  1 for proteins. The ideal entropic free energy of polysomes and 

proteins can then be written as  

𝐹ideal ൌ 𝑛poly lnϕpoly െ 𝑁୰୧ୠ୭𝑛poly ൅ 𝑛protein lnϕprotein െ 𝑛protein. ሺS2ሻ 

 

2) Internal free energy of polysomes. We represent polysomes as a “beads-on-a-string” polymer.  The 

beads are ribosomes of diameter 𝑎୰୧ୠ୭ ൌ 20 nm, and the string is mRNA. Since mRNA is highly flexible, 

we estimate the Kuhn length for this polymer as 𝑏 ൌ 𝑎୰୧ୠ୭. To account for the free energy associated with 

the entropy and excluded volume interactions in a single polysome, we use the Flory formula (1):  

𝐹Flory ∼
𝑎ribo
ଷ 𝑁ribo

ଶ

൫𝑅୥
poly൯

ଷ ൅
൫𝑅୥

poly൯
ଶ

Nriboaribo
ଶ . ሺS3ሻ 

where 𝑅௚
୮୭୪୷ is the radius of gyration of the polysome. Here, the first term represents the excluded volume 

interactions while the second term is an entropic contribution from the various possible polymer 

configurations. We minimize the total free energy of the system with respect to the radius of gyration 

𝑅௚
୮୭୪୷, which may be different in the nucleoid and cytosol phases due to the crowding conditions. We find 

that 𝑅௚
୮୭୪୷ varies relatively little from normal cells to strongly osmotically shocked cells, with a typical 

value 𝑅௚
୮୭୪୷ ൎ 35 nm. Note that this value is quite a bit smaller than the estimate for a free polysome in 
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solution, in which case 𝑅 ൌ ቀଷே
య

ଶ
ቁ
ଵ/ହ

𝑎୰୧ୠ୭ ൎ 90 nm. This indicates that the DNA-polysome and protein-

polysome interactions play an important role in compacting the polysome. We consider these terms in the 

following sections. 

3) Protein-protein interaction free energy. We model proteins as hard spheres with diameter 𝑎௣ ൌ

5 nm. For such a collection of hard spheres, the equation of state can be well approximated by the 

Carnahan-Starling form (2)  

Π𝑉
𝑛
ൌ

1 ൅ ϕ ൅ ϕଶ െ ϕଷ

ሺ1 െ ϕሻଷ
, ሺS4ሻ 

where 𝑉 is the total available volume, Π is the osmotic pressure, 𝑛 is the number of particles, and ϕ ൌ ௡௩బ
௏

 is 

the volume fraction. To find the free energy we integrate up the osmotic pressure as follows: 

𝐹 ൌ න ൤
∂𝐹
∂𝑉
൨
௡,்

𝑑𝑉 ൌ െනΠ𝑑𝑉 ൌ 𝑛න
1 ൅ ϕ൅ ϕଶ െ ϕଷ

ϕሺ1 െ ϕሻଷ
𝑑ϕ ൌ 𝑛 ൤lnϕ ൅

3 െ 2ϕ
ሺ1 െ ϕሻଶ

൅ constant൨ . ሺS5ሻ 

This free energy is a sum of entropic and interaction terms.  Eq. S5 should reduce to the ideal entropic 

term (Eq. S1) when 𝜙 → 0. It follows, then, that the integration constant must be equal to −4 and the 

non-ideal term can be written as 

𝐹CS ൌ 𝑛
4ϕ െ 3ϕଶ

ሺ1 െ ϕሻଶ
. ሺS6ሻ 

𝐹CS describes the non-ideal free energy contribution due to the protein-protein interaction. Taken together, 

the free energy 𝐹଴ (Eq. 1 of the main text) corresponding to protein-protein interactions reads  

𝐹଴ ൌ 𝐹ideal ൅ 𝐹Flory ൅ 𝐹CS.      ሺS7ሻ 

DNA self-interaction 

This section extends the discussion of the free energy for an isolated compressed DNA in the main text. 

This contribution reads 

 𝐹DNA ൌ 𝑔 ൬
 𝑉୬୳ୡ,୤୰ୣୣ

𝑉nuc
൰
஑

, ሺS8ሻ 

where 𝑉nuc is the volume of the DNA in confined conditions and 𝑉୬୳ୡ,୤୰ୣୣ is the volume of a liberated DNA 

in solution.  In this semi-empirical expression, the value of 𝛼 is linked to 𝜈, the Flory exponent. The Flory 

exponent can be calculated using the "blob model". To simplify the discussion, let’s assume that 𝑔 ൌ 1. 

Consider the DNA consisting of 𝑁blob blobs corresponding to a local region of DNA which can be treated 
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as an ideal chain. Each blob has a diameter of ξ and contains 𝑚 DNA monomers. In confined conditions, 

the blob diameter ξ decreases compared to the value ξ଴ in solution (where the entire DNA consists of a 

single blob). Under confined conditions, each blob contributes a free energy 𝑘஻𝑇, so we may write 𝐹DNA ൌ

𝑁blob in units of 𝑘஻𝑇. The Flory exponent tells us how the blob size scales with the number of DNA 

monomers 𝑚:  𝜉 ∼ 𝑚ఔ𝑏ୈ୒୅, where 𝑏஽ே஺ is the size of a DNA monomer. The volume of each blob is 

𝑉blob ∼ ξଷ. For free (unconfined) DNA, the volume is instead given by 𝑉nuc,free ∼ ξ଴
ଷ, where ξ଴ is estimated 

as ξ଴ ∼ 𝑏ୈ୒୅𝑁DNA
஝ . Given that 𝑁DNA ൌ 𝑚𝑁blob is the total number of monomers in DNA in the confined 

conditions, it follows that we can write the total number of blobs as 

𝑁blob ൌ
𝑁DNA

𝑚
ൌ ൬

ξ଴
ξ
൰
ଵ/஝

, ሺS9ሻ 

from which it is clear that 𝑁blob ൌ 1 when ξ ൌ ξ଴.  On the other hand, from Eq. S8, we have that the free 

energy should be 

𝐹ୈ୒୅ ൌ 𝑁blob ൌ ൬
 𝑉୬୳ୡ,୤୰ୣୣ

𝑉nuc
൰
஑

ൌ ቆ
ξ଴
ଷ

𝑁blobξଷ
ቇ
஑

ൌ ሺ𝑁blobሻ஑ሺଷ஝ିଵሻ, ሺS10ሻ 

which means that the fractal dimension must be related to the exponent 𝛼 via 

𝜈 ൌ ሺ1 ൅ 𝛼ሻ/3𝛼. ሺS11ሻ 

We find 𝛼 ൎ 0.85 from the fit of the model to the experimental data and the corresponding Flory exponent 

ν ൎ 0.73. The Flory exponent is also sometimes equated to the inverse mass fractal dimension. The 

corresponding fractal dimension of DNA is therefore 𝐷௙ ൎ 1.37.  This low fractal dimension is consistent 

with in vivo experiments where the chromosome was found to form a linearly-ordered nucleoid filament 

(3), implying  𝐷௙ ൎ 1. However, theoretical analysis of the diffusion of chromosomal loci (4) and recent 

experimental work (5) have come to conclude a much higher fractal dimension close to 3 (the experimental 

work found 𝐷௙ ൌ 2.78  (5)). The discrepancy might be related to different spatial scales involved in 

diffusion experiments (small spatial scale) and in the experiments here (large spatial scale encompassing 

the whole chromosome). It is also possible that the arguments we brought forward for the blob-model 

above are not valid for the bacterial nucleoid. In that case, the exponent 𝛼 should just be considered as an 

empirical parameter describing the non-linear compressibility of the nucleoid (see additional discussion 

below). 

To understand how the variations in 𝜶 and 𝒈 affect the outcomes of the model, we plot compaction curves 
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for various 𝒈 and 𝛂 values about their best fit values (𝜶 ൌ 𝟎.𝟖𝟓 and 𝒈 ൌ 𝟏𝟒𝟓). The increase in both 𝜶 

and 𝒈 leads to larger nucleoids (Fig. S1b,c). The effect is more pronounced for the exponent 𝜶. Also, note 

that the increase in 𝒈 is equivalent to increase in 𝑽𝐧𝐮𝐜,𝐟𝐫𝐞𝐞. Increased 𝑽𝐧𝐮𝐜,𝐟𝐫𝐞𝐞 leads, expectedly, also to 

larger 𝑽𝐧𝐮𝐜. Increase in 𝜶 decreases the compressibility, 𝜷DNA, of the nucleoid (the inverse of the bulk 

modulus 𝜷DNA ൌ 𝟏/𝜿DNA) since 𝛋DNA is given as  

𝛋DNA ≡ 𝑽nuc
𝛛𝟐𝑭DNA

𝛛𝑽nuc
𝟐 ൌ

𝒈𝛂ሺ𝛂 ൅ 𝟏ሻ

𝑽nuc
൬
𝑽nuc,free

𝑽nuc
൰
𝛂

. ሺ𝐒𝟏𝟐ሻ 

The equation indicates that the nucleoid is more “compactable” when 𝛂 is small. 

Polysome-polysome interaction 

To calculate the polysome-polysome interaction free energy, we use a result from the theory of polymer 

solutions (1). The osmotic pressure (as explained in the main text) is well-approximated by 

Π ൌ
𝑛poly

𝑉
൥1 ൅ ቆ

𝜙poly

0.69𝜙ov
ቇ
ଵ.ଷ଴ଽ

൩ , ሺ5ሻ, ሺS13ሻ 

where 𝒏poly is the number of polysomes and 𝝓poly is their volume fraction. The overlap volume fraction 

𝝓ov is defined as 𝝓ov ≡
𝑵𝒃𝟑

𝑹𝒈
𝟑 , where 𝒃 is the size of a single monomer and 𝑹𝒈 is the radius of gyration of 

the polysome. The expression of osmotic pressure combines the limiting behaviors in dilute and semidilute 

regimes (6), and the exponent 1.309 follows the result from the renormalization group calculation (7). To 

find the interaction free energy we integrate as follows:  

𝑭 ൌ െන𝚷𝒅𝑽 ൌ න
𝒏
𝛟
ቈ𝟏 ൅ ൬

𝛟
𝟎.𝟔𝟗𝛟ov

൰
𝟏.𝟑𝟎𝟗

቉ 𝒅𝛟 ൌ 𝒏 𝒍𝒏𝛟 ൅
𝒏

𝟏.𝟑𝟎𝟗
൬

𝛟
𝟎.𝟔𝟗𝛟ov

൰
𝟏.𝟑𝟎𝟗

൅ const.   ሺ𝑺𝟏𝟒ሻ 

This free energy contribution should reduce to the entropic free energy term (Eq. S1) when 𝛟 → 𝟎, which 

tells us the integration constant is െ𝒏𝑵. Therefore, the non-ideal polysome-polysome interaction can be 

identified as 𝑭poly-poly ൌ
𝒏poly

𝟏.𝟑𝟎𝟗
ቀ 𝝓

𝟎.𝟔𝟗𝝓ov
ቁ
𝟏.𝟑𝟎𝟗

, as given by Eq. 6 in the main text.  

Interaction between polysomes and other spherical species (proteins and tracer particle) 

Since we treat polysomes as a “beads-on-a-string” polymer, the interaction between polysomes and other 

spherical species must differ from the simple pairwise interaction between hard spheres. We consider the 

polysome excluded volume interaction between polysomes and other hard spherical particles as 
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𝐹 ൌ 𝑛poly𝑛sp

𝐵poly-sp

𝑉
,     ሺS15ሻ 

where 𝐵poly−sp is the first-order virial coefficient describing the excluded volume of a polysome and a 

spherical particle. If the size of crowder particle is small compared to the radius of gyration of polysomes 

𝑅௚
poly, the spherical crowder will interact with individual ribosomes. Otherwise, the spherical crowders 

experience excluded volume interactions from the polymeric polysomes. In this case, we may use an 

equivalent hard sphere model for the polysome, with an effective radius 𝑟poly
eff ൌ ටହ

ଷ
𝑅௚

poly (8). We may then 

write the virial coefficient 𝐵poly−sp as 

𝐵poly-sp ൌ 𝑓 ൤
4𝜋
3
൫𝑟poly

eff ൅ 𝑟sp൯
ଷ
൨ ൅ ሺ1 െ 𝑓ሻ ൤

4𝜋
3
𝑁ribo൫𝑟ribo ൅ 𝑟sp൯

ଷ
൨ , ሺS16ሻ 

where 𝑁ribo ൌ 10 and 𝑟sp is the radius of the spherical crowder particle. As in the DNA-crowder interaction, 

we introduce an empirical function 𝑓 characterizing the transition between the two excluded volume 

regimes for small (𝑟sp ≪ 𝑅௚
୮୭୪୷) and large (𝑟sp ≫ 𝑅௚

୮୭୪୷) crowder particles. The function is given by 

𝑓 ≡
1
2
൥1 ൅ tanh൭

𝑟sp െ 𝑅௚
poly

ξpoly
൱൩ , ሺS17ሻ 

where ξpoly is the characteristic length used to regulate the width of the transition zone between the two 

regimes. In this study, the value of ξpoly is set to 10 nm. The 𝐹poly-protein in Eq. 1 of the main text is then 

given as  

𝐹poly-protein ൌ 𝑛poly𝑛protein
𝐵poly-protein

𝑉
. ሺS18ሻ 

 

Total free energy of the system 

In this section, we write Eq. 1 in the main text as a more explicit expression, combining each term 

described above and in the main text. For the nucleoid phase, the total free energy is given as 

𝐹nuc ൌ 𝑛nuc
poly ln𝜙nuc

poly െ 𝑁ribo𝑛nuc
poly ൅ 𝑛nuc

protein ln𝜙nuc
protein െ 𝑛nuc

protein
ᇣᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇤᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇥ

entropic

൅ 𝑛nuc
protein 4𝜙nuc

protein െ 3൫𝜙nuc
protein൯

ଶ

൫1 െ 𝜙nuc
protein൯

ଶ
ᇣᇧᇧᇧᇧᇧᇧᇧᇧᇧᇤᇧᇧᇧᇧᇧᇧᇧᇧᇧᇥ

Carnahan-Starling

 

൅𝑛nuc
poly ቎

𝑎ribo
ଷ 𝑁ribo

ଶ

൫𝑅௚
poly,nuc൯

ଷ ൅
൫𝑅௚

poly,nuc൯
ଶ

𝑁ribo𝑎ribo
ଶ ቏

ᇣᇧᇧᇧᇧᇧᇧᇧᇧᇧᇤᇧᇧᇧᇧᇧᇧᇧᇧᇧᇥ
Flory

൅ 𝑔 ൬
𝑉DNA,free

𝑉nuc
൰
஑

ᇣᇧᇧᇧᇤᇧᇧᇧᇥ
DNA

൅ 𝑛nuc
poly 𝐵DNA-poly

𝑉nucᇣᇧᇧᇧᇤᇧᇧᇧᇥ
DNA-polysome

൅ 𝑛nuc
protein 𝐵DNA-protein

𝑉nucᇣᇧᇧᇧᇧᇧᇤᇧᇧᇧᇧᇧᇥ
DNA-protein
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൅𝑛nuc
poly𝑛nuc

protein 𝐵nuc
poly-protein

𝑉nucᇣᇧᇧᇧᇧᇧᇧᇤᇧᇧᇧᇧᇧᇧᇥ
polysome-protein

൅
𝑛nuc

poly

1.309
൭

𝜙nuc
poly

0.69𝜙nuc,ov
൱

ଵ.ଷ଴ଽ

ᇣᇧᇧᇧᇧᇧᇧᇧᇤᇧᇧᇧᇧᇧᇧᇧᇥ
polysome-polysome

, 

ሺS19ሻ 

and for the cytosol phase 

𝐹cyto ൌ 𝑛cyto
poly ln𝜙cyto

poly െ 𝑁ribo𝑛cyto
poly ൅ 𝑛cyto

protein ln𝜙cyto
protein െ 𝑛cyto

protein
ᇣᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇤᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇥ

entropic

൅ 𝑛cyto
protein 4𝜙cyto

protein െ 3൫𝜙cyto
protein൯

ଶ

ቀ1 െ 𝜙cyto
proteinቁ

ଶ

ᇣᇧᇧᇧᇧᇧᇧᇧᇧᇧᇤᇧᇧᇧᇧᇧᇧᇧᇧᇧᇥ
Carnahan-Starling

 

൅𝑛cyto
poly ቎

𝑎ribo
ଷ 𝑁ribo

ଶ

൫𝑅௚
poly,cyto൯

ଷ ൅
൫𝑅௚

poly,cyto൯
ଶ

𝑁ribo𝑎ribo
ଶ ቏

ᇣᇧᇧᇧᇧᇧᇧᇧᇧᇧᇤᇧᇧᇧᇧᇧᇧᇧᇧᇧᇥ
Flory

൅ 𝑛cyto
poly𝑛cyto

protein 𝐵cyto
poly-protein

𝑉cytoᇣᇧᇧᇧᇧᇧᇧᇤᇧᇧᇧᇧᇧᇧᇥ
polysome-protein

൅
𝑛cyto

poly

1.309
൭

𝜙cyto
poly

0.69𝜙cyto,ov
൱

ଵ.ଷ଴ଽ

ᇣᇧᇧᇧᇧᇧᇧᇧᇤᇧᇧᇧᇧᇧᇧᇧᇥ
polysome-polysome

, 

ሺS20ሻ 

where 𝑛cyto ≡ 𝑛cell െ 𝑛nuc  and 𝑉cyto ≡ 𝑉cell െ 𝑉nuc . The total free energy of the system with the two 

distinct nucleoid and cytosol phases is then written as 𝐹demix ൌ 𝐹nuc ൅ 𝐹cyto. The free energy of the system 

with a single mixed phase (no nucleoid formed) is given in a similar fashion as  

𝐹mix ൌ 𝑛cell
poly ln𝜙cell

poly െ 𝑁ribo𝑛cell
poly ൅ 𝑛cell

protein ln𝜙cell
protein െ 𝑛cell

protein
ᇣᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇤᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇥ

entropic

൅ 𝑛cell
protein 4𝜙cell

protein െ 3൫𝜙cell
protein൯

ଶ

൫1 െ 𝜙cell
protein൯

ଶ
ᇣᇧᇧᇧᇧᇧᇧᇧᇧᇧᇤᇧᇧᇧᇧᇧᇧᇧᇧᇧᇥ

Carnahan-Starling

 

൅𝑛cell
poly ቎

𝑎ribo
ଷ 𝑁ribo

ଶ

൫𝑅௚
poly,mix൯

ଷ ൅
൫𝑅௚

poly,mix൯
ଶ

𝑁ribo𝑎ribo
ଶ ቏

ᇣᇧᇧᇧᇧᇧᇧᇧᇧᇧᇤᇧᇧᇧᇧᇧᇧᇧᇧᇧᇥ
Flory

൅ 𝑔 ൬
𝑉DNA,free

𝑉cell
൰
஑

ᇣᇧᇧᇧᇤᇧᇧᇧᇥ
DNA

൅ 𝑛cell
poly 𝐵DNA-poly

𝑉cellᇣᇧᇧᇧᇤᇧᇧᇧᇥ
DNA-polysome

൅ 𝑛cell
protein 𝐵DNA-protein

𝑉cellᇣᇧᇧᇧᇧᇧᇤᇧᇧᇧᇧᇧᇥ
DNA-protein

 

൅𝑛cell
poly𝑛cell

protein 𝐵cell
poly-protein

𝑉cellᇣᇧᇧᇧᇧᇧᇧᇤᇧᇧᇧᇧᇧᇧᇥ
polysome-protein

൅
𝑛cell

poly

1.309
൭

𝜙cell
poly

0.69𝜙cell,ov
൱

ଵ.ଷ଴ଽ

ᇣᇧᇧᇧᇧᇧᇧᇧᇤᇧᇧᇧᇧᇧᇧᇧᇥ
polysome-polysome

 

ሺS21ሻ 

where the subscript “cell” indicates the corresponding quantity in the whole cell. Notice that, in order to 

evaluate 𝐹mix , it is necessary to first determine 𝑅௚
poly,mix , which represents the radius of gyration of 

polysomes in the mixed phase. We thus first minimize Eq. S21 with respect to 𝑅௚
poly,mix to determine its 

value at the minimum 𝐹mix. Next, to study the formation and properties of the nucleoid, we minimize the 

free energy difference between the demixed and mixed states, Δ𝐹 ൌ 𝐹demix െ 𝐹mix, with respect to the 
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nucleoid phase volume 𝑉୬୳ୡ in the demixed state, the numbers of each crowder species in the nucleoid phase 

( 𝑛nuc
protein , nnuc

poly ),  and the radii of gyration of polysomes in the nucleoid and cytosol phases 

(𝑅௚
୮୭୪୷,୬୳ୡ,𝑅௚

୮୭୪୷,ୡ୷୲୭).  The formation of a nucleoid occurs if Δ𝐹 ൏ 0 at the minimum. 

 

Osmotic pressure from crowders  

We can estimate the balance of osmotic pressures at the boundary between the nucleoid and cytosol phases 

by combining Eq. S19 and S20 with the following expression for the osmotic pressure: Π ൌ െቀபி
ப௏
ቁ
்,௡

. 

Taking the derivative of Eq. S19 with respect to 𝑉nuc gives 

Πnuc ൌ  
𝑛nuc

protein ቂ1 ൅ 𝜙nuc
protein ൅ ൫𝜙nuc

protein൯
ଶ
െ ൫𝜙nuc

protein൯
ଷ
ቃ

𝑉nuc൫1 െ 𝜙nuc
protein൯

ଷ
ᇣᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇤᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇥ

protein

൅
𝑛nuc

poly

𝑉nuc
቎1 ൅ ൭

𝜙nuc
poly

0.69ϕnuc,ov
൱

ଵ.ଷ଴ଽ

቏
ᇣᇧᇧᇧᇧᇧᇧᇧᇧᇤᇧᇧᇧᇧᇧᇧᇧᇧᇥ

polysome

 

൅  
𝑔𝛼
𝑉nuc

൬
𝑉DNA,free

𝑉nuc
൰
ఈ

ᇣᇧᇧᇧᇧᇤᇧᇧᇧᇧᇥ
DNA

൅ 𝑛nuc
poly 𝐵DNA-poly

𝑉nuc
ଶᇣᇧᇧᇧᇤᇧᇧᇧᇥ

DNA-polysome

൅ 𝑛nuc
protein 𝐵DNA-protein

𝑉nuc
ଶᇣᇧᇧᇧᇧᇧᇤᇧᇧᇧᇧᇧᇥ

DNA-protein

൅ 𝑛nuc
poly𝑛nuc

protein 𝐵nuc
poly-protein

𝑉nuc
ଶᇣᇧᇧᇧᇧᇧᇧᇤᇧᇧᇧᇧᇧᇧᇥ

polysome-protein

. 

ሺS22ሻ 

Similarly, taking the derivative of Eq. S20 with respect to 𝑉cyto yields the osmotic pressure from the 

cytosol phase: 

Πcyto ൌ  
𝑛cyto

protein ቂ1 ൅ 𝜙cyto
protein ൅ ൫𝜙cyto

protein൯
ଶ
െ ൫𝜙cyto

protein൯
ଷ
ቃ

𝑉cyto ቀ1 െ 𝜙cyto
proteinቁ

ଷ

ᇣᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇤᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇥ
protein

൅
𝑛cyto

poly

𝑉cyto
቎1 ൅ ൭

𝜙cyto
poly

0.69ϕcyto,ov
൱

ଵ.ଷ଴ଽ

቏
ᇣᇧᇧᇧᇧᇧᇧᇧᇧᇤᇧᇧᇧᇧᇧᇧᇧᇧᇥ

polysome

 

൅𝑛cyto
poly𝑛cyto

protein 𝐵cyto
poly-protein

𝑉cyto
ଶ

ᇣᇧᇧᇧᇧᇧᇧᇤᇧᇧᇧᇧᇧᇧᇥ
polysome-protein

 . 

ሺS23ሻ 

To understand the osmotic pressure exerted by crowders on the nucleoid, we use Eq. S22 and Eq. S23 to 

calculate the differences in partial osmotic pressure of crowder species between the two phases (ΔΠ୮୰୭୲ୣ୧୬, 

ΔΠ୮୭୪୷). Notice the usual definition of partial pressure is not informative for our system because of strong 

interactions present between species. To avoid ambiguity arising from the interaction term between 

polysome and protein crowders, we assigned equal contributions from this term to both the polysome and 

protein partial pressures. The resulting differences in partial pressures due to proteins and polysomes across 
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the phase boundary between the nucleoid and cytosol are given by  

ΔΠprotein ൌ
𝑛cyto

protein ቂ1 ൅ 𝜙cyto
protein ൅ ൫𝜙cyto

protein൯
ଶ
െ ൫𝜙cyto

protein൯
ଷ
ቃ

𝑉cyto ቀ1 െ 𝜙cyto
proteinቁ

ଷ

െ
𝑛nuc

protein ቂ1 ൅ 𝜙nuc
protein ൅ ൫𝜙nuc

protein൯
ଶ
െ ൫𝜙nuc

protein൯
ଷ
ቃ

𝑉nuc൫1 െ 𝜙nuc
protein൯

ଷ െ 𝑛nuc
protein 𝐵DNA-protein

𝑉nuc
ଶ

൅ 0.5൭𝑛cyto
poly𝑛cyto

protein 𝐵cyto
poly-protein

𝑉cyto
ଶ െ 𝑛nuc

poly𝑛nuc
protein 𝐵nuc

poly-protein

𝑉nuc
ଶ ൱   and 

ሺS24ሻ 

ΔΠpoly ൌ
𝑛cyto

poly

𝑉cyto
቎1 ൅ ൭

𝜙cyto
poly

0.69ϕcyto,ov
൱

ଵ.ଷ଴ଽ

቏ െ
𝑛nuc

poly

𝑉nuc
቎1 ൅ ൭

𝜙nuc
poly

0.69ϕnuc,ov
൱

ଵ.ଷ଴ଽ

቏ െ 𝑛nuc
poly 𝐵DNA-poly

𝑉nuc
ଶ

൅ 0.5൭𝑛cyto
poly𝑛cyto

protein 𝐵cyto
poly-protein

𝑉cyto
ଶ െ 𝑛nuc

poly𝑛nuc
protein 𝐵nuc

poly-protein

𝑉nuc
ଶ ൱ . 

ሺS25ሻ 

We calculate  ΔΠprotein and ΔΠpoly at 𝑇 ൌ  37 °C following Eq. S24 and S25 and compare the results with 

the bulk stress in the DNA coil due to its self-energy (τDNA  ≡  െడிీొఽ
డ௏౤౫ౙ

 ൌ  𝑘஻𝑇𝛼𝑔𝑉nuc,free
஑ /𝑉nuc

஑ାଵሻ in Fig. 

2d in the main text.  

 

Minimization of the free energy 

We minimize the free energy 𝐹demix with respect to 𝑉nuc, 𝑛nuc
protein,  𝑛nuc

poly and 𝑅௚
poly (the latter with possibly 

different values in the nucleoid and cytosol phases). The form of the free energy is rather complicated (Eq. 

S19, S20) and may contain many local minima. Different initial guesses for the parameters may trap any 

given minimization algorithm in different local minima. For the results we present in this paper, we used 

the Nelder-Mead algorithm (9) in the Scipy Python package. To ensure that a global free energy minimum 

is found, we set multiple initial guesses for the parameters and compare the resulting values of the free 

energy. We then pick the result that gives the lowest free energy as the solution. In the case where we vary 

the crowing conditions slightly, we then use this initial minimization result as the initial guess for the next 

crowding condition. Any jumps in the parameter values are scrutinized to ensure that they represent true 

phase transitions, rather than spurious results of the minimization procedure.  
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Including tracer particles 

In order to study the partitioning of macromolecules between the nucleoid and cytosol phases we include 

spherical tracer particles of diameter 𝒂𝒕 to our model. These particles are present in sufficiently dilute 

concentrations (𝝓max ൎ 𝟎.𝟎𝟎𝟐) such that they do not affect nucleoid volume. The tracer particles are 

included via additional terms added to the free energy, given by  

𝑭tracer ൌ 𝑭0 ൅ 𝑭DNA-tracer ൅ 𝑭poly-tracer ൅ 𝑭protein-tracer, ሺ𝐒𝟐𝟔ሻ 

where the first term includes the ideal entropic and Carnahan-Starling terms for spherical particles. The 

last three terms represent the interaction between spherical tracers and the corresponding molecules in the 

subscripts, with 𝑭poly-tracer  following from Eq. S15 and 𝑭protein-tracer ൌ 𝒏protein𝒏tracer
𝛑൫𝒂𝒑ା𝒂𝒕൯

𝟑

𝟔𝑽
 the 

excluded volume interaction between two spherical species. We use an interpolated excluded volume 

𝑩DNA-tracer to evaluate the DNA-crowder excluded volume interactions, which are given by  

𝑭DNA-tracer ൌ 𝒏tracer
𝑩DNA-tracer

𝑽
, ሺ𝐒𝟐𝟕ሻ 

where 

𝐵DNA-tracer ൌ 𝑓 ൤
1
8
π𝐿DNA sinሺδሻ ሺ𝑑௦ ൅ 𝑎௧ሻଶ ൅ 𝑁௦

π
6
ሺ𝑑௦ ൅ 𝑎௧ሻଷ൨ ൅

ሺ1 െ 𝑓ሻ
4

𝜋𝐿ୈ୒୅ሺ𝑑ୈ୒୅ ൅ 𝑎௧ሻଶ. ሺS28ሻ 

This expression for 𝐹DNA-tracer combines Eq. 3 and Eq. 4 in the main text as we expect large tracers to interact 

with DNA supercoiling structure (just as the polysomes) and small tracers to behave like proteins, with 

exclusion only from the DNA double helix (see Fig. S7). The empirical extrapolation function 𝑓 used to 

characterize the transition between the two excluded volume regimes is analogous to the one used for the 

polysome-protein interaction described above. The function is 

𝑓 ≡
1
2
൤1 ൅ tanh ൬

𝑎௧ െ λ
ξDNA

൰൨ , ሺS29ሻ 

where the parameter 𝛌 is the length scale at which we transition between the two regimes. It would be 

natural to guess it relates to the size of the DNA supercoiling segment 𝒅𝒔. Also, 𝛏DNA is the characteristic 

width of the transition zone between the two regimes. In this study, we use  𝛏DNA ൌ 𝟓 nm. We then 

minimize Eq. S26 with respect to the tracer number within the nucleoid to estimate the portion of tracers 
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being excluded from nucleoid (Fig. 5 in the main text). The effect of different 𝛏DNA  and 𝛌  on the 

partitioning of macromolecules between the nucleoid and cytosol phases is displayed in Fig. S8. The value 

of 𝛏DNA  determines how fast the DNA-tracer interaction transits from one regime to the other one. 

Therefore, we see the exclusion behavior of tracers from the nucleoid phase changes more drastically with 

smaller 𝛏DNA, as shown in Fig. S8a. Other than this effect, we found both 𝛏DNA and 𝛌 have a minor overall 

influence on macromolecule partitioning in our model. It is also worth mentioning that the precise shape 

of the interpolation function only matters in determining the exclusion between DNA and macromolecular 

crowders with sizes between approximately 𝟓 and 𝟓𝟎 nm. In calculating nucleoid compaction curves, 

where we only include protein and polysome crowders, we have 𝒇 ൎ 𝟏 for polysomes and 𝒇 ൎ 𝟒 ൈ 𝟏𝟎ି𝟓 

for proteins. Therefore, both crowders are away from the interpolation region. 

 

Modeling the effect of rifampicin treatment at different growth rates  

To model the growth rate dependence of nucleoid expansion under polysome dissociation, we must consider 

how the growth rate modifies a set of parameters including the polysome and protein numbers, the amount of 

DNA in the cell, and the cell volume. In the following subsections, we enumerate these parameters and identify 

the growth-rate dependence using a combination of literature results and experimental measurements. These 

dependencies are then used to calculate the phase diagrams in Fig. 4 of the main text. Note that these 

dependencies are based on measurements at 37 °C.   

1) Cell volume 

The cell volume is known to increase exponentially with the growth rate, 𝜇, as 𝑉 ൌ V଴𝑒ஒஜ where β is constant 

(the nutrient-imposed bacterial growth law) (10), or equivalently 𝑉 ൌ V଴2β/୘ీ , where 𝑇஽ ൌ ln 2 /μ  is the 

doubling time. For specific numbers, we relied on fitting our data with this function to experimental data from 

Ref. (11), extrapolating the later from values at 28 C to 37 C (SI Fig. S6a, SI Table S3), yielding 𝑉଴ ൌ

0.43 μmଷ and 𝛽 ൌ 47 min.  

2) Polysome numbers 

The available data is pertinent for the ribosomal RNA (rRNA) mass per 10ଽ cells (12). We then used the 

measured weight of ribosome ∼ 4270.5 kDa (13) to convert the data from mass per cell to ribosome 

number per cell. For simplicity, we assume all rRNA are part of polysomes and each polysome consists 

of 10 ribosomes. This estimate somewhat overcounts the polysome numbers because only about 85% of 

rRNA is present in polysomes (12). We next fit these data points as a function of 𝑇஽ using a power law 
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form as shown in Fig S5b. The power law function is multiplied by a factor 0.93 such that the polysome 

number at 𝑇஽ ൌ  60 min matches the value 𝑛୮୭୪୷ ൌ 600, found from fitting our model to experimental 

data, as shown in Fig. 1c of the main text.   

3) The average amount of DNA per cell 

We estimate the average amount of DNA as a function of the cell doubling time 𝑇஽ using the following 

formula derived by Cooper and Helmstetter (14): 

𝐺avg ൌ
𝑇஽

𝐶 ln 2
൫2ሺ஼ା஽ሻ/்ವ െ 2஽/்ವ൯, ሺS30ሻ 

where 𝐺avg is the average amount of DNA per cell in genome equivalents. The absolute amount of DNA 

is therefore 𝐺avg  multiplied by 4.6 Mb. We also have the parameter 𝐶 ൌ  40 min, which is the time 

between initiation and termination of chromosome replication. The parameter 𝐷 ൌ  20 min is the period 

between termination of a round of replication and the subsequent cell division. A plot of 𝐺avg as a function 

of 𝑇஽ is displayed in Fig. S6c.  One can see that the amount of DNA increases dramatically for fast growth 

rates (𝑇஽ ∼ 20 min.). This has important consequences for the parameters of our model. 

4) The volume of free nucleoid volume 𝑽𝐧𝐮𝐜,𝐟𝐫𝐞𝐞 

As the amount of DNA increases with the growth rate, we must modify our model parameters as a function of 

the growth rate. The length of the chromosomal DNA 𝐿DNA and the number of DNA supercoiling segments 𝑁௦ 

are expected to both grow linearly with 𝐺avg. The volume of the nucleoid (DNA) in the absence of the cellular 

confinement, 𝑉nuc,free, should also change with 𝑇஽. Consider a chromosomal DNA polymer with a radius of 

gyration 𝑅௚DNA. The volume occupied by the DNA can be estimated as  

𝑉nuc,free ∼ ൫𝑅௚DNA൯
ଷ
∼ ሺ𝑏DNA𝑁DNA

஝ ሻଷ, ሺS31ሻ 

where 𝑏DNA is the Kuhn length of the DNA polymer, 𝑁DNA is the number of monomers (polymerization index), 

and ν is the Flory exponent (1). Since 𝑁DNA should grow linearly with 𝐺avg, 𝑉nuc,free increases with the growth 

rate as 𝑉nuc,free ∝ 𝐺avg
ଷ஝ . In the DNA self-interaction (Eq. 2 in the main text) and as discussed above, ν is related 

to α via α ൎ 1/ሺ3𝜈 െ 1ሻ. The value of α ൎ 0.85 is determined by fitting the compaction curve measurement. 

We can use the corresponding value ν ൎ 0.73 to estimate 𝑉nuc,free for different growth conditions using Eq. 

(S31).  

5) Protein numbers 

The cytosolic protein crowder number is difficult to estimate as a large fraction of the total proteins is not 
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responsible for crowding and is instead bound to DNA, is a part of cell envelopes, is used in the construction of 

the ribosomes, etc.  Indeed, only about a quarter of the total proteins can be considered cytosolic protein crowders 

(15). Overall, the total protein concentration in the cell has been reported to decrease slightly with increasing 

growth rate, as can be seen in SI Fig. S2H in (16), for example. We may expect a similar result for the cytosolic 

protein crowders, but it is unclear whether the different kinds of protein all increase and decrease in proportion 

to the total protein number as a function of growth rate. We therefore treated the number of cytosolic crowders 

as a free parameter of the model (x-axis of the phase diagrams in Fig. 4 of the main text) and explored how 

changing the protein numbers influences the nucleoid structure. Fitting to experimental data in Fig. 1c in the 

main text yielded protein numbers of 2.3 ൈ 10ହ for slow growing cells of volume 0.7 m3.  

 

Replacing the polysomes with 30S and 50S ribosomal subunits for the rifampicin treated cells 

We assume that there are 10 translating ribosomes in one polysome (𝑵ribo ൌ 𝟏𝟎). After the rifampicin 

treatment, each translating ribosome breaks into one 30S and one 50S ribosomal subunit.  30S and 50S 

shell volumes have been estimated to be 1.3×103 nm3 and 2.3×103 nm3 , respectively (17). Treating these 

particles as spheres yields effective radii 6.8 nm and 8.2 nm, respectively. In the light of other uncertainties 

of the model, we neglect the size differences of the subunits and consider both to be of the same size with 

a diameter of 16 nm. 

 

List of model assumptions 

 The model does not include non-equilibrium effects on the nucleoid such as those arising from 

transcription and ribosomal dynamics during translation. The effects of co-transcriptional 

translation and transertion (coupled co-transcriptional translation and membrane insertion (18)) 

are also not considered. Note that we do not need to consider non-equilibrium effects arising from 

DNA replication because the experiments we are describing with our theory  (5,11) measure cells 

with no ongoing DNA replication.  

 The polysomes are treated within the framework of the Flory model. This model assumes no 

spacing between ribosome monomers and has a simplified description of the polymer elasticity 

and conformational entropy.  We also do not take into account the energy-driven kinetic effects 

arising from the assembly of ribosomal subunits to polysomes and dissociation of ribosomes back 
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to their subunits.     

 The soluble proteins are modeled as monodisperse hard spheres with diameter 𝑎௣ ൌ 5 nm. 

 In estimating the excluded volume interactions between DNA and crowders, DNA is treated as a 

cylinder for the small crowders (proteins) and a uniform chain of supercoils for the large crowders 

(polysomes). Other larger putative superstructures that might arise from supercoil ordering are not 

considered.  The extrapolation of the excluded volume interaction between DNA and crowders 

between two limiting size regimes is assumed to be sigmoidal (SI Eq. S28, S29).   

 The supercoiled segments of DNA are assumed to be uniformly distributed throughout the chromosome and 

we assume no supercoil branching. The diameter of supercoiling segments has no direct experimental 

measurement. So, we estimate the supercoil diameter, 𝑑௦ ൎ 30  nm, via the persistence length and 

superhelical pitch angle of DNA (see Method in the main text for detail). 

 Both 30S and 50S ribosomal subunits are assumed to be spherical particles of approximately the 

same diameter  16 nm (see SI text above for details). Their actual structure is more similar to a 

hemisphere shape. 

 For the phase separation, no additional cost to forming interfaces between different phases in the 

model is assumed. As such, we do not consider the free energy cost of any spatial gradients in the 

various component concentrations. 

 We assume a spherical cell for simplicity as our free energy only depends on the volumes of the 

nucleoid and cytosol phases. The model is compared to the spherocylindrical geometry of E. coli. 

 We assume that the sole effect of rifampicin is the dissociation of ribosomes. Other potential 

effects arising from inhibition of transcription are neglected. 
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SI Figures 
 

 
 
Figure S1: The effect of 𝑔	and 𝛼	to the nucleoid volume. (a) Using the 𝑔 and 𝛼 values from in vitro experiment 

(19) to fit the nucleoid compaction curves from the osmotic shock experiment (11). The nucleoid volume 

is scaled by the nucleoid volume 𝑉୬୳ୡ,଴ at the physiological condition and each crowder concentration is 

scaled by their concentration at the physiological condition 𝐶଴. Note 𝐶/𝐶଴ ൌ 𝑉cell,0/𝑉cell is the same for 

both crowder species. (b) The ratio of the nucleoid volume to cell volume as a function of 𝐶/𝐶଴ for 

different 𝑔 values. The other parameters of the model are that from Fig. 1c in the main text (𝛼 ≈ 0.85, 𝑛poly,0 ≈ 600 

and 𝑛protein,0 ≈ 2.3 × 105). (c) The ratio of the nucleoid volume to cell volume as a function of 𝐶/𝐶଴ for 

different 𝛼 values. The other parameters of the model are those from Fig. 1c in the main text (𝑔 ≈ 145.0, 𝑛poly,0 ≈ 600 

and 𝑛protein,0 ≈ 2.3 × 105) 
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Figure S2: The compaction of nucleoid for higher soluble protein numbers. Each crowder 

concentration is scaled by their concentration at the physiological condition 𝐶଴. Note 𝐶/𝐶଴ ൌ 𝑉cell,0/𝑉cell 

is the same for both crowder species. The number of polysomes is fixed for all curves (𝑛poly ൌ 600). (a) 

The ratio of the nucleoid volume to cell volume as a function of 𝐶/𝐶଴ for different soluble protein number 

𝑛poly. (b) Scaling the nucleoid volume by the nucleoid volume 𝑉୬୳ୡ,଴ at the physiological condition. The 

experimental data from osmotic shock measurements from (11) at slow and moderately fast growth conditions (SI 

Table S3) shown by magenta and blue points, respectively.  
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Figure S3: The scaling properties of 𝑽𝐧𝐮𝐜/𝑽𝐜𝐞𝐥𝐥  curves from our model differ from those of 

molecular dynamics modeling. Kim et al. (20) found that normalized nucleoid size curves collapse to 

each other at different crowder compositions if plotted against a quantity ∑𝑎௖,௜
ଶ 𝐶௖,௜  where 𝑎௖  is the 

diameter of crowder species 𝑖 and 𝐶௖,௜ is their number density. This finding was confirmed by Yang et al. 

(11). (a) Curves from molecular dynamics modeling from Yang et al. for two different crowder sizes (red 

- 𝑎௖ ൌ 20 nm, black - 𝑎௖ ൌ 40 nm). (b) 𝑉୬୳ୡ/𝑉ୡୣ୪୪  vs ∑𝑎௖,௜
ଶ 𝐶௖,௜   from our model for different ratio of 

proteins to polysomes in the cell. The sum has one term for polysomes and another term for proteins. The 

ratios are defined by contribution of the species to the sum ∑𝑎௖,௜
ଶ 𝐶௖,௜. For instance, 0.1 for polysomes 

(solid red line) means that 𝑎௖,poly
ଶ 𝐶௖,poly ൌ 0.1∑𝑎௖,௜

ଶ 𝐶௖,௜. (c) The same curves as in (b) but calculated for a 

model where the excluded volume between the polysomes and DNA neglects the supercoiled structure of 

DNA.  
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Figure S4: Nucleoid expansion under the rifampicin treatment for E. coli MG1655 cells grown in EZ-

Rich medium supplemented with 0.2% glucose. (a) Images of a representative cell before and after 

treatment with 300 g/ml rifampicin. The nucleoid is labelled by HupA-mNeonGreen and cytosol by tag-

RFP-T fluorescent labels. Scale bar corresponds to 2 m. (b) The width of the whole cytosol (black line) 

and the nucleoids (blue) for a cell population (𝑁 ൌ 72) before and during the rifampicin treatment. The 

treatment starts at time zero. The initial decrease in nucleoid width has been assigned to the disruption of 

the transertion linkages (11,21). Interestingly, we find that the cell width also increases upon the rifampicin 

treatment. Error bars represent std error for the cell population. (c) Ratio of nucleoid length to the length of 

the whole cytosol for the same cell population. The details of the measurement and analysis can be found in 

(11).  
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Figure S5: Fitting the nucleoid compaction curves of rifampicin treated cells from (11) to our model. 

(a) In the model a polysome are replaced by ten 30S and ten 50 subunits, each with a diameter of 16 nm. 

The excluded volume for these subunits follows the interpolation formula (Eq. S28, SI Fig. S7). All other 

parameters of the model are the same as in Fig. 1c of the main text (𝛼 ൌ  0.85,𝑔 ൌ 145,𝑛୮୭୪୷ ൌ

 600,𝑛୮୰୭୲ୣ୧୬ ൌ  2.3 ൈ 105).  The model prediction is shown by a blue dash-dot line. (b) The best fit value for this 

model when 𝑔 is optimized. The best fit value 𝑔 ൌ 200.  



20  

 

 

Figure S6: The average cell volume, polysome numbers, and DNA amount at different doubling 

times for E. coli cells. (a) The average cell volume versus doubling time. The data is based on 

measurements by Yang et al. (11). The doubling times at 28 C are interpolated to those at 37 C based 

on Table S3. The cell volume is assumed to be the same at both temperatures. The solid line is fit to the 

data by 𝑉ୡୣ୪୪ ൌ 0.43 ⋅ 2ஒ/்ವ, β ൎ 47 min. (b) Polysome numbers as a function of doubling times based 

on measured RNA mass in the cells (12). For the details of how the polysome numbers are calculated 

from RNA mass (see SI Text). The data is from measurement at 37 C. The data is fitted to a power law 

𝑛୮୭୪୷ ൌ 2.4 ൈ 10ହ  ൈ ቀ ்ವ
ଵmin

ቁ
ିଵ.ସହ

 (blue solid curve). The scaled polysome numbers is displayed as the 

orange dashed line, which is used model the growth rate dependence of nucleoid expansion under polysome 

dissociation (see SI Text). (c) The average DNA amount in the cell as a function of doubling time. The 

amount is expressed in genome units (4.6 Mb). The amount is calculated based on formula by Cooper 

and Helmstetter (14).  
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Figure S7: The first-order virial coefficient for DNA-tracer interaction, 𝑩DNA-tracer, as a function of 

the diameter of crowders (𝒂𝒕). Blue line – the excluded volume between straight DNA (not supercoiled) 

and spherical hard-sphere molecules (Eq. 3 in the main text). Orange line - the excluded volume between 

DNA supercoils and spherical hard-sphere molecules (Eq. 4 in the main text). The dashed line interpolates 

between the two curves using the empirical extrapolation function 𝑓  (Eq. S29). Here we set the 

characteristic width ξDNA  ൌ  5 nm and λ ൌ 30 nm. The typical diameters of proteins and polysomes are 

schematically indicated.  

 



22  

 
 
Figure S8: The dependence of the partitioning of macromolecules between the nucleoid and cytosol 

phases on their linear dimensions for different interpolation functions 𝒇 (SI Eq. S28, Fig. S7), which 

governs the excluded volume between tracer and DNA in the free energy model. (a) The effect of varying 

the width of the interpolation function, ξDNA. λ is fixed at 30 nm in this panel. (b) The effect of varying 

the center of the interpolation region, λ. Note λ ൌ  30 nm corresponds to the diameter of the supercoiling 

segments 𝑑௦. ξDNA is fixed at 5 nm in this panel.   
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 SI Tables 

 

Table S1: Notations 

 

 Symbol Unit Ref. Value∗  

slow growth 

The cell volume 𝑉cell m3  

The cell volume at the physiological condition 𝑉cell,0 m3 ∼ 0.7 (11) 

The pre-factor in DNA self-interaction (Eq. 2 in the 
main text) 

𝑔  145-200, 362 
(19) 

The exponent in DNA self-interaction (Eq. 2 in the 
main text) 

α  ∼ 0.85, 1.34 
(19) 

Diameter of tracer particles 𝑎௧ nm 1-100  

Volume of the nucleoid 𝑉nuc m3  

Radius of gyration of polysome 𝑅௚
poly nm ∼ 35 

Number of polysomes npoly  ∼ 620 (12) 

Volume fraction of polysomes ϕpoly  ∼ 0.07 

Number of proteins nprotein  ∼ 2.3 ൈ 10ହ 

Volume fraction of proteins ϕprotein  ∼ 0.02 

Volume of the nucleoid at the physiological 
condition 

Vnuc,0 m3 ∼ 0.38 (11) 

Concentration of polysome 𝐶poly 1/m3  

Concentration of protein 𝐶protein 1/m3  

Osmotic pressure exerted by polysomes to DNA  Πpoly pascal (Pa)  

Osmotic pressure exerted by proteins to DNA  Πprotein pascal (Pa)  

Doubling time of the cell 𝑇஽ min ∼ 60 (11) 

Growth rate of the cell μ 1/hr ∼ 0.69 (11) 

Concentration of crowders at the physiological 
condition 

𝐶c,0 1/m3  

Overlap volume fraction of polysomes 𝜙ov  ∼ 1.9 

First-order virial coefficient  𝐵 m3  

Inverse of fractal dimension (Flory exponent) ν  ∼ 0.73 (for 
DNA) 
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Average amount of DNA per cell in genome 
equivalent 

𝐺avg  ∼ 1.67 

Bulk stress of DNA τDNA pascal (Pa)  

Bulk modulus of DNA κDNA pascal (Pa)  

Compressibility of DNA βDNA 1/Pa  

Free energy in units with 𝒌𝑩𝑻 ≡ 𝟏 𝐹 
 

  

*All listed values are based on this work unless otherwise specified 
  

 

Table S2: Model parameters 

 

 Symbol Value Comment/ 

Ref 

Diameter of the DNA supercoiling segment 𝑑௦ 30 nm 𝑑௦ ൌ 𝑃 cos 𝛿 

Length of the chromosomal DNA per genome 
equivalent 

𝐿DNA 1.6 mm 4.6 Mb 

Diameter of double helix DNA 𝑑DNA 2 nm  

Plectoneme opening angle (pitch angle) 𝛿 52∘ (22) 

Diameter of ribosome 𝑎ribo 20 nm (23) 

Diameter of protein 𝑎௣ 5 nm  

Number of DNA supercoiling segments per 
genome equivalent 

𝑁௦ 6700 (23),  (24) 

Number of ribosomes per polysome 𝑁ribo 10 (23) 

Volume of the isolated nucleoid 𝑉nuc, free 27 m3 (19) 

Persistence length of plectoneme 𝑃 50 nm (22) 

Characteristic width in interpolation formula for 
DNA-crowder interaction 

𝜉DNA 5 nm  

Length scale dividing the two regimes in 
interpolation formula for DNA-crowder 
interaction 

λ 30 nm  

Characteristic width in interpolation formula for 
polysome-protein interaction 

𝜉poly 10 nm  
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Table S3. Extrapolation of doubling times at 28 C to doubling times at 37 C. The first two 

columns from the left are the growth media and doubling times from measurements by Yang et al 

(11) at 28 C. The corresponding double times at 37 C is from (12). The growth media in both 

datasets is the same except that EZRich glucose the data in (11) is considered to yield the same 

growth rate as LB+glucose medium in (12). The growth rate in the 4th column is calculated as 𝜇 ൌ

ln2/𝑇஽. <Vcell> is the average cell volume based on data in (11). 

 

Growth Medium 𝑻𝑫  

(28 °C) 

Growth 
Rate 

(28 °C) 

𝑻𝑫  

(37 °C) 

Growth Rate 

(37 °C) 

<Vcell> 

 [min] [1/hr] [min] [1/hr] [m3] 

Slow:  

M9 glycerol 
225±103 0.18±0.08 60 0.69 0.7 

Moderately fast:  
M9 glucose+casamino 

acids 
95±24 0.43±0.11 40 1.04 1.0 

Fast: EZRich+glucose 53±7 0.78±0.11 20 2.08 2.2 
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