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Summary

Biophysical properties play central roles in cellular function by controlling the diffusion
and spatial organization of biomolecules. Because bacteria lack a nuclear membrane,
biophysical measurements are often averaged over the entire cell. However, the
nucleoid environment is distinct from that of the surrounding cytoplasm, and averaging
also ignores local characteristics within the nucleoid. Here, we developed a
microrheology framework to quantitatively characterize the bacterial nucleoid and
investigate the interplay of its physical properties with cellular processes. We combined
single-particle tracking of a genetically encoded protein probe and three-dimensional
(3D) Brownian dynamics simulations to separate the nucleoid from the cytoplasm and
specifically measure nucleoid accessibility and viscosity. We found that the nucleoid
viscosity is 2.5-fold higher than the cytoplasmic viscosity, and that both viscosity and
accessibility change systematically across growth phases and the cell cycle. Inhibiting
transcription or translation produces opposite changes in nucleoid viscosity in
exponential versus stationary phase cells, indicating that the regulation of nucleoid
viscosity is sensitive to the underlying biomolecular composition, crowding, and spatial
organization. Using Hi-C assays, we further show that changes in nucleoid viscosity
may occur without detectable alterations in genome organization, which suggests that
nucleoid mechanics provide an independent regulatory mechanism. Spatially, viscosity
differences are more pronounced between the nucleoid core and periphery than
between genomic locations, and the periphery-core contrast correlates with the coupling
of transcription, translation, and membrane insertion. Together, these results indicate
that the bacterial nucleoid is a dynamic, heterogeneous viscoelastic environment in
which actively regulated biophysical properties may help coordinate multiple cellular
processes and provide a physical layer of control that complements canonical
biochemical regulation.
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Introduction

The biophysical properties of cellular components regulate a range of essential
biological processes, including intracellular transport’-3, sub-cellular structures*-5,
protein synthesis and degradation’, and gene regulation and disease®. The relatively
simple regulatory mechanisms and structural components of bacterial cells suggest a
greater reliance on physical principles to optimize and drive biological processes.
Accordingly, understanding how physical effects—such as molecular crowding and
phase separation—govern intracellular organization and function is crucial®. Previous
studies have shown that bacterial cells actively expend energy to fluidize their otherwise
glass-like cytoplasm, facilitating the mobility and dispersal of large macromolecular
complexes’®. Furthermore, under nutrient limitation, polyphosphate modulates the
dynamics of cytoplasmic components in Pseudomonas aeruginosa'’, and the
cytoplasmic rheology in Escherichia coli is highly correlated with the abundance of
amino acid metabolism proteins™2.

Despite this increasing insight into the relationship between biophysical properties of the
cytoplasm and cellular functions, much less is known about the bacterial chromosome,
which is condensed into a membraneless organelle called the nucleoid. The nucleoid is
a compacted DNA meshwork regulated by nucleoid-associated proteins (NAPSs),
molecular machines, and enzymes'3; its physical environment is distinct from that of the
surrounding cytoplasm. Given its central role in transcription and translation'4-,
quantifying the physical properties of the nucleoid is essential for elucidating the
interplay between biophysical properties and biological activities.

The physical properties of the subcellular environment can be measured based on the
dynamics of intracellular nanoparticles. Techniques including single-particle tracking
(SPT)8 1911 fluorescence recovery after photobleaching®'”'8, and fluorescence
correlation spectroscopy?®'92?° have been applied to characterize the cytoplasmic
viscosity and its relationship to metabolism and macromolecular organization?'-23.
Within the eukaryotic nucleus, such approaches have provided qualitative assessments
of the chromosomal compactness, indicating mesoscale structural changes?. In
bacteria, probe distributions have been analyzed to study chromosome structure and its
effects on molecular diffusion?>2. For instance, Xiang et al. employed probes of varying
diameters to quantify size-dependent exclusion from the nucleoid and thereby estimate
the average E. coli chromosome mesh size?®. Valverde-Mendez et al. studied
intracellular diffusion in 3D to demonstrate the impact of geometrical confinement on
ribosome-sized particles and detected distinct diffusive behaviors inside vs. outside the
nucleoid, which are largely obscured in traditional two-dimensional (2D) imaging?®. The
nucleoid biophysical properties are important for bacterial physiology. Specifically,
viscosity tunes molecular diffusion and thereby diffusion-limited reaction kinetics, and
the nucleoid accessibility determines how readily DNA loci can be reached by regulatory
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proteins and enzymes. Still, quantitative measurements of these properties have yet to
be realized in living bacterial cells, owing to the small size, confined geometry, and
membraneless nature of the nucleoid, as well as the absence of accessible, high-
throughput methodologies.

To address this challenge, we developed a passive microrheology framework based on
tracking a genetically encoded 25-nm fluorescent nanocage probe?’. This protein
assembly is comparable in size to mesoscale biomacromolecules such as the RNA
polymerase holoenzyme (10 x 10 x 16 nm)?®, the 70S ribosome (~20 nm in diameter)?°,
the replicative DNA polymerases (the Pollllo-clamp-exonuclease-tc complex is ~22.5
nm in its longest dimension)°, and the MukBEF complex (~24 nm long in its folded
state)3'. By analyzing 2D trajectories acquired using a conventional epifluorescence
microscopy setup that is widely available in biology and biophysics laboratories, and
then analyzing the data in combination with 3D Brownian dynamics (BD) simulations,
we reconstructed the 3D probe diffusion statistically, and we isolated the motion of the
probe within the nucleoid from the rest of the cell. This approach enables the direct
quantification of nucleoid accessibility and viscosity in living E. coli cells.

Our measurements show that the nucleoid is significantly more viscous and sensitive to
perturbations than the surrounding cytoplasm. The nucleoid viscosity and accessibility
change with the growth phases and through the cell cycle. Arresting transcription and
translation have opposite effects on nucleoid viscosity in exponential phase vs.
stationary phase, which suggests that nucleoid mechanics are mediated by the
biomolecular environment. Integration with chromosome confirmation capture (Hi-C)
data further demonstrates that viscosity changes can occur without detectable
alterations of the large-scale genome organization, which indicates that the mechanical
and structural states of the chromosome can vary independently. Extending our analysis
to the sub-nucleoid level, we uncovered spatial heterogeneity in the chromosomal
viscosity: the viscosity increases from the nucleoid core to its periphery, and this
gradient is modulated by transcription, translation, and inner membrane fluidity. These
findings demonstrate that the bacterial chromosome has dynamic and heterogeneous
physical properties that can adaptively respond to stress and environmental changes.

This work presents a broadly accessible framework for quantitatively mapping the
biophysical properties of the bacterial nucleoid in living cells. The method is compatible
with commercial fluorescence microscopes and adaptable to other bacterial species
with defined morphologies. By applying our approach to a well-characterized model
organism, we determined how cellular processes influence the physical properties of the
nucleoid. The bacterial nucleoid is a mesoscale, phase-separated structure32-3;
characterizing this organelle offers a relevant model for understanding the material
properties of chromatin biomolecular condensates more broadly. Furthermore, these
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measurements provide quantitative parameters for artificial cell design®¢-3” and in silico
cell reconstruction and modeling2.

Results

Experimental mapping of probe diffusion combined with Monte Carlo simulations
quantifies the nucleoid accessibility

To perform passive microrheology in living cells, we expressed 25-nm sfGFP-labeled
protein nanocages?’ in exponential phase E. coli cells grown at 30°C in HDA media
supplemented with 0.2% glycerol and tracked the particles within the cells at 25 frames
per second (Fig. 1A). We use this condition as an example to illustrate our framework
for quantitative measurements of nucleoid accessibility and viscosity; we applied the
experimental, simulation, and analysis framework described here—including performing
new simulations for every condition with geometry informed by the specific cell shape
and an optimization of the parameters based on comparison to the experiments—to all
further experiments described below.

We identified each cell boundary from the phase-contrast image and built symmetrized
2D histograms of the normalized, super-localized positions of nanocages in N > 2000
cells to determine the average localization probability distribution (Fig. 1B, left). We refer
to these 2D histograms as heatmaps throughout the manuscript. We also constructed a
symmetrized 2D displacement map to determine the average frame-to-frame nanocage
displacement as a function of position within the cells (Fig. 1B, right). We determined
the cytoplasm boundary (white lines in Fig. 1B) from the inflection point of the gradient
of the nanocage localization heatmap. We determined the region where nanocages are
partially excluded by the nucleoid (red line in Fig. 1B, left) from the maximum gradient of
the localization heatmap (see Methods)?%. The largest step sizes in the displacement
map occur at the cell center region and colocalize well with the area of nanocage
exclusion in the heatmap: the solid black contour line in Fig. 1B, right, which fully
encompasses the area of nanocage exclusion, is at 78% of the maximum displacement.
This finding agrees with previous studies that showed protein diffusion is geometrically
confined and location-dependent?®:3%, and our simulations of the diffusion of nanocages
excluded from a central nucleoid in a rod-shaped cell verify that the confinement of a
probe between a nucleoid and an inner membrane can result in this displacement map
pattern (Fig. S1A-C).

Because the probe experiences distinct geometric environments within the cell, we
separated its diffusion inside the E. coli cell into three populations (orange, blue, and
green tracks in Fig. 1C, respectively): (1) at the cell poles, which are typically nucleoid-
poor; (2) in the gap between the nucleoid and the inner membrane, which constrains
cytoplasmic diffusion; and (3) within the nucleoid, where probe motion depends on the
nucleoid material properties. In the 2D imaging setup, the projection of 3D trajectories
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Figure 1. Measurement of the physical properties of the bacterial nucleoid using
particle tracking microrheology combined with 3D Brownian dynamics

simulations.
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Figure 1. Measurement of the physical properties of the bacterial nucleoid using particle
tracking microrheology combined with 3D Brownian dynamics simulations.

A, Fluorescence microscopy images of an sfGFP-labeled nanocage within a representative E.
coli cell (left) and a representative nanocage trajectory within the cell (right). Scale bar: 500 nm.
The cell outline is derived from segmentation of the phase-contrast image.

B, Localization heatmap (left) and spatial displacement map (right) from N = 2096 cells. Solid
white lines: average cell boundary derived from analysis of the heatmap gradient (Methods).
Red dashed line: position of the steepest heatmap gradient within the cell, delineating the region
inside which nanocages are excluded by the DNA meshwork. Solid black line: smallest
displacement map contour line that encompasses the exclusion region identified from the
heatmap.

C, Schematic illustrating the three-dimensional diffusion of the probe within the E. coli cell
projected onto the x-z (side view) and x-y (top view) planes. Probe diffusion is classified into
three populations based on compartmental confinement: (1) within the cell poles (orange), (2)
within the gap between nucleoid and inner membrane (blue), and (3) within the nucleoid
(green). Brown: illustration of the nucleoid.

D, 3D Brownian dynamics simulation setup using the reconstructed cell geometry from the
heatmap and displacement map in B. Outer and inner confinement boundaries are derived from
the white solid and black solid contour lines in B, respectively. A random walk model with rigid
collision boundaries was used to simulate probe diffusion within the cell geometry.

E, Localization heatmaps from experimental data (gray box) and from simulations performed
with varying nucleoid accessibility settings. Accessibility is the ratio of the probe density within
the nucleoid to the probe density in the cytoplasm in 3D. For each accessibility setting, probes
were randomly placed in the reconstructed geometry to generate simulated heatmaps
(Methods).

F. Nucleoid accessibility determined by quantitative comparison of experimental and simulated
heatmaps by a structural similarity index measure (SSIM) as a function of simulated
accessibility. The SSIM curve (solid blue line) was fit to a polynomial (red dashed line) to find the
peak (grey dashed line).

G, Spatial displacement maps from experiment and simulation optimized by similarity analysis in
H. White and black solid lines: cell outline and nucleoid boundary, respectively.

H, Hyperparameter tuning of 3D Brownian Dynamic simulation by optimization of similarity score
between experimental and simulated displacement maps. A composite similarity score was
calculated using a weighted sum of the (*-distance to minimize step-size differences and the
Pearson correlation coefficient to preserve spatial patterns (Methods). The cross indicates the
minimal similarity score (and thus the optimal hyperparameter selection).

I, Distribution of probe step sizes within the nucleoid 2D projection. The cytoplasm simulation
step sizes fit a single Rayleigh distribution (top). Experimental step sizes are fit to a two-
component Rayleigh distribution (middle), consistent with one component matching cytoplasmic
diffusion as in the simulation (red dashed line) and the second capturing diffusion within the
nucleoid (orange dashed line). Component weights are calculated from the nucleoid
accessibility values in F combined with the 3D nucleoid geometry in D. Bottom: residuals of the
experimental data fit.

J, Comparison of cellular physical properties—nucleoid accessibility, nucleoid volume ratio,
nucleoid viscosity, and cytoplasmic viscosity—in untreated E. coli cells and cells under osmotic
shock induced by 200 mM NaCl. Error bars: 95% confidence interval (Cl) from 50 bootstrap
samplings. Two-sample t-tests with Welch correction between the 2 conditions were performed
for each measurement (***: p < 0.001; ****: p < 0.0001).
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onto the xy plane overlaps populations (2) and (3) in the same cell-center region, even
though the environments are distinct. The nucleoid accessibility is an important property
because it regulates the recruitment of molecules to the nucleoid'>?°. Here, we sought
to measure the accessibility of the nucleoid based on the density of the probe within the
nucleoid (population (3)). Therefore, we performed Monte Carlo simulations within a
reconstructed cell geometry (Fig. 1D).

We modeled the average cell boundary and the nucleoid boundary in 3D by rotating the
corresponding outlines from the displacement maps (white line and black solid lines in
Fig. 1B, right) around the long axis, based on the rotational symmetry of the E. coli cell
and nucleoid (Fig. 1D). We define the nucleoid accessibility as the ratio of the probe
density (localization per volume) within the nucleoid to the probe density within the
cytoplasm, and we performed Monte Carlo simulations for each accessibility value by
randomly positioning probes throughout the cytoplasmic and nucleoid regions with
probabilities determined by the accessibility (see Methods). We generated 2D
localization heatmaps for each accessibility value from these 3D static simulations (Fig.
1E), and we calculated the similarity between the experimental heatmap and these
simulated heatmaps with the structural similarity index measure (SSIM)*°.

Our simulated heatmapsdiverge from the experimental results near the cell boundaries
and at the cell poles in the localization heatmap due to averaging over various cell
morphologies in the experiments and heterogeneities such as protein aggregates at the
cell poles3%4142 that are unmodeled in the simulations (Fig. S1D). However, differences
at the endcaps and the cell boundary remain relatively constant with fluctuations, and
changes in similarity are driven primarily by the center region (Fig. S1E-G). Therefore,
maximizing the similarity between simulated and experimental heatmaps reflects the
accessibility of the nucleoid.

We measured the true nucleoid accessibility in these exponential phase cells to be 27%
from the maximum of the fit of the SSIM vs. accessibility curve, ensuring a more robust
measurement unaffected by noise (Fig. 1F). Overall, this static simulation within the
reconstructed 3D cell geometry enables quantification of the nucleoid accessibility while
accounting for geometric effects that are inaccessible to conventional 2D
measurements?543:44,

The measurement of nucleoid viscosity demonstrates differences in the
properties of the nucleoid and the cytoplasm

To decompose tracks from nanocages within the nucleoid from those in the gap
between the nucleoid and the inner membrane (Fig. 1C), we simulated nanocage
diffusion within the cytoplasm (nucleoid accessibility set to 0 in the reconstructed cell
geometry) using a 3D BD simulation based on a random walk model*®. The simulated
step sizes were drawn from a Rayleigh distribution defined by a pre-determined
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average, and probe positions were recorded at a sampling interval to simulate the
timescale of experimental imaging. We optimized this cytoplasmic diffusion simulation
for agreement with experiments by tuning two key parameters: the simulation step size
and the sampling interval. To address the mismatch caused by comparing simulated
cytoplasmic probe diffusion to experimental diffusion in the nucleoid and the cytoplasm,
we identified the optimal parameters based on a similarity score comprised of the P-
distance in the cytoplasmic region (between the white and black lines in Fig. 1G) and
the Pearson correlation coefficient (PCC) over the whole cell area (Fig. 1H; see
Methods).

Based on the optimal dynamic simulation parameters, we generated a map of simulated
displacements (Fig. 1G, right). In this map of cytoplasmic diffusion, the step sizes within
the nucleoid region (black line in Fig. 1G) of the 2D projected map refer only to probe
motion in the gap between the nucleoid and the inner membrane. We described this
motion by fitting the probability density function (pdf) of the simulated step size
distribution (Fig. 11, top) to a Rayleigh distribution, f(d):

—d2

fd)=Zew (Eq. 1)

Here, d is the displacement per frame time, and a is the Rayleigh distribution scale
parameter.

On the other hand, the experimental distribution of displacements in the same region is
composed of both nanocages in the gap and nanocages within the nucleoid (Fig. 1C).
We therefore fit the pdf of experimental step sizes to a weighted sum of the Rayleigh
distribution from the simulation (Fig. 11, top) and a second Rayleigh distribution that
captures the probe dynamics within the nucleoid (Fig. 11, middle; see Methods); the
weights of these two components are derived from the 27% nucleoid accessibility
values calculated in Fig. 1F.

For these exponential phase cells, we found a = 1.68 x 10* nm? within the nucleoid from
fitting, and we calculated a diffusion coefficient of D = 0.105 um?/s for probes diffusing in
the nucleoid based on a and the experimental imaging frame time, At = 40 ms,
according to:

a = 4DAt (Eq. 2)

Finally, we calculated the effective viscosity, n = 205 cP, within the exponential-phase E.
coli nucleoid based on the Bolzman constant, kg, the temperature T = 303 K, the radius
of the probe, r = 12.5 nm, and D:

p = XL (Eq. 3)

6nnr
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Separately, we characterized the diffusion of probes within the cytoplasm by fitting the
experimental distribution of step sizes in the region between the cell inner boundary and
nucleoid boundary (white and black lines in Fig. 1G, respectively) to a Rayleigh
distribution, and we calculated the cytoplasmic diffusion coefficient and viscosity using
Egs. (2) and (3).

The nucleoid viscosity is significantly higher than the cytoplasm viscosity (213 cP vs. 82
cP mean from bootstrap sampling, p < 0.0001), which demonstrates phase separation
between the bacterial nucleoid and the cytoplasm despite the absence of a nuclear
membrane32-35, This result, which is consistent with the E. coli cytoplasm viscosity of
~100 cP measured by 3D imaging by Valverde-Mendez et al.?%, highlights the
importance of measuring nucleoid viscosity separately from cytoplasmic viscosity rather
than characterizing the average bacterial cell viscosity, especially for processes
involving DNA3:46-48

Osmotic shock affects the E. coli nucleoid and cytoplasm differently

We validated our method by studying the effect of osmotic shock with 200 mM NaCl on
exponential-phase cells. We measured an increase in both the cytoplasm and nucleoid
viscosity that matches the response predicted by polymer physics and rheology (Fig.
1J)49-53, The nucleoid viscosity changes more following this perturbation than the
cytoplasmic viscosity, which further motivates this approach of measuring the
rheological properties of these two subcellular regions separately. The nucleoid also
compacts upon osmotic shock (decreased volume ratio), whereas the nucleoid
accessibility increases, which indicates that the compacted chromosome meshwork is
flexible. This phenomenon is consistent with in vitro studies of the abundant NAP HU: at
high-salt concentrations, HU compacts DNA without stiffening it and dissociates from
DNA more rapidly®*. This compact yet flexible configuration ensures that, though the
nucleoid volume is small, the DNA meshwork remains capable of dynamic remodeling in
Vivo.

The physical properties of the nucleoid vary with the growth phase and the cell
cycle

We measured the E. coli nucleoid viscosity and accessibility at defined time points
along the growth curve (Fig. 2A): at early exponential phase (5 h), at mid-exponential
phase with maximal growth rate (10 h), during the transition from exponential phase into
stationary phase (15 h), and at stationary phase (24 h). The nucleoid accessibility
increases throughout the exponential phase from 5 to 15 h (Figs. 2B, S2A). In stationary
phase, however, the nucleoid accessibility decreases (Figs. 2B, S2A), consistent with a
shift from biomass accumulation to long-term survival during nutrient limitation®®.
Reduced accessibility is thought to help protect the genome from oxidative and other
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Figure 2. The nucleoid accessibility and viscosity are highly correlated with
growth phase and cell length.
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Figure 2. The nucleoid accessibility and viscosity are highly correlated with growth
phase and cell length.

A, E. coli growth curve. Arrows indicate the time points examined in B. Shading: standard
deviation from three biological replicates.

B, Nucleoid viscosity and accessibility as a function of growth phase. Error bars: 95%
confidence interval (Cl) from 50 bootstrap samplings. Statistical test results are shown in Fig.
S2A, B.

C, Cell length distribution of exponential phase E. coli (5 h). Cells with lengths in the 2.5 - 27.5
percentile and in the 72.5 — 97.5 percentile (red and orange arrows, respectively) were analyzed
separately in D.

D, Nucleoid viscosity and accessibility for the two cell-length distributions for exponential phase
E. coli cells (5 h), as indicated in C. Error bars: 95% CI from 50 bootstrap samplings. Two-
sample t-tests with Welch correction between the 2 cell-length distribution groups were
performed for nucleoid viscosity and accessibility (n.s.: p > 0.05; ****: p < 0.0001).
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stresses, while still permitting essential transcriptional and translational activity within
the chromosome, through NAPs that reorganize chromosome structure?3:43:44.56,

The nucleoid viscosity decreases from 5 to 10 h and then increases from mid-
exponential phase (10 h) to stationary phase (24 h) (Figs. 2B, S2B): we measured the
lowest viscosity during the fastest growth stage, when efficient macromolecular diffusion
is necessary for target search within the nucleoid®”°8. In contrast, prolonged culture and
nutrient depletion reduce ATP levels and increase macromolecular crowding®®6°, which
is known to slow protein diffusion’?, consistent with an increase in nucleoid viscosity
from 10 to 24 h (Fig. 2B). Interestingly, nucleoid viscosity and accessibility are similar at
5 and 24 h (Fig. 2B). Lag-phase cells retain a stationary-phase transcriptome and
metabolic state®'.2. Consequently, the nucleoid accessibility and viscosity are expected
to match the stationary-phase values at the early exponential phase (just as cells exit
the lag phase) and then start changing as cells reprogram toward growth.

Previous studies have shown that DNA replication initiates at a characteristic cell size,
such that there is a correlation between cell-cycle stage and cell length during
exponential growth®364 \We therefore analyzed separately short cells (1.73 — 2.35 ym,
corresponding to the 2.5 — 27.5 percentile) and long cells (3.17 — 4.41 ym,
corresponding to the 72.5 — 97.5 percentile), corresponding to populations enriched for
early-cell-cycle newborn cells and late-cycle cells approaching cell division, respectively
(Fig. 2C). The nucleoid accessibility is similar for both groups (31% and 33%,
respectively), but longer cells have significantly less viscous nucleoids than shorter cells
(144 cP vs. 223 cP) (Fig. 2D). We attribute this difference to the nucleoid becoming less
constrained and the DNA meshwork becoming more dynamic as the cell elongates and
the chromosomes segregate®®:8, resulting in a more relaxed nucleoid structure with
lower effective viscosity as cells approach division.

Across changes in both growth phase and cell cycle, our measurements indicate that
nucleoid accessibility and viscosity are properties that vary with cellular state. These

findings highlight strong connections between chromosomal physical properties and

bacterial growth and division.

Arrests of transcription and translation have divergent, growth-phase-dependent
effects on the nucleoid viscosity and accessibility

To understand how essential biological processes involving the genome influence
nucleoid and cytoplasm properties, we inhibited transcription with rifampicin (Rif) and
translation with chloramphenicol (Cam) in E. coli at different growth phases (Fig. 3). Rif
binds to the 8 subunit of RNA polymerase to block transcription elongation®”. Cam binds
to the 50S ribosomal subunit to halt polypeptide chain elongation, leaving the ribosome
intact®8%°. We first quantified the properties of exponential phase cells (5 h after
subculture, ODsoo ~ 0.3; Fig. 2A) following 20 minutes of treatment and found that
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transcription inhibition by Rif reduces both nucleoid and cytoplasm viscosities with a
larger effect on nucleoid viscosity (Fig. 3A), while translation inhibition by Cam does not
change nucleoid viscosity (Fig. 3B). The strong decrease in nucleoid viscosity following
Rif treatment is consistent with Rif dissociating polysomes into 30S/50S subunits that
can interpenetrate the nucleoid' 7%, which makes the cytoplasm a better solvent for the
chromosome. Cam treatment stabilizes the polysomes and reduces their disassembly;
thus, the polysomes are excluded from the chromosome'®7°, and we expect nucleoid
viscosity to be maintained. Correspondingly, Rif treatment increases nucleoid
accessibility while Cam treatment decreases it (Fig. 3A, B), because of enhanced or
weakened DNA-cytoplasm mixing, respectively. Our accessibility measurements are
consistent with previous studies showing nucleoid expansion after transcriptional arrest
and compaction after translational arrest'#79,

Next, we measured cells growing at stationary phase (24 h). We found that the
cytoplasm and nucleoid viscosities both increase following transcription and translation
inhibition (Fig. 3A, B). This growth-phase-dependent response is likely due to changes
in the biophysical environment, the cell metabolism, and the proteomic
composition'%-69.71.72 During exponential phase, the cytosol is actively mixed; arresting
transcription or translation in exponential phase can therefore reduce the assembly and
abundance of large macromolecular complexes®®73, which enables faster probe
diffusion. At stationary phase, the lower metabolic level produces a glassy cytosolic
environment, and inhibiting gene expression by Rif or Cam treatment further solidifies
it'®74. Given that the nucleoid is a chromosome body immersed in the cytosol, the
change of the cytosolic environment contributes to the growth-phase-dependent
response of nucleoid viscosity.

The nucleoid viscosity can vary independently of genome organization

To understand whether the changes in nucleoid physical properties are correlated with
the overall organization and folding of the chromosome, we analyzed genome-wide
DNA-DNA interactions by Hi-C for cells grown in the same conditions (Fig. 3C-H). The
Hi-C contact map measures the short-range and long-range DNA interactions
throughout the genome?®. All the Hi-C experiments were performed in two biological
replicates, which showed reproducible results (Fig. S3). For exponential-phase cells, the
Hi-C contact map shows three types of interactions: 1) a strong primary diagonal
indicating frequent short-range interactions (Fig. 3C, back pixels on the primary
diagonal); 2) mid-range DNA contacts away from the primary diagonal, appearing as
squares on the Hi-C contact map and corresponding to chromosome interaction
domains (CIDs)’® (Fig. 3C, blue dotted lines); and 3) weak long-range interactions
further away from the primary diagonal, corresponding to random bumping between
distal chromosome loci (Fig. 3C, pink trapezoid). These results are highly consistent
with the previously published E. coli Hi-C results using different growth media*3-23.
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Figure 3. The response of nucleoid viscosity to arresting translation and
transcription depends on the growth phases and can be regulated independently
of genome organization.
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Figure 3. The response of nucleoid viscosity to arresting translation and transcription
depends on the growth phases and can be regulated independently of genome
organization.

A, Effects of transcription inhibition by rifampicin (Rif) on the nucleoid and cytoplasm properties
at exponential and stationary phases. Top: the viscosities after treatment are compared to those
in untreated cells at the same growth stage. Error bars: 95% CI derived from bootstrap sampling
(Methods). Bottom: the average nucleoid accessibilities of untreated cells (dashed lines) and
after treatment (blue triangles). Dashed lines and grey shaded areas: mean and 95% ClI for the
control conditions.

B, As in A, but following translation inhibition by chloramphenicol (Cam).

C, Normalized Hi-C contact maps in 10-kb bins for E. coli during the exponential phase without
treatment.

D, as in C, but following 30 min of Rif treatment.
E, as in C, but following 30 min of Cam treatment.

F, Normalized Hi-C contact maps in 10-kb bins for E. coli during the stationary phase (24 h)
without treatment.

G, as in F, but following 30 min of Rif treatment.
H, as in F, but following 30 min of Casm treatment.

I, Hi-C contact probability (Pc) curves for cells at exponential phase. The x-axis indicates the
genomic distance, while the y-axis shows the averaged contact frequency. Data are presented
at a 10-kb resolution.

J, as in I, but for cells at stationary phase (24 h).
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When cells were treated with Rif, the Hi-C contact map showed decreased short-range
interactions, reduced CID boundaries, and increased long-range interactions (Fig. 3D).
This trend is similar to the previously published result of Rif-treated Caulobacter
crescentus’. When cells were treated with Cam, the Hi-C contact map was very similar
to that of Rif-treated cells (Fig. 3E). To quantify DNA interactions throughout the
genome, we analyzed the average contact frequency between all pairs of loci on the
chromosome separated by set distances and plotted the contact probability curve, Pk.
Consistent with the Hi-C contact maps, the P; curves showed similar effects between
Rif- and Cam-treated cells: both treatments reduce interactions for loci that are
separated by 250 kb or less but increase interactions for loci separated by 250 kb or
more (Fig. 3l). The Hi-C results show that, at exponential phase, the inhibition of
transcription and translation has similar effects on the folding of the chromosome,
leading to reduced short-range interactions and increased long-range interactions.
Since active transcription continuously drives DNA supercoiling within the nucleoid’”-"®
and creates CIDs’®®1, our data are consistent with the idea that halting transcription
reduces the local torsional tension (i.e., short-range interactions and CIDs) but
increases random bumping of long-range DNA loci. This relaxation of the nucleoid upon
transcription inhibition is consistent with our observation of decreased nucleoid viscosity
upon Rif treatment at the exponential phase (Fig. 3A). However, for Cam-treated cells,
the viscosity of the nucleoid does not change (Fig. 3B) despite the change in
chromosome organization (Fig. 3I). These results show that the nucleoid viscosity can
remain consistent even when the kilobase-scale genome organization is changed,
suggesting that DNA organization is not the sole factor to determine the physical
property of the nucleoid.

In stationary phase (24 h), transcription and translation levels are already low, and we
observed little effect of Rif or Cam on the Hi-C maps and the P. curves (Figs. 3F-H, J,
S3), suggesting that these drugs do not change the overall chromosome organization.
Nevertheless, significant viscosity changes are observed in the stationary-phase
nucleoid after these treatments (Fig. 3B). Thus, the nucleoid viscosity can vary
independently of kilobase-scale genome organization, which underscores that the
nucleoid viscosity is a distinct physical property that may regulate cellular processes
and provide a mechanism for coordinating or synergizing pathways, even in the
absence of detectable structural reorganization.

Transcription, translation, and membrane rigidity influence the spatial
heterogeneity of nucleoid viscosity

We refined our measurement resolution to the sub-nucleoid scale by targeted masking.
The E. coli chromosome is hierarchically organized into macrodomains®283 that
reproducibly occupy characteristic nucleoid regions®-87. We located the most likely
positions of the origin (Ori) and terminus (Ter) macrodomains by inserting a parS

16


https://doi.org/10.64898/2026.02.18.706702
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2026.02.18.706702; this version posted February 19, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under a CC-BY-NC-ND 4.0 International license.

sequence at the target genome region and imaging fluorescent ParB-YGFP, which
forms a bright focus nucleated at the parS-labeled locus®87-8° (Fig. 4A). From the
resulting localization heatmaps, which are widely used to quantify locus
distributions®6-2991 we identified the top-probability pixels as those comprising 10% of
the cumulative probability for each domain (red dashed lines in Fig. 4B). We focused on
the spatial distributions of the macrodomains in stationary phase (24 h), when
replication initiation is strongly restrained, and the chromosome is less dynamic®3:9543,
to minimize the domain span and mask overlap. The resulting average positions and
local viscosities are shown in Fig. 4B,C. The nucleoid viscosity is slightly higher near Ter
than near Ori, but overall the two values are very similar (Fig. 4C).

Though we did not detect spatial heterogeneity when comparing the viscosity near Ori
and Ter, prior reports of the relocation of some gene loci toward the nucleoid periphery®?
and changes in ribosome distribution during gene expression'>%* motivated us to
partition the nucleoid into periphery and core regions based on geometry to further test
for spatial variations in nucleoid viscosity. We defined the nucleoid boundary contour
line from the displacement map (Fig. 1B), and we added a margin of 5 — 10% to the
nucleoid contour line percentage to generate an inner contour line that separates the
nucleoid core from the nucleoid periphery. We measured the viscosity of the core and
periphery regions in stationary phase (Figs. 5A, S2C), and we found that the core is less
viscous than the periphery, with a markedly larger viscosity contrast than that between
macrodomains. As the periphery was expanded and the core shrank by increasing the
margin from 5 to 10%, the measured periphery viscosity decreased monotonically,
indicating a radial viscosity gradient in stationary-phase nucleoids.

We hypothesized that this viscosity gradient was related to the coupling of key biological
processes. In bacteria, transcription and translation are often physically coupled:
ribosomes load onto nascent transcripts and translate them while transcription is still in
progress. Furthermore, for genes encoding inner-membrane proteins, the
ribosome/nascent-chain complex is recruited to translocons in the inner membrane,
enabling co-translational insertion. The concurrent transcription, translation, and
membrane insertion is referred to as transertion, which links the periphery of the
nucleoid to ribosomes and the inner membrane®-1%", and we hypothesized that this
coupling causes a tension that contributes to the difference between periphery viscosity,
Nperiphery, and core viscosity, Ncore.

To test this hypothesis, we quantified the normalized periphery-core viscosity difference,
(Mperiphery — Mcore) /Mwhole @t €xponential phase and stationary phase (Figs. 5B, S2D). At
exponential phase, where transertion is more prominent, we found that the difference in
viscosities between the nucleoid periphery and core approached 0 at the population
scale. Thus, we perturbed transcription, translation, and inner-membrane mechanics in
exponential phase cells (Figs. 5B, S2D) to study how breaking transertion-induced
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Figure 4. Nucleoid macrodomain viscosities at stationary phase.
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Figure 4. Nucleoid macrodomain viscosities at stationary phase.

A, Example fluorescence images of the origin (Ori) and terminus (Ter) macrodomains labeled by
ParB-YGFP at a parS sequence. White dashed lines: cell boundaries from the segmentation of
the phase-contrast images. Scale bars: 1 um.

B, Localization heatmaps of ParB-YGFP foci. Red dashed lines: masks for most likely Ori and
Ter macrodomain positions, respectively (Methods).

C, Average viscosity of the whole nucleoid compared to the viscosities at the Ori and Ter
macrodomains. Error bars: 95% CI derived from 100 bootstrapping samples (Methods).
Comparisons were performed using one-way repeated-measures ANOVA followed by a Tukey
post hoc test (n.s.: p > 0.05; *: p < 0.05; **: p < 0.01).
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Figure 5. Effects of transcription, translation, and membrane rigidity on the
spatial heterogeneity of the nucleoid viscosity.
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Figure 5. Effects of transcription, translation, and membrane rigidity on the spatial
heterogeneity of the nucleoid viscosity.

A, Nucleoid periphery viscosity and nucleoid core viscosity measured separately based on
defining the core and periphery regions (shown below, dark blue and light blue, respectively),
which was realized by adding margin percentages of 5%, 8%, and 10% to the contour line within
the displacement map (black dashed line). The nucleoid core viscosity is shown alongside the
nucleoid periphery viscosity comparison for the 10% margin case. Error bars: 95% CI from 50
bootstrapping samples. A paired-sample t-test was performed between the viscosities of the
nucleoid periphery and core defined by 10% margin (****: p < 0.0001). Statistical tests
comparing the whole-nucleoid average and peripheries defined by different margins are shown
in Fig. S2C.

B, Effect of transertion on the periphery/core viscosity heterogeneity. The percent difference
between the nucleoid periphery and core viscosities normalized by the whole nucleoid viscosity
was measured at exponential and stationary phases, and after Rif, Cam, Ksg, DDA, and 1-
pentanol treatment of exponential phase cells. Error bars: 95% CI from 50 bootstrapping
samples. Statistical test results are shown in Fig. S2D.
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tethering influences the heterogeneity of nucleoid viscosity. Rif, which blocks
transcription initiation, increased this difference, consistent with the loss of active RNAP-
ribosome assemblies and consequent weakening of DNA-membrane coupling at the
nucleoid periphery upon rapid transcription arrest’®16.67 \We inhibited translation with
Cam and with kasugamycin (Ksg). Cam does not significantly change the periphery-
core viscosity difference, which is consistent with Cam preserving transertion-based
tethers, because it stalls elongating ribosomes on existing MRNAs’%192 without
disrupting the ribosome-DNA connection. By contrast, Ksg increases the periphery-core
difference, which is consistent with Ksg binding to 30S ribosomal subunits and
interfering with proper mRNA interaction during translation initiation'%3, thereby
preventing the formation of ribosome-mRNA complexes and progressively weakening
transcription-mediated tethers.

Furthermore, increasing the membrane rigidity with dodecylamine (DDA)'** did not
change the viscosity gradient, whereas 1-pentanol, which softens the membrane94.15,
increased the viscosity difference. This viscosity increase by 1-pentanol may be
attributed to the higher fluidity of the softened membrane, which increases the
translocon mobility'%6-108 and disrupts the transertion-based linkage, in contrast to no
disruption to the inner-membrane proteins with ribosome/nascent-chain complexes
when the membrane is rigidified by DDA. Furthermore, we compared the exponential
phase cells to cells in the stationary phase (24 h), when global transcription/translation
and membrane insertion are reduced®'%%11% The contrast between periphery and core
viscosities is greater in stationary phase than in exponential phase without perturbation
(Figs. 5B, S2D). Overall, conditions expected to weaken transertion (Rif, Ksg, 1-
pentanol, and stationary phase) amplify the periphery-core viscosity difference, whereas
conditions that minimally affect transertion (Cam) or restrict membrane motion without
disrupting linkages (DDA) do not affect the gradient. These data are compatible with a
model in which diminished transertion in stationary phase contributes to an increased
periphery-core viscosity difference, whereas active transertion in exponential phase is
associated with greater uniformity.

Discussion

A readily implementable and generalizable framework for quantifying the
biophysical properties of the bacterial nucleoid

This work introduces a quantitative, generalizable microrheological framework for
determining the biophysical properties of the bacterial nucleoid by combining 2D single-
particle tracking with 3D BD simulations to characterize nucleoid accessibility and
viscosity. Although conventional 2D imaging setups are widely used for intracellular
microrheology®810.1222.111 "these microscopes collapse 3D positions onto a 2D plane.
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This projection obscures the influence of the complex cell geometry and can lead to
biased estimates of dynamics and localization distribution'?13, Valverde-Mendez et al.
used 3D imaging to show that geometric confinement strongly affects the diffusion of
ribosome-sized particles and uncovered probe distributions that are not apparent in 2D
projections?®, underscoring that diffusion in the true 3D cellular volume cannot be
neglected. However, applying full 3D imaging to quantify nucleoid viscosity at the
population scale and across many conditions is experimentally demanding and typically
requires specialized instrumentation’'#, limiting its routine use in many laboratories. Our
framework addresses this gap by using a standard epifluorescence microscope to
record 2D trajectories and then employing 3D BD simulations to reconstruct the
underlying 3D probe motion statistically, thereby differentiating motion within the
nucleoid from cytoplasmic contributions to the measured diffusion. This framework is
compatible with other genetically encoded passive microrheology probes, such as GEM
particles®, and can be extended to mesoscale probes engineered by artificial protein
design''>116_ Because it does not rely on E. coli-specific biology and only requires a
defined cellular morphology, it can, in principle, be applied to other bacteria with known
shapes. The modest optical requirements and high throughput of this approach make
quantitative measurements of bacterial chromosomal biophysical properties broadly
accessible and enable systematic studies of the coupling of these properties to cellular
processes and physiology.

What factors regulate the material properties of the bacterial nucleoid?

Active adaptation of the cytoplasmic viscosity has been demonstrated: yeast cells
modulate their cytosolic viscosity by changing glycogen and trehalose levels'’,
mTORC1 signaling can tune the ribosome concentration, and thus molecular crowding?,
and in E. coli, the cytoplasmic viscosity is strongly correlated with the abundance of
amino acid metabolism proteins'?. Our results show that the nucleoid viscosity and
accessibility change as a function of growth phases and the cell cycle. This regulation of
the nucleoid material properties is consistent with the changing functional demands of
the cell under different conditions.

The nucleoid can be viewed as a phase-separated, active viscoelastic hydrogel.
Rheology theory predicts that its viscosity is primarily governed by the DNA
concentration’'®-120 and the degree of cross-linking''®121. Changes in the nucleoid
volume can substantially shift its viscoelastic state by altering the effective DNA volume
fraction, and NAPs tune the nucleoid viscosity by modulating the cross-linking density.
In this hydrogel picture, the nucleoid is a meshwork immersed in a crowded liquid
medium; macromolecular crowders generate depletion forces that induce short-range
attractions between DNA segments, thereby increasing internal friction and elevating
the bulk viscosity of the nucleoid’??123,
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Beyond the hydrogel picture, the nucleoid is an active system that is persistently
remodeled by proteins like SMC complexes, topoisomerases, and RNA
polymerase'3124. The E. coli MUKBEF complex can lower the effective viscosity by
actively reeling DNA into loops, making a bottle-brush-like chromosome architecture'?®
that tends to reduce inter-chain entanglement and friction'26. Topoisomerases regulate
the level and spatial distribution of supercoiling'?’, which changes the entanglement in
the plectonemic chromosome’?812° thereby also modulating the nucleoid viscosity.
Finally, in addition to cross-linking, NAPs influence the DNA persistence length'*°, and
because zero-shear viscosity increases with persistence length'3', NAPs can also
modulate the local nucleoid viscosity.

Therefore, we hypothesize that, in contrast to the cytoplasm—which is often described
as liquid-like near the glass transition'® and can regulate viscosity by adjusting the
concentration of macromolecules'>'""—the nucleoid can adapt its material properties by
regulating NAP expression and recruiting MukBEF complexes and topoisomerases to
change the DNA compaction, cross-linking density, and DNA conformation. Our
measurements of nucleoid viscosity across growth phases, cell-cycle stages, and under
transcriptional perturbations are consistent with this model. This coarse-grained
adjustment of the viscosity enables the nucleoid to maintain the chromosome shape
against turgor pressure while ensuring that the environment is sufficiently fluidized for
essential processes like gene expression and DNA segregation.

The interplay between cellular processes and the biophysical properties of the
nucleoid

Our results further show that the biophysical properties of the nucleoid respond to
transcription and translation inhibition. Moreover, inhibiting transcription or translation
produces opposite changes in nucleoid viscosity in exponential vs. stationary phase
cells, which supports our model that the regulation of nucleoid viscosity depends
sensitively on the underlying biomolecular composition, crowding, and spatial
organization. Though drugs work on the same molecular targets in all growth phases,
the biomolecular environment is distinct, and thus, the nucleoid viscosity response to
drugs is strikingly different. Additionally, by comparing these biophysical measurements
to Hi-C assays, we found that nucleoid viscosity can be adjusted without detectable
changes in the kilobase-scale DNA-DNA interactions, which highlights that material
properties constitute an independent regulatory axis.

Upon refining our characterization to the sub-nucleoid scale, we also found a
pronounced spatial heterogeneity in nucleoid viscosity. Differences between
macrodomains are much less pronounced than the contrast between the periphery and
the core, implying that the local viscosity is more likely to be regulated according to the
spatial position within the nucleoid rather than by the underlying DNA sequence.
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Though it has not been directly visualized'®", transertion is consistent with our
observations: changing the inner membrane rigidity affects the periphery-core viscosity
contrast in the same way as breaking tethers at the nucleoid or ribosomes. This
similarity indicates a direct link from the chromosome, through ribosome-mRNA
complexes, and to the inner membrane. Moreover, disrupting these linkages in
exponential-phase cells produces a similar periphery-core viscosity contrast as was
measured in stationary-phase cells, which suggests that transertion plays an important
role in the spatial regulation of nucleoid viscosity.

Conclusions and future perspectives

This work demonstrates a paradigm for investigating biological processes in the context
of their physical and material environment in living cells. We find that the bacterial
nucleoid is embedded in a complex, dynamic material environment, and our results
highlight how both local and global nucleoid mechanics are coupled to essential
processes such as gene expression, growth, and stress adaptation. This perspective
adds a physical layer to the regulatory landscape of bacterial chromosome organization,
which complements traditional models based on sequence, structure, and biochemistry.

Quantitatively measuring the nucleoid physical properties further provides essential
constraints for synthetic-cell design and computational modeling®6-38. Reproducing life-
like processes in artificial matrices will require coordinated regulation of not only
biochemical pathways, but also the physical properties of the environment'32133,
Absolute measurements of viscosity and accessibility supply critical parameters for
simulations and theoretical models, enabling more realistic descriptions of reaction-
diffusion dynamics and chromosome mechanics'34-13¢, The bacterial nucleoid is a
micron-scale, phase-separated condensate, which is comparable to chromatin
condensates in eukaryotic systems'3":138_Thus, dissecting its rheological properties and
their molecular control is likely to yield insights that generalize to genome-associated
condensates more broadly, thereby contributing to the growing field of phase separation
and material states within the genome.

Ultimately, our results demonstrate that the biophysical properties of the nucleoid differ
markedly from those of the surrounding cytoplasm, underscoring the importance of
treating the nucleoid as a distinct physical compartment. By quantifying nucleoid
accessibility and viscosity (1) across growth phases and cell-cycle states, (2) under
transcription and translation inhibition in both exponential and stationary phases, and (3)
upon perturbation of different components of transertion-mediated linkages, we showed
that the bacterial nucleoid is dynamically remodeled, spatially heterogeneous, and
highly responsive to perturbations of cellular processes.
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Limitations of the study

This study characterized the biophysical properties of the nucleoid in E. coli cells grown
with glycerol as the carbon source. Our framework should apply readily to other bacteria
with well-defined geometries. We anticipate that future studies will indicate differences
in the physical properties of the nucleoid in E. coli in other nutrient regimes and in other
model organisms. Furthermore, single-cell measurements will extend the current results
beyond population-level statistics and directly measure cell-to-cell heterogeneity. This
extension will require a greater number of tracks per cell for robust inference.
Additionally, our BD simulations capture probe diffusion, but could be improved by
incorporating spatial gradients in cytoplasmic crowding and by simulating an ensemble
of cells with a distribution of shapes drawn from the experimentally measured
morphology. Finally, we consistently observed a higher viscosity at the nucleoid
periphery than at the core in stationary phase and upon transertion inhibition; the
mechanism underlying this spatial pattern is not yet understood.
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