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SUMMARY 23 

Bacterial proliferation often occurs in confined spaces, during biofilm formation, within host 24 
cells, or in specific niches during infection, creating mechanical constraints. We investigated 25 
how spatial confinement and growth-induced mechanical pressure affect bacterial physiology. 26 
Here, we found that, when proliferating in a confining microfluidic-based device with access 27 
to nutrients, Escherichia coli cells generate forces in the hundreds of kPa range. This pressure 28 
decouples growth and division, producing shorter bacteria with higher protein concentrations. 29 
This leads to cytoplasmic crowding, which ultimately arrests division and stalls protein 30 
synthesis. In this arrested state, the pressure produced by bacteria keeps increasing. A minimal 31 
theoretical model of bacterial growth predicts this novel regime of steady pressure increase in 32 
the absence of protein production, that we named overpressurization. In this regime, the Rcs 33 
pathway is activated and that abnormal shapes appear in rcs mutant populations only when they 34 
reach the overpressurized state. A uropathogenic strain of E. coli displayed the same confined 35 
growth phenotypes in vitro and requirement for Rcs in a mice model of urinary tract infection, 36 
suggesting that these pressurized regimes are relevant to understand the physiopathology of 37 
bacterial infections.  38 
 39 
Keywords: Spatial confinement, Bacterial physiology, Mechanical constraints, 40 
Mechanomicrobiology, Microfluidics, Macromolecular crowding, Rcs envelope stress 41 
response, Escherichia coli, Urinary tract infection  42 
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INTRODUCTION:  43 

Mechanical forces shape the development and condition of all forms of life. Animal cells probe 44 
and apply forces on their environment, and their capacity to respond to mechanical signals, also 45 
called mechanosensing, regulates diverse processes such as growth, motility, state of differen-46 
tiation, and behavior within tissues(1). Dysregulation of conserved mechanotransduction path-47 
ways is involved in the emergence of several diseases impacting tissue development and home-48 
ostasis, such as cancer(2, 3). Despite a major focus of the mechanobiology field on eukaryotic 49 
organisms, in recent years mechanical sensing and adaptation to forces proved essential also 50 
for microbes, especially among bacteria to colonize diverse ecological niches(4). Recent tech-51 
nological advances in live imaging and microfabrication have opened the path to the investiga-52 
tion of how single bacterial cells respond to mechanical cues(5). Importantly, force sensing was 53 
proposed to contribute to infection, by inducing specific mechanical morphotypes with en-54 
hanced tolerance and invasiveness(6, 7).  55 

Despite these recent advances, how forces experienced by bacteria in their natural environment 56 
influence their physiology, morphology and growth remains poorly understood, especially in 57 
the context of disease progression during infection(6–9). Bacteria form dense multicellular 58 
communities in a wide range of conditions, for example during biofilm formation upon cell 59 
growth within a self-secreted polymeric matrix(10). The combination of bacterial cell prolifer-60 
ation, cell-cell cohesion and adhesion on a substrate was shown to induce the build-up of inter-61 
nal stress, suggesting that this might be a key general feature of biofilm growth(9). The geom-62 
etry of the microenvironment can also impose external constraints on growing bacterial 63 
cells(11). More generally, bacterial growth in a limited space leads to the formation of dense 64 
confined colonies, leading to compressive forces. In eukaryotes, cells proliferating in a limited 65 
space generate pressures ranging from the kPa range for animal cells and up to the hundreds of 66 
kPa range in the case of yeast(12–15). These self-induced compressive forces affect the regu-67 
lation of key cellular processes, from cell growth and division to differentiation and stress tol-68 
erance(16, 17). However, the magnitude of growth-induced turgor pressure for bacterial colo-69 
nies and its impact on bacterial physiology at the single-cell scale remain elusive(11). Histori-70 
cally, the bacterial cell wall was considered the sole element responsible for bearing the me-71 
chanical stress produced by turgor pressure and maintaining cellular shape. However, a growing 72 
appreciation of the mechanical role of the outer membrane in Gram-negative bacteria has 73 
emerged(18, 19). Additionally, other envelope layers synthesized by bacteria in response to cell 74 
wall damage, such as the capsule, may be structurally important for mechanical cell integ-75 
rity(20). Understanding which components are required in bacteria for mechanosensing and 76 
adaptation to confined growth might reveal novel mechanisms of adaptation to stress and spe-77 
cific molecular targets to fight bacterial infections.  78 

Indeed, the potential impact of spatial confinement and the consequent generation of growth-79 
induced mechanical pressure is particularly relevant for the infectious context, where bacteria 80 
grow within the host tissue and are potentially submitted to increasing mechanical constraints 81 
as the colony expands. For example, uropathogenic Escherichia coli (E. coli) invade cells of 82 
the bladder epithelium forming dense intracellular bacterial communities (IBCs)(21, 22). These 83 
colonies can grow until the burst of the infected cell and the release of bacteria contributes to 84 
recurrent infections(23, 24). Another example of pathogenic bacteria facing confinement during 85 
host invasion is Neisseria meningitidis growing and ultimately occluding the lumen of blood 86 
vessels(8). Staphylococcus aureus can also form very tight colonies of deformed bacterial cells 87 
in canaliculi of cortical bone. This leads to chronic osteomyelitis cases, a major challenge in 88 
orthopedics(25). Bacteria growing in a physically-limited environment is thus occurring in 89 
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many infectious diseases, however further studies are required to dissect the functional impact 90 
of this process in disease progression.  91 

Here, we combined in vitro and ex vivo experiments together with theoretical modeling to un-92 
veil how bacteria respond and adapt to spatial confinement. We developed a microfluidic sys-93 
tem to precisely confine E. coli colonies while allowing live-cell microscopic observation at 94 
subcellular resolution. We found that spatial confinement induces profound changes in bacterial 95 
physiology. Growth under confinement increases intracellular crowding and turgor pressure. 96 
These modifications in cell physical properties influence growth and division in a way that 97 
impacts bacterial morphology and are driven by transcriptional changes in the bacterial tran-98 
scriptional profile upon confinement. Specifically, the Rcs pathway leads to cell envelope re-99 
modeling essential to counterbalance high levels of turgor pressure and ensure bacterial shape 100 
maintenance in these conditions, both in vitro and during urinary tract infections in a mouse 101 
model. Overall, our work provides a physical and mechanistic elucidation of bacterial growth 102 
in confined space for commensal and pathogenic strains.   103 
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RESULTS  104 

Bacterial proliferation under confinement generates growth-induced pressure 105 

To investigate how bacteria adapt to mechanical confinement, we developed a PDMS-based 106 
microfluidic chip in which bacteria grow in space-limited chambers connected to 400 nm-wide 107 
nanochannels (Figure 1.A, Supp. Figure 1.A). The bacterial confiner was designed based on 108 
previous work performed on yeast and mammal cells and scaled down to dimensions adapted 109 
to trap 1 µm-wide cells(12, 14). This setup allowed constant medium renewal while trapping 110 
bacteria inside the chambers (Supp. Figure 1.B-C, Supp. Video 1). Inside the bacterial 111 
confiner, bacteria proliferated, filled up the chambers in about 5 hours and became densely 112 
packed, i.e. confined (Figure 1.B). Bacterial death during extensive periods of confinement 113 
was rare (Supp. Figure 1.D). We asked whether bacterial proliferation upon confinement led 114 
to the generation of compressive forces by measuring PDMS chamber deformation. Semi-115 
automatic tracking of the chamber contour showed that as soon as bacteria reached confluency, 116 
they pushed against the walls, leading to chamber deformation and physical confinement 117 
(Figure 1.C, Supp. Figure 1.E-F, Supp. Video 2). By contrast, in 5% of the cases, bacteria 118 
flowed out of the chambers at confluency without deforming the chamber. For quantification 119 
purposes, forces generated by bacteria were determined by calibrating PDMS deformability and 120 
single curves were aligned by defining time 0 as the time which precedes chamber deformation 121 
(Supp. Figure 1.F-I). We found that bacteria generated growth-induced pressure (GIP) 122 
averaging 300 kPa after about 10 hours of confined growth (Figure 1.D). 3D super-resolution 123 
imaging of E. coli K12 strain MG1655 with the inner membrane fluorescently labeled via a 124 
ZipA-mCherry fusion(26) showed that confinement did not induce any preferential 3D cell 125 
orientation, allowing quantification of bacterial features in 2D (Supp. Figure 2.A-E). Thus, 2D 126 
single-cell segmentation based on the inner membrane fluorescent marker was used to measure 127 
bacterial numbers in the 2D focal plane at the bottom of the chamber as a proxy for the number 128 
of bacteria in the chamber (Supp. Figure 2.B). We found that the number of bacteria continued 129 
to increase exponentially for 1.5 hours after confluency, which correlated with a progressive 130 
increase in growth-induced pressure (Figure 1.D, Supp. Figure 1.I). Thus, the bacterial 131 
confiner allowed for the first time dynamic subcellular observation of bacterial proliferation in 132 
a constrained space, while allowing efficient medium renewal and simultaneous pressure 133 
measurements(11). Using this device, we showed that bacterial proliferation upon confinement 134 
was sufficient to generate large compressive forces, an order of magnitude larger than the 135 
typical 1-10 kPa range of physiological forces found in mammalian eukaryotic tissues in 136 
vivo(27). This further raised the question of how bacteria generate these forces and adapt to 137 
mechanical confinement.  138 

Growth-induced pressure leads to rod cell shortening due to uncoupling between bacterial 139 
growth and division  140 

To decipher how mechanical confinement affects bacterial physiology, we characterized its 141 
impact on bacterial cell shape using a bacterial strain expressing the inner membrane marker 142 
described above (Figure 2.A - top, Supp. Video 3). Single cell area decreased upon 143 
confinement, as depicted in the colormap (Figure 2.A - bottom, Supp. Video 3). Average 144 
bacterial area rapidly dropped by a factor of 4 specifically at the onset of pressure build-up 145 
reaching a stable minimal area of 0.5 µm2 2 hours later (Figure 2.B, Supp. Figure 3.A-B). By 146 
quantifying changes in bacterial length and width over time (Supp. Figure 2.C), we found that 147 
this morphological transition was mostly due to a 75% decrease in bacterial length (Figure 2.C, 148 
Supp. Figure 3.C). To determine whether this morphological transition was triggered by an 149 
uncoupling between growth and division, we imaged bacterial proliferation at higher temporal 150 
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resolution to reconstruct single-cell lineages in the 2D plane of observation(28) (Figure 2.D, 151 
Supp. Figure 2.D-E). We found that while bacterial growth rate rapidly decreased at the onset 152 
of confinement, division rate persisted for a period of about 30 minutes. In other words, bacteria 153 
continued dividing for about 2 cell cycles while their growth was almost completely arrested, 154 
leading to cell shortening (Figure 2.D, Supp. Figure 3.D). The division rate then decreased 155 
during the following 90 minutes, reaching a state where bacteria stopped growing and dividing. 156 
These data show that in E. coli, growth-induced pressure initially caused a loss of size control 157 
through the persistence of division, as previously reported for mammalian cells in a confluent 158 
monolayer(29). Since fresh medium was continuously provided, these changes were not due to 159 
starvation, and the size reduction we observed was stronger than starvation-induced shortening 160 
of bacteria (Figure 2.E).  Our results identified 3 phases that followed confinement, defined as 161 
the onset of growth-induced pressure: (1) bacterial growth declined rapidly while division 162 
persisted, leading to a decrease in length (Figure 2.E); (2) division rate decreased and finally 163 
(3) both growth and division rates were arrested while growth-induced pressure kept increasing 164 
(Figure 2.D).  165 
We then wondered whether these morphological changes observed in PDMS chambers also 166 
occurred during infection (Figure 2.F). We quantified individual bacterial areas of a patient-167 
derived uropathogenic E. coli (i.e., UPEC) strain, UTI89(30), under agar pads, in the bacterial 168 
confiner, and in intracellular bacterial communities (i.e., IBCs) formed during ex vivo infection 169 
of mouse uroepithelium. UPEC showed size reductions similar to the K12 strain, both in the 170 
confiner and inside urothelial cells, highlighting the clinical relevance of our observations 171 
(Figure 2.F-G, Supp. Figure 3.E-F). These morphological changes were reversible upon 172 
release of the pressure in the chambers (Supp. Figure 3.G-H, Supp. Video 4), which is 173 
reminiscent of the morphological plasticity described in urinary tract infections (i.e., UTIs) 174 
upon cell rupture and bacterial release(23).  175 

Confinement increases cytoplasmic crowding through changes in protein concentrations 176 
and DNA occupancy  177 

We next explored the impact of confinement on bacterial physiology at the subcellular scale. 178 
We hypothesized that growth-induced pressure may impact the production and accumulation 179 
of two major components of the bacterial cytoplasm: proteins and DNA. At the protein level, 180 
we investigated the impact of pressure build-up using two fluorescent reporters, one under the 181 
control of a constitutive promoter (PR-meGFP) to have a global readout of protein transcription 182 
and another with the promoter of the ftsZ gene, a key component of the division machinery 183 
(PftsZ-FtsZ-mNeonGreen(31)) (Figure 3.A, Supp. Figure 4.A). We found that in both cases, 184 
cytoplasmic mean fluorescence intensities, proportional to protein concentration, increased in 185 
the two first phases of confinement (Figure 3.B - top, Supp. Figure 4.B-C, Supp. Video 5). 186 
By computing the protein production rate, we found that this was because synthesis of both 187 
GFP and FtsZ declined at the onset of confinement more slowly than the cell growth rate 188 
(Figure 3.B - bottom, Supp. Figure 4.D-E). This shows a non-specific increase in protein 189 
concentration in the cytoplasm of confined bacteria during Phases 1 and 2. At the DNA level, 190 
we explored whether the initial persistence of bacterial division in the absence of growth could 191 
lead to a higher DNA occupancy in the cytoplasm. For this, we used a HU-GFP fusion to 192 
measure the karyoplasmic or N:C ratio, defined as the ratio between DNA and cell area(32) 193 
(Supp. Figure 2.C). We found that confined bacteria exhibited a 20% increase in karyoplasmic 194 
ratio during the two first phases of confinement compared to control, non-confined bacteria 195 
(Figure 3.C-D, Supp. Figure 4.F-G, Supp. Video 5). This meant that pressure build-up 196 
induced the formation of small bacteria with a cytoplasm largely occupied by the nucleoid 197 
suggesting that growth-induced pressure induces higher levels of cytoplasmic crowding in 198 
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bacteria, as previously shown in eukaryotes(13, 14). To evaluate cytoplasmic apparent 199 
viscosity, we expressed 40nm-wide diffusive genetically encoded nanoparticles (40 nm-GEMs) 200 
and tracked them in the bacterial cytoplasm(33) (Figure 3.E, Supp. Figure 4.H, Supp. Video 201 
5). In line with our previous results, we found that 40nm-GEMs diffusion slightly decreased in 202 
the first phase of confinement and more steeply in the second phase (Figure 3.F), showing that 203 
cytoplasmic crowding significantly increased upon confinement. Collectively, these results 204 
demonstrated that growth-induced pressure was associated with a highly crowded bacterial 205 
cytoplasm mediated by protein and DNA accumulation.  206 

A progressive increase in cytoplasmic crowding is sufficient to recapitulate the bacterial 207 
division trend observed upon confinement  208 

We next asked by which mechanisms bacteria modulate division upon confinement, in 209 
particular the role of the observed increase in cytoplasmic crowding. We hypothesized that a 210 
progressive increase in crowding could first lead to division induction and then division arrest. 211 
Previous studies suggest that the accumulation of proteins of the divisome is sufficient to trigger 212 
bacterial division, both in steady-state conditions and upon hyperosmotic shock(34, 35). By 213 
tracking 40nm-GEMs particles in bacterial cells subjected to a range of sorbitol concentrations, 214 
we confirmed that hyperosmotic shock led to an increase in cytoplasmic crowding (Figure 215 
4.A). To mimic a progressive increase in crowding, we then performed two successive 216 
hyperosmotic shocks at increasing sorbitol concentrations (0.5M and 1M) and monitored 217 
bacterial divisions. We observed that while bacteria often divide a few minutes after the first 218 
shock, they rarely divide after the second shock (Figure 4.B, Supp. Figure 5.A-B). A 219 
progressive increase in osmotically-induced crowding thus reproduced the confinement-220 
induced change in bacterial division characterized by a first increase in the fraction of dividing 221 
cells followed by a sharp decrease (Figure 4.C-D). These results suggested that, while an initial 222 
increase in protein concentration was sufficient to trigger bacterial division, an additional 223 
increase in intracellular crowding rather inhibited bacterial division. Interestingly, despite high 224 
karyoplasmic ratios in confined bacteria (Figure 3.C-D), the reduction in division rate was not 225 
regulated by the nucleoid occlusion regulator SlmA(36) (Supp. Figure 5.C-E). Therefore, 226 
these data support that cytoplasmic crowding regulates bacterial division upon confinement 227 
through physical means, by preventing protein diffusion and/or protein synthesis as previously 228 
proposed in yeast(13), ultimately leading to the formation of non-growing and non-dividing 229 
highly crowded bacteria. In this state, confined bacteria seem to have reached a quasi-frozen 230 
stalled state, in terms of division and protein synthesis. Nevertheless, unexpectedly, we 231 
observed that the growth-induced pressure kept increasing steadily for hours after both protein 232 
synthesis and division had stopped. We proposed to name this defined third phase of confined 233 
growth overpressurization regime.  234 

Theoretical modeling reveals a central role for cell anabolism in the overpressurization 235 
regime 236 

Although the mechanistic origin of turgor pressure might differ between organisms, it is often 237 
assumed that an arrest in protein synthesis should also stop growth-induced pressure(13, 37). 238 
To understand our non-trivial observation of steady pressure increase in confined bacterial 239 
colonies, we built a minimal theoretical model of bacterial growth that leverages recent 240 
knowledge in mechano-osmotic regulation(38–40) (Supp. Model). We modelled confining 241 
chambers with an initial rectangular shape that deformed elastically in 3D due to the mechanical 242 
pressure exerted by bacterial growth. Average bacterial cell shape was approximated by 243 
cylinders	(Figure 5.B). Bacterial cell volume is determined by the balance between the osmotic 244 
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pressure and the mechanical pressure difference throughout the bacterial envelope(41). Before 245 
confinement onset, an increase in the intracellular osmotic pressure, due to growth-mediated 246 
accumulation of trapped osmolytes, results in an increase in cell volume. Once bacteria fill up 247 
the entire space in the chamber, the intracellular osmotic pressure starts to be balanced by the 248 
chamber walls. In this regime, assuming homogenous bacterial density and behavior (Supp. 249 
Figure 2.A), deformation of the PDMS chamber walls (the growth-induced pressure) provides 250 
a direct measurement of the quantity of trapped osmolytes inside bacteria while remaining small 251 
compared to the total volume of the chamber (Supp. Model). Because proteins initially keep 252 
being produced at a normal rate while cell volume increase is constrained by the chamber, 253 
protein concentration increases. We incorporated in the model the notion that bacterial division 254 
is triggered at a threshold number of divisome proteins(34), imposing that in silico bacteria 255 
divide once their protein number has been doubled, leading to smaller cells as observed 256 
experimentally. This describes the first phase of confinement, during which the bacterial growth 257 
in volume rapidly stalls, constrained by the walls of the chamber, while several rounds of 258 
division produce smaller cells. To account for the second phase, we incorporated the now well-259 
established notion that, due to the size of abundant protein complexes such as ribosomes, 260 
protein accumulation is accompanied by cytoplasmic crowding, leading to a decrease in protein 261 
production rate, as observed experimentally(13). This is described in the model by a simple 262 
equation that, instead of assuming a constant protein accumulation rate, couples it to the global 263 
protein concentration, similarly to several recent studies in yeast and other organisms(13, 37). 264 
Prior models would assume that, at the end of the second phase, once cytoplasmic crowding 265 
has led to an arrest of protein accumulation, growth-induced pressure should also stop 266 
increasing. Because we instead observed a persistent pressure increase, we introduced a key 267 
novel feature in the theoretical framework, based on recent work aimed at explaining how 268 
growth in volume (accumulation of intracellular trapped osmolytes) and protein accumulation 269 
can be decoupled, leading to cytoplasmic dilution in overgrowing yeast cells(38, 42). We indeed 270 
reasoned that, similarly to this prior work, there is a decoupling of two types of osmolytes in 271 
the third phase post-confinement (Figure 5.B): (1) small osmolytes, e.g. metabolites and 272 
counterions, which were recently proposed to dominate the intracellular trapped osmolytes, due 273 
to their large numbers inside cells (43); (2) proteins, whose contribution is mostly steric and 274 
whose production rate is reported to be sensitive to cytoplasmic crowding(13), but, due to their 275 
low numbers, have a minor direct contribution to intracellular osmotic pressure.  276 
This model accounts for the three phases of confined growth based on a simple force balance 277 
complemented by three ingredients: 1) cell division depends on the doubling of protein number; 278 
2) protein accumulation depends on protein concentration with a saturation effect due to 279 
crowding, as described before(13); 3) intracellular trapped osmolytes, responsible for the 280 
growth-induced pressure, are dominated by small biomolecules produced by proteins, with an 281 
accumulation rate that depends on the anabolic activity of cells that we simply assume to be 282 
proportional to the total number of proteins in the cell.  283 
Because our model relies on a small number of explicit parameters with observables that can 284 
be directly measured experimentally, we were able to test it quantitatively. We first fitted three 285 
parameters using experimental growth-induced pressure measurements and the number of 286 
bacteria at the bottom of the chamber (Figure 5.C, Supp. Model). We then produced 287 
predictions without any adjustable parameter on the other independent datasets at our disposal: 288 
namely bacterial area, growth and division rate, and diffusion of 40 nm-GEMs particles (Figure 289 
5.D-F, Supp. Figure 6.E). The quantitative agreement between theoretical predictions and 290 
experimental measurements validated our model. This allows us to define the different regimes 291 
of bacterial proliferation under confinement in physical terms. 292 
A key feature of the model is that growth-induced pressure increases for hours, even in the 293 
absence of protein production, as observed experimentally (Figure 5.C, Supp. Figure 6.F). 294 
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This arose from a fundamental difference between the types of osmolytes modeled here: 295 
proteins promote their own production while small osmolytes, mostly metabolites and 296 
counterions, rely on proteins for production, import, or degradation. Therefore, in the limiting 297 
regime of constant protein number, the model predicts a linear increase in the number of trapped 298 
osmolytes, resulting in a linear increase of the osmotic pressure and thus of the growth-induced 299 
pressure, as observed experimentally in the first hours of the third confinement phase (Figure 300 
5.G). Of note, we verified that the predictions of the model are not altered if we consider that 301 
anabolic activity is also reduced due to protein crowding (Supp. Model, Supp. Figure 6.G-J). 302 
The late saturation in growth-induced pressure could have a variety of causes, such as passive 303 
or active shut down of anabolic activity. It is not directly explained by our model and could 304 
correspond to a fourth phase of confinement, which is out of the scope of this study. Thus, by 305 
decoupling growth and essential biological processes such as proteins and small osmolytes 306 
production, mechanical confinement induced a unique bacterial state during which bacteria 307 
underwent an increase in their osmotic pressure, a situation that can be referred to as 308 
overpressurization. In this regime, our model correctly predicts the production of very elevated 309 
pressures within a few hours, reaching hundreds of kPa, despite a global arrest in protein 310 
synthesis and bacterial division. An important contribution of the model, beyond providing a 311 
convincing mechanistic explanation for our observations, is to suggest the importance of cell 312 
metabolism to produce a persistent pressure increase in confined bacteria, reaching levels that 313 
could potentially deform mammalian tissues in an infectious context. 314 

Rcs transcriptional response to mechanical confinement is required for shape 315 
maintenance in the overpressurization regime 316 

Because uropathogenic E. coli experience confined growth during infection, we reasoned that 317 
targeting mechanosensory pathways required for the adaptation of bacteria to confinement 318 
might provide novel targets to reduce their virulence. By analogy to well-known 319 
mechanosensors in eukaryotes, we hypothesized that adaptation to elevated turgor pressure may 320 
rely on the bacterial envelope. We focused on the Regulator of Capsule Synthesis (Rcs) and 321 
Cpx pathways as they sense defects at the outer and inner membrane/peptidoglycan 322 
respectively(44, 45). In addition, the mechanosensory ability of Rcs has recently been 323 
proposed(20, 46). To assess the activation of the Rcs pathway upon confinement, we used the 324 
PrcsA-GFP transcriptional reporter(47) (Supp. Figure 7.A). We found that the Rcs pathway was 325 
activated at the onset of confinement as soon as the pressure built up in the chambers (Figure 326 
6.A-B, Supp. Figure 7.B, Supp. Video 6). Similarly, the Cpx envelope stress response was 327 
transcriptionally activated upon confinement, whereas the RecA pathway, induced upon DNA 328 
damage, was not (Supp. Figure 7.A, C-E, Supp. Video 6). To decipher the role of the Rcs 329 
pathway in bacterial adaptation to confinement, we used a bacterial strain deficient in the Rcs 330 
response regulator rcsB. Strikingly, we found that, while the rcsB mutant exhibited a normal 331 
rod shape in the absence of confinement (Supp. Figure 7.F), it lost its shape at the onset of the 332 
overpressurization regime and progressively inflated at the edges of the chambers at the later 333 
stages of confinement (Figure 6.C, Supp. Figure 7.G, Supp. Video 7), reaching unusually 334 
large cellular surface areas (Figure 6.D). The rcsB mutant morphological changes were most 335 
striking in the areas where transcription of the Rcs regulon was the highest (Figure 6.B). By 336 
contrast, a cpxR mutant deficient in the Cpx envelope stress response displayed only classical 337 
rod shape morphologies (Supp. Figure 7.H, Supp. Video 7), showing that the Rcs pathway 338 
specifically played a key role in shape maintenance upon late confinement.  339 
To explore the relevance of these results to infection, we asked whether the Rcs pathway was 340 
also involved in bacterial adaptation to confinement during UTIs in vivo. To test this, we deleted 341 
rcsB using two different approaches and fluorescent labels (GFP and mKate) in the UPEC strain 342 
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UTI89 and tested the phenotype in the bacterial confiner (Figure 6.E). We observed that the 343 
rcsB mutant in the pathogenic strain also resulted in large amorphous cells. Synthesis of colanic 344 
acid capsule played a partial role in shape maintenance as the mutant wcaJ displayed a subtle 345 
morphological phenotype (Supp Figure 7.I-L, Supp. Video 7). To determine whether the loss 346 
of Rcs pathway might impact UPEC fitness and virulence in vivo, mice were intravesically 347 
infected with an equal mix of UTI89 wild-type and rcsB mutant bacteria. The competitive 348 
index, calculated as the number of rcsB divided by wild-type cells recovered from the bladder 349 
24 hours post-infection was less than 1, indicating that the loss of Rcs led to a decreased fitness 350 
for UPEC in vivo (Figure 6.F, Supp. Figure 7. M, N). Altogether, these results show that the 351 
Rcs pathway is essential to maintain bacterial shape in the overpressurization regime, and 352 
contributes to the fitness of uropathogenic E. coli, suggesting that it might constitute an 353 
interesting target for therapy. 354 

DISCUSSION  355 

Using a microfluidic device adapted to the study of confined growth of bacterial colonies, we 356 
identified a regime of stalled growth, division arrest and repressed protein synthesis during 357 
which turgor pressure steadily increased, reaching hundreds of kPa, that we name the 358 
overpressurization regime. We found that the Rcs pathway is activated in this regime and that 359 
this activation is required for mechanical adaptation and for fitness of pathogenic E. coli in a 360 
mouse model of urinary infection. Thanks to quantitative approaches and physical modeling, 361 
we were able to propose a simple mechanistic working model for confined bacterial growth, 362 
leading to the overpressurization regime (Figure 6.G): (i) In the absence of spatial limitation, 363 
cell growth and protein and osmolyte synthesis are tightly coupled to regulate cell division and 364 
maintain size homeostasis; (ii) When space becomes limited, bacterial proliferation induces 365 
pressure build-up; (iii) During the first 30 minutes post-confinement, bacterial growth rapidly 366 
declines, inducing an increase in protein concentrations, which triggers cell division. This leads 367 
to a rapid increase in cell number while cell size decreases (Phase 1); (iv) From 30 minutes to 368 
2 hours post-confinement, protein accumulation and increased DNA occupancy induce an 369 
increase in cytoplasmic crowding, arrest in protein synthesis, and a sharp decrease in cell 370 
division, while pressure increases steadily (Phase 2); (v) After 2 hours, protein synthesis is 371 
arrested, but the pressure produced by bacteria still increases in a linear fashion. Based on our 372 
model, we propose that this is due to a continuous accumulation of trapped osmolytes whose 373 
accumulation in cells does not depend on protein synthesis but on protein activity (Phase 3). In 374 
this last overpressurization regime, activation of the Rcs pathway is required to maintain cell 375 
shape by strengthening the cell envelope in order to sustain the increasing pressure. 376 

During the different confinement phases, bacteria steadily build-up a large compressive 377 
pressure, reaching up to 300 kPa, in agreement with recent measurements of turgor pressure in 378 
individual cells(48, 49) and in biofilm growth on adhesive substrates(9, 50). Confinement of 379 
eukaryotic cells also generates growth-induced pressure, with magnitudes scaling with osmotic 380 
pressures exerted on the cell wall in the case of yeast and on the actin cortex in mammal 381 
cells(12, 14, 15). These results reinforce the idea that the main source of confinement-induced 382 
mechanical stress produced by a multicellular colony is the osmotic pressure generated by 383 
single cells. 384 

While in homeostatic conditions growth and division are coupled to maintain a constant 385 
cell size, in the first phase of confined growth, the two get uncoupled, leading to major changes 386 
in cell volume. Pressure build-up induced a sharp slow-down in bacterial growth. In the 387 
meantime, bacteria rapidly undergo multiple cycles of reductive divisions to finally arrest at a 388 
minimal cell size. Rod shortening was reminiscent of stationary phase cells, however in our 389 
confinement device fresh medium was constantly perfused, preventing starvation(51, 52). 390 

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

The copyright holder for thisthis version posted September 21, 2024. ; https://doi.org/10.1101/2024.09.20.614086doi: bioRxiv preprint 

https://doi.org/10.1101/2024.09.20.614086
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

11 

While the impact of confinement on growth rate appears general to all living systems explored 391 
so far(12, 53, 54), its effects on the cell division cycle are very diverse. Budding yeast maintain 392 
a constant cell volume under mechanical pressure, by arresting division when growth slows 393 
down(13). Epithelial cells, similarly to our observations in bacteria, display an uncoupling 394 
between growth and division rate in dense monolayers, which also induces a global reduction 395 
of cell volume, reaching a minimal value defined by genome size(15, 29). While the increase 396 
in karyoplasmic ratio is detrimental in the epithelium leading to DNA damage, we showed that 397 
E. coli has an extreme plasticity to changes in DNA occupancy and rapidly returned to their 398 
normal size and division cycle upon pressure release without DNA damage(29, 55). These 399 
results point out to the remarkable adaptation of bacteria to growth under pressure. 400 

We found that one key feature of bacterial confinement at short timescales is an increase 401 
in intracellular molecular crowding, occurring primarily in Phases 1 and 2. Cytoplasmic 402 
crowding influences the activity of proteins and macromolecular complexes in all cells, 403 
including bacteria(56, 57). We showed that at early stages of confinement, protein 404 
concentrations increased and this process, reproduced by osmotic shocks, was sufficient to 405 
induce an uncoupling between division and growth. This is explained by the increased 406 
concentration of divisome machinery proteins such as FtsZ and rules out a direct role of turgor 407 
pressure(34, 35). Later on, increase of DNA occupancy mediates transition of the cytoplasm to 408 
a state similar to the previously described “colloidal glassy” state upon ATP or nutrient 409 
depletion(58), but in our case triggered by a mechanical cue.  410 

An apparent paradox in our results concerned the increase in growth-induced pressure 411 
at late stages of confinement (Phase 3) while protein production is already arrested, raising the 412 
question of the origin of this sustained increase in pressure. We propose that while proteins 413 
cease to increase in concentration, enzymes remain active leading to metabolite accumulation 414 
and turgor increase. This idea is supported by the minimal theoretical framework developed in 415 
this study and points to the mechano-osmotic role of metabolism. Unlike proteins whose role 416 
on growth has been the focus of several studies in the past few years, the osmotic contribution 417 
of metabolites such as glutamate to cell volume is a new concept in the field and an emerging 418 
mechanism of cell size control(38–40, 42). Further studies are needed to understand how 419 
synthesis of small metabolites is impacted by cytoplasmic crowding and regulates growth-420 
induced pressure in the presence of confinement(59). 421 

A major prediction of the theoretical model is that confined bacteria, if they are 422 
constantly provided with nutrients and thus able to accumulate trapped osmolytes, will undergo 423 
a massive internal turgor pressure increase while maintaining a proper morphology. We found 424 
that this activates stress responses, with a crucial role of the Rcs pathway in bacterial adaptation 425 
to mechanical confinement(20, 46, 60). Strikingly, in the absence of the rcsB-dependent 426 
transcriptional response, overpressurized (Phase 3) cells display large and heterogeneous 427 
shapes reminiscent of L-forms(61, 62). The mild phenotype observed in the capsule-deficient 428 
mutant wcaJ is consistent with previous findings suggesting contribution of this structure to 429 
global cell mechanics(20) (Supp. Figure 7). The transcriptional regulation on other 430 
components of the bacterial envelope by the Rcs pathway, such as peptidoglycan organization 431 
and the outer membrane, are likely main contributors to cell shape maintenance in the 432 
overpressurization regime(18, 45, 63). Interestingly, we found that the Cpx stress response is 433 
also transcriptionally activated during confined growth, but the corresponding mutant did not 434 
display any major shape defect(44, 64). The Rcs pathway is therefore central and specific to 435 
bacterial adaptation to turgor pressure increase during confinement. An interesting aspect of 436 
this global transcriptional reprogramming that we have not investigated in detail in this study 437 
is that the spatial pattern of activation is not homogeneous throughout the chambers and is 438 
specific to each stress response pathway. Further studies with our confinement device will allow 439 
a deeper understanding of the complex interplay between different stress responses and how 440 
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integration of mechanical signals coordinates multicellular growth and cell fate specification in 441 
bacterial biofilms, as recently shown during organogenesis(16). It might also reveal other 442 
pathways required for bacterial survival during confined growth. 443 

Importantly, uropathogenic E. coli also underwent rod shortening during confined 444 
growth, a feature previously described during bladder infection(23). This suggests that these 445 
bacteria are experiencing mechanical confinement. Accordingly, an rcs-deficient UPEC strain 446 
showed decreased fitness during infection of the uroepithelium in vivo. Previous studies showed 447 
that intracellular UPEC growth was associated with lower antibiotic susceptibility(65) and the 448 
Rcs pathway is also known to promote antibiotic tolerance(66). Further studies are needed to 449 
determine whether confinement is sufficient to increase bacterial survival to antibiotic 450 
treatment, and whether this is dependent on the Rcs pathway activation. More generally, we 451 
anticipate that our experimental approach and physical model might help to decipher bacterial 452 
virulence mechanisms associated to mechanical constraints. 453 

In conclusion, this work uncovers novel molecular and physical mechanisms 454 
responsible for bacterial adaptation to mechanical constraints with important implications for 455 
bacterial evolution, antibiotic resistance and bacterial infections.   456 
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Figure 1: Bacterial proliferation under confinement generates growth-induced pressure 756 
A. Schematics of the bacterial confiner in top xy and side xz views. Dimensions of the 757 
microfluidic chip are indicated respect to E. coli typical size (depicted in blue) inside the growth 758 
chamber. Medium renewal is ensured by flow passing in throughout the nanochannels as 759 
depicted by the red arrows. B. Timelapse brightfield images acquired at 30 minutes frame rate 760 
of bacterial proliferation in the bacterial confiner in the absence of confinement (t = 0 h, left), 761 
at confluency (t = 5 h, middle) and upon confinement (t = 15 h, right). Time is indicated as 762 
hh:mm. C. Kymographs of chamber edges for a control chamber where confluent bacteria 763 
proliferate without deforming the walls (top) and one chamber where bacterial proliferation 764 
upon confinement leads to chamber deformation along the x-axis (bottom). Segmented chamber 765 
edges are represented in color, blue and orange in the absence and presence of confinement 766 
respectively (see also Supp. Video 2). Inset: zoom in of the chamber deformation profile 767 
corresponding to the dashed white square regions. D. Growth-induced pressure (GIP, in kPa) 768 
and number of bacteria in the 2D focal plane of observation as a function of time (nchambers = 13, 769 
N = 3). The phases before confinement, at confluency and upon confinement shown in Panel B 770 
are highlighted. Single curves are rescaled respect to the time 0 of pressure build-up. Data points 771 
correspond to mean values ± standard deviations. The number of bacteria follows an 772 
exponential growth curve until 1.5 hours (red dashed line). Scale bars: 5 µm, Scale bars insets: 773 
1 µm.  774 
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Figure 2: Growth-induced pressure leads to rod cell shortening due to uncoupling 776 
between bacterial growth and division  777 
A. Timelapse confocal images acquired at 30 minutes frame rate of E. coli MG1655 ZipA-778 
mCherry bacteria fluorescently labeled at the inner membrane during proliferation in the 779 
bacterial confiner upon confinement (top). Corresponding colormap of the single-cell bacterial 780 
area (bottom). The phases before confinement (t = - 2 h), at the time at which pressure builds 781 
up (t = 0 h), 1 h and 6 h after pressure build-up are shown in a, b, c and d  respectively. Time is 782 
indicated as hh:mm (see also Supp. Video 3). B. Quantification of individual bacterial area 783 
over time (nbacteria > 47000, nchambers = 4, N = 2). Data points correspond to mean values ± 784 
standard deviations. Letters refer to the phases depicted in Panel A. The regions highlighted in 785 
colors refer to the datasets used for the categories Before and Late confinement in Panel F. 786 
C. Quantification of bacterial length and width normalized by their average value before 787 
confinement (nbacteria > 47000, nchambers = 4, N = 2). Data points correspond to mean values ± 788 
standard deviations. D. Quantification of single-cell growth and division rate over time, 789 
obtained from single-cell tracks at 5 minutes frame rate. The time interval corresponding to 790 
Phase 1 during which the uncoupling takes place because of two complete division cycles in 791 
the absence of growth is highlighted in grey (nbacteria = 26728, ntracks > 800, nchambers = 2, N = 1). 792 
E. Quantification of individual bacterial area for MG1655 strain in different conditions: 793 
exponential (nbacteria = 482, N = 3) and stationary phases (nbacteria = 410, N = 3) in agar pad, 794 
before (nbacteria = 65, nchambers = 4, N = 2) and upon late confinement (nbacteria = 1721, 795 
nchambers = 4, N = 2) in the bacterial confiner. F. Schematics of the main steps of ex vivo mouse 796 
bladder infection by uropathogenic E. coli (top). Corresponding confocal images of an infected 797 
uroepithelium at 24 h post-infection (p.i.) showing tight aggregates of the uropathogenic E. coli 798 
UTI89 strain confined within the tissue (grey: bacteria; blue: nuclei) at low (bottom left) and 799 
high resolution (bottom right). G. Quantification of individual bacterial area for UTI89 strain 800 
in different conditions: exponential (nbacteria = 318, N = 3) and stationary phases (nbacteria = 542, 801 
N = 3) in agar pad, upon late confinement (nbacteria = 701, nchamber = 1, N = 1) in the bacterial 802 
confiner and 24 h post-infection (nbacteria = 1096, naggregates = 11, N = 4) are indicated. Data 803 
points correspond to mean values ± standard deviations. Statistical significance of the results 804 
was assessed using Welch ANOVA tests. All scale bars: 5 µm.   805 
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Figure 3: Confinement increases cytoplasmic crowding through changes in protein 807 
concentrations and DNA occupancy  808 
A. Timelapse confocal images acquired at 30 minutes frame rate of E. coli MG1655 GFP ZipA-809 
mCherry bacteria expressing in their cytoplasm a constitutive GFP and proliferating in the 810 
bacterial confiner in the presence of confinement (top). Similar timelapse of E. coli BW27783 811 
FtsZ-mNG ZipA-mCherry bacteria expressing the fusion protein FtsZ-mNG (bottom). The two 812 
signals are indicated in dark and light green respectively. Bacterial cell contour is detected with 813 
the ZipA-mCherry signal as in Figure 2, and hereby indicated in black when necessary. 814 
Representative examples of the phases before confinement, 1 and 2 are shown. Time is 815 
indicated as hh:mm (see also Supp. Video 5). B. Temporal evolution of single-cell mean 816 
fluorescent intensity of the constitutive GFP (nbacteria = 50661, nchambers = 4, N = 1) signal over 817 
the entire cell area respect to pressure build-up, indicated in dark green (top). Phases 1, 2, 3 818 
induced upon confinement are highlighted, together with the time period characterized by major 819 
morphological changes. Quantification of total GFP (nchambers = 4, N = 1) production rate 820 
normalized by its value at time 0 of pressure build-up, and corresponding exponential fit 821 
(typical time t = 33min), indicated in dark green and dashed red respectively (bottom). Bacterial 822 
growth rate is indicated in grey and computed on another dataset, as shown in Figure 2.D. Data 823 
points correspond to mean values ± standard deviations. C. Timelapse confocal images acquired 824 
at 30 minutes frame rate of E. coli HU-GFP ZipA-mCherry bacteria fluorescently labeled at the 825 
inner membrane (grey) and DNA (blue) proliferating in the bacterial confiner upon confinement 826 
(top). Insets zoom in the white dashed square regions and highlight DNA occupancy in the 827 
bacterial cytoplasm (bottom). Representative examples of the phases before confinement, 1 and 828 
2 are shown. Time is indicated as hh:mm (see also Supp. Video 5). D. Schematics of the 829 
hypothesis of increase in protein concentration (indicated with a shift from light to dark green) 830 
and DNA occupancy (blue) upon confinement and rod shortening (top). Quantification of the 831 
karyoplasmic ratio (indicated as the ratio between the bacterial cell and nucleoid areas) over 832 
time regarding pressure build-up (nbacteria = 26894, nchambers = 2, N = 1) (bottom). E.  Confocal 833 
images of E. coli GEM40 ZipA-mCherry bacteria expressing GEM40 diffusive nanoparticles 834 
in their cytoplasm while proliferating in the bacterial confiner in the absence of confinement 835 
(left) or in Phase 2 of confinement (middle). Bacterial cell contour is detected with the ZipA-836 
mCherry signal as in Figure 2, hereby indicated in grey. Streaming acquisition at 50 ms frame 837 
rate of GEM40 diffusion allowed to generate single particle tracks, here indicated in color. The 838 
colormap represents the duration of the nanoparticle tracks, red corresponding to short 839 
trajectories and white to longer ones. Insets correspond to the white dashed square regions and 840 
zoom in individual GEM40 trajectories within the bacterial cytoplasm drawn based on the 841 
membrane signal (left) in the absence of confinement (top) or in Phase 2 of confinement 842 
(bottom). White arrows indicate one typical GEM40 trajectory for each condition. 843 
Representative examples of the phases before confinement and 2 are shown. Scale bars insets: 844 
1 µm (see also Supp. Video 5). F. Quantification of the GEM40 effective diffusion coefficient 845 
in different conditions: in agar pad (ntracks = 1020, N = 2), before confinement (ntracks = 1120, 846 
N = 3) and upon confinement in Phase 1 (ntracks = 444, N = 3), Phase 2 (ntracks = 1431, N = 3), 847 
and Phase 3 (ntracks = 2517, N = 3). The diffusion value of 0.015 µm2/s corresponding to the 848 
higher level of crowding reached upon confinement is highlighted in red. Datasets are 849 
represented as violin plots with highlighted median values and corresponding quartile range. 850 
Statistical significance of the results was assessed using Kruskal-Wallis tests. All scale bars 851 
except the insets in Panel E: 5 µm.   852 
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Figure 4: A progressive increase in cytoplasmic crowding is sufficient to recapitulate the 855 
bacterial division trend observed upon confinement 856 
A. Schematics of one E. coli bacterium submitted to a hyperosmotic shock by increasing the 857 
osmolarity of the culture medium using sorbitol in a classical flow assay (top). Water flowing 858 
out of the cell leads to a decrease in bacterial size and a subsequent increase in crowding, 859 
highlighted in dark red. Quantification of the mean bacterial volume (bottom left) and GEM40 860 
effective diffusion coefficient (bottom right) for a range of sorbitol concentrations (for each 861 
condition: nbacteria > 130, N > 3). The diffusion value of 0.015 µm2/s corresponding to the higher 862 
level of crowding reached upon confinement is highlighted in red. Data points correspond to 863 
mean values ± standard deviations. B. Schematics of the increase in crowding induced upon 864 
two successive hyperosmotic shocks, a first one of 0.5 M sorbitol at time 0, and a second one 865 
of 1 M sorbitol at time 5 minutes (top). Timelapse confocal images acquired at 1 minute frame 866 
rate of E. coli ZipA-mCherry fluorescently labeled at the inner membrane submitted to the two 867 
successive hyperosmotic shocks (bottom). White arrows point at the bacterial division site. 868 
Time is indicated as mm:ss. Scale bars: 5 µm. C. Quantification of the fraction of dividing cells 869 
in response to two successive hyperosmotic shocks (per condition: nbacteria > 204, N = 4). 870 
D. Quantification of the fraction of dividing cells upon confinement, with a highlight on Phases 871 
1, 2 and 3 (nbacteria = 26728, ntracks > 800, nchambers = 2, N = 1). To note, the increase in the 872 
fraction of dividing cells slightly precedes the onset of GIP build-up likely because of a lack of 873 
accuracy in the estimation of this critical timepoint, the deformation of the chamber being 874 
acquired at a lower temporal resolution than bacterial division.   875 
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Figure 5: Theoretical modeling reveals a central role for cell anabolism in the 877 
overpressurization regime 878 
A. Schematics of the theoretical model for bacterial growth in a limited space. The microfluidic 879 
chamber is modeled as a rectangular 3D space of dimensions Lxc = 20 µm, Lyc = 30 µm, Lzc = 880 
2.6 µm and projected area Ac (left), which deforms elastically due to the mechanical pressure 881 
exerted by bacterial growth (right). B. Bacteria are modeled as cylinders of width w and length 882 
l(t) enclosed in a shell 𝛿 corresponding to the cell envelope (left). The osmotic pressure is 883 
defined by the production of osmolytes, including small osmolytes (e.g. metabolites and 884 
counterions, whose synthesis depends on proteins as depicted by the black curved arrow) and 885 
proteins (right). Bacteria are characterized by a crowding-dependent protein production rate 886 
(denoted kp), that in turn defines bacteria growth and division rates (denoted ga and gd 887 
respectively). C. Bacterial growth upon confinement is modeled starting at time t0, defined as 888 
the time where 2D confluency is reached (top). To note, the theoretical value of t0 (called Filling 889 
time) is delayed of 30 minutes compared to the experimental one (written Confluency) (Supp. 890 
Figure 6.A-B). For this reason, during the first 30 minutes, the model interpolates the bacterial 891 
features and is represented with dotted lines. Experimental curves (grey) and theoretical fits 892 
(blue) of growth-induced pressure (top) and the number of bacteria in 2D (bottom) as a function 893 
of time, both curves being used to train the model and fix the adjustable parameters. 894 
D. Theoretical prediction (red) and corresponding experimental curve (grey) of the temporal 895 
evolution of bacterial area upon confinement. E. Theoretical prediction (red) and corresponding 896 
experimental curve (grey) of the temporal evolution of bacterial growth rate. F. Theoretical 897 
prediction (red) and corresponding experimental curve (grey) of the temporal evolution of 898 
bacterial division rate (expressed as ln(2)*experimental division rate, see Supp. Model). 899 
G. Theoretical predictions of bacterial growth rate (magenta), division rate (light green), protein 900 
normalized production rate (dark green), and osmolyte normalized production rate (orange) 901 
(left). The model allows to identify and characterize the regimes of bacterial confinement 902 
corresponding to Phase 1, 2 and 3. A schematics of Phase 1 and 3 illustrating the differential 903 
impact of crowding on proteins and small osmolytes is represented (right). In Phase 1, both 904 
proteins and small osmolytes are produced (as indicated by the white and black arrows 905 
respectively) and freely diffuse in the cytoplasm (as indicated by the dotted green and orange 906 
arrows respectively). Note that in Phase 3, bacteria are non-growing and non-dividing due to 907 
crowding but still produce osmolytes, leading to overpressurization of the bacterial cytoplasm.  908 
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Figure 6: Rcs transcriptional response to mechanical confinement is required for shape 910 
maintenance in the overpressurization regime 911 
A. Timelapse confocal images acquired at 30 minutes frame rate of a E. coli MG1655 ZipA-912 
mCherry PrcsA-GFP strain fluorescently labeled at the inner membrane (grey) and expressing 913 
the Rcs transcriptional reporter PrcsA-GFP (red) during proliferation in the bacterial confiner 914 
upon confinement. Representative examples of the phases before confinement (-1 h), 1 and 3 915 
(30 min and 3 h after pressure build-up respectively) are shown. The spatial pattern of the 916 
reporter fluorescence intensity is illustrated by a yellow dotted line (see also Supp. Video 6). 917 
B. Kymograph along the x-axis of PrcsA-GFP induction upon confinement, indicated with a Fire 918 
color scale (top). Quantification of the percentage of bacteria which activate the Rcs stress 919 
response (bottom). Time 0 indicates the time at which pressure builds-up in the chamber. Data 920 
points correspond to mean values ± standard deviations (nbacteria = 35200, nchambers = 3, N = 1). 921 
C. Timelapse confocal images acquired at 30 minutes frame rate of a E. coli ZipA-mCherry 922 
rcsB mutant deficient in the Rcs response fluorescently labeled at the inner membrane during 923 
proliferation in the bacterial confiner. Representative examples of the phases before 924 
confinement (-0.5 h), 2 and 3 (1.5 h and 12 h after pressure build-up respectively) are shown. 925 
Insets zoom in the regions depicted with a white dashed square line. White arrows indicate 926 
bacteria with morphological defects (see also Supp. Video 7). D. Quantification of bacterial 927 
area in Phase 3 upon confinement for the wild-type strain and the rcsB mutant either at the 928 
center or at the edges or the chamber. The regions named “Center” and “Edges” refer to the 929 
spatial pattern determined using the PrcsA-GFP fluorescent profile depicted in Panel A. Means 930 
± standard errors are represented (per condition: nbacteria ≥ 3928, nchambers	 ≥ 2, N = 1). 931 
Statistical significance of the results was assessed using one-way ANOVA tests. E. Timelapse 932 
confocal images acquired at 30 minutes frame rate of a E. coli UTI89 mKate rcsB mutant 933 
deficient in the Rcs response fluorescently labeled in the cytoplasm during proliferation in the 934 
bacterial confiner upon confinement. Representative examples of the phases before 935 
confinement (-0.5 h), 2 and 3 (1.5 h and 4 h after pressure build-up respectively) are shown. 936 
Insets zoom in the regions depicted with a white dashed square line. White arrows indicate 937 
bacteria with morphological defects. F. In vivo competition experiment in a mouse model of 938 
urinary tract infection. Infections were performed by mixing two pairs of UTI89 bacterial 939 
strains, WT and rcsB, each of those in the same background, expressing GFP and mKate as 940 
indicated in green and red respectively. Competitive index 24 h p.i. (represented as median 941 
value) was calculated by dividing CFU/bladder of rcsB versus WT strains after tissue dissection 942 
and plating on corresponding selective antibiotics. Importantly, decreased fitness was observed 943 
using both pairs of strains, providing strong evidence for a role of rcsB in infection. Data 944 
obtained from all competition experiments were pooled together for calculation of the 945 
competitive index and statistical analysis, performed using Wilcoxon signed rank test (to test 946 
whether CI is over 1) *P = 0.0142. G. Proposed model of E. coli growth upon confinement. At 947 
the single-cell scale, E. coli adaptation to mechanical stress is described in 3 phases. In a first 948 
phase, bacteria face a lack of space limiting their growth (magenta), thereby uncoupling growth 949 
and protein synthesis. Consequently, protein concentrations increase (green), leading to a first 950 
increase in cytoplasmic crowding (dark red) sufficient to trigger bacterial division (black). In 951 
the meantime, bacteria activate the Rcs envelope stress response. In a second phase, the 952 
uncoupling between growth and division leads to the formation of tiny bacteria characterized 953 
by a higher DNA occupancy (blue). This results in an additional increase in crowding, which 954 
further inhibits bacterial division. In a third phase, while growth, division and protein synthesis 955 
are arrested, bacteria continue increasing their turgor pressure and require Rcs-mediated 956 
envelope remodeling (red) to maintain their shape upon overpressurization. At the global scale, 957 
this increase in turgor pressure results in the generation of a large growth-induced pressure onto 958 
the bacterial microenvironment (orange). Time is indicated as hh:mm. All scale bars: 5 µm.  959 
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