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Introductory Paragraph: 16 

 17 

Mechanisms to control cell division are essential for cell proliferation and survival 1.  Bacterial 18 

cell growth and division require the coordinated activity of peptidoglycan synthases and 19 

hydrolytic enzymes 2-4 to maintain mechanical integrity of the cell wall 5.  Recent studies 20 

suggest that cell separation is governed by mechanical forces 6,7.  How mechanical forces 21 

interact with molecular mechanisms to control bacterial cell division in space and time is poorly 22 

understood.  Here, we use a combination of atomic force microscope (AFM) imaging, 23 

nanomechanical mapping, and nanomanipulation to show that enzymatic activity and 24 

mechanical forces serve overlapping and essential roles in mycobacterial cell division.  We 25 

find that mechanical stress gradually accumulates in the cell wall concentrated at the future 26 

division site, culminating in rapid (millisecond) cleavage of nascent sibling cells.  Inhibiting 27 

cell wall hydrolysis delays cleavage; conversely, locally increasing cell wall stress causes 28 

instantaneous and premature cleavage.  Cells deficient in peptidoglycan hydrolytic activity fail 29 

to locally decrease their cell wall strength and undergo natural cleavage, instead forming chains 30 

of non-growing cells. Cleavage of these cells can be mechanically induced by local application 31 

of stress with AFM.  These findings establish a direct link between actively controlled 32 

molecular mechanisms and passively controlled mechanical forces in bacterial cell division. 33 

 34 

One Sentence Summary:  35 

Enzymatic activity and mechanical forces work together to control the timing and location of 36 

mycobacterial cell division. 37 

 38 

Main Text:  39 

 40 
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Marked morphological changes occur when a microbial cell divides to form two daughter cells 41 

1.  In Escherichia coli this process involves gradual constriction of the cell envelope and 42 

structural remodelling of the new cell poles 2-4.  In contrast, other microbial species build a 43 

septum without gradual constriction of the cell envelope 8,9.  Instead, the cell wall connecting 44 

the two daughter cells remains intact and separation of daughter cells occurs only after 45 

completion of the septum, with division scars appearing next to the new poles 10,11.  The final 46 

stages of cell separation involve enzymatic digestion of peptidoglycan, which is thought to be 47 

the main tensile stress bearing component of the cell wall 12.  Spatial and temporal control of 48 

peptidoglycan hydrolytic enzymes is indispensable in order to maintain structural integrity of 49 

the cell wall 13. 50 

 51 

In the past decade the atomic force microscope (AFM) has become a powerful tool for 52 

structural and mechanical studies in microbiology, with wide-ranging applications covering 53 

multiple magnitudes of length-scales (from single molecules to biofilms) and time-scales (from 54 

milliseconds to days) 14.  Force spectroscopy experiments have shed light on interaction forces 55 

between bacteria and specific biomolecules or surfaces of different chemistries 15,16, while 56 

imaging and mechanical mapping of cell wall components and live cells 17-19 have provided 57 

detailed insights into the structural architecture of peptidoglycan as well as growth and division 58 

mechanisms 20-23.  Here, we use AFM to elucidate the complementary roles of peptidoglycan 59 

hydrolytic activity and mechanical mechanisms on cell division in Mycobacterium smegmatis, 60 

a relative of the pathogen that causes tuberculosis in humans. 61 

 62 

The earliest morphological feature of a nascent division event detected by AFM imaging is the 63 

“pre-cleavage furrow” (PCF), a constriction of ~50 nm width and 5-10 nm depth 64 

circumscribing the cell’s short axis 20 (Figure 1a).  The PCF appears 52±9 minutes (n=15) 65 
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before cell cleavage and co-localizes with the FtsZ contractile ring.  Subsequently, the PCF is 66 

the site of septum formation (Figure 1b) and localization of Wag31-GFP, a marker of 67 

cytokinesis 24 (Error! Reference source not found.).  We investigated the nature of the PCF 68 

by performing finite element analysis on a simplified model of the bacterial cell wall with a 69 

double septum.  When this structure is under increased turgor pressure, a PCF-like depression 70 

occurs between the two septal walls (Figure 1a).  However, other causes for the PCF are 71 

conceivable, such as pre-tension in the septum. 72 

 73 

At the time of cell cleavage, hemispherical poles flanked by division scars appear abruptly 74 

where the PCF was formerly located (Figure 1c-d and Extended data Movie S1).  This 75 

morphological transition (Figure 2a-d and Error! Reference source not found.) occurs within 76 

a few milliseconds (Figure 2e, Error! Reference source not found. and Error! Reference 77 

source not found.).  Rather than gradual enzymatic reshaping of the cell wall, millisecond cell 78 

cleavage and elastic deformation of the septal walls to hemispherical poles, inflated by turgor 79 

pressure, indicate a circumferential mechanical fracture along the PCF. 80 

 81 

To elucidate the fracture mechanism of cell cleavage, we used nanoscale topographical features 82 

on either side of the septum as fiducial markers to monitor local cell wall deformations while 83 

continuously scanning the same line across the PCF (Figure 2f-h and Error! Reference source 84 

not found.).  These measurements revealed that just before cleavage occurs, features on 85 

opposite sides of the PCF move apart by more than 10 nm, presumably due to stress exerted 86 

along the cell’s longitudinal axis. 87 

 88 

We hypothesized that to initiate a mechanical fracture the ultimate material strength and/or 89 

tensile stress should be altered locally.  As a proxy to quantify the in-plane tensile stress at the 90 

PCF we measured the out-of-plane stiffness, taking advantage of the fact that with increasing 91 
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in-plane tensile stress a membrane becomes stiffer against out-of-plane deformation by AFM 92 

in quantitative nanomechanical mode (QNM).  In this mode, force-distance curves are recorded 93 

by sinusoidal oscillations of the cantilever at kHz rates in the z-direction 25.  QNM data can 94 

serve only as an indirect and qualitative proxy for cell wall tension, because QNM measures 95 

the stiffness of the sample rather than tension per se.  Factors that contribute to the measured 96 

stiffness are the compound Young’s modulus of the cell wall, the cell wall stress, and the turgor 97 

pressure.  These factors are thought to affect different parts of the force curve 22 (see Error! 98 

Reference source not found.).  For the small indentation depths used in QNM, the compound 99 

Young’s modulus and the cell wall stress dominate the overall stiffness measurements.  From 100 

the first appearance of the PCF (0 minutes in Figure 3a and Extended data Movie S2) until 101 

cleavage (44 minutes), we observed a significant and steady increase of the stiffness at the 102 

surface area surrounding the PCF, reaching a maximum about 10 minutes prior to cleavage 103 

followed by a slight decrease during the final phase before cleavage (Figure 3b, see also Error! 104 

Reference source not found.a-d).  We hypothesize that the progressive stiffness increase is 105 

the result of increasing tensile stress at the PCF, while the measured stiffness decrease during 106 

the final phase before cleavage could result from the action of peptidoglycan hydrolytic 107 

enzymes 23. 108 

 109 
To assess the contribution of the turgor pressure to the cell wall tensile stress 19,26, as opposed 110 

to other mechanical effects due to septum formation, we quantified the local stiffness at the 111 

PCF and the nascent sibling cells as we modulated the turgor pressure.  Following a 112 

hyperosmotic shock by addition of D-sorbitol (0.25 M or 0.5 M) to the medium, the measured 113 

stiffness at the PCF and the sister cells decreased to ~20% of its initial values (Figure 3c).  114 

Conversely, the stiffness of the septum and the cells both increased upon hypoosmotic shocks 115 

by addition of water (15% and 30%).  These measurements revealed a linear relationship 116 

between the average stiffness of the sibling cells and the stiffness at the PCF with a slope of 117 
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~1.5 (Figure 3d).  From these data we conclude that the measured increase in stiffness is indeed 118 

the result of the tensile stress in the cell wall exerted by the turgor pressure, and that turgor-119 

induced tensile stress is disproportionately concentrated at the PCF compared to the stress on 120 

the sidewalls of the sibling cells.  These results suggest that an increase in tensile stress, in 121 

conjunction with a decrease of mechanical strength, determines when and where the cell wall 122 

integrity catastrophically fails, resulting in abrupt cleavage. 123 

 124 

We further explored how turgor pressure affects cell cleavage by piercing one nascent sibling 125 

cell after cytokinesis but before cleavage using a sharp AFM cantilever tip (Figure 3e and 126 

Error! Reference source not found.).  Instead of a rapid cleavage event, the intact sibling 127 

(cell 1) gradually separated from its sibling as it shed the sacculus of the deflated sibling (cell 128 

2) over the course of several hours (see also Extended data Movie S3).  These results suggest 129 

that turgor pressure is necessary to provide the energy to drive rapid cell cleavage. 130 

 131 

Based on these results, we hypothesize that cell cleavage occurs when tensile stress, driven by 132 

turgor pressure, exceeds the ultimate material strength of the cell wall peptidoglycan.  In this 133 

view, artificially increasing tensile stress should cause premature cell cleavage and, conversely, 134 

preventing a decrease in material strength should delay the timing of cell cleavage.  We tested 135 

this hypothesis by applying mechanical load on the PCF using the AFM cantilever.  In cells 136 

undergoing normal cell division, the interval between PCF formation and cell cleavage lasts 137 

about one hour on average.  We found that applying load on the PCF triggered immediate cell 138 

cleavage and formation of two viable, growing daughter cells up to 30 minutes earlier than 139 

normal (Figure 4a, Error! Reference source not found., Error! Reference source not 140 

found.a and Error! Reference source not found.).  Forced cleavage at earlier time points, 141 
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often resulted in partial cleavage and formation of non-viable daughter cells (Figure 4b and 142 

Error! Reference source not found.b). 143 

 144 

The material strength of the cell wall is modulated by enzymes that add or remove crosslinks 145 

in the cell wall peptidoglycan 27,28.  In mycobacteria, cells depleted of the peptidoglycan 146 

hydrolase RipA 29, which localizes to the septum and cell poles 30, appear to septate normally 147 

but fail to undergo cleavage 31.  This defect results in the formation of long chains of attached 148 

cells in which only the two outermost cell poles at the ends of a chain continue to elongate, 149 

while cells interior to the chain, which lack free cell poles, cease growing after septation 150 

(Error! Reference source not found.).  Loss of RipA peptidoglycan hydrolase activity likely 151 

prevents the decrease of the cell wall strength at the septum observed in wild-type cells just 152 

prior to division.  Indeed, we observed that increased tensile stress in the sidewalls of cells 153 

within RipA-depleted chains (see Error! Reference source not found.) occasionally results 154 

in cell lysis (Error! Reference source not found.) but not cell cleavage at the septum.  In 155 

contrast, local application of force on the PCF by the AFM cantilever was sufficient to trigger 156 

rapid cleavage of RipA-depleted cell chains (Figure 4c and Error! Reference source not 157 

found.c), although the force required was significantly higher (beyond the linear regime of our 158 

force measurements) compared to wild-type cells.  We conclude that RipA-mediated local 159 

decrease of material strength of the cell wall at the septum is essential to allow cell cleavage 160 

driven by turgor pressure, yet cleavage can still occur if compensatory local stresses are applied 161 

externally.  These results are consistent with our hypothesis that the timing of cell cleavage is 162 

determined by the balance of cell wall tensile stress and the ultimate material strength of the 163 

cell wall at the nascent division site. 164 

We observed that the newly free cell poles generated by force-induced cleavage of chained 165 

RipA-depleted cells are able to initiate and maintain growth once the sibling cells separate 166 
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(Figure 4c).  This was true even of cells located in the center of long chains, which had persisted 167 

in a non-growing but evidently viable state for many hours.  These results demonstrate that 168 

cleavage and physical separation of sibling cells are essential for initiation of new-pole growth, 169 

suggesting the existence of an unknown mechanism of contact-dependent growth inhibition. 170 

 171 

Millisecond bacterial cell division, visualized as abrupt spatial reorientation of newborn 172 

daughter cells, has been observed by fast optical imaging of Staphylococcus aureus 6.  In their 173 

pioneering study, Zhou et al. 6 linked division of S. aureus to a fracture process and postulated 174 

that it might result from stress accumulation and mechanical failure of the cell wall, thereby 175 

laying the groundwork for viewing bacterial cell division from the perspective of physical 176 

forces 32.  Their observations are reminiscent of the “V-snapping” model of cell division in M. 177 

smegmatis 33; more recently, additional bacterial species have been identified that also undergo 178 

abrupt spatial reorientation during cell division 7 (see Figure 4a).  This phenomenon (V-179 

snapping) is consistent with a model in which rapid cleavage of sibling cells is due to 180 

progressive circumferential rupture of the connecting cell wall starting from the weakest 181 

section around the PCF.  As the crack propagates from one side to the other (see Figure 4b), a 182 

bending moment occurs that will spatially displace the cells.  The amount of V-snapping hence 183 

depends on the bending moment and the friction forces experienced by the bacterium, which 184 

are higher if the cells are adhered to a surface than when suspended in solution.  These 185 

similarities suggest that mechanical forces might play an important role in evolutionarily 186 

diverse bacterial species during the final stage of cell division (cleavage of sibling cells). 187 

 188 

Using time-lapse AFM to study cell division in M. smegmatis, we observed progressive 189 

stiffening of the PCF over time, dependence of PCF stiffness on the internal turgor pressure, 190 

stress concentration at the PCF, and rapid (millisecond) physical cleavage of sibling cells.  191 
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AFM force curves and QNM measurements have recently emerged as powerful tools for 192 

characterizing the relative stiffness of biological samples 34.  It is important to note, however, 193 

that the measured values for stiffness are very sensitive to factors such as cantilever tip 194 

geometry, sample topography, and other imaging parameters.  Care should therefore be taken 195 

in the interpretation to evaluate relative rather than absolute values within a time series. 196 

 197 

Our experimental demonstration that the PCF undergoes progressive stiffening prior to rapid 198 

cell cleavage, and that applied mechanical forces can induce premature cleavage, further 199 

strengthens the hypothesis that localized stress accumulation and mechanical fracture play a 200 

central role in mycobacterial cell division.  The applied stress, however, is only one of the 201 

factors in fracture mechanics; the strength of the material is another important factor 202 

determining when and where fracture occurs.  Thus, modulation of the ultimate tensile strength 203 

of the peptidoglycan by peptidoglycan synthesizing and hydrolytic enzymes is equally 204 

important to ensure that cell cleavage occurs at the appropriate time and place.   205 

 206 

We propose a model in which increasing tensile stress on the PCF (due to stress concentration) 207 

and decreasing material strength at the PCF (due to the activity of the RipA peptidoglycan 208 

hydrolase) together create a positive feedback loop that culminates in rapid cell cleavage.  Since 209 

molecular bonds under tensile stress require a lower activation energy for hydrolysis and are 210 

less likely to reform once broken 12, tensile stress around the PCF will locally accelerate the 211 

hydrolysis of peptidoglycan by RipA.  As more chemical bonds are broken, the mechanical 212 

load on each remaining bond will increase, further facilitating hydrolysis.  Following a similar 213 

reasoning, the vertical septal walls would, before cleavage, experience lower tensile stress 214 

compared to the peptidoglycan at the PCF.  This, in turn, could act as a mechanical mechanism 215 

to protect the pre-cleavage septal walls from hydrolysis by RipA.  The same mechanism could 216 
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explain the observation that chained RipA-depleted cells do not grow, yet retain the ability to 217 

initiate growth if cleavage is induced.  After cleavage, the previously flat septal wall is rapidly 218 

inflated by turgor pressure to form two hemispherical poles that experience the same 219 

longitudinal tension as the rest of the cell wall 12, similar to observations in fission yeast 35.  220 

Since hydrolysis of existing peptidoglycan bonds is necessary for insertion of new 221 

peptidoglycan chains, this might explain why cleavage is essential for initiation of new-pole 222 

growth.  We conclude that localization of enzymes involved in cell wall biogenesis to subpolar 223 

growth zones determines where growth occurs 36, while the balance between cell wall stress 224 

and material strength determines when growth occurs.  The overlapping and essential 225 

contributions of RipA hydrolytic activity and mechanical forces in mycobacterial cell division 226 

illustrate the general importance of studying molecular mechanisms and physical factors in 227 

conjunction rather than either in isolation.  228 

 229 
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Figures: 255 

 256 

 257 
Figure 1.  The pre-cleavage furrow (PCF) is a nanoscale cell-surface feature that marks 258 

the future division site in M. smegmatis.  (a) 3D AFM image and COMSOL finite element 259 

model of the deformation of a cell by the PCF.  (b) Correlated AFM and fluorescence 260 

microscope imaging.  The PCF co-localizes with the FtsZ-GFP (green) ring (n=12) and the 261 

nascent septum stained with the membrane stain FM4-64 (red) at the future division site (n=5).  262 

White arrows indicate the PCFs.  The sequence shows two cells undergoing division, with the 263 

lower cell being slightly ahead (membrane at septum visible at 68 minutes) of the upper cell 264 

(membrane visible at septum at 129 minutes).  (c) Time lapse AFM images of the appearance 265 

of the PCF and subsequent division.  The PCF appears on the bacterial surface on average one 266 

hour before cleavage (n=15).  In the example shown, cleavage occurs between the images 267 
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acquired at 65 and 79 minutes.  Stiffness channel is shown.  (d) Zoom-in image of the daughter 268 

cells’ newly formed poles after cleavage.  New cell poles and division scars (n>15) on the cell 269 

wall envelope are separated by about 200 nm. 270 

  271 
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 272 

 273 
Figure 2. Daughter cell cleavage occurs with millisecond kinetics by rupture around the 274 

PCF.  (a-c) Consecutive 3D rendered AFM images of cleavage (b) and zoom-ins of the 275 

cleavage site.  The AFM slow-axis scan direction in (b) is from top to bottom, revealing the 276 

transition from the PCF to cleavage.  (d) Line sections through the AFM height data around 277 

the PCF during cleavage.  In the example shown, the PCF progressed to the cleaved state within 278 

one scan line (2 seconds, arrow).  (e) Constant point measurement of the height at the PCF with 279 

a repetition rate of 1 kHz reveals an abrupt drop in height, with 50% of the total decrease (grey 280 

area) occurring within 7 milliseconds.  In all, similar rapid divisions have been observed >22 281 

times.  (f-h) Tracking topographical features (fiducial markers) on either side of the septum 282 

prior to cell cleavage reveals material stretching.  (f) Zoom-in on center part of a cell with a 283 

septum (grey dashed line) prior to cell cleavage. (g) Kymograph of a continuous scan (1 line 284 
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per second) over time perpendicular across the septum (arrow in (f)) revealing nanometer-sized 285 

movement of nanoscale structures on the cell surface (top).  Immediately prior to cleavage 286 

(green dashed line (bottom)), the material stretches and surface features move apart in opposite 287 

directions on either side of the septum (black dotted line).  Color-coding of the trajectory of 288 

surface features indicates the total lateral displacement away from the septum.  (h) 3D height 289 

representation of a representative newly cleaved cell (same area as in (f)). See also Error! 290 

Reference source not found.. 291 

  292 
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 293 

 294 
Figure 3.  Turgor pressure drives cell cleavage through stress concentration at the PCF.  295 

(a) Time sequence of measured stiffness map of the cell surface from appearance of the PCF 296 

until cleavage (n=22).  (b) Changes in the local stiffness at the PCF leading up to cell cleavage 297 

(x-axis, time in minutes; y-axis, PCF stiffness normalized to bulk stiffness of cell sidewalls).  298 

After an initial gradual increase of the stiffness at the septum, a small decrease occurs before 299 

cleavage (red line, average over 20 data points).  (c) Measurement of apparent stiffness on top 300 

of the septum (black lines) and on top of the cell bodies (blue lines, average of the two nascent 301 

sibling cells) as turgor pressure is modulated by hyper-osmotic (green shading) and hypo-302 

osmotic (orange shading) media.  Measured stiffness on the PCF and cell bodies is affected by 303 

the turgor pressure to a different extent.  Measured stiffness values on the cell and on the PCF 304 

are normalized to initial stiffness of the cell in normal growth medium.  (d) When varying 305 

medium osmolarity, the measured PCF stiffness is linearly dependent with the measured cell 306 
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stiffness with a slope of ~1.5 (r2=0.991), suggesting a stress concentration of 50% on the PCF.  307 

Measured stiffness values on the cell and on the septum are normalized to the initial stiffness 308 

of the cell in normal growth medium.  (e) If one nascent sibling cell is deflated after cytokinesis 309 

but before cleavage (0 minutes), rapid cleavage is replaced by gradual shedding of the deflated 310 

sibling cell, indicating that rapid cleavage requires turgor pressure in both sibling cells. 311 

  312 
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 313 

 314 
Figure 4. AFM-applied local stress on the PCF can substitute for an essential cell division 315 

enzyme (RipA).  (a) AFM stiffness images were recorded at low and high resolution at 18 and 316 

23 minutes after first appearance of the PCF, respectively.  Application of a force on the PCF 317 

with the AFM cantilever at 25 minutes (force curve, see Error! Reference source not found.a) 318 

triggers premature cell cleavage (n=11).  The forcibly cleaved daughter cells survive and 319 

initiate growth from the newly formed cell poles (30 and 35 minutes; see also Error! 320 

Reference source not found.).  (b) Same experimental procedure as in (a) but the load was 321 

applied earlier, 18 minutes after first appearance of the PCF.  Partial cleavage occurs (18 322 

minutes; force curve, see Error! Reference source not found.b) and both cells subsequently 323 

deflate (image recorded at 36 minutes) (n=5).  (c)  Cleavage of RipA-depleted cells can be 324 

induced by repeatedly scanning the same line over the PCF at elevated force, resulting in a 325 

sudden drop in height (27 minutes; see Error! Reference source not found.c).  The previously 326 
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non-growing cells within the chain initiate growth from the newly liberated cell poles following 327 

forced cleavage (144 minutes) (n=4).  See also Error! Reference source not found. for 328 

corresponding height data. 329 

  330 
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 414 

Materials and Methods: 415 

 416 

Bacterial culture conditions 417 

Mycobacterium smegmatis mc2155 (wild-type) and derivative strains were grown in 418 

Middlebrook 7H9 liquid medium (Difco) supplemented with 0.5% albumin, 0.2% glucose, 419 

0.085% NaCl, 0.5% glycerol, and 0.05% Tween-80.  Cultures were grown at 37°C to an optical 420 

density at 600 nm (OD600) of ~ 0.5, corresponding to mid-exponential phase.  Aliquots were 421 

stored in 15% glycerol at -80°C and thawed at room temperature before use; individual 422 

aliquots were used once and discarded. 423 

 424 

M. smegmatis RipA depletion strain 425 

The RipA depletion strain was kindly provided by Eric Rubin and grown as described by Hett 426 

et al. 31.  Briefly, the strain was initially grown in growth medium supplemented with 427 
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hygromycin B (50 µg/ml), kanamycin (30 µg/ml), and anhydrotetracycline (50 ng/ml) for up 428 

to 5 days.  The culture was then washed with PBS and grown in fresh 7H9 medium lacking 429 

anhydrotetracycline to deplete RipA expression. 430 

 431 

Coverslips for AFM imaging 432 

For details, refer to Eskandarian et al.15.  In short, polydimethylsiloxane (PDMS) (Sylgard 184, 433 

Dow Corning) was mixed in a ratio of 15:1 (elastomer : curing agent) and the coverslip (VWR) 434 

was spin-coated at 8,000 rpm (SUSS MicroTec LabSpin6) for 30 seconds on a 22 mm glass 435 

and baked at 80°C for 10 minutes before use. 436 

 437 

Attachment of bacteria on coverslips 438 

An aliquot from an exponential-phase culture of M. smegmatis was pipetted onto a PDMS-439 

coated glass coverslip, mounted in a custom-made coverslip holder with a built-in heating unit 440 

37, and incubated at 37°C without agitation for ~15 minutes to allow attachment.  Unattached 441 

bacteria were removed by rinsing the coverslip surface with 7H9 growth medium before 442 

imaging.  The samples were maintained at 37°C in 7H9 liquid medium heated by a custom-443 

made coverslip heating holder 37 controlled by a TC2-80-150 temperature controller 444 

(Bioscience Tools) during imaging.  For details, refer to Eskandarian et al. 20. 445 

 446 

AFM imaging 447 

AFM images were recorded using a Fast Scan head (Bruker) at 0.5 Hz line rate using ScanAsyst 448 

Fluid cantilevers (Bruker) with a nominal spring constant of 0.7 N m-1 in PeakForce 449 

quantitative nanomechanical mode (QNM) at an oscillation rate of 1 kHz and a force setpoint 450 

< 2 nN.  Channels recorded include height sensor, peak force error, and DMT modulus.  The 451 

abrupt height change during cell cleavage was measured by imaging in peak force tapping node 452 
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at the same spot (0 nm scan size) on the PCF and data were recorded at a rate of 1 kHz.  AFM 453 

imaging of stiffness at the PCF was done by repeatedly scanning the same line across the PCF 454 

at 1 line per second, at a slightly elevated force setpoint (5 nN).  The highest stiffness value 455 

from each scan line was plotted over time.  Before force curves on the PCF were recorded, a 456 

small area on the PCF was scanned to determine its center.  To force cell cleavage in RipA-457 

depleted cells, the line along the septum was scanned repeatedly and the force setpoint was 458 

increased gradually in order to increase the applied pressure. 459 

 460 

Correlated AFM and fluorescence imaging 461 

Correlated AFM and fluorescence images were acquired as described previously 37.  Briefly, 462 

fluorescence images were acquired with an EMCCD iXon Ultra 888 camera (Andor) mounted 463 

on an IX73 inverted optical microscope (Olympus) equipped with a 100X oil immersion 464 

objective (UAPON100XOTIRF, Olympus).  Illumination was provided by an MLC monolithic 465 

laser combiner (Agilent) coupled to an optical fiber.  For combined fluorescence imaging of 466 

FtsZ-GFP and FM4-64 the excitation filter and dichroic mirror of the EGFP filter cube F36-467 

526 (AHF Analysetechnik, Germany) were used.  The emission light was split by an optical 468 

system (DV2, Photometrics) equipped with a second dichroic mirror (T565lpxr) placed 469 

between the EMCCD camera and the microscope frame to separate the red and green channels 470 

each to one half of the EMCCD camera chip.  Cleanup filters used were F37-528 (EGFP) for 471 

the green channel and F37-624 (TxRed) for the red channel.  Additionally, a neutral density 472 

filter with OD 0.6 was placed on the red channel.  Typically, 5 mW power of 488 nm laser 473 

light at the MLC400B output was used for illumination.  Images were recorded with EM gain 474 

set to 300 and exposure time to 500 milliseconds.  The AFM was mounted on top of the inverted 475 

microscope (IX73, Olympus) and the AFM laser was switched off before acquiring 476 

fluorescence images.  Contrast and brightness were adjusted with ImageJ.  477 
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 478 

Membrane staining 479 

The bacterial cell membrane was stained with FM4-64 (Life Technologies) before fluorescence 480 

images were taken.  The dye was diluted in 7H9 medium and used at a final concentration of 481 

0.2 µg ml-1.  After fluorescence images were taken the sample was washed with 2 ml 7H9 482 

medium to remove unbound FM4-64 in order to minimize any potential effects on cell growth. 483 

 484 

AFM data processing 485 

For processing AFM images, standard scanning probe software was used (Gwyddion, 486 

Nanoscope Analysis).  For Figure 3b each line scanned across the PCF at 1 Hz was smoothed 487 

twice with a moving average at a 20-pixel window size and the peaks of each line were then 488 

centered with Matlab.  The mean of the centermost eight pixels was extracted for each line 489 

using ImageJ.  For each line, these values were then normalized to the mean of a feature far 490 

away from the center peak to correct for small temporal fluctuations during the measurement.  491 

Kymograph data in Figure 2g were smoothed two times with a moving average at a 3-pixel 492 

window size along the fast scan axis (x-direction).  493 

 494 

Finite-element model of a dividing cell 495 

We made a model of a dividing cell building a septum (Error! Reference source not 496 

found.) with COMSOL Multiphysics ® version 5.3, assuming a linear elastic structure with 497 

axial symmetry.  The cell was inflated with a uniform internal turgor pressure. 498 


