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Dear Editor, 

 

We are pleased to resubmit our manuscript titled “Three-dimensional imaging of 

bacterial cells for accurate cellular representations and precise protein localization” 
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all of your concerns, however there were a few places where it was unclear what to 
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subsection 4.2.2-4.2.4 already do this. Please advise if these instructions are not 

sufficient. In section 5.3 we have added a second note to explain what we edited for 

this experiment, but were unclear the best way to display. Additionally, we have 

reordered figure 3 and 4 for clarity. 
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SUMMARY:  24 
This protocol explains how to prepare and mount bacterial samples for live three-dimensional 25 
imaging and how to reconstruct the three-dimensional shape of E. coli from those images. 26 
 27 
ABSTRACT:  28 
The shape of a bacterium is important for its physiology. Many aspects of cell physiology such as 29 
cell motility, predation, and biofilm production can be affected by cell shape. Bacterial cells are 30 
three-dimensional (3D) objects, although they are rarely treated as such. Most microscopy 31 
techniques result in two-dimensional (2D) images leading to the loss of data pertaining to the 32 
actual 3D cell shape and localization of proteins. Certain shape parameters, such as Gaussian 33 
curvature (the product of the two principal curvatures), can only be measured in 3D because 2D 34 
images do not measure both principal curvatures. Additionally, not all cells lie flat when mounting 35 
and 2D imaging of curved cells may not accurately represent the shapes of these cells. Accurately 36 
measuring protein localization in 3D can help determine the spatial regulation and function of 37 
proteins. A forward convolution technique has been developed that uses the blurring function of 38 
the microscope to reconstruct 3D cell shapes and to accurately localize proteins. Here, a protocol 39 
for preparing and mounting samples for live cell imaging of bacteria in 3D both to reconstruct an 40 
accurate cell shape and to localize proteins is described. The method is based on simple sample 41 
preparation, fluorescent image acquisition, and MATLAB-based image processing. Many high-42 
quality fluorescent microscopes can be simply modified to take these measurements. These cell 43 
reconstructions are computationally intensive and access to high-throughput computational 44 
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resources is recommended, although not necessary. This method has been successfully applied 45 
to multiple bacterial species and mutants, fluorescent imaging modalities, and microscope 46 
manufacturers. 47 
 48 
INTRODUCTION:  49 
Cells of all types regulate their shapes for specific functions. For example, neurons are shaped 50 
differently than blood cells and have different functions. Similarly, bacterial cells come in a variety 51 
of shapes and sizes, although the purpose of these shapes is not always known1,2. Therefore, it is 52 
important that the shape of bacterial cells be accurately determined. The method outlined shows 53 
an easily implemented way to collect data suitable for the 3D analysis of most live or fixed 54 
bacterial cells.  55 
 56 
The method described enables one to take 3D images of bacterial cells in order to accurately 57 
represent the 3D cell shape of the sample and to precisely localize proteins within these shapes. 58 
Traditional microscopy techniques take 2D images, which is problematic when studying cells that 59 
have abnormal or nonsymmetrical shapes, such as mutants of Escherichia coli, or curved bacteria 60 
such as Vibrio cholerae and Helicobacter pylori. While high-resolution 3D images are the key input 61 
to this method, the method does not return a resolution-enhanced image. Rather, this method 62 
reconstructs the 3D surface coordinates and shape of the cell using a forward convolution 63 
algorithm using active contours and the apparent blurring function of the microscope3 (Figure 1). 64 
It has been used to study the bacterial actin homolog MreB in E. coli4-7, the novel periskeletal 65 
element CrvA in V. cholerae8, and the putative bactofilin CcmA in Helicobacter pylori9 (Figure 2). 66 
 67 
The localization of proteins can give insight into their functions. For example, proteins involved 68 
in cell division are normally localized to the midcell10,11. High-throughput studies have been 69 
undertaken to localize all the proteins of a bacterium in hopes of gaining insight into their 70 
functions12. Unfortunately, these studies were performed with 2D imaging and 1D or 2D analysis, 71 
making it impossible to measure specific aspects of protein localization, such as localization to 72 
cellular geometric features.  73 
 74 
For example, MreB, a dynamic protein required for the rod shape of many bacteria, is 75 
hypothesized to work by directing the localization of cell wall synthesis, and its localization 76 
mirrors the localization of cell wall synthesis7,13. MreB from multiple species shows geometric 77 
enrichment4,6,7,14,15. Dynamic surface polymers, such as MreB, may couple the geometry of the 78 
surface to the time averaged enrichment profile16 and may be able to orient to specific 79 
geometries by minimizing the energy associated with binding to the membrane17. While the 80 
importance of twisting, bundling, bending, and dynamics has not been entirely resolved for 81 
MreB, it is important to note that accurate measurements of both principal curvatures of a 82 
surface require a full 3D representation of the cell. Therefore, to most accurately measure the 83 
curvatures to which proteins localize, it is preferential to use 3D, rather than 2D imaging. 3D 84 
imaging eliminates the need to computationally estimate those curvatures which cannot be 85 
measured in 2D, an estimate that might not be accurate in asymmetrical cells18.  86 
 87 
Although 2D imaging of cells is quicker and does not require as much postimaging computational 88 
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work, 3D imaging provides a more accurate representation of the cell, as well as the ability to 89 
measure surface features, such as curvature, which cannot be measured in 2D. Therefore, as 3D 90 
imaging becomes more commonplace, new insights into cell shape and protein localization will 91 
become possible.  92 
 93 
PROTOCOL: 94 
 95 
1. Sample preparation 96 
 97 
1.1. Make E. coli fluorescent for imaging either by engineering them to express a cytoplasmic 98 
fluorescent protein6 or using a membrane dye5. Other bacterial species can be used instead of 99 
E. coli. 100 
 101 
1.1.1 Transform cells via electroporation with a plasmid that encodes the cytoplasmic mCherry 102 
fluorescent protein.  103 
 104 
NOTE: Different fluorescent proteins of other colors of can be used.  105 
 106 
1.1.2 Grow the transformants on an LB plate with the appropriate antibiotic at 37 ˚C. Obtain 107 
single colonies and identify positive clones by microscopy. Antibiotic resistant colonies that 108 
appear red under the microscope contain the plasmid carrying mCherry. 109 
 110 
1.2. Grow 2 mL of the overnight culture in LB liquid media with the appropriate antibiotics at 37 111 
˚C in a shaking incubator. Use either a colony from a plate or a small amount of a freezer stock 112 
as the inoculum. 113 
 114 
NOTE: Use the media necessary for the bacterial cells selected for the experiment. 115 
 116 
1.3. Subculture the overnight culture 1:1,000 into 5 mL of fresh LB media and let the cells grow 117 
to exponential phase at 37 ˚C in a shaking incubator for 3−4 h. Measure the OD600 of the cells to 118 
confirm they are in the exponential phase (i.e., OD600 = 0.2−0.4). 119 
 120 
NOTE: Imaging can be performed at any growth stage depending on the experiment being 121 
performed.  122 
 123 
2. Slide preparation 124 
 125 
NOTE: It is important to use media that has low autofluorescence. Any medium which has low 126 
autofluorescence can be used. In this experiment, 1% agarose M63 minimal media pads and 127 
sealing with VaLaP19 is required to image cells in 3D. 128 
 129 
2.1. Prepare a 1% solution of agarose in 20 mL of minimal media. 130 
 131 
2.2.1. Microwave the solution until the agarose is fully dissolved and the solution appears clear. 132 
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 133 
2.2.2. Keep the solution in a 60 ˚C water bath until ready to use.  134 
 135 
NOTE: This solution can be solidified and melted as needed or can be aliquoted into smaller 136 
amounts that are melted as needed. After multiple uses the media may become discolored and 137 
should be replaced.  138 
 139 
2.2. Melt VaLaP sealant on a hot plate at 80−100 ˚C.   140 
 141 
NOTE: Prepare VaLaP, to be used as a sealant, by melting 50 g each of petroleum jelly, lanolin, 142 
and paraffin together in a beaker on a hot plate at 80−100 ˚C. This large amount of VaLaP can 143 
be stored at room temperature indefinitely and will be enough for >500 slides. Heating at >100 144 
˚C will cause it to degrade and its color will darken. 145 
 146 
2.3. Place two stacks each of three 20 mm x 20 mm cover slips on the opposite ends of a slide 147 
(six total coverslips). 148 
 149 
2.4. Pipette 200 µL of agarose pad solution onto the slide. 150 
  151 
NOTE: If not using an engineered fluorescent stain, a membrane dye may be added to the 152 
agarose pad solution before this step. Resuspend the dye in water and add dye to 1 mL of the 153 
agarose pad solution to a final concentration of 5 µg/mL. 154 
 155 
2.5. Immediately and firmly place a second slide down on the stack of cover slips to flatten the 156 
agar and let it solidify for 1 min at room temperature. 157 
 158 
2.6. Carefully slide off the top slide. 159 
 160 
2.7. Use the large end of a 200 µL pipette tip to cut out individual pads from the gel (~5 mm in 161 
diameter) on the slide and discard malformed or unneeded gel.  162 
 163 
NOTE: If imaging multiple strains or conditions, a separate pad will be needed for each one. If 164 
only one strain is to be imaged, make 3−4 pads to help balance the coverslip.  165 
 166 
2.8. Pipette cells up and down multiple times to disrupt cell clumps and ensure the culture is well 167 
mixed. Pipette 1 µL of subculture from step 1.3 onto a pad.  168 
 169 
NOTE: Cell shape reconstructions require individual cells that are not touching other cells. If using 170 
stationary phase or high cell density cultures, it may be necessary to dilute the sample 1:10 171 
before placing it on the pad. 172 
 173 
2.9. Let the sample air dry for 5−10 min. Ensure that the droplet is completely absorbed into the 174 
pad. If any liquid remains, the cells will move around in the liquid and cannot be imaged.  175 
 176 
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2.10. Place a cover slip on the top of the pads.  177 
 178 
2.11. Seal the cover slip with melted VaLaP by gently brushing around the edge of the cover slide 179 
with a cotton swab. Make sure to keep it away from the top of the cover slip where the objective 180 
will touch. The VaLaP will harden in a matter of seconds, sealing the sample. 181 
 182 
2.12. Immediately image the sample. 183 
 184 
NOTE: The sample should be imaged as soon as the slide is prepared. The cells can grow on the 185 
pads, and if they divide the reconstructions will be more difficult. 186 
 187 
3. Imaging requirements 188 
 189 
3.1. Ensure that the z or focusing axis of the microscope can make precise movements of less 190 
than 50 nm. Use z piezo stages (see Table of Materials), available on research grade microscopes, 191 
because typical motorized focus devices are unable to provide this precision.  192 
  193 
NOTE: Assuming the Nyquist-Shannon sampling criterion20, one needs to have the ability to 194 
move 0.5x the smallest desired step size, or 2x the desired spatial frequency. For the 100 nm 195 
steps needed in this protocol, a stage with a precision of 50 nm or less is required. 196 
 197 
3.2. Ensure that the microscope contains a 100x objective with a minimum numerical aperture 198 
(NA) of 1.45. 199 
 200 
3.2.1. Collect z-stacks of between 200−400 different cells to ensure enough cells are obtained for 201 
downstream applications.  202 
 203 
NOTE: The number of cells needed depends on the underlying variability of the sample of 204 
interest. Some of the cells collected at this point will not make it through the reconstruction 205 
steps.  206 
 207 
3.3. Ensure that the z-stack matches the settings used for the shape channel if a secondary 208 
fluorescent channel (protein, metabolic label, etc.) is measured.  209 
 210 
4. Imaging  211 
 212 
4.1. Insert the sealed slide onto the microscope and allow it sit for 5 min to equilibrate the 213 
temperature with the surroundings, because the microscope room may be at a different 214 
temperature than the sample preparation room. 215 
 216 
4.2. Take a fluorescent z-stack of the sample.  217 
 218 
NOTE: The z-stack should entirely cover the sample with a z-spacing less than the depth of field. 219 

For a 1.45 NA 100x objective and ~1 m thick E. coli cells, 40 steps at 100 nm per step work 220 
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well. For larger cells or cells that do not lie perfectly flat on the surface, 50 or more steps may 221 
be necessary. Include enough steps and ensure that the sample is fully blurred above and 222 
below. 223 
 224 
4.2.1. Use the software associated with the microscope (see Table of Materials) to control the 225 
microscope.  226 
 227 
4.2.2. Focus on the middle of the cell using the microscope focus wheels. Under ND acquisition 228 
check the Z box to take a z-stack. Click the Home button to set the middle of the cell as the 229 
starting point. Set the Step size to 0.1 µm and set the Range to 4 µm. Make sure that the Z 230 
device is set to the piezo stage. 231 
 232 
4.2.3. Set the fluorescent channels under the Lambda Window to the settings for the fluorescent 233 
molecules being imaged. In this experiment GFP and mCherry were used. 234 
 235 
NOTE: Take an additional z-stack with the same Step Size and Range in the second color channel 236 
if the 3D distribution of an additional fluorescent channel is desired. In this experiment, 237 
cytoplasmic mCherry was used to determine cell shape and MreB-GFP was used as a second color 238 
channel21. 239 
 240 
4.2.4 Ensure that the Order of Experiment is set to lambda (z series) so that it will take a complete 241 
z-stack in each color channel before switching. 242 
 243 
5. Cell reconstruction 244 
 245 
5.1 Crop individual cells and save the images as a stacked tiff file so that there is only one cell per 246 
file. Ensure that this cell is well isolated from any other cells (i.e., roughly 5x the full-width half-247 
maximum of the blurring function in xy. 248 
 249 
NOTE: This can be done using freely available image analysis software (see Table of Materials). 250 
 251 
5.1.1 Draw a box around an individual cell and Duplicate that cell 2x, once for each channel. Make 252 
sure the duplicate hyperstack box is checked and change the channel to either 1 or 2, making 253 
sure that the slices include the entire z-stack. 254 
 255 
NOTE: If imaging only the shape of the cells and not an additional fluorescent protein, only one 256 
channel will be present. 257 
 258 
5.1.2 Once both stacks are available go to Images|Stacks|Tools|Concatenate to combine the 259 
images with the protein channel first and the shape channel second. 260 
 261 
5.2 Measure the blurring function of the microscope using subdiffraction limited fluorescent 262 
beads22. This needs to be done for each microscope and microscope objective but can be 263 
performed before or after imaging the samples of interest.  264 



   

Page 6 of 6  revised November 2017 
 

 265 
5.2.1 Average together multiple independent beads with some manual intervention using 266 
available software (see Table of Materials).  267 
 268 
NOTE: The final product should be a 3D image of the blurring function with the same xyz 269 
spacing as the samples of interest. 270 
 271 
5.3 Run the forward convolution cell shape reconstruction scripts using available software. The 272 
latest version of these scripts can be freely downloaded from 273 
https://github.com/PrincetonUniversity/shae-cellshape-public. 274 
 275 
5.3.1 Make a folder inside a folder on the desktop that contains the cropped images and the 276 
cell_shape_settings_tri.txt file from shae-cellshape-public/exampleData_tri. 277 
 278 
5.3.2 Edit cell_shape_setting_tri.txt to have the correct settings for the experiment of interest. 279 
For this experiment, the settings file includes the following lines:  280 
nm_per_pixel 70 281 
Z_scale 0.65     282 
stack_z_size 41 283 
stack_t_size 1 284 
Fstack_z_size 41 285 
Fstack_t_size 1 286 
stack_seperation_nm 100 287 
Fstack_seperation_nm 100 288 
psfScript -999 osuPSF20180726 289 
gradient 1 290 
 291 
NOTE: This text file is organized into sections and each section is parsed into its own variable. 292 
While many of the settings do not need to be changed from experiment to experiment, one 293 
should make sure that the size of the z-stack (stack_z_size for shape, Fstack_z_size for protein 294 
of interest), spacing of the z-stack (stack_seperation_nm, Fstack_seperation_nm), relative focal 295 
shift of the microscope (Z_scale)23, the pixel size in xy (nm_per_pixel), and the name of the 296 
script that loads the blurring function of the microscope (psfScript) match the experiment. The 297 
gradient field should be set to 1 if the shape channel is cytoplasmically filled and 0 if it is a 298 
membrane-stained object. 299 
 300 
5.3.3 Run Cell_shape_detector3dConvTriFolder function (shae-cellshape-301 
public/CellShapeDetectorTri/) with the string to the folder location followed by the number of 302 
cells you want to run, and the number of the cell to start on. 303 
 304 
NOTE: An example for the input will look as follows: Cell_shape_detector3dConvTriFolder ('path 305 
to folder with cropped images',# of cells, starting index in folder). A typical cell may take 306 
between 5−20 minutes for the reconstruction to converge and finish. 307 
 308 
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5.4 Screen the cell reconstructions to ensure that they are correct before using the cells for any 309 
statistical analysis. 310 
 311 
5.4.1 Run ScreenFits (shae-cellshape-public/shae-fitViewerGui/) to visually screen individual cell 312 
reconstructions. 313 
 314 
5.4.2 Click the select folder button when the graphical user interface (GUI) opens, then select 315 
the folder with the reconstruction data files (TRI.mat) created in step 5.3. 316 
 317 
5.4.3 Select the box next to the cell reconstruction if a cell appears misshapen or did not fully 318 
converge (Figure 3). This could look like a cell with a hole, a flat side, or a branch coming out of 319 
it. This will append ‘FLAG’ to the file name so that it can be excluded from any downstream 320 
analysis. 321 
 322 
NOTE: The reconstructed cell can be compared to the original images. This can be especially 323 
important if your cells come from a various heterogenous population of shapes. 324 
 325 
5.5 Run enrichmentSmoothingSpline (shae-cellshape-public/) to create an enrichment profile 326 
of the relative concentration of the protein of interest as a function of the Gaussian curvature 327 
at the surface. 328 
  329 
NOTE: In addition to the precise geometric localization of a fluorescent protein, there are many 330 
other ways to analyze the data from the secondary channel, including counting the number, size, 331 
and orientation of objects4. 332 
 333 
REPRESENTATIVE RESULTS:  334 
Bacteria come in a wide variety of shapes and sizes that may determine their functions in nature1. 335 
The outcome of this procedure is an accurate 3D representation of cells from the forward 336 
convolution of a z-stack of images (Figure 1). This method is especially important when dealing 337 
with curved cells (Figure 2), or with abnormally shaped cells (Figure 4A), as a 2D representation 338 
does not reflect the curvature of the cells accurately. In order to use the forward convolution 339 
method (Figure 1A), cells need to be either peripherally stained or have a cytoplasmic stain 340 
(Figure 2B left vs. right). 341 
 342 
Figure 4 shows MreB localization in the cell. A GFP fusion was made to the bacterial actin protein 343 
MreB21 in order to study its precise localization in both wild type and mutant E. coli cells4. Because 344 
MreB is associated with the membrane, 3D imaging is required to faithfully reproduce its position 345 
in the cell. By making these measurements in 3D, we were able to reconstruct the shapes of both 346 
wild type and rodZ mutant cells (Figure 4A). The localization of MreB was shown to be enriched 347 
at small Gaussian curvatures, a geometric feature that can only be measured in 3D, in a RodZ 348 
dependent manner (Figure 4B). 349 
 350 
FIGURE AND TABLE LEGENDS:  351 
Figure 1: Forward convolution method reconstructs cells with no prior knowledge of cell shape. 352 
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(A) The final output of the method is a 3D cell reconstruction derived by comparing a test shape 353 
with the calibrated blurring function of the microscope. This is compared with the observed z-354 
stack until the observed 3D image matches the hypothetical one. The image shown here is a 355 
rendering of the reconstruction of one C. crescentus cell. (B) The reconstruction pipeline 356 
iteratively updates the estimated positions of the surface elements based on the observed image 357 
stack. For full algorithmic details of the method, see Nguyen3. (C) The reconstruction pipeline 358 
starts with no a priori knowledge of the shape of the cell and updates the position and number 359 
of surface vertices to match the observed z-stack. Representative images from every 30 steps 360 
during the 3D reconstruction are shown from three different angles of a V. cholerae cell. The 361 
surface positions of this shape are updated to minimize the difference between the simulated 362 
and observed stacks. 363 
 364 
Figure 2: Representative 3D reconstructions of three different shaped bacterial species. Three-365 
dimensional reconstructions can be made from cells with their membrane stained (left) or filled 366 
with a cytoplasmic fluorophore (right). The shape and curvature of the starting cell is not 367 
important, as a bent rod, twisted rod, or straight rod are all able to be accurately reconstructed. 368 
The reconstructed surfaces are colored based on the local Gaussian curvature of the surface. 369 
Scale bar is 1 µm. 370 
 371 
Figure 3: Reconstructions can fail for multiple reasons. Cells must be screened to ensure that 372 
the reconstruction algorithm converged to a reasonable result. Left = representative wild type 373 
(top) and rodZ mutant (bottom) E. coli cells that have passed quality control. Right = cells that 374 
failed to reconstruct properly and did not pass quality control. Five classes of failed convergence 375 
are shown: (i) cells that are too close to the edge of the cropping region leading to a sharp 376 
demarcation, (ii) cells that are too close to another cell, (iii) cells that produced a divot, (iv) cells 377 
that did not proceed past the initial starting point, and (v) other unknown errors. 378 
 379 
Figure 4: Representative data showing protein localization to specific cellular geometries. (A) 380 
Three-dimensional reconstructed cells of wild type and rodZ E. coli cells with Gaussian curvature 381 
and MreB fluorescence intensity displayed. Scale bar is 1 µm. (B) Enrichment plots of MreB from 382 
wild type and rodZ E. coli cells. Values >1 show enrichment and values <1 show depletion of MreB 383 
from these cellular regions relative to uniform coverage of the cell. Shaded areas indicate mean 384 
±90% bootstrap confidence interval of the mean. The curve for each strain is a cubic smoothing 385 
spline and is truncated using a probability threshold for extreme curvatures of p > 5 x 10-3. This 386 
figure has been modified from (Bratton et al.)4. 387 
 388 
DISCUSSION: 389 
A critical step in this protocol is the acquisition of high-quality images. To properly reconstruct 390 
the cells, there must be enough blurring above and below the cell. Therefore, it is imperative that 391 
the z-stack taken covers a large enough distance. The number of steps taken during the image 392 
acquisition can be adjusted for each strain. For example, E. coli cells deleted for rodZ are wider 393 
and require more steps, and therefore, a greater distance, than wild type cells. If the sample 394 
drifts during image acquisition, the reconstruction can have major errors. Therefore, it is 395 
important to let the slide come to thermal equilibrium with the microscope before imaging to 396 
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avoid drift during the z-stack acquisition. Cells should be imaged on pads with low 397 
autofluorescence. Media components, such as those found in the common LB medium, have 398 
autofluorescence that can cause problems when trying to reconstruct the cells. The density of 399 
cells on the imaging pad is important because the reconstruction process is performed 400 
independently on each cell. Too few cells will increase the time needed to obtain images of a 401 
sufficient number of cells, while too many cells will result in imaging fields that are too dense to 402 
easily crop individual cells. Because not all cells reconstruct properly, extra cells should be imaged 403 
during the acquisition step and all outputs should be screened before moving forward with 404 
statistical analysis (Figure 3). 405 
 406 
Many of the limitations for this method are technical. On the microscope to be used, one must 407 
have an objective that has a high numerical aperture (typically >1.4), because this enables optical 408 
sectioning on the size scale of bacteria. Additionally, the microscope needs to be equipped with 409 
a piezo stage that can take small, precise steps in the z-direction. Furthermore, while it is not 410 
necessary, access to high-throughput computational resources to run the image analysis 411 
software is highly recommended because it will reduce the processing time to reconstruct cells.  412 
 413 
One conceptual limitation to the method is that the correct energy scales for weighting the 414 
smoothness of the reconstruction relative to the signal-to-noise ratio of the images must be 415 
chosen. To validate a choice of parameters, the sizes and shapes of cells should be measured 416 
using independent methods such as transmission electron microscopy (TEM) or atomic force 417 
microscopy (AFM). As a proof of principle, 3D reconstructions of cells were performed either on 418 
an AFM to test for z-accuracy (<50 nm) or on a TEM grid to test for xy-accuracy (<30 nm)3. Such 419 
a correlated approach is time consuming and costly. A simpler approach may be to image 420 
standard samples such as wild type cells or 1 µm spherical beads. The diameter and sphericity of 421 
the reconstructions can be used to ensure that the size and energy scales used in the 422 
reconstruction are correct. 423 
 424 
This is not the only method that seeks to extract high resolution spatial information from 425 
fluorescence microscopy images. Many review articles describe recent advances in the field of 426 
super-resolution microscopy24,25. Resolution-enhancing techniques such as deconvolution 427 
microscopy26, spinning disk confocal microscopy27, pixel reassignment28, and structured 428 
illumination microscopy (SIM)29 seek to improve the resolution of the images acquired by the 429 
microscope. These methods are not incompatible with the approach presented. Recently this 430 
method was adapted to allow for SIM-based images as inputs9. While the forward convolution 431 
method shares some of its underpinnings with deconvolution microscopy, it has a completely 432 
different output. Whereas approaches such as deconvolution microscopy seek to improve the 433 
resolution of the image, this approach does not generate an image but rather a cell shape 434 
reconstruction with roughly 50 nm precision. Single-molecule active-control microscopy 435 
techniques based on sparsely labeled samples can provide even higher levels of spatial 436 
precision than this method. In many cases, these single molecule approaches require 437 
optimization of the fluorescent constructs and can require long acquisition times, making them 438 
difficult to use with live or dynamic samples. Each of these methods comes with one or more 439 
caveats that this method does not. For instance, the benefits advertised by spinning disk 440 
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confocal microscopy are not as applicable to monolayers of bacterial cells, where there is not 441 
much out of plane light. Furthermore, this method provides a pipeline to acquire accurate 3D 442 
cell shapes and protein localization without the need of any specialized fluorophores. This 443 
method has minimal hardware requirements (i.e., z piezo, high NA objective) and requires only 444 
tens of images per timepoint, allowing one to easily investigate dynamic 3D structures6.  445 
 446 
There have been an increasing number of approaches to study the organization of bacterial cells 447 
in 3D structures. These include approaches conceptually similar to this that take advantage of 448 
high quality, 3D fluorescence images30-32. This approach requires well isolated cells and makes no 449 
a priori assumptions about cellular geometry. However, to move into dense cellular aggregates 450 
or biofilms, the cells are assumed to be rod-like. This lower resolution view still enables 451 
investigating packing arrangements of the cells, although the high density of cells in the biofilm 452 
prevents analysis of the subcellular localization of specific factors.  453 
 454 
In the future, it may be interesting to develop a framework to integrate the single molecule and 455 
wide-field approaches with this 3D reconstruction technique. Moreover, it may be possible to 456 
include this forward convolution approach with machine vision segmentation tools32 to allow for 457 
reconstructions of more dense cell clusters.  458 
 459 
Why cells evolved into specific shapes is a complex issue that must reflect the complex 460 
environment in which they live. Understanding the evolution and function of cell shapes requires 461 
taking precise and accurate measurements of those shapes, which is what this method provides. 462 
 463 
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Huygens Software

Scientific Volume 

Imaging

Huygens essential or 

professional Use to measure blurring function of microscope

Lanolin Sigma-Aldrich L7387 combine with paraffin and petroleum jelly to make VaLaP

LB growth medium BD Difco DF0446173

M63 medium US Biological M1015

MATLAB Mathworks Needed to run forward convolution scripts

Microscope Slides Fisher 12-550-133

NIS Elements Nkon

Paraffin Sigma-Aldrich 327212
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Editorial comments: 
Changes to be made by the Author(s): 
1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are 
no spelling or grammar issues. The JoVE editor will not copy-edit your manuscript and any 
errors in the submitted revision may be present in the published version. 
 
2. For in-text formatting, corresponding reference numbers should appear as numbered 
superscripts after the appropriate statement(s). 
This has been changed 
 
3. Please remove all commercial language from your manuscript and use generic terms instead. 
All commercial products should be sufficiently referenced in the Table of Materials and 
Reagents. 
For example: Agarose M63, VaLaP, etc. 
Agarose and VaLaP are not commercial names. They are in the table of materials. 
 
4. Please ensure that the title of the manuscript directly reflects the described protocol. 
 
5. Please ensure that all text in the protocol section is written in the imperative tense as if telling 
someone how to do the technique (e.g., “Do this,” “Ensure that,” etc.). The actions should be 
described in the imperative tense in complete sentences wherever possible. Avoid usage of 
phrases such as “could be,” “should be,” and “would be” throughout the Protocol. Any text that 
cannot be written in the imperative tense may be added as a “Note.” 
The text of the protocol section has been changed to the imperative tense and notes have been 
added. 
 
6. The Protocol should contain only action items that direct the reader to do something. 
The protocol has been modified throughout. 
 
7. The Protocol should be made up almost entirely of discrete steps without large paragraphs of 
text between sections. Please ensure that individual steps of the protocol should only contain 2-
3 actions per step. 
The protocol has been modified throughout. 
 
8. Please include a single line space between each step, substep, and note in the protocol 
section. 
The protocol has been modified throughout. 
 
9. Please use complete sentences throughout. 
The protocol has been modified throughout. 
 
10. Please ensure you answer the “how” question, i.e., how is the step performed? 
The protocol has been modified throughout. 
 
11. 1.1: What kind of cells are used in this experiment? How do you engineer to express 
fluorescent proteins? How do you grow? What temp, and other conditions and for how long? 
How do you subculture? Any O.D checks if any? 
The protocol has been modified throughout. 
 
12. 2.6: How do you perform the dye addition? 
This has been added to the protocol. 
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13. 2.12: Do you check the slides under the microscope at this stage? What dilution? Dilute to 
what dilution? 
At the concentration used in this experiment dilution is not necessary; however, a note has been 
added to indicate what to do if higher density cells are used. 
 
14. 3: How do you focus on the image? How do you use the piezo stages? How do you collect 
the images? What is the magnification used? Please include all the knob turns in the instrument 
and all click by click instructions of how to use the associated software? 
The protocol has been modified to include this information. 
 
15. 4: How is this done? 
A more detailed protocol has been provided. 
 
16. 5: How is this done? Please provide step by step description of your protocol and how to 
use the software and scripts. How do you perform the cell reconstruction? Please include all the 
specific details associated with your protocol. How do you perform reconstruction? What 
statistical analysis is performed? How do you screen the reconstructed images to ensure it is 
correct? 
A more detailed protocol has been provided. 
 
17. There is a 10-page limit for the Protocol, but there is a 2.75-page limit for filmable content. 
Please highlight 2.75 pages or less of the Protocol (including headings and spacing) that 
identifies the essential steps of the protocol for the video, i.e., the steps that should be 
visualized to tell the most cohesive story of the Protocol. 
 
18. Please describe the result with respect to your experiment, you performed an experiment, 
how did it help you to conclude what you wanted to and how is it in line with the title. , e.g., how 
do these results show the technique, suggestions about how to analyze the outcome, etc. The 
paragraph text should refer to all of the figures. Data from both successful and sub-optimal 
experiments can be included.  
We have modified the results section in lines 598-604 to make this more clear. Also, figure 4 
shows sub-optimal experimental results. 
 
19. Please obtain explicit copyright permission to reuse any figures from a previous publication. 
Explicit permission can be expressed in the form of a letter from the editor or a link to the 
editorial policy that allows re-prints. Please upload this information as a .doc or .docx file to your 
Editorial Manager account. The Figure must be cited appropriately in the Figure Legend, i.e. 
“This figure has been modified from [citation].” 
The only reproduced figure is from Nat Comm and the journal’s policy allows the reuse of the 
figure. 
 
20. Please ensure that the references appear as the following: [Lastname, F.I., LastName, F.I., 
LastName, F.I. Article Title. Source. Volume (Issue), FirstPage – LastPage, (YEAR).] For more 
than 6 authors, list only the first author then et al. 
This has been fixed. 
 
21. Please revise the table of the essential supplies, reagents, and equipment. The table should 
include the name, company, and catalog number of all relevant materials in separate columns in 
a .xlsx file. Once done please sort the materials table in the alphabetical order. 
The table has been updated. 



 
Reviewers' comments: 
Reviewer #1:  
Manuscript Summary: 
The manuscript by Bratton et al describes procedure to acquire and reconstruct 3D images of 
fluorescently stained bacterial cells. The method is potentially very useful for studies of sub-
cellular organization in bacteria. There are frequent occasions where 2D image is not sufficient; 
some of these are also mentioned in the manuscript. 
 
Major Concerns: 
1) While addressing an important problem, the approach focuses on trivial aspects of the 
procedure leaving the challenging parts uncovered. Most labs are perfectly capable of making 
agar pads (yellow lines 112-132) and taking Z-stack of images (yellow lines 146-155). Who 
needs to watch movie on this? There are just two more yellow lines (164-165) that describe 
screening of results. This seems also a rather common sense step. 
We have updated the highlighted text to show more of the computational steps, however we do 
not think that pad preparation is common sense to most labs and have left that section in. 
 
The difficult part is how to use correctly the software on github that the authors have uploaded. 
There is no documentation uploaded in github nor it is described in the manuscript. Without 
clear instructions and documentation how to use the software the whole procedure is useless. 
Authors should have detailed documentation available for their Matlab code. 
What needs to be explained is "5.3 Run forward convolution MATLAB scripts." Currently it is just 
one sentence in the manuscript. 
Thank you. The protocol has been expanded in the sections describing how to run the MATLAB 
scripts. 
 
2) Explain also how to process fluorescent protein data. 
This has been added to the protocol at line 492. 
 
3) Some limitations of forward convolution technique should be mentioned in the manuscript. 
Many users will take the results otherwise on their "face" value even though the procedure is 
likely to produce artifacts. 
Please discuss in the manuscript what controls can be used to test validity of the outcome. 
We have added lines 671-681 to discuss limitations and controls. Please see fig. 4 as examples 
for quality control. 
 
Minor Concerns: 
1) Fluorescent beads used to determine blurring function of the microscope should be listed. 
This has been added to the table of materials. 
 
 
Reviewer #2:  
Manuscript Summary: 
Review:Three-dimensional imaging of bacterial cells for accurate cellular representations and 
precise protein localization 
 
The authors describe a method for 3D imaging of bacterial cells, including irregularly shaped 
(i.e. deviating from cocci or rods) cells. This method is potentially of interest for a large 
community of bacterial cell biologists. 
 



Unfortunately, the study shows largely published results, and is very vage, when it becomes 
interesting. A large part of the protocol deals with sample preparation, which is very trivial and 
has been described in a myriad of previous publications. The part that is interesting, namely 3D 
image generation, is only very vaguely described. 
We are glad that you find the 3D reconstructions interesting, but to be clear this method is not 
a novel way to generate 3D images (optical sectioning) but rather a way to make 3D 
reconstructions of cells. See comments to the next point. 
To make this clearer we have modified the protocol to include more detail on the computational 
steps.  
 
Also, 3D deconvolution has been described in detail before, but has frequently lead to artefacts. 
In which way is the described protocol/algorithm better than commercially available or other 
custom made deconvolution software? 
We are not doing deconvolution, this method is for forward convolution. Lines 64-66 and 693-
697 were added to help distinguish these methods. In the discussion we talk about pros and 
cons of these methods. To reiterate we did not write new or any deconvolution software, we 
wrote new forward convolution software.  
 
 
Major Concerns: 
the developed method is frequently compared with other methods (Line 58: the "best method"), 
but there is no way to judge whether is it indeed better. Please prove that the described method 
is the best way by showing appropriate comparisons. 
 
- Figures shown are largely left overs from previous publications, and controls/benchmarking is 
missing. 
Only one of the figures has been published before, and this is the first time we have published a 
3D helicobacter cell. 
 
- At the least, please provide a small scheme of the algorithm 
This has been added to figure 1. 
 
Minor Concerns: 
- please state average processing times per cell 
This has been added. 
- Figure 2 footnote (lines from 197-199) and Line 109 please rephrase 
We have reworded this section 
- point 5.4: please give objectives of how "correct" is distinguished from "incorrect" 
This has been added and see figure 4 
- please spell out "versus" or use "vs" instead of "v" 
This has been fixed 
- please include space between numbers and units 
This has been fixed 
- please prove that a number of 200 to 400 samples is representative/statistically significant 

We have reworded this section. The number of cells needed depends on the underlying 
variability of the sample of interest. One estimate for the number of cells that needs to be 
measured is when the within sample error for estimates of the mean is similar to the between 
sample variability of the means.  Increasing the number of cells within a sample increases the 
precision of the mean estimator, decreasing the within sample error (smaller error bars). 
Increasing the number of cells in each sample does little to change the between samples 



variability. For MreB geometric localization in E. coli, this crossover point happens around 100 
cells.  
 
- a number of 50 nm or under point 4) 100 nm is stated to be necessary for efficient 
reconstruction, please clarify 
Thank you, we have added a note about to address this on line 308-310 


