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ABSTRACT 31 

Conventional optical microscopy imaging of obligate intracellular bacteria is hampered by the 32 

small size of bacterial cells, tight clustering exhibited by some bacterial species and challenges 33 

relating to labelling such as background from host cells, a lack of validated reagents, and a lack of 34 

tools for genetic manipulation. In this study we imaged intracellular bacteria from the species 35 

Orientia tsutsugamushi (Ot) using five different fluorescence microscopy techniques: standard 36 

confocal, Airyscan confocal, instant Structured Illumination Microscopy (iSIM), three-37 

dimensional Structured Illumination Microscopy (3D-SIM) and Stimulated Emission Depletion 38 

Microscopy (STED). We compared the ability of each to resolve bacterial cells in intracellular 39 

clumps in the lateral (xy) axis, using full width half maximum (FWHM) measurements of a labelled 40 

outer membrane protein (ScaA) and the ability to detect small, outer membrane vesicles external 41 

to the cells.  Comparing the techniques readily available to us (above), 3D-SIM microscopy, in 42 

combination with the shortest-wavelength dyes, was found overall to give the best lateral 43 

resolution. We next compared the ability of each technique to sufficiently resolve bacteria in the 44 

axial (z) direction and found 3D-STED to be the most successful method for this. We then 45 

combined this 3D-STED approach with a custom 3D cell segmentation and analysis pipeline using 46 

the open-source, deep learning software, Cellpose to segment the cells and subsequently the 47 

commercial software Imaris to analyze their 3D shape and size.  Using this combination, we 48 

demonstrated differences in bacterial shape, but not their size, when grown in different mammalian 49 

cell lines. Overall, we compare the advantages and disadvantages of different super-resolution 50 

microscopy techniques for imaging this cytoplasmic obligate intracellular bacterium based on the 51 

specific research question being addressed.  52 

 53 
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 56 

INTRODUCTION 57 

Over the past 25 years, light microscopy of model bacterial organisms including Escherichia coli, 58 

Bacillus subtilis and Caulobacter crescentus has revolutionised the understanding of bacterial 59 

cells, revealing them as highly organised, with a cytoskeleton and dynamic molecular machines 60 

involved in DNA segregation and cell division1,2. This new paradigm has been based on 61 

conventional widefield and confocal microscopy3,4 as well as newer super-resolution techniques2,5, 62 

combined with labelling approaches including immunofluorescence, genetically encoded 63 

fluorescent proteins, and small fluorescent tags. Almost all the resulting knowledge on bacterial 64 

growth and division is derived from free living bacteria, because of challenges with applying these 65 

techniques to intracellular bacteria, especially obligate intracellular bacteria that cannot be 66 

manipulated axenically. Specific challenges include the genetic intractability of many obligate 67 

intracellular bacteria, their reduced cell size compared with free living counterparts, and their 68 

tendency to grow in tightly-packed three dimensional bacterial microcolonies6-9. 69 

 70 

Orientia tsutsugamushi (Ot), an obligate intracellular bacterium belonging to the Order 71 

Rickettsiales and Family Rickettsiaceae, presents these challenges when attempting to accurately 72 

determine cell morphology using conventional imaging methods. Approaches to date have 73 

primarily involved immunofluorescent labelling of the major surface protein TSA56, followed by 74 

widefield or confocal microscopy6-8, although the use of the super-resolution techniques of 75 

STORM and SIM imaging has been reported9,10. Ot exhibits pleomorphism, with individual cells 76 
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adopting rod, round, or irregular shapes, as documented through confocal and electron 77 

microscopy8,9. However, comprehensive and systematic studies regarding the distribution of 78 

bacterial morphologies in this species are lacking due to the inherent difficulty in precisely 79 

measuring the cells in three-dimensions. Bacterial shape is primarily governed by a rigid 80 

peptidoglycan cell wall, shaped by an intricate internal cytoskeleton. This three-dimensional 81 

architecture significantly impacts bacterial fitness in various environments, influencing factors 82 

such as nutrient uptake efficiency, motility patterns, and susceptibility to predation by phagocytes 83 

or bacteriophages. Our study aims to compare the ability of a range of super-resolution microscopy 84 

techniques to resolve individual Ot in intracellular clumps to enable the accurate quantification of 85 

the three-dimensional morphology of Ot within infected host cells. Such an investigation holds 86 

promise for advancing our understanding of the role of bacterial shape in Ot fitness and 87 

pathogenicity. 88 

 89 

Ot causes the mite-borne human disease scrub typhus that is endemic in Asia, with closely related 90 

species recently described in other parts of the world including Latin America and the Middle 91 

East11. There is currently no vaccine available and the mean mortality rate in untreated cases is 6% 92 

making it one of the most severe rickettsial infections in humans12. Ot can replicate in a range of 93 

cell types including endothelial, fibroblast, epithelial, monocyte/macrophage and dendritic 94 

cells8,13,14. Ot enters cells using clathrin-mediated endocytosis15 and macropinocytosis9, then 95 

traffics to the perinuclear region where it undergoes replication to form a tightly packed bacterial 96 

microcolony6,9. Effective imaging, segmentation and analysis of individual Ot bacteria in this 97 

perinuclear microcolony is limited when using traditional labelling and imaging techniques.  98 

 99 
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Many light microscopy techniques capable of imaging specimens at resolutions exceeding the 100 

classical Abbe diffraction limit have emerged over the past two decades (see a variety of excellent 101 

papers including ref.16-20).  These super-resolution methods include Stimulated Emission Depletion 102 

Microscopy (STED18,21-23), single molecule localisation techniques like Stochastic Optical 103 

Reconstruction Microscopy (STORM24), and a range of Structured Illumination Microscopy 104 

(SIM)-based techniques17,25 that encompass both conventional, interference-based techniques such 105 

as 3D-SIM16,26,27 with more recently applied image scanning microscopy approaches28 including 106 

instant SIM (iSIM)29. In addition, techniques to enhance the resolution of confocal microscopy 107 

have become widely used17,30, either through combining highly sensitive detectors with a reduced 108 

confocal pinhole diameter, or by the integration of specific detectors that use pixel reassignment 109 

methods to increase sensitivity and resolution, such as the Zeiss Airyscan detector31 and, more 110 

recently, the Abberior Matrix detector32. While super-resolution methods initially relied upon the 111 

use of home-built and typically user-unfriendly systems, the availability of excellent commercial 112 

products, especially when housed within dedicated microscopy core facilities supported and 113 

operated by expert staff experienced in their application and optimization for varied samples, has 114 

rendered these techniques more widely accessible to research biologists33.  115 

 116 

The goal of this study was to compare the ability of different super-resolution microscopy 117 

techniques housed within a single core microscopy facility to image intracellular Ot and develop 118 

custom analysis pipelines for 3D bacterial cell segmentation and quantification of cellular 119 

parameters. We compare four different super-resolution microscopy techniques with each other 120 

and with conventional confocal microscopy (given the much wider familiarity with this technique) 121 

and present the advantages and disadvantages of the respective techniques for studying Ot.  122 
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Importantly, all selected techniques were applied using commercially available instruments, which 123 

were in general operated using the manufacturer’s recommended acquisition settings, to enable 124 

researchers elsewhere with equally challenging biological samples to apply a similar approach.  It 125 

should be noted that there are many additional and excellent super-resolution approaches that were 126 

not tested here (e.g. SMLM techniques), as users of a microscopy core typically look for the best 127 

approach in a single institution for frequent use, and will only travel to use a different system 128 

elsewhere if the instruments that are readily available to them prove insufficient to answer the 129 

biological question. 130 

 131 

The microscope techniques compared here were: standard confocal microscopy using a Zeiss LSM 132 

880 system (“confocal”); Airyscan confocal microscopy using a Zeiss LSM 880 system fitted with 133 

an Airyscan 1 detector (“Airyscan”); 3D-Structured Illumination Microscopy using an OMX V4 134 

Blaze microscope (“3D-SIM”); instant SIM using a VisiTech Vt-iSIM system (“iSIM”); and 135 

Stimulated Emission Depletion Microscopy using an Abberior Facility Line system (“STED”). 136 

The exact specification of each microscope system is detailed in the Methods section and each 137 

system was used together with the processing software supplied by the manufacturer. For example, 138 

a deconvolution step is viewed as an integral part of the iSIM procedure and thus was used here, 139 

whereas deconvolution is not always applied to confocal or STED microscope images, and thus 140 

was not applied here.  It should be noted that the point spread function (PSF) of the Abberior 141 

Facility Line STED system used here can be shaped, and optimized, in both the lateral (xy) and 142 

axial (z) axes18,34, thus when we use the term “3D-STED”, we are referring to a PSF shaped in all 143 

3 dimensions, not simply to the acquisition of a z-stack of images acquired with a 2D-shaped PSF. 144 

The percentage of 2D-STED vs. 3D-STED can thus be easily tuned by means of a simple slider 145 
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either to maximize the xy resolution (using 100% 2D-STED) or to give near isotropic resolution 146 

(100% 3D-STED), or a compromise between the two, an option that is unique to STED amongst 147 

super-resolution methods.  Thus, various ratios of 2D:3D STED were tested here. Sample labelling 148 

and choice of fluorochrome was optimized for each technique.  Whilst labelling precision could 149 

be further enhanced by using a method with lower linkage errors (nanobodies, directly labelled 150 

FAb fragments, self-labelling protein tags, etc.), indirect anybody labelling was a simple approach 151 

and quite adequate for the level of resolution we needed to achieve35. 152 

 153 

RESULTS 154 

Multiple imaging platforms enabled bacteria to be resolved in two dimensions, but only 3D-155 

STED imaging could fully resolve them in the axial direction 156 

We compared the ability of five imaging techniques to image and resolve fixed, immunolabelled 157 

Ot bacteria within intracellular microcolonies. Secondary antibodies were selected using dyes 158 

previously shown to be optimal for each microscope technique. For classic fluorescence techniques 159 

such as confocal, and enhanced resolution or super-resolution techniques whose resolution is still 160 

fundamentally bound by the laws of diffraction34, including 3D-SIM, Airyscan and iSIM, the 161 

resolution that can be achieved depends directly on the wavelength of fluorescence emission, with 162 

resolution being higher with shorter wavelengths (see Jonkman et al.,36 for a practical example).  163 

The actual resolution achieved with methods such as 3D-SIM is also strongly dependent on the 164 

dye’s brightness and resistance to photobleaching, since these factors directly affect the quality of 165 

the reconstruction, as well as by the acquisition and implementation of high quality, empirically 166 

determined PSFs37. Thus, we tested samples labelled both using Alexa Fluor (AF) 488-conjugated 167 

secondaries and DyLight 405-labelled secondaries, expecting that the 405-labelled samples should 168 

give the highest resolution. AF 488 is a very commonly used dye, with a deservedly strong 169 
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reputation for being both bright and highly photostable. In contrast, few investigators use blue-170 

emitting dyes because of their reputation for being weak and easily photobleached and given the 171 

challenges of natural tissue autofluorescence in this region of the spectrum.  However, previous 172 

experiments comparing the combination of different commercial blue-emitting dyes with a variety 173 

of antifade-mountants have demonstrated that DyLight 405-conjugated antibodies, combined with 174 

Prolong Diamond mounting medium, are sufficiently bright and photostable to achieve high 175 

quality images of many cellular structures with 3D-SIM37 (also A. North, unpublished data).   176 

 177 

For STED microscopy, resolution is dependent on the photophysics of the fluorochrome rather 178 

than its wavelength - it must be bright, photostable, and easily driven down into a non-emitting 179 

state by the depletion laser (reviewed by Gould et al.38 ). In others’ work and also our hands, both 180 

the far-red dye STAR-RED, developed by Abberior specifically as a STED dye39-43, and the more 181 

conventional Alexa Fluor 594 dye (AF 594) have given excellent results in STED microscopy44-182 

46, working well in combination with the 775 nm depletion laser on the Abberior Facility Line 183 

microscope.  Thus, we selected these two dyes for comparison here.  Both dyes enabled us to 184 

resolve the bacteria using 3D-STED imaging, but the results obtained with STAR-RED were 185 

superior, hence we only feature STAR-RED labelled samples here and used this dye alone for the 186 

remainder of the STED imaging. 187 

 188 

Figure 1 shows examples of the best possible images acquired using each microscope technique.  189 

Each panel shows the complete image as acquired on the respective microscope system – the 190 

region of interest insets, marked with a yellow box, are then shown again in Figure 4, scaled to the 191 

same size for ease of interpretation.  It can be seen that almost all microscope techniques proved 192 
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suitable to visualize individual bacteria that were clearly separated from each other or located 193 

towards the periphery of the tightly packed intracellular microcolonies. However, while many 194 

bacteria could be resolved laterally using the confocal (Fig. 1A; raw data), the images were sharper 195 

with clearly improved resolution and contrast using the iSIM (Fig. 1B; deconvolved data) and 196 

Airyscan (Fig. 1C; processed using the standard ZEN Airyscan processing step), and clearest of 197 

all when using the 3D-SIM microscope (Fig. 1D; 3D-SIM reconstruction using SoftWoRx). 198 

Moreover, whereas individual bacteria could clearly be resolved laterally using both 405 and 488 199 

dyes by 3D-SIM, with the shorter wavelength 405 excitable dye showing superior xy resolution as 200 

expected (Fig 1D), the images of Dylight 405-labelled bacteria were of significantly lower quality 201 

on the iSIM, confocal, and Airyscan (data not shown). We did not consider it productive to pursue 202 

this line of investigation further (e.g., to perform additional measurements) on these much poorer 203 

quality images, hence only the AF 488 data is shown for the confocal, iSIM and Airyscan (Figs. 204 

1A-C). 205 

 206 

 207 

For the highest quality image sets, we measured the full width half maximum (FWHM) distance 208 

as an indication of the relative resolution realised by each technique in practice (Fig 1H). Line 209 

ROIs (Fig 1F) were used to extract intensity profiles to which a Gaussian curve fitter was applied 210 

(Fig. 1G) to determine the FWHM. Further details are provided in the materials and methods 211 

section. ScaA is an integral outer membrane protein from the autotransporter protein family, and 212 

the anti-ScaA antibody interacts with an epitope on the extracellular domain of this protein9. Each 213 

labelled bacterium was encased by a single fluorescent line corresponding to surface exposed ScaA 214 

protein, thus the limiting factor on the measured thickness of this line was believed to be the 215 
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microscope resolution, rather than the thickness of the biological structures themselves. FWHM 216 

analysis is often used as a parameter for comparing the resolution achieved by microscopes, though 217 

true “resolution” measurements are complex35,47. The maximum resolution achievable using a 218 

given microscope is often best illustrated by the separation of fluorescent markers spaced at known 219 

intervals on standardized samples, such as the Gattaquant nanorulers or Argolight slides48,49, 220 

however, this can still far exceed the practical resolution obtained on an actual biological sample.  221 

Here, the highest lateral resolution was obtained with the 3D-SIM system, combined with the 222 

shortest wavelength (405) dye, and the average FWHM for this system – 92.8 nm for 405 and 223 

109.2 nm for 488 – was approximately consistent with the literature (110nm laterally for “green” 224 

emission50) which reports this technique to give double the resolution in each axis compared to 225 

conventional widefield fluorescence, leading to an approx. 8-fold volumetric improvement 226 

(reviewed by Schermelleh et al.34). The FWHM measured on the other super-resolution 227 

instruments was significantly greater, and did not match the predicted capabilities of these 228 

techniques, although in every case except for the later STED study, the N.A. of the objective used 229 

was 1.40 in order to maintain equivalency. The predicted capabilities have been quoted as ~1.7x 230 

resolution increase in all axes on the Airyscan (we measured 186.8 nm laterally), whilst on the 231 

iSIM final measurements (after deconvolution) have been reported of around 145 nm or even better 232 

laterally (we measured 161.1 nm) and 350 nm axial17,19,29,34. However, the resolutions achieved 233 

here by these methods did surpass that of conventional microscopy, typically quoted as 200-250 234 

nm (lateral axis) and 500-700 nm (axial) for a high numerical aperture (NA) objective and green-235 

emitting dyes. It should be noted that whilst every effort was made to perform FWHM analysis 236 

objectively, the higher-than-expected values could partially reflect the averaging of measurements 237 
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made truly perpendicular to the surface with those where the measurement line glanced the surface 238 

and thus the fluorescent signal appeared thicker than the actual resolution limit.  239 

 240 

For the standard confocal images, the significantly higher Ot cytoplasmic background caused poor 241 

Gaussian fitting (R2 value below 0.9) and enlarged FWHM measurements (Supplementary Fig. 1). 242 

Whilst this could be improved with deconvolution or background subtraction,  this positively 243 

impacts the measured value and presents an unrealistic expectation for standard confocal images 244 

of this type of sample (Supplementary Fig. 1 demonstrates the impact of both constant and rolling 245 

ball background subtraction approaches), so the data is omitted. 246 

  247 

It was notable that one technique which proved unable to clearly resolve the peripheries of any 248 

bacteria, even those present in sparse groups, was 2D-STED microscopy, in contrast to 3D-STED, 249 

which was to prove the optimal choice for the questions asked here (see below).  In contrast to all 250 

other techniques presented here, 2D-STED images appeared to show a diffuse label all over the 251 

bacteria, rather than a clear localization at the periphery of each of the bacteria (see, for example, 252 

left hand panel of Fig. 2A; raw data).  We tested combining different proportions of 2D-STED and 253 

3D-STED in the imaging parameters (effect on PSF demonstrated in Fig 2B), and found that as 254 

the percentage of 3D-STED increased, the labelling of the bacterial peripheries became much 255 

clearer (Fig 2A- from left to right; raw data in all cases) and the ability to accurately visualise them 256 

in the axial  (z) axis also improved (Fig. 2C, representing the orthogonal view along the yellow 257 

lines in Fig 2A).  We therefore restricted further analysis to samples imaged using 100% or 95% 258 

3D-STED, both of which proved effective in resolving individual bacteria. 259 

 260 
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Ot has been shown to produce outer membrane vesicles that have been observed using 261 

transmission electron microscopy to be 50-150 nm in diameter51. To our knowledge these have not 262 

been reported using light microscopy. In our microscopy analysis we clearly observed ScaA-263 

labelled ring-shaped vesicles budding off (Figs. 3Ai, Bi) and secreted close (Figs. 3Aii, Bii) to the 264 

surface of intracellular Ot bacteria when using 3D-SIM imaging at both 405 (Fig. 3A) and 488 nm 265 

(Fig. 3B), giving a diameter of ~150-200 nm (Figs. 3Aiii, Biii), which is close to the reported 266 

vesicle sizes. Small spots, most likely corresponding to secreted vesicles, were also detectable in 267 

confocal, Airyscan and iSIM microscopy images (Fig 3Ci and ii, iSIM data; confocal and Airyscan 268 

data not shown), but they could not be resolved as true ring-shaped vesicles.  269 

 270 

Only 3D-STED enabled clear delineation of individual bacterial cells throughout a tightly 271 

packed microcolony. 272 

One of the challenges associated with imaging intracellular Ot bacteria is that it is difficult to 273 

resolve individual bacteria within large three-dimensional tightly packed groups of cells. We 274 

therefore compared the ability of different microscopes to resolve individual bacterial cells within 275 

packed microcolonies.  This required sufficient resolution in both the axial (z) and lateral (xy) axes, 276 

such that the limitations of certain super-resolution techniques became evident.  Indeed, 277 

preliminary data with an external collaborator who specializes in the use of STORM microscopy 278 

had quickly revealed that this technique, based around a Total Reflection Interference Microscope 279 

(TIRF), proved completely unsuitable for resolving bacteria within intracellular clumps deep 280 

inside the cells (data not shown). We found that 3D-SIM, iSIM, confocal and Airyscan systems 281 

were unable to resolve all of the bacteria deep within clumps, though 3D-SIM could clearly resolve 282 

individual bacteria at the edges of infected cells or clumps (Fig 4). Only 3D-STED proved capable 283 
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of resolving the outlines of all individual bacteria within the aggregates in the infected host cells 284 

(Fig. 4A-F).  285 

 286 

Automated image segmentation of STED images reveals differences in bacterial morphology 287 

when grown in different cell types.  288 

Classical image segmentation techniques have been used for decades for the automated 289 

segmentation of cellular structures (whole cells, nuclei, membrane, subcellular organelles) in 2D 290 

images, but this process has always been onerous, if not impossible, for more challenging images 291 

of cells in a cluster and/or with low signal:noise such as the bacterial cells in the present work. 292 

Whilst capable bacterial segmentation pipelines, such as MicrobeTracker, allow individual cells 293 

to be automatically segmented and analysed52, their use is limited to analysing regularly shaped 294 

bacterial species arranged in two dimensions on a surface such as E. coli or C. crescentus grown 295 

on agar pads. Further, to analyse 3D datasets the complexity typically increases manyfold. To our 296 

knowledge, automated image segmentation and analysis have not previously been demonstrated 297 

for Ot. Here, based on the reproducibly high axial (z) resolution, as well as the clarity of imaging 298 

individual bacteria within large aggregates, 3D-STED images were used for developing a 3D 299 

segmentation and analysis pipeline.  300 

 301 

There has been a recent surge in artificial intelligence-based methods, particularly deep learning 302 

methods for image segmentation53. Unlike classical methods, deep learning methods learn about 303 

the imperfections present in the images and after sufficient training often produce human-level 304 

segmentation accuracy for the structure of interest. For bacterial cells with membrane staining, a 305 

deep learning segmentation method called DeepBacs was published54, and it was demonstrated to 306 
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work with 2D images. However, it is not clear if DeepBacs also works with 3D datasets of bacterial 307 

images. Another deep learning method for general cellular segmentation called Cellpose55, as 308 

applied here for 3D segmentation of Ot, is becoming popular amongst biological researchers and 309 

has been used for segmenting a wide variety of cell types and cellular structures56. We used “out 310 

of the box” Cellpose with no training on our images and found that it was able to do accurate 311 

instance segmentation of bacterial cells in 3D-STED images, even for cells in aggregates (Fig 5A, 312 

Supplementary movie 1). We also tried Cellpose on iSIM (Fig. 5B) and (Fig. 5C) 3D-SIM images, 313 

since these were the next most successful techniques in resolving the bacteria in the z-axis, but the 314 

segmentation results were clearly sub-optimal, particularly in areas where cells were clustered 315 

together. Cellpose generates 3D cell masks by combining the 2D segmentation masks from images 316 

in all three orthogonal directions - xy, yz and xz. Even though all three imaging techniques (3D-317 

STED, iSIM and 3D-SIM) produced good xy resolution images in thin layers or at the periphery 318 

of clumps, the resolution in orthogonal directions (yz and xz) was significantly worse for iSIM and 319 

3D-SIM than when using 3D-STED (Figs. 5A-C), leading to worse 3D cell segmentation in iSIM 320 

and 3D-SIM images, but accurate 3D cell segmentation in 3D-STED images. This became 321 

particularly apparent from a bacterial volume histogram calculated from these imaging techniques 322 

using the same Cellpose segmentation settings. In 3D-STED images, the histogram plot showed 323 

the expected Gaussian distribution of bacterial volumes, which was centered around a value of 0.4 324 

µm3 (Fig 5A, rightmost panel). In contrast, iSIM and 3D-SIM images showed abnormal bacterial 325 

volume distributions, which were skewed towards smaller volume values (< 0.25 µm3), indicative 326 

of sub-optimal bacterial segmentation in these images. The Ot bacteria inside HeLa cells imaged 327 

using 3D_STED also showed a similar Gaussian distribution of bacterial volume (Supplementary 328 

Fig 2). Next, we imported Cellpose-generated segmentation masks for 3D-STED images into 329 
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Imaris software and quantified 3D cellular parameters such as volume, sphericity and ellipticity of 330 

Ot cells. We tested the ability of this pipeline to resolve biologically meaningful differences in 331 

bacterial morphology by comparing bacterial dimensions when grown in two different cell lines. 332 

We found that the volume of Ot bacteria does not significantly change whether they are inside 333 

HeLa cells or in HUVEC cells (Fig 6A), but their shape is significantly different in these two cell 334 

lines. The Ot bacteria were found to be more elongated in HUVEC cells than in HeLa cells, as 335 

shown by both sphericity and ellipticity measurements (Figs 6B, C). 336 

  337 
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DISCUSSION 338 

 339 

The most suitable microscope technique to be used depends on the nature of the question 340 

being asked and the size and structural organization of the biological specimen 341 

The microscopy technique selected for any given research project will need to be determined by 342 

the exact biological question.  If all that were asked here was whether the bacteria were growing 343 

successfully in these cell lines, then a simple widefield microscopy approach would suffice, but 344 

for imaging and characterising individual cells within the tightly packed intracellular 345 

microcolonies of Ot, confocal microscopy had already proven inadequate9,57,58. Many reviews have 346 

already addressed the advantages and disadvantages of different super-resolution modalities in 347 

general and for answering specific questions: factors to be taken into consideration include the 348 

exact resolution required, the number of different labels that must be used together, the thickness 349 

of the biological specimen and the speed of imaging required, which can be crucial if the cells are 350 

live17,33-35. Some practical comparisons of different modalities have been reported50. However, few 351 

core facilities, let alone individual laboratories, are fortunate to have a comprehensive range of 352 

super-resolution techniques available to compare on equivalent samples prepared by the same 353 

researchers and imaged by one team at the same time and location, thereby minimising 354 

reproducibility issues. We initially expected this to be a fairly straightforward biological specimen 355 

to image by any of the super-resolution approaches featured here, given the requirement to image 356 

only at the single bacterial cell level, rather than subcellularly, the need to use only one colour and 357 

because we were working with fixed cells.  To our surprise, however, only a single modality – 3D-358 

STED - proved capable of addressing all questions asked in this project.  The reason for this lies 359 

in the small dimensions and tight packing of these bacteria in their intracellular colonies, and the 360 
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consequent need for high axial resolution across several micrometers of depth, in addition to 361 

sufficient lateral resolution.  This was clearly illustrated by the inability of 2D-STED – the mode 362 

which would offer the highest lateral resolution on this instrument – to cleanly resolve the bacterial 363 

peripheries.  We surmise that for 2D-STED, where the axial dimension of the PSF is not improved 364 

over widefield mode (> 500 nm), and in practice will actually be worse than this in the axial 365 

dimension because of the use of STED-optimal longer wavelength dyes (far red, instead of the 366 

blue- or green-emitting dyes used in the other techniques presented here), every voxel included 367 

signal from the surface of the bacteria either above or below the plane of focus, resulting in an 368 

apparently diffuse and low signal-to-noise fluorescent signal over the whole of each bacterium.  369 

As we increased the proportion of 3D-shaping of the PSF, which is accomplished easily on the 370 

Abberior Facility Line instrument by way of a simple slider, its axial dimension was reduced to 371 

below the thickness of the bacterial cells. Thus using 95% or 100% 3D-STED, where an isotropic 372 

resolution of around 80-90 nm is attainable on commercial systems19, we could image just the 373 

medial section of each bacterium, thus capturing signal only from the cell surfaces at the periphery 374 

at a vastly improved signal-to-noise ratio. 375 

 376 

3D-SIM, using a short wavelength (blue-emitting) dye, gave excellent resolution in the lateral (xy) 377 

axis, and enabled all bacteria but those in the centre of the clumps to be readily resolved and 378 

counted.  For thin layers of bacteria, rather than large intracellular clumps, we would thus 379 

recommend this technique as the best modality, being quick to use and, in our hands, giving highly 380 

reproducible super-resolution results.  3D-SIM, however, relies on the propagation of the patterned 381 

illumination through the entire thickness of the sample. Spherical aberrations, a particular problem 382 

with thicker samples with varying refractive indices, reduce the amplitude and transfer of high 383 
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spatial frequency information, leading to poor image reconstructions with significant aberrations37.  384 

Moreover, the axial (x) resolution of this system is at best >250 nm, even with blue-emitting dyes, 385 

hence the default optical section spacing is set by the system to 125 nm (to satisfy Nyquist 386 

sampling).  Together, these factors prevented the successful resolution of individual bacteria at the 387 

interior of the aggregates and 3D-SIM thus proved insufficient for successful image segmentation 388 

and 3D measurements.  389 

 390 

The iSIM and Airyscan methods also proved superior to standard confocal microscopy in resolving 391 

thin layers of bacteria in two dimensions.  These techniques are typically better suited than 3D-392 

SIM towards thicker samples, due to the rejection of background fluorescence by pinhole optics 393 

prior to image formation17, but their inability to match the axial resolution of the 3D-STED still 394 

limited their usefulness for these specific samples.  395 

 396 

Commercial super-resolution instruments require advanced understanding and systematic 397 

testing to ensure optimal performance 398 

Over the past decade, the number and range of commercially available super-resolution 399 

instruments has increased enormously17,33.  The production of some have even been discontinued 400 

recently, including, to our great disappointment, the OMX 3D-SIM instrument used in these 401 

studies.  Increasingly, these instruments are marketed as “easy-to-use” for the average biological 402 

researcher, and it is common for the companies to claim a maximum achievable resolution for their 403 

instrument.  But is this truly achievable in practice, by biologists and on real biological samples?  404 

The work presented here was undertaken in a well-staffed core facility with significant experience 405 

running super-resolution microscopy experiments on a variety of samples.  All the instruments 406 



 20 

used were installed at least 2 years prior to this study, some considerably more.  Yet, many lessons 407 

arose from this work, and the results were often surprising, hence there is great value in sharing 408 

the outcomes in order to reduce the ramp-up time for others starting a similar study. 409 

 410 

Firstly, it is unclear to us why only the OMX system, using an Evident (Olympus) objective, 411 

proved compatible with 405-labelled samples.  Presumably this reflects a problem in the hardware 412 

specifications in each case for the confocal, Airyscan and iSIM systems, whether it was suboptimal 413 

transmission and/or reflection of the shorter wavelengths by the objective lens or other optics 414 

internal to the system, or a problem of system alignment in this channel.  Whatever the cause, this 415 

could be another reason why few publications appear to take advantage of the shorter wavelength, 416 

higher resolution blue-emitting dyes. 417 

 418 

Secondly, it is very difficult to acquire consistent and reproducible data over a significant time 419 

period, because the instruments themselves, as well as their operation, are constantly evolving.  In 420 

the case of the Abberior STED in particular, the Facility Line system is still relatively early in its 421 

development, and has been evolving rapidly since it was installed in the Rockefeller University’s 422 

Bio-Imaging Resource Center (RU BIRC).  During that time we have switched to a new principal 423 

objective lens (100x/1.45 XApo objective, instead of 100x/1.40 SApo objective), a Deformable 424 

Mirror for Adaptive Optics has been installed, and there have been many updates to the software. 425 

Moreover, the service on this system switched from largely remote (during the COVID pandemic) 426 

to mainly in-person visits, which can only have been beneficial for the alignment of this complex 427 

system. And perhaps the most influential factor of all, the staff operating this system gained 428 

enormous experience in how best to tune and optimise the acquisition settings.  This is the main 429 
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reason for such different settings between the first set of STED experiments, generating the images 430 

used for the FWHM measurements (Figs. 1 and 2, and Fig. 4E), and the latter experiments, 431 

investigating the shape of the Ot bacteria when grown in different human cell lines (see Fig. 4F).  432 

For the latter study, for example, the depletion laser power was set much lower, while the pixel 433 

size was increased from 25 to 40 nm (in x, y and z) (both of which would reduce photobleaching 434 

but also, potentially, resolution), partly because it had now been established that this was still 435 

sufficient to resolve the bacteria in 3D, and partly because the imaging was optimized by the 436 

implementation of Adaptive Optics and Adaptive Illumination modalities59 (which reduce 437 

bleaching and thus increase the potential for improving resolution).  Operator experience in 438 

choosing the most appropriate acquisition settings and in learning how to check the system for 439 

optimal alignment, and, importantly, in working alongside the company to attain it, only comes 440 

from hours/days/months of work on a given system to become truly familiar with its intricacies.  441 

This is why such instruments are generally best placed in a core facility setting where the 442 

considerable experience of the staff is available to each user, and we urge researchers to consult 443 

their core facility experts, including both microscopy and analysis experts, as early as possible in 444 

experimental conceptualisation and design to save a lot of potential wasted time, effort and 445 

reagents. 446 

 447 

It is also critical to have an accurate and reproducible method of measuring the true resolution of 448 

each instrument on a consistent basis.  Subresolution fluorescent microspheres (beads) are 449 

typically used for such measurements, but most preparations of these are 2-dimensional and thus 450 

do not allow measurements of axial (z) resolution.  For this, more recent commercial standard 451 

slides such as the Argolight slide49 provide new opportunities but are not applicable to systems 452 
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such as STED and STORM where the resolution achieved depends on the use of specific dyes47.  453 

Furthermore, the resolution deeper into a biological sample is significantly deteriorated by factors 454 

such as refractive index mismatch between the immersion medium and the specimen.  The work 455 

presented here illustrates the critical nature of international community endeavours, such as those 456 

of QUAREP-LiMi60, to establish common standards for measuring and reporting microscope 457 

performance across time and on different samples.  An understanding of the common technical 458 

problems such as suboptimal objectives or system misalignment is especially important for the 459 

more “workhorse” microscopes such as the confocal system used here, which is used in hundreds 460 

or thousands of laboratories worldwide by less experienced operators who may be entirely unaware 461 

of the potential for performance drifts over time.    462 

  463 

Could we have achieved even higher resolutions using deconvolution or recent methods 464 

combining deep learning with super-resolution during acquisition? 465 

It is important to note that we are not using the FWHM measurements reported in this study to 466 

claim that this is the maximum resolution achievable on each system.  The comparisons provided 467 

here are intended to be more qualitative than quantitative, with the rationale of illustrating how 468 

one would approach the selection of imaging system for a given question. FWHM measurements 469 

were included in order to facilitate more than a simple, visual comparison of the microscope 470 

modalities available for use here, and these were all applied using the traditional labelling approach 471 

of indirect antibody labelling.  A more stringent and quantitative analysis approach, such as the 472 

method of Fourier Ring Correlation analysis61 was deemed inappropriately complex for this study, 473 

since we were not comparing these methods with the SMLM methods for which it was principally 474 

developed, and also we could have further optimized the resolutions we obtained in several ways. 475 
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First, we might have improved the resolution by optimizing the sample labelling further, for 476 

instance by using directly labelled antibodies or nanobodies33. Second, we could likely have 477 

improved the STED resolution even further, by more stringent optimization of the depletion laser 478 

power and by applying the adaptive illumination methods, ResCUE and DyMin59, as used here for 479 

the later bacterial segmentation pipeline (Fig. 4F), which allow you to minimize photobleaching 480 

and thus improve signal-to-noise by only employing the depletion laser where signal is 481 

demonstrated to be present.   For the final experiments, shown in Figs. 5 and 6, we opted for the 482 

least stringent acquisition settings that were sufficient for analysing bacterial shape, since all of 483 

the additional steps described above would greatly increase the time of sample preparation, 484 

acquisition, and/or analysis, which is a luxury that many users of a core facility cannot afford 485 

unless it is proved necessary to answer the biological question. 486 

Likewise, for this study we chose to use the image processing steps that were recommended by 487 

the companies for each commercial system tested.  In the case of the iSIM, the use of 488 

deconvolution software was recommended as the second step to achieve the predicted final 489 

resolution for this system, and therefore it was applied here.  We regularly use other deconvolution 490 

software packages, such as SVI Huygens, to improve both resolution and, more significantly, 491 

contrast in images.  Still, the debate over whether deconvolution methods should be applied to all 492 

images remains contentious and we did not want to detract from the takeaway message of this 493 

story.  Since the raw 3D-STED data provided sufficient resolution to segment the bacteria within 494 

aggregates inside cells, there was no requirement to apply an additional step of deconvolution here.  495 

Nevertheless, for studies where the raw data is unsuitable or inadequate to perform the required 496 

measurements, we recommend applying quantitative and well-documented deconvolution 497 

methods with a clear methodological declaration. 498 
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 499 

A recent publication demonstrated improved axial resolution by combining deep learning 500 

approaches with 3D-SIM to achieve isotropic ~120 nm resolution on labelled bacteria, enabling 501 

the visualization of components inside bacteria62. This approach provides the advantage of being 502 

applicable to other microscopy methods, perhaps even confocal microscopy, which would greatly 503 

expand the availability of imaging equipment suitable for microbiologists working at the 504 

intracellular level.  However, the development of such multi-step deep learning pipelines is time-505 

consuming, and the success of this study also arose from the extreme care and attention to detail 506 

that the authors paid to refractive index matching and sample preparation.  Moreover, researchers 507 

applying Artificial Intelligence (AI) methods to enhance the resolution of their images need to be 508 

aware of the potential for introducing artifacts35.  For studies requiring extended timelapse imaging 509 

of living cells, this approach could well prove superior to the photobleaching-prone 3D-STED 510 

approach used here, yet the method we used here was much quicker and simpler and proved 511 

sufficient to answer our biological question. 512 

 513 

Is Cellpose the best deep learning method for 3D segmentation of Ot bacteria? 514 

In this study, we tried several popular deep learning methods for 3D segmentation of bacterial cell, 515 

such as StarDist63, PlantSeg64, DeepBacs54 and Cellpose55. We found that Cellpose worked the 516 

best for Ot bacteria images acquired by 3D-STED microscopy. Cellpose did not perform well on 517 

Ot bacteria images acquired on iSIM or 3D-SIM microscopes, where the z-resolution was poor 518 

compared to what we could obtain by 3D-STED. One caveat with these results is that Cellpose 519 

could potentially be used to train new deep learning models for iSIM and 3D-SIM images, which 520 

might lead to segmentation accuracy comparable to what is currently obtained using 3D STED. 521 

Similarly, any of the other deep learning methods tested (StarDist, PlantSeg, DeepBacs) could be 522 



 25 

trained on our Ot bacteria images to possibly reach the segmentation accuracy of Cellpose. We 523 

chose not to train a new deep learning model for this study, as this is a very resource-intensive 524 

process and might not be feasible for many biological researchers. Here, our goal was to evaluate 525 

the robustness of already trained deep learning methods for 3D bacterial segmentation and we 526 

demonstrated that Cellpose can be successfully used for 3D segmentation of Ot bacteria in images 527 

acquired on a near isotropic resolution microscope such as 3D-STED. 528 

 529 

In summary, we demonstrate that there are distinct advantages and disadvantages of using various 530 

super-resolution imaging platforms to image intracellular Ot and reinforce the view that the 531 

appropriate microscope should be selected based upon the biological sample and the specific 532 

question being addressed. In particular, it is critical to consider and assess the axial resolution of a 533 

system when imaging a 3-dimensional biological sample, rather than focusing on the lateral 534 

resolution alone. Moreover, two new analyses arising from our study stand out for their potential 535 

impact on the obligate intracellular bacteria field. First, the ability to resolve and quantify bacterial 536 

morphology using STED will enable studies into Ot cell growth and division and how this is 537 

affected by antibiotics, the bacterial stage of development, and interactions with host cell 538 

pathways. Second, the ability to directly image outer membrane vesicles of Ot will support studies 539 

into the synthesis and function of these poorly understood cellular structures. Together these 540 

imaging platforms have the potential to yield novel insights into the biology of this important but 541 

poorly studied human pathogen, as well as other organisms presenting similar imaging challenges.  542 

 543 

MATERIALS AND METHODS 544 

Bacteria strain, cell line, and culture conditions 545 



 26 

The clinical isolate O. tsutsugamushi strain UT76 was used throughout the experiments65,66. 546 

Bacteria were grown in either human cervical epithelial HeLa cells (ATCC CCL-2) or primary 547 

Human Umbilical Vein Endothelial Cells (HUVEC) (ATCC PCS-100-010). HeLa cells were 548 

cultured in DMEM (41965-039, Gibco) supplemented with 10% FBS (16140-071, Gibco). 549 

HUVEC cells were cultured in human large vessel endothelial cell basal medium (M200500, 550 

Gibco) supplemented with 10% LVES (A1460801, Gibco). All cells were maintained at 37˚C and 551 

5% CO2 atmosphere. For bacterial propagation, bacteria were grown in mouse fibroblast L929 cell 552 

(ATCC CCL-1), as described previously67. 553 

 554 

Sample preparation for microscopy 555 

Coverslips (High precision No 1.5H, Paul Marienfeld GmbH) were pre-sterilized by incubating 556 

with pure ethanol for 15 min followed by exposure to UV light for 30 min. Sterile coverslips were 557 

then pre-coated with 5ug/ml fibronectin in sterile PBS (pH 7.4) for 30 min. HeLa cells (2 ´ 104) 558 

or HUVEC cells (4 ´ 104) were seeded onto pre-coated coverslips and incubated overnight. Cells 559 

were infected with frozen stock UT76 (~MOI 1:100) for 4 days before fixation with 1% 560 

formaldehyde in PBS for 15 min at room temperature. Cells were permeabilized by incubation in 561 

absolute ethanol for 1 h on ice followed by 0.5% Triton-X100 in PBS for 30 min on ice. Bacteria 562 

were labelled with an anti-ScaA antibody (AP40436, custom made by abclonal)9 at a dilution of 563 

1:200 in PBS buffer containing 1mg/ml BSA for 1 h at 37˚C. Cells were washed twice with PBS-564 

BSA and were then incubated with secondary antibodies (dilution 1:1000) appropriate for each 565 

microscope at for 30 min at 37˚C in the dark together with Hoechst (Molecular Probes, Hoechst 566 

33342, trihydrochloride, trihydrate; dilution 1:1000 in PBS) to label host cell nuclei. Secondary 567 

antibodies used were as follows: goat anti-rabbit STAR-RED (Abberior GmbH 90725CW-5); goat 568 
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anti-rabbit Alexa FluorTM 488 (Thermo Scientific A11008); goat anti-rabbit Alexa Fluor 594TM 569 

(Thermo Scientific A11012); goat anti-rabbit DyLight 405 (Thermofisher 35551). Coverslips were 570 

washed with PBS 3 times, mounted on glass slides using uncured Prolong Diamond Antifade 571 

Mountant (P36961, Invitrogen/ThermoFisher), and sealed around the edges with quick-drying nail 572 

polish.  573 

 574 

Microscopy 575 

3D-SIM 576 

3D-SIM super-resolution microscopy data were acquired using a DeltaVision OMX V4/Blaze 3D-577 

SIM super-resolution microscope (GE Healthcare/Cytiva/Leica Microsystems). This OMX system 578 

was fitted with a 100x/1.40 NA UPLSAPO oil objective (Olympus/Evident), three Evolve 579 

electron-multiplying charge-coupled device (EMCCD) cameras (Photometrics/Teledyne) that 580 

were used in EM gain mode set at 170 electrons/count; 405nm or 488 nm laser lines for excitation, 581 

a Sedat Quad dichroic and 436/31 or 528/48 emission filters, respectively.  Optical sections were 582 

acquired at 125-nm intervals. Immersion oil refractive index (R.I.) was selected to optimize for 583 

each channel and the ambient temperature inside the cabinet.  Structured illumination data sets 584 

were reconstructed using softWoRx 7.2.2 software (GE Healthcare/Cytiva/Leica), employing 585 

optical transfer functions (OTFs) generated from empirically measured point spread functions 586 

acquired from 100 nm yellow-green FluoSpheres (505/515, F8803 Invitrogen/Thermofisher) or 587 

170 nm blue FluoSpheres (360/440) (P7220 Invitrogen/ThermoFisher).  Since single colour 588 

labelling was used for each slide, the OTFs were acquired using oil whose R.I. was optimized for 589 

each channel, according to procedures described by Demmerle et al.37. Structured illumination 590 
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data sets were reconstructed using channel-specific k0 values and a Wiener filter of 0.001. The 591 

effective pixel size of the reconstructed 3D-SIM images is 40 nm in xy and 125 nm in z. 592 

 593 

iSIM 594 

Images were acquired on a VisiTech International instant SIM (VT-iSIM) system, mounted on a 595 

Leica DMi8 stand fitted with a 100x/1.40 NA HC PLAPO CS2 immersion objective lens, and 596 

controlled using VisiView 4.5.0.13 software Visitron Systems GmbH).  DyLight 405 labelled 597 

bacteria were illuminated using a 405 nm laser line, a Quad zt405-488-561-640rpc polychroic 598 

(Chroma) and 450/50 Emission filter (Chroma).  Alexa Fluor 488 labeled bacteria were imaged 599 

using a 488 nm laser line, a Quad zt405-488-561-640rpc polychroic (Chroma) and 525/50 600 

Emission filter (Chroma).  A tube lens of 2.0x magnification was used for the 488-labelled samples 601 

to better match the 6.5 micron pixel size of the Hamamatsu ORCA Fusion Gen-III camera), 602 

resulting in an effective pixel size of 32.5 nm on the image.  This extra 2.0x magnification could 603 

not be used for the 405 labelled samples, as the emitted light intensity was already too low with a 604 

1.0x tube lens to acquire high quality images.  Microvolution deconvolution software version 605 

2020.4.1.0, installed on the system and employed via the VisiView interface as an integral step of 606 

image acquisition, was used to increase the resolution of the final images.  607 

 608 

Confocal  609 

Confocal images were acquired on a Zeiss LSM880 on an AxioObserver stand fitted with a 610 

63x/1.40 PlanApochromat Oil DIC M27 lens. The Main Beam Splitter was (MBS) 488/561/633, 611 

the Ex wavelength was 488 nm and the emission filter set to 505-565 nm. The software used for 612 

the acquisition was Zen Black 2.3.  The sample was scanned unidirectionally with 2x averaging 613 
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and a pixel dwell time of 0.78μs. The signal was detected with a GaAsP detector with the Gain set 614 

at 600 and the detection wavelength range set at 500-565nm. The images were acquired as a 615 

standard 1024x1024 size image which, depending on the zoom used, resulted in a variable pixel 616 

size in xy, and in some of the images it met Nyquist sampling, and in others resulted in 617 

oversampling. All images were acquired so that the z-step of the z-stack met Nyquist sampling.  618 

 619 

Airyscan confocal  620 

Images were acquired on a Zeiss LSM880 with an AxioObserver stand fitted with an Airyscan1 621 

and a 63x/1.40 PlanApochromat Oil DIC M27 lens. The Main Beam Splitter was (MBS) 622 

488/561/633 and the excitation laser used was 488 nm. The sample was scanned using Zen Black 623 

2.3 in Airyscan SR mode, unidirectionally, and without averaging. The signal was acquired on the 624 

Airyscan1 detector with the gain set at 750 and the emission filter was 495-550 nm. The images 625 

were acquired using the optimal settings for sampling as was determined by the acquisition 626 

software in order to satisfy Nyquist sampling in both xy and z. The resulting Airyscan images were 627 

processed with the Wiener filter set at auto strength.  628 

 629 

STED 630 

STED images were acquired on an Abberior Instruments Facility Line system fitted with a 775 nm 631 

depletion laser and four APDs, mounted on an Olympus IX83 motorized stand fitted with a ZDC2 632 

hardware autofocus system and controlled using LightBox software v. 16.3.14287-w2129. The 633 

first set of images were acquired using a 100x/1.40 UPLSAPO100XO (Olympus/Evident) oil 634 

immersion objective.  The microscope system was adapted and improved over time, with the 635 

addition of a 100x/1.45 NA UPLXAPO100X (Olympus/Evident) oil immersion objective, and a 636 
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deformable mirror-based adaptive optics system (Abberior Instruments). In addition, the operators 637 

of the system gained experience and a deeper understanding of the optimal parameters for 3D-638 

STED imaging as the research progressed. Thus, both microscope configuration and acquisition 639 

settings were different for the images acquired later for cell shape analysis.  For both data sets, 640 

STAR-RED-labelled samples were excited using a pulsed 640 nm laser line and the emission range 641 

was set to 650-755 nm, and Alexa Fluor 594-labelled samples were excited using a pulsed 561 nm 642 

laser line and the emission range of 588-698 nm.  In both cases the STED setting was optimized 643 

at 95% 3D-STED; the pinhole was set to 0.72 Airy Units; time gating and adaptive illumination 644 

were engaged and optimized (ResCue and DyMIN); and the pixel size set to be the same for all 3 645 

axes (x, y, z).  In the latter images for cell shape analysis (Fig. 4F), the Adaptive Optics setting was 646 

also engaged. 647 

 648 

Full Width Half Maximum (FWHM) measurement for relative resolution performance 649 

comparison 650 

We compared the relative lateral (xy) resolution performance of each system using images of 651 

bacterial cells in intracellular clumps, by taking FWHM  measurements of labelled ScaA using 652 

two macros written in the open-source image processing software, ImageJ/Fiji68. The first macro 653 

created 3 line Regions of Interest (ROIs; 4 pixels apart) on each side of the bacterial cell. Manual 654 

adjustments were made to ensure the line ROIs were as perpendicular to cell wall as possible (Fig. 655 

1F). The second macro was used to loop through each line ROI and from each extract an intensity 656 

profile (2 pixels wide), then run the ImageJ built-in Gaussian curve fitter (Fig. 1G) to determine 657 

sigma (σ), the standard deviation of the Gaussian function, and to calculate the Gaussian FWHM 658 

using equation, Gaussian FWHM = 2√2𝑙𝑛2	𝜎. 659 
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To ensure an unbiased robust approach, we limited ourselves to use only unprocessed images of 660 

bacteria located within 2 microns of the coverslip surface. As above, FWHM measurements were 661 

taken at 6 locations for each bacterium (3 line ROIs on both minor axis sides of bacterium; Fig. 662 

1F). Fig. 1G shows one of the intensity profiles (red dots) with Gaussian fitting (blue line) from a 663 

line ROI in Fig. 1F. For each microscope and labelling technique, 30 FWHM measurements were 664 

taken from 5 bacteria exhibiting good separation from neighbouring bacteria. Then the mean 665 

FWHM and standard deviation were calculated (Fig. 1H).  666 

 667 

Pipeline for the Ot cell segmentation, counting and cell shape analysis 668 

HUVEC or HeLa cells infected with the ScaA-labelled Ot bacteria were imaged on different 669 

microscopes. 3D-STED images were acquired isotropically (voxel size: 40nm x 40nm x 40nm), 670 

whereas images from other techniques were acquired using z-step sizes recommended by the 671 

acquisition software to ensure Nyquist sampling. For 3D segmentation, non-isotropically imaged 672 

volumes (iSIM and 3D-SIM) were converted to isotropic volume (voxel size: 40nm x 40nm x 673 

40nm) using the Scale command in Fiji/ImageJ 2.1.4.0/1.54i, followed by 3D Gaussian blur with 674 

radius=1 to reduce the noise. Cells were segmented in Cellpose 2.0.4 using the cyto2 model with a 675 

diameter of 30 pixels. Bacterial cell shape analysis was performed in Imaris 10.2.0. For comparing 676 

3D STED, iSIM and 3D-SIM techniques for Cellpose segmentation of bacteria, very small 677 

segmentation masks (with volume < 0.05 µm3), representing cellular debris, were removed. 678 

Bacterial volume histogram plots were generated using seaborn library in Python. For bacteria 679 

size/shape analysis in HUVEC and HeLa cells imaged using 3D STED, all segmentation labels 680 

touching the image boundary or with very small volume (< 0.15 µm3) were filtered out. Bacterial 681 

volume, sphericity and ellipticity (prolate) were calculated. The sphericity is defined as the ratio 682 
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of the surface area of a sphere with the same volume as the given cell to the surface area of the cell 683 

(𝜑 =	 !
!/#(#$$%&&)'/#

&$%&&
 ). For ellipticity calculations, cells were modeled as American football shape 684 

(prolate ellipticity defined as 𝐸'()*+,- =	
.+'

+'/0'
× +1 − +'/0'

.1'
., where a, b and c are the lengths of 685 

the three semi-axes of the ellipsoid). Data were exported from Imaris as CSV files, aggregated in 686 

Excel and plotted using GraphPad Prism 9.4.1. 687 

 688 

Generation of orthogonal views 689 

 The Orthogonal Views command in Fiji/ImageJ 2.1.4.0/1.54i was used to generate the 690 

orthogonal XZ view of the 3D z-stack. The Dynamic Reslice command was used to generate the 691 

orthogonal view along manually drawn freehand line ROIs.  692 
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FIGURE LEGENDS 707 

 708 

Figure 1. Comparison of microscopy techniques used here for imaging Ot bacteria.  709 

Lateral (XY) views of Ot bacteria aggregates inside HUVEC cells stained with membrane marker 710 

ScaA using five different imaging techniques, applied as described in the Methods: (A) regular 711 

confocal (raw data), (B) iSIM (deconvolved using Microvolution), (C) Airyscan (processed using 712 

Zeiss Airyscan processing), (D) 3D-SIM (processed using SoftWoRx 3D-SIM reconstruction) and 713 

(E) 3D-STED (raw data). The yellow box in each image shows an 8x8 µm2 area and gives a 714 

perspective of imaging field size differences on different imaging platforms.  715 

(F) Cropped 3D-SIM (Dylight 405) image of a single Ot bacterium demonstrating how FWHM 716 

measurements were made. 6 line ROIs (3 on each side of minor axis, each 2 pixels wide) were 717 

drawn by the macro then adjusted to be as perpendicular to bacteria labelling as possible.  718 

(G) Example FWHM plot from one of line ROIs in Fig. 1F. In this plot, the red dots represent 719 

intensity measurements and the blue line is the fitting from built-in FIJI Gaussian fitter. Gaussian 720 

fitting formula, parameter values (a, b, c and d) and goodness of fit (R2) values are mentioned on 721 

the graph.  722 

(H) Mean FWHM derived from the different microscopy techniques: 3D-SIM (Dylight 405 and 723 

AF 488), iSIM (AF 488), Airyscan (AF 488) and 3D-STED.  For 3D-STED, the FWHM for both 724 

earlier and newer settings is shown: see full text for rationale and explanation of the differing 725 

settings, but note that the “newer” settings used a lower depletion laser power and thus a lower 726 

resolution/larger FWHM was not unexpected - an example image for the STED with newer 727 

settings is shown in Fig. 4F. For each technique the mean and standard deviation was calculated 728 

from 30 measurements. 729 
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 730 

Supplementary Figure 1. High Ot cytoplasmic background in standard confocal image resulted 731 

in poor curve fitting, and enlarged,inaccurate FWHM measurements.  732 

(A) Cropped confocal image of Ot bacteria (AF 488 labelling). Confocal images exhibited high 733 

cytoplasmic background inside the Ot bacteria, 20.4 higher than the host-cell cytoplasmic 734 

background outside the bacteria, and with a ScaA signal only 1.37 times higher than the Ot 735 

cytoplasmic background. 736 

(B) FWHM plot of line ROI from (A). The high Ot cytoplasmic background and asymmetric 737 

background on either side of the ScaA signal made Gaussian fitting challenging, exaggerated the 738 

fitting and resulting in an inaccurate FWHM measurement. Gaussian fitting formula, parameter 739 

values (a, b, c and d) and goodness of fit (R2) values are on the graph.  740 

(C) Cropped confocal image of Ot bacteria (AF 488 labelling) after applying a constant 741 

background subtraction of 900 A.U. 742 

(D) FWHM plot of line ROI from (C). The constant background subtraction truncated the signal 743 

intensity and led to an unrealistically low FWHM measurement. 744 

(E) Cropped confocal image of Ot bacteria (AF 488 labelling) after applying rolling ball (radius = 745 

11 pixels) background subtraction. 746 

(F) FWHM plot of line ROI from (E). While the rolling ball background subtraction produced a 747 

Gaussian fit more reflective of theoretical confocal performance, it carries the risk of yielding 748 

inaccurate and unrepresentative FWHM measurement and optimising rolling ball radius settings 749 

was required for each image. 750 

 751 



 36 

Figure 2.  Effect of combining different proportions of 2D-STED and 3D-STED PSF-shaping on 752 

the STED microscopy images. 753 

(A) Lateral (XY) views of Ot bacteria images taken on the STED microscope using different 754 

percentages of 2D- and 3D-STED settings.  755 

(B) Illustration of the changes in lateral and axial PSFs (theoretical) as a function of different 756 

proportions of 2D- and 3D-STED, from 100% 2D on the left to 100% 3D on the right. Pixel 757 

size: 15 nm x 40 nm (XZ). 758 

(C) Orthogonal (XZ) views of Ot bacteria along the yellow line drawn in each panel of (A). 759 

 760 

Figure 3. Characterization of Ot outer membrane vesicles. 761 

Lateral (XY) views of Ot bacteria images containing some examples of membrane vesicles using 762 

3D-SIM imaging at wavelengths 405 nm (A) and 488 nm (B); and iSIM imaging at wavelength 763 

488 nm (C). Panels in (i) and (ii) show zoomed in views of vesicles for the corresponding imaging 764 

technique. Panels in (i) show examples of vesicles budding off from the surface of Ot bacteria 765 

(cyan arrows). Panels in (ii) show examples of secreted vesicles close to Ot bacteria (red arrows). 766 

Graphs (iii) beneath the panels show line profiles across the vesicles identified by the red arrows. 767 

 768 

Figure 4. Comparison of super-resolution microscopy techniques for imaging Ot bacteria using 769 

lateral and axial views. 770 

Zoomed in lateral (XY) and axial (XZ) views of Ot bacteria aggregates inside HUVEC cells using 771 

different imaging techniques and settings. The regions correspond to the yellow boxes in panels 772 

depicted in Figure 1A-E. Additionally, 3D-STED images with newer settings are also shown (F).  773 

These images were acquired for the second part of this study, comparing the volume and shape of 774 
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bacteria in different cell types, by which time the microscope settings had changed somewhat (see 775 

full text for details).  776 

 777 

Figure 5. Deep learning-based 3D segmentation and reconstruction analysis of bacteria aggregates 778 

inside HUVEC cells comparing three different imaging techniques. 779 

Left most images show lateral and axial views of bacteria using 3D-STED (A), iSIM (B) and 3D-780 

SIM (C). The second column of images show the corresponding segmentation masks generated 781 

with Cellpose. The third column of images show 3D reconstruction of individual bacteria using 782 

segmentation masks in Imaris. Rightmost panels show histogram for bacterial volume distribution. 783 

Compared to Gaussian distribution of bacterial volume in 3D STED images, the distribution in 784 

iSIM and 3D-SIM images is skewed towards smaller volume values (red arrows), indicative of 785 

sub-optimal cell segmentation. In total, n=1191 (3D STED), 805 (iSIM) and 884 (3D-SIM) 786 

bacteria were analyzed for histogram generation. 787 

 788 

Supplementary Figure 2. Bacterial volume distribution for bacteria aggregates in HeLa cells 789 

imaged using 3D STED. In total, n= 1262 (3D STED) bacteria were analyzed for histogram 790 

generation. 791 

 792 

Figure 6. Comparison of Ot bacteria size and shape parameters when grown in HeLa vs HUVEC 793 

cells. 794 

Quantification of Ot bacterial volume (A), sphericity (B) and ellipticity (C) using best overall 795 

(XYZ) resolution 3D-STED images. Data shows elongated Ot bacterium morphology in HUVEC 796 

cells compared to in HeLa cells. Each point represents an average measurement value for one 797 
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image containing ~70 bacteria. In total, n=1119 (HeLa) and 1024 (HUVEC) Ot bacteria were 798 

analyzed; unpaired two-tailed Mann-Whitney test, ns = 0.28 (A), **p = 0.0015 (B) and *p = 0.015 799 

(C).  800 
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