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Supplementary Text 

Convolved Average Projections  

Typical approaches to analyze fluorescence localization in bacteria often include preselection of 

cells within a sample (e.g., the analysis of septal:peripheral ratios can only be reliably performed 

on cells with the septal plane oriented in a 90° angle to the viewing plane). Combining the 

obtained microscopy images of all cells within a sample set into a comprehensive representation 

is a promising approach to visualize and analyze fluorescence localization patterns and changes 

thereof in an automated and unbiased way. Recent studies used such an approach by combining 

cells into average projections for analysis (24, 52). However, this approach is unsuitable for the 

unique challenges of S. aureus morphology. Most model organisms (like E. coli, B. subtilis, S. 

pneumoniae) display some form of geometric asymmetry, which enables orientation of the image 

plane with respect to the cell morphology. However, S. aureus stays nearly spherical throughout 

the cell cycle (29), and the minor elongation is not sufficient to precisely detect the medial axis 

automatically in wavelength-limited fluorescence microscopy. Therefore, the multitude of 

different viewing angles on cells of S. aureus negatively impacts normal average projection 

attempts. We found that the method of average projection could be adapted by increasing the 

contrast of raw cell images via convolution. The resulting convolved average projections (CAPs) 

revealed the localization patterns of analyzed populations reliably.  

To generate a CAP from a sample set, all individual cell images of the set are convolved to 

increase contrast, emphasize fluorescence maxima and minimize unspecific background. All 

cells with a distinguishable septum are rotated into a vertical orientation. All convolved and 

correctly oriented single cell images are then z-projected to a single average image (Fig. S1A). 

This convolved average projection visualizes general localization patterns within the complete 

sample population. This approach can be used to visualize localization of any signal in a cell 

population, given that cells have a similar shape. 

We validated technical reproducibility throughout a range of input cell numbers (Fig. S1B,C,D) 

and biological reproducibility while testing the impact of different characteristic phenotypes on 

the final CAP image (Fig. S1E,F). We observed that both phenotypes contribute in a way that 

each can be quantitatively assessed individually by analysing CAP intensity values.  

Overall, CAPs enable fast and unbiased automated procession of large cell data sets resulting in a 

condensed, comprehensive representation of substantial fluorescence localization patterns of the 

entire population. Preservation of relevant spatial information ensure that CAP images can be 

analysed with methods typically used for single cell analysis with the effect, that large data sets 

can be assessed easily to determine general localization trends for further detailed investigation.  

 

Determination of antibiotic treatment time and concentration  

To determine the appropriate antibiotic concentration and time range for observing the key 

cellular effects of vancomycin, telavancin and oxacillin on the cell division progress in S. aureus, 

we evaluated the antibacterial activity of the three antibiotics. Telavancin showed a notable 

inoculum effect in the minimal inhibitory concentration (MIC), therefore we optimized the 

experimental setups using a higher inoculum than described in the CLSI standard. Using the 

obtained MIC values of 2 µg/mL (vancomycin), 1 µg/mL (telavancin) and 0.5 µg/mL (oxacillin) 

we determined the killing kinetics of the antibiotics (Fig. S6). We found that a concentration of 4 

x MIC for each antibiotic was suited for our purpose, as it resulted in long-term bactericidal 

impact while the moderate effects on cell viability within the first hour of treatment enabled us to 

investigate the cellular effects preceding ultimate cell death.  
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Impact of telavancin membrane interaction on Z-ring stability 

Due to the described membrane depolarizing effect of telavancin (53), we investigated a putative 

disruption of Z-ring integrity caused by the lipoglycopeptide. After loss of the membrane 

potential, the GTPase activity of FtsZ is eliminated, resulting in depolymerization and 

disassembly of the Z-ring (54). However, we did not observe such an effect with either 

telavancin or vancomycin (Fig. S6A,B). As an additional control, we added the membrane 

depolarization probe DiBAC4(3) to the samples, whose fluorescence intensity increases 

proportional to membrane depolarization (47). Again, we could not observe any depolarizing 

effects of the glycopeptides. In contrast, 1 x MIC (16 µg/mL) nisin, a lantibiotic which binds to 

Lipid II and causes rapid membrane depolarization via pore formation (55) completely 

disintegrated Z-rings and increased DiBAC4(3) fluorescence massively in the same time (Fig. 

S6A,B). We additionally tested if vancomycin and telavancin release DiSC3(5), an auto-

quenching dye which accumulates in cells and is released upon membrane depolarization 

resulting in an increase in fluorescence (47). Again, we found no signs of membrane 

depolarization caused by either compound (Fig. S6C). We concluded that no membrane 

depolarization effect would influence our visualization of Z-ring dynamics during treatment with 

telavancin within the concentration and time range of our experiments. 

 

 

Original microscopy data availability  

The Quantitative Biology Center (QBiC) at the University of Tübingen supports in storage and 

management of original microscopy data. The QBiC provides a private cloud environment using 

secure data sharing for scientific collaboration, via controlled access to the QBiC portal 

(https://portal.qbic.uni-tuebingen.de). Access will be granted upon request by sending an email 

mentioning the project identifier QDSKD to: support@qbic.zendesk.com  
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Fig. S1. 

Convolved average projections are a tool for comprehensive representation of fluorescence 

localization within a population. (A) Schematic overview of the generation of convolved average 

projections. Automated cell segmentation and extraction of single cell images was performed 

using the ImageJ plugin MicrobeJ. (B-D) Technical reproducibility of CAPs and impact of cell 
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number used for CAP generation. (B) Technical replicates I - III of CAPs were generated from a 

sample population of 1292 cell of S. aureus RN4220 pCQ11-MurJ-mNeonGreen. For each 

technical replicate, a subsample of 400 cells was randomly chosen via the MicrobeJ random 

selection function. To test impact of cell number on CAP appearance, cells were stepwise 

subtracted from the subsample stack, with n corresponding to the number of cells left in the 

subsample. The order of individual cells in each technical replicate subsample stack was 

determined according to the MicrobeJ name.ID image naming. (C) Quantification of CAP 

Brightness of the technical replicates shown in A along the septal axis, plotted relative the medial 

brightness value. For each condition, the mean of three independent biological experiments is 

shown as thick line ± SD as dotted, semi-transparent lines. (D) Quantification of CAP brightness 

of the technical replicates shown in A along the medial axis, plotted relative the septal brightness 

value. For each condition, the mean of three independent biological experiments is shown as 

thick line ± SD as thin, semi-transparent lines. E-F: Representation of different localization 

patterns in CAP appearance. (E) Cells of three independent biological replicates (I – III) of S. 

aureus RN4220 pCQ11-FtsZ-SNAP (labelled with SNAP-Cell® TMR Star) were manually 

sorted for the visual appearance of a distinctive septal signal. CAPs were generated from both 

subpopulations individually and from the complete population. (F) Quantification of CAP 

Brightness of E along the medial axis. For each subpopulation, the mean of three independent 

biological experiments is shown as thick line ± SD as dotted, semi-transparent lines. The 

combined CAP of the complete sample population still conserves information about the 

subpopulations (red arrow: characteristic septal signal, black arrow: characteristic aseptal signal). 
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Fig. S2. 

Relative abundance of cells with septal FtsZ localization as % of total population analyzed in 

Figure 1. Points correspond to values of individual replicates, bar shows the mean of three 

independent biological experiments ± SD. Number of individual cells per replicate are shown in 

Tab. S2 for all datasets. Statistical significance was determined against the untreated control with 

unpaired two-tailed students t-tests with a 95% confidence interval. Statistical significance was 

denoted as ns, not significant. 
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Fig. S3. 

(A) CAPs of all individual biological experiments used for analysis in this study. (B) 

Quantification of CAP brightness for all CAPs shown in (A) along the septal axis, plotted 

relative to the medial brightness value. For each condition, the mean of three independent 
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biological experiments is shown as thick, full line. The respective standard deviations are given 

as dotted, semi-transparent lines. Number of individual cells per replicate are shown in Tab. S2 

for all datasets. 

 

 

Fig. S4. 

Individual biological replicates (I, II and III) of the mean PBP2 localization pattern dynamics. 

The time point of antibiotic addition is marked with a blue arrow. Red: cells without septal PBP2 

localization. Green: cells with septal PBP2 localization. Red-to-green fluxes correspond to cells 

that recruit PBP2 to the septum. The green-to-red fluxes correspond to cells that divide and 

thereby lose septal PBP2 localization in daughter cells. Bar height represents relative abundance 

of cells with the respective PBP2 localization. Sum of both bars is always 100%. For each 

replicate and condition n = 30 were evaluated. 
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Fig. S5. 

Killing kinetics of vancomycin, telavancin and oxacillin against S. aureus HG001. Lines show 

the mean of three independent biological experiments ± SD.  
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Fig. S6. 

Glycopeptides telavancin and vancomycin do not affect the membrane potential at 4 x MIC. (A) 

Representative images of S. aureus RN4220 pCQ11-FtsZ-SNAP treated with 1 x MIC nisin 

(NIS) or 4 x MIC VAN or TELA for 25 min. Red: FtsZ-SNAP, SNAP-tag labelled with SNAP-

Cell® TMR Star. Green: fluorescent membrane depolarization probe DiBAC4(3). Representative 

images of three independent biological experiments. (B) Quantification of DiBAC4(3) 

fluorescence intensities of individual cells. Small semitransparent points show individual cell 

data with colors corresponding to the individual biological experiment. Large points show the 

mean of each individual biological experiment. Line shows mean of three individual biological 

experiments ± SD.(C) Quantification of DiSC3(5) fluorescence during treatment with 

vancomycin, telavancin, and an untreated control. 5 µM valinomycin + 300 mM KCl was used 

as positive control. Mean of three independent biological experiments is shown as thick line ± 

SD as thin, semi-transparent lines. Number of individual cells per replicate are shown in Tab. S2 

for all datasets. Statistical significance was determined against the untreated control with 

unpaired two-tailed students t-tests with a 95% confidence interval. Statistical significance was 

denoted as ns, not significant; ***, p = 0.001 to 0.0001. 
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Table S1. 

Strains, plasmids and primers used in this study.  

Strain Reference Selective 

antibiotic 

S. aureus RN4220 wild 

type 

(56) - 

S. aureus HG001 wild 

type  

(57) - 

S. aureus RN4220 

pCQ11-FtsZ-SNAP 

(19) 10 µg/mL 

erythromycin 

S. aureus RN4220 

pCQ11-FtsZ-mCherry 

this study 10 µg/mL 

erythromycin 

S. aureus RN4220 

pCQ11-MurJ-

mNeonGreen 

this study  10 µg/mL 

erythromycin 

S. aureus RN4220 

FtsW-GFPmut2 

(42) - 

S. aureus RN4220 

RodA-GFP 

this study - 

S. aureus RN4220 

FtsW-GFPmut2 

pCQ11-FtsZ-SNAP 

this study 10 µg/mL 

erythromycin 

S. aureus RN4220 

RNpPBP2-31 

(14) 10 µg/mL 

erythromycin 

S. aureus RN4220 

pCQ11-PBP4-YFP 

this study 10 µg/mL 

erythromycin 

E. coli StellarTM Takara Bio - 

Plasmid Reference Information / 

Purpose 

pCQ11-FtsZ-SNAP (19) Visualization 

of FtsZ 

pCQ11-FtsZ-mCherry this study Live-cell 

visualization 

of FtsZ 

pCQ11-GFP C. Quiblier & B. Berger-Bächi backbone for 

pCQ11-

mNeonGreen 

pCQ11-mNeonGreen this study backbone for 

pCQ11-MurJ-

mNeonGreen 

pLOM-S-

mNeongreen-EC18153 

Addgene plasmid # 137075 mNeongreen 

template 

pCQ11-MurJ-

mNeonGreen 

this study MurJ with C-

terminal 

mNeongreen 

fusion  
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Primer Sequence Amplicon 

mNeon-for TTATGCTAGCTTAACCCGGGATGGCGTCGAAGG mNeongreen 

mNeon-rev TATAGGCGCGCCTCAACCTCCTTTATAGAG 

 
mNeongreen 

MurJ-for ACTCGGCTAGCATGAGTGAAAGTAAAG  

 
murJ 

MurJ-rev CTGTACCCGGGTGATCGTAAAAACCTAAC 

 
murJ 

PBP4_NheI-FW GCGCGGCTAGCATGAAAAATTTAATATCTATTATCATC pbpD 

PBP4_SpeI-RV GCGCGACTAGTTTTTCTTTTTCTAAATAAACGATTG pbpD 

YFP_SpeI_pCQ11_Ct-

FW 

CGCGACTAGTATGGTGAGCAAGGGCGAG yfp 

YFP_AscI_pCQ11_Ct-

RV 

GCGCGGGCGCGCCTCAGGCCTCTTGTACAGCC yfp 

RodA-c-v pMAD-5´ ACTGTATCAAATGGGATCCATCAATTCAT rodA 

RodA-c-v pMAD-3´ ATAGTTTAAAACGCGTACTTTTTGGATGGT rodA 

RodA-c-h pMAD-5 TCCAAAAAGTGAATTCTTTAAACTATTTTG downstream 

fragment of 

rodA 

RodA-c-h pMAD-3 TAGAGTGCGCTATAGATCTTAATTTTG downstream 

fragment of 

rodA 
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Table S2. 

Number of replicates and individual cells per replicate (if applicable) for all datasets shown in 

this study. 

 

figur

e 

subfigure sample No. of  

biological 

replicates 

No. of 

cells 

replicate 

#1 

No. of 

cells 

replicate 

#2 

No. of 

cells 

replicate 

#3 

1 b,c CTRL 3 210 161 652 

  VAN 3 274 354 132 

  TELA 3 437 318 189 

  OXA  3 487 213 237 

 e CTRL 3 57 77 46 

  VAN 3 63 179 59 

  TELA 3 72 121 121 

  OXA 3 75 150 116 

 h CTRL 3 200 268 745 

  VAN 3 402 182 819 

  TELA 3 446 595 734 

  OXA 3 494 377 306 

2 c CTRL full cycle 

(untreated 

assembly) 

3 35 31 30 
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 b CTRL cell 

phenotype % 

3 134 131 131 

 d CTRL early 3 29 31 30 

  CTRL mid 3 30 29 31 

  CTRL late 3 30 32 30 

3 b VAN assembly 3 31 30 31 

  VAN early 3 28 31 31 

  VAN mid 3 30 31 31 

  VAN late 3 32 31 31 

  TELA assembly 3 30 31 31 

  TELA early 3 31 31 31 

  TELA mid 3 30 31 31 

  TELA late 3 31 28 31 

 c CTRL 10 min 3 124 123 121 

  VAN 10 min 3 121 123 124 

  TELA10 min 3 122 121 124 

  CTRL 70 min 3 124 123 121 

  VAN 70 min 3 121 123 124 

  TELA 70 min 3 122 121 124 

4 a OXA assembly 3 31 30 31 

  OXA early 3 31 30 31 

  OXA mid 3 30 30 31 
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  OXA late 3 30 31 31 

 c CTRL early 3 29 31 30 

  CTRL mid 3 30 29 31 

  CTRL late 3 30 32 30 

  OXA early 3 31 30 31 

  OXA mid 3 30 30 31 

  OXA late 3 30 31 31 

 d CTRL mid 3 30 29 31 

  CTRL late 3 30 32 30 

  OXA mid 3 30 30 31 

  OXA late 3 30 31 31 

5 b,c FtsW CTRL 3 333 185 170 

  FtsW VAN 3 164 184 287 

  FtsW TELA 3 327 226 263 

  FtsW OXA 3 213 342 475 

  RodA CTRL 3 856 380 689 

  RodA VAN 3 302 400 468 

  RodA TELA 3 504 404 879 

  RodA OXA 3 421 647 511 

  MurJ CTRL 3 402 293 343 

  MurJ VAN 3 401 374 358 

  MurJ TELA 3 401 373 320 

  MurJ OXA 3 243 356 344 
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  PBP4 CTRL 3 157 221 165 

  PBP4 VAN 3 130 323 994 

  PBP4 TELA 3 390 170 400 

  PBP4 OXA 3 626 423 489 

  PBP2 CTRL 3 149 174 351 

  PBP2 VAN 3 228 174 238 

  PBP2 TELA 3 223 94 609 

  PBP2 OXA 3 420 290 276 

6 a CTRL 3 149 174 351 

  VAN 3 228 174 238 

  TELA 3 223 94 609 

  OXA 3 420 290 276 

 b CTRL 3 30 30 30 

  OXA 3 30 30 30 

 c CTRL 3 30 30 30 

  OXA 3 30 30 30 

S1 b,c,d MurJ 1 400  400  400  

 e,f FtsZ 3 210 161 652 

S2 FtsZ CTRL 3 210 161 652 

  VAN 3 274 354 132 

  TELA 3 437 318 189 

  OXA 3 487 213 237 

S3 FtsZ CTRL 3 210 161 652 
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  VAN 3 274 354 132 

  TELA 3 437 318 189 

  OXA 3 487 213 237 

 FtsW CTRL 3 333 185 170 

  VAN 3 164 184 287 

  TELA 3 327 226 263 

  OXA 3 213 342 475 

 RodA CTRL 3 856 380 689 

  VAN 3 302 400 468 

  TELA 3 504 404 879 

  OXA 3 421 647 511 

 MurJ CTRL 3 402 293 343 

  VAN 3 401 374 358 

  TELA 3 401 373 320 

  OXA 3 243 356 344 

 PBP4 CTRL 3 157 221 165 

  VAN 3 130 323 994 

  TELA 3 390 170 400 

  OXA 3 626 423 489 

 PBP2 CTRL 3 149 174 351 

  VAN 3 228 174 238 

  TELA 3 223 94 609 
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  OXA 3 420 290 276 

S4  CTRL 3 30 30 30 

  VAN 3 30 30 30 

  TELA 3 30 30 30 

  OXA 3 30 30 30 

S5  CTRL 3 - - - 

  VAN 3 - - - 

  TELA 3 - - - 

  OXA 3 - - - 

S6 a,b CTRL 3 183 179 217 

  VAN 3 175 361 457 

  TELA 3 480 201 256 

  NIS 3 229 180 154 

 c CTRL 3 - - - 

  VAN 3 - - - 

  TELA 3 - - - 

  VAN 3 - - - 
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