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stalk-terminal budding. As an example, we reinvestigated the  

cell cycle-dependent localization of the guanylate cyclase PleD 

in H. neptunium cells (Fig. 4B). The analysis by BacStalk pro-

vides a detailed quantification of the cell type-specific localiza-

tion pattern that has previously only been described in a quali-

tative manner (36). In swarmer cells, PleD-Venus localizes at 

the flagellated pole of the mother cell. In stalked cells, by con-

trast, the PleD-Venus focus tends to be located at the tip of the 

stalk, whereas in most budding cells, it is detected in the bud at 

the pole opposite the stalk. Although the relocalization of 

PleD from the old pole of the mother cell to the old pole of the 

daughter cell can be traced in a 1D kymograph, the 2D kymo-

graph additionally facilitates the correlation of protein translo-

cation with cell morphogenesis (e.g. bud formation). Quantifi-

cation of the localization of PleD-Venus in different cell types 

is also possible by determining and plotting its distance from 

the old pole of the mother cell (Fig. 4B). 
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To investigate the patterns of multiple fluorescence signals at 

different wavelengths simultaneously, BacStalk can create 

multi-channel kymographs (or demographs): the kymograph 

in Fig. 4C shows H. neptunium cells undergoing replication, in 

which (i) the replisome component DnaN is tagged with the 

fluorescent protein Venus and (ii) the origin of replication is 

followed with the help of a ParB-Cerulean fusion, which binds 

parS sites near the chromosomal origin of replication (Jung et 

al., in preparation). This two-color approach reveals the rela-

tive timing of replisome movement and origin segregation, 

and demonstrates that the origin of replication already moves 

to the bud before replication is completed (as visualized by 

delocalization of DnaN-Venus). In addition, the 2D kymo-

graph visualization clearly identifies both replication forks as 

separate entities (DnaN foci inside first cell in kymograph, Fig. 

4C). As in Fig. 4B, we determined the distance of the ParB-

Cerulean and DnaN-Venus foci to the old pole of the mother 

cell. Using this representation, Fig. 4C shows that the replica-

tion origin (tagged by ParB-Cerulean) is only transferred to 

the bud once a certain bud size has been reached, and that the 

process of origin movement through the stalk must be fast, as 

the origin was captured inside the stalk in only ~1% of all 

analyzed cells (4/378). 

BacStalk provides several analysis tools that greatly simplify 

data exploration and visualization. Similar to MicrobeJ (29), 

all plots created with BacStalk are interactive: clicking on a 

data point in a scatter plot (Figs. 2-4) or on a fluorescence 

profile in a demo- or kymograph (Figs. 4-5) displays the un-

derlying cell, so that its raw image data and phenotype can be 

assessed. Furthermore, the output images of BacStalk showing 

the results of analyses or images of cells are publication-ready: 

all images in Figs. 2-5 have only been minimally edited after 

their export from BacStalk (e.g. change of background color, 

cropping of images, minor editing of the axes). 

The features of BacStalk exemplified above for stalked bacte-

ria, most notably its interactivity, its ease of use (see Fig. 6 for 

a description of the workflow), the one-click generation of 1D 

and 2D kymo- and demographs, and the ability to output 

publication-ready images are also applicable to the investiga-

tion of classical, non-stalked model organisms such as E. coli 

and M. xanthus (Fig. 5). The generation of interactive 2D de-

mographs is a feature that is not available in any other image 

analysis software package. Its usefulness is demonstrated by an 

analysis of the localization dynamics of YFP-tagged PadC, an 

adapter protein connecting the chromosome partitioning 

ATPase ParA to subpolarly located bactofilin polymers in M. 

xanthus (37). Here, the 2D representation provides important 

information about the spatial arrangement of the filaments in 

the cell that cannot be appreciated in the standard 1D demo-

graphs (Fig. 5B). As BacStalk is designed for micrographs with 

moderate to low cell densities, in which cells can be analyzed 

as isolated individuals, the software automatically excludes 

clumps of cells, because no cell-splitting functionality is im-

plemented for the analysis of dense communities. 

BacStalk was written in MatLab to make use of its built-in 

figure customization capabilities for generating publication-

ready vector graphics and to provide advanced users with easy 

access to the underlying processed data. However, our main 

goal in the design of the software was to make it as user-

friendly as possible and applicable on first-try without any 

programming knowledge. This ease of use is achieved by 

BacStalk’s powerful and fast graphical user interface (Fig.  6). 

In addition, the user is supported by a comprehensive docu-

mentation and detailed video tutorials, which are available 

online at http://drescherlab.org/bacstalk together with the 

open source code and stand-alone pre-compiled versions for 

various operating systems (Windows, Mac, and Linux). Over-

all, BacStalk facilitates high-throughput, in-depth, single-cell 

image analysis of stalked and non-stalked bacteria. It thus 

enables the study of many interesting stalked bacteria as novel 

model organisms, provides tools for more detailed analyses of 

established model organisms, and therefore constitutes an 

indispensable tool for bacterial cell biology. 

 

MATERIALS AND METHODS 

Bacterial strains. All strains analyzed in this study are listed in 

Suppl. Table 1. The plasmids and oligonucleotides used for 

their construction are listed in Suppl. Tables 2 and 3.  

Cultivation of cells. C. crescentus cells were grown in peptone-

yeast-extract (PYE) medium (20), subsequently diluted 1/20 

and grown for 24 h in M2-glucose (M2G) minimal medium 

(38) medium with phosphate or without phosphate (M2G-P) 

to induce stalk elongation. B. aveniformis cells were grown in 

PYE medium and H. neptunium cells in MB medium (Difco 

Marine Broth 2216, BD Biosciences, USA). B. aveniformis, C. 

crescentus, and H. neptunium cells were grown at 28 °C while 

shaking at 210 rpm. E. coli cells were grown in LB medium 

containing 30 µg/ml kanamycin at 37 °C while shaking at 

210 rpm. M. xanthus cells were grown in CTT medium (39) 

containing 50 µg/ml kanamycin at 32 °C while shaking at 210 

rpm. The synthesis of PadC-eYFP was induced for 3 h with 

5 µM vanillate. For imaging, cells were grown to early expo-

nential phase (OD600 = 0.2-0.4) and spotted on pads consisting 

of 1% agarose (peqGOLD Universal Agarose, peqlab, Germa-

ny) and the respective medium. In the case of H. neptunium 

strain JR47, the cells were imaged on pads prepared with 4-
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fold diluted MB medium, whereas M. xanthus MO039 cells 

were applied to pads made with 5-fold diluted CTT, in both 

cases to decrease background fluorescence.  

Light microscopy. All strains, except for E. coli and the H. neptu-

nium wild-type and Δpbp1x strains, were analyzed with a Zeiss 

Axio Observer.Z1 inverted microscope (Zeiss, Germany) 

equipped with a Zeiss Plan-Apochromat 100x/1.4 Oil Ph3 

objective, Chroma ET-YFP and ET-CFP filter sets, and a 

pco.edge 4.2 mHQ camera (PCO, Germany). E. coli and H. 

neptunium wild type and Δpbp1X cells were imaged with a 

Nikon Ti-E inverted epifluorescence microscope equipped 

with a Nikon Plan-Apochromat λ100x/1.45 Oil Ph3 objective 

and an Andor Zyla 4.2plus sCMOS camera. 
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SUPPL. TABLE 1. Strains used in this study. 

Strain Genotype/description Construction Source 

CB15N C. crescentus wild-type  (1, 2)  

DK1622 M. xanthus wild-type  (3) 

EC26 LE670 Δpbp1x  (4) 

EMB102 B. aveniformis wild-type  (5) 

JR47 LE670 PdnaN::PdnaN-dnaN-Venus PparB::PparB-

parB-Cerulean 

Replacement of dnaN with dnaN-Venus using 

pAJ84 and replacement of parB with parB-

Cerulean using pAJ74 in LE670 

Jung et al., in 

preparation 

LE670 H. neptunium wild-type (ATCC 15444)  (6) 

MO039 DK1622 PvanA::PvanA-padC-eYFP Integration of pLL143 in DK1622 This study 

OL2 LE670 PcckA::PcckA-cckA-Venus Integration of pOL2 in LE670 Leicht et al., in 

preparation 

OL147 LE670 PpleD::PpleD-pleD-Venus Integration of pOL13 in LE670 This study 

TOP10 E. coli F- mcrA Δ(mrr-hsdRMS-mcrBC) 

Φ80lacZΔM15 ΔlacX74 recA1 araD139 Δ(ara 

leu) 7697 

galU galK rpsL (Str
R
) endA1 nupG 

 Invitrogen 

 

SUPPL. TABLE 2. Plasmids used in this study. 

Plasmid Description Construction Source 

pAJ74 pNPTS138 derivative for 

generating an in-frame replacement 

of parBHN with parBHN-Cerulean 

a) PCR amplification of the last 965 bp of 

parBHN excluding stop-codon fused to 

Cerulean with primers oAJ299 and 

oAJ257  

b) PCR amplification of 838 bp downstream 

of parBHN using oAJ300 and oAJ301 

c) Digestion of the products with HindIII, 

KpnI and NheI 

d) Ligation of the fragment into 

HindIII/NheI-treated pNPTS138 

Jung et al., in preparation 

pAJ84 pNPTS138 derivative for 

generating an in-frame replacement 

of dnaNHN with dnaNHN-Venus 

a) PCR amplification of the last 1116 bp of 

dnaNHN excluding stop-codon fused to 

Venus with primers oAJ345 and oAJ315  

b) PCR amplification of 927 bp downstream 

of dnaNHN using oAJ343 and oAJ344 

c) Digestion of the products with HindIII, 

NdeI and EcoRI 

d) Ligation of the fragment into 

HindIII/EcoRI-treated pNPTS138 

Jung et al., in preparation 

pLL143 pMR3690 bearing padC-eYFPMX  (7) 

pMR3690 Vector for the expression of a gene 

under the control of the vanA 

promotor, integrating at the M. 

xanthus Mxan18_19 chromosomal 

 (8) 
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locus, Kan
R

 

pNPTS138 sacB-containing suicide vector used 

for double homologous 

recombination, Kan
R

 

 M. R. Alley, unpublished 

pOL2 pVENC-2 bearing cckAHN a) PCR amplification of the last 613 bp of 

cckAHN excluding stop-codon with 

primers oJK177 and oJK178 

b) Digestion of the product with NdeI and 

EcoRI 

c) Ligation of the fragment into 

NdeI/EcoRI-treated pVENC-2 

Leicht et al., in 

preparation 

pOL13 pVENC-2 bearing pleDHN a) PCR amplification of the last 609 bp of 

cckAHN excluding stop-codon with 

primers oOL15 and oOL16 

b) Digestion of the product with NdeI and 

KpnI 

c) Ligation of the fragment into NdeI/KpnI-

treated pVENC-2 

This study 

pVENC-2 Integration plasmid to fuse 3’ end of 

a target gene to venus, Kan
R

 

 (9) 

 

SUPPL. TABLE 3. Oligonucleotides used in this study. 

Oligonucleotide Name  Sequence 

oAJ257 cerulean rv F2 atatGGTACCttacttgtacagctcgtccatgccg 

oAJ299 parB fw HindIII atatAAGCTTatgagtgatccggcagaggacaatcgc 

oAJ300 part of holA fw F3 atatGGTACCtaatccgttaacgaacgttttcag 

oAJ301 part of holA rv F4 atataGCTAGCggcggcccgatccggaagtctgg 

oAJ315 venus rv F2 (NdeI) atatCATATGttacttgtacagctcgtccatgccg 

oAJ343 dnaN down fw F3 atatCATATGgccgtgcagacgggccgccgcatc 

oAJ344 dnaN down rv F4 atGAATTCcgcgtcgatggcgatctgcagag 

oAJ345 dnaN fw F1 atatAAGCTTatgaaactgacgatcgaacgcggagac 

oJK177 HNE_0507s for NdeI ATATCATATGCCAGCCTTTCTTCACCACGAAAG 

oJK178 HNE_0507 rev EcoRI ATATGAATTCGGCGCGGCTTCCTTGCC 

oOL15 HNE_2284_For_NdeI ATATCATATGCCGATCGACCGGCAGGAACTG 

oOL16 HNE_2284_Rev_KpnI ATATGGTACCGGCGGCGATGCTCTCGAC 
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