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Abstract

There has been recent debate as to the source of constriction force during cell division. FtsZ can generate a constriction force 
on tubular membranes in vitro, suggesting it may generate the constriction force in vivo. However, another study showed that 
mutants of FtsZ did not affect the rate of constriction, whereas mutants of the PG assembly did, suggesting that PG assembly 
may push the constriction from the outside. Supporting this model, two groups found that cells that have initiated constriction 
can complete septation while the Z ring is poisoned with the FtsZ targeting antibiotic PC190723. PC19 arrests treadmilling but 
leaves FtsZ in place. We sought to determine if a fully assembled Z ring is necessary during constriction. To do this, we used a 
temperature-sensitive FtsZ mutant, FtsZ84. FtsZ84 supports cell division at 30 °C, but it disassembles from the Z ring within 1 
min upon a temperature jump to 42 °C. Following the temperature jump we found that cells in early constriction stop constrict-
ing. Cells that had progressed to the later stage of division finished constriction without a Z ring. These results show that in 
Escherichia coli, an assembled Z ring is essential for constriction except in the final stage, contradicting the simplest interpreta-
tion of previous studies using PC19.

INTRODUCTION
The protein FtsZ is essential to bacterial cytokinesis. Along with its membrane anchor, FtsA, it assembles a Z ring early in the 
cell cycle. The Z ring subsequently recruits downstream proteins that remodel the peptidoglycan (PG) wall, suggesting that it 
serves as a scaffold for this recruitment.

An ongoing controversy is what generates the force for constriction. In 2008, Erickson and Osawa found that Z rings containing 
only membrane-tethered FtsZ could constrict multilayer tubular liposomes [1]. In the presence of FtsA, rings were able to 
complete constriction [2]. This established the Z ring as a likely source of constriction force. The mechanism of force generation 
was suggested to be a transition of FtsZ protofilaments from straight to curved, generating a bending force that pulls the cell 
membrane inward [3].

The Z-centric constriction model was questioned recently when Coltharp and colleagues found that the rate of constriction 
was not altered by a mutation of FtsZ, but was slowed by a mutation of FtsI, a key component of the PG synthesis machinery 
[4]. They suggested that the constriction force was generated by FtsI remodelling the PG, pushing the cell membrane from the 
outside. Erickson and Osawa suggested an alternative explanation, that FtsZ was providing the constriction force, but the rate of 
constriction was limited by PG remodelling serving as a strong brake [5, 6]. However, the idea of constriction force generated by 
PG remodelling, with FtsZ serving primarily as a scaffold, has risen to prominence in the field.

More recently, two groups reported that constriction could continue after poisoning the Z ring with the drug PC190723 (abbrevi-
ated here as PC19). PC19 is a candidate antibiotic that targets FtsZ [7]. It causes subunits to lock into the T conformation [8]. The 
T conformation is favoured by assembly into protofilaments, and it produces a high affinity longitudinal bond [9]. PC19 binds 
to T subunits in the protofilament, preventing the subunits from changing to the weaker R conformation and disassembling. 
Because of this, PC19 stabilizes protofilaments in vitro and presumably in vivo [10]. When Bacillus subtilis cells were treated with 
PC19, patches of FtsZ that were treadmilling around the Z ring immediately arrested their movement [11].

http://mic.microbiologyresearch.org/content/journal/micro/
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Experiments with PC19 in Staphylococcus aureus [12] and B. subtilis [13] showed that if the Z ring were poisoned before constric-
tion began, PC19 blocked constriction. However, once constriction had been initiated, it would continue to complete septation 
in the presence of PC19. This suggested that FtsZ treadmilling is essential for condensation and maturation of the Z ring, but is 
not essential for constriction. If treadmilling is not essential for constriction, perhaps FtsZ itself is dispensable once constriction 
has initiated.

A problem with this more global conclusion, that FtsZ may be dispensable for constriction, is that PC19 does not immediately 
disassemble the Z ring. PC19 and the related benzamide 8 j eventually leads to disassembly of FtsZ from the Z ring and redistribu-
tion into foci scattered around the cell. However, FtsZ remains at the Z ring for 10–30 min [14].

Could the static, non-treadmilling Z ring still contribute to constriction? Importantly, FtsZ can still form both straight and 
curved protofilaments in the presence of PC19 [10] and 8 j [14]. Thus, while PC19 rapidly arrests treadmilling, it leaves FtsZ in 
place and potentially able to continue generating a bending force on the membrane. This FtsZ-based force may be essential for 
the continued constriction after poisoning by PC19.

We sought to determine if an assembled Z ring is necessary during constriction. For this, we employed an FtsZ84 genomic 
mutant strain of Escherichia coli, JFL101, as a tool. JFL101 achieves largely normal division at 30 °C, although the FtsZ84 
treadmills more slowly and the cell cycle is longer [15]. At 42 °C, the Z ring disassembles within 1 min [16]. We used a rapid 
temperature jump (T jump) to disassemble the Z ring and observe how the cells respond to the sudden depletion of FtsZ 
from the Z ring.

METHODS
Cell cultures
All liquid cultures were grown in LB (1 % tryptone, 0.5 % sodium chloride, 5 % yeast extract, 0.2 % glucose, pH 7.0) Liquid cultures 
were started from −20 °C freezer stock (10 % glycerol) or streaked plates. We did not find a difference between the methods. We 
grew liquid cultures in LB at 30 °C overnight. Cultures were spun down and diluted by 200- to 1000-fold into fresh LB and grown 
for several hours until mid-log phase (OD600 between 0.15 and 0.5) for experiments.

Aliquots of 4 % formaldehyde in PBS were prepared less than 1 month ahead of experiment. PBS was heated to 60 °C, and 
powdered paraformaldehyde was added to a final concentration of 4 %. Sodium hydroxide was titrated into the solution until 
the paraformaldehyde had dissolved. The solution was cooled, and the pH was adjusted to 7.0. The solution was filtered with a 
0.22 µm polyethersulfone membrane filter, and aliquots were frozen at −20 °C.

Cell counting
T-jump experiments were performed in a 37 °C incubator room to reduce heat fluctuations while samples were removed and 
fixed. An Erlenmeyer flask with 50 ml of filtered LB was preheated to 42 °C in a water bath for at least 2 h prior to the start of 
the experiment. Pipettes, pipette tips, and 2× fixation solutions were also pre-warmed. Formaldehyde was diluted with PBS to 
produce 2 % formaldehyde (2× fixative). The 2× fixative was filtered again within an hour of the start of the T-jump experiment. 
We pre-aliquoted 500 µl of 2× formaldehyde for each sample.

At the start of the T-jump experiment, mid-log cells were pre-diluted if needed into fresh 30 °C LB to obtain an OD600 of 0.15. 
1.5 ml of cells were added to the 50 ml 42 °C LB. Immediately, 500 µl of cells were removed and diluted into 500 µl 2× fixative, for 
a final concentration of 1 % formaldehyde. We consider this time=0 min. Initially, the temperature of the LB dropped 0.3 °C below 
42 °C, but the water bath warmed the LB to 42 °C within a min. We performed this twofold dilution from the 42 °C LB to the 2× 
fixation at each time point. We also recorded the LB temperature at these time points. We repeated the dilution between 3 and 5 
times for each experiment at each time to check for preciseness of the single experiment. We repeated this experiment to obtain 
four replicates with our desired experimental conditions. Fixed samples were cooled to room temperature and counted within 3 h.

To count the cells, we used the BD FACSCanto II flow cytometry system at medium flow rate. We counted cells for 2 min gated 
against forward scatter area and side scatter area. We collected blank measurements for each experiment by counting a solution 
of 500 µl fresh LB plus 500 µl 2× fixative.

We gated and counted the cells in each sample with the free and open source Python package FlowCytometryTools [17, 18]. We 
highly recommend this package, as it is fast with large FCS files, includes excellent documentation, and is intuitive. We performed 
data analysis and made figures in R with packages in the Tidyverse [19, 20].

We optimized cell concentration by performing a serial dilution and counting cells. To do this, we serially diluted the fixed cells 
twofold in filtered PBS. We counted cells for 1 min and plotted the cell count against the calculated cell concentration based on 
an ideal serial dilution.
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Fixed membrane imaging
Fixative with 4 % formaldehyde was thawed from freezer aliquots, and glutaraldehyde from frozen a 25 % stock was added to 
a concentration of 0.4 %. The fixative was filtered approximately 1 h prior to the T jump. We pre-measured 6 ml aliquots of 4× 
fixative and warmed it in the 37 °C incubator room. We filtered and pre-warmed 100 ml of LB to 42 °C.

Cells were grown to mid-log phase as previously described. At the start of the T-jump experiment, we diluted 2.5 ml of culture 
into 100 ml of 42 °C LB. To collect a sample, we removed 20 ml of cells and combined it with 6 ml of 4× fixative. After 2 min, we 
moved the sample to ice. We repeated this for each point in our time series. For the 0 min sample, we diluted 0.5 ml of cells into 
20 ml of 30 °C LB and added 6 ml of 4× fixative. We stored fixed samples at 4 °C overnight.

To image the fixed cells, we pelleted the cells at 4200 g for 5 min and resuspended the cells in 1 ml LB. We pelleted the cells again 
and resuspended them in 100 µl fresh LB. We added FM4-64 dye (Invitrogen) to a final concentration of 0.7 µg ml−1. We added 
25 µl of stained cells to a 2 cm × 6 cm agar pad made with water and 1 % agarose. We allowed the sample to dry for 30 min and 
covered it with a coverslip. We imaged the cells within 3 h of making the pads.

We imaged the cells with STED implemented on a Leica DMi8 microscope. We excited our sample at 516 nm with a white light 
laser (0.7 % of total power) and collected emissions between 615 and 685 nm with a GaAsP HyD detector. We used the 775 nm 
STED depletion laser at 8 % power. We collected a focal series of seven stacks over 1 µm depth. Each pixel measured 21 nm × 
21 nm.We performed deconvolution with the Huygens professional software [21].

We segmented the images by hand with LabKit in FIJI [22]. We then analysed the segments in Python3 [18] with our own 
algorithm that automated the process. For each cell, our script did the following. We used the segmentation data to crop the image 
to only contain a single cell plus a pad of 2 pixels for each layer in the 3D series. We then obtained the orientation of the cell with 
SciKit-Image [23] and rotated each cell so the poles are at the top and bottom of the image. For each layer, we determined the 
perimeter of the cell. To do this, we performed a 2D convolution on each layer with a kernel containing ones measuring 10×5 
pixels. We found the top by calculating the centre of mass of the top fifth of the cell with SciPy [24]. Once we found the centre of 
mass, we stepped down the cell one pixel at a time and determined the left and right sides of the cell by the maximum value of 
the convolved image. We set conditions that prevented large jumps or boundaries that are not cell width.

Fig. 1. (a) Diagram of T-jump experiment. (b) Representative flow cytometry histograms of normal (left side) and elongated (right side) cells. Red 
polygons outline the signals counted as cells. SSC-A and FSC-A are log transformed side and forward scatter area. Normal cells were collected 
immediately after T jump. Elongated cells were collected 1 h after T jump. (c) Calibrating the valid range of cell counts from a twofold serial dilution of 
cells. Line represents a linear regression fit where slope=1 and r2=0.996. (d) Mean of normalized cell count over time after T jump of JFL101 cells (left 
side, n=4) or MC4100 cells (right, n=2). Note the very different y-axis scales. Cell counts for each replicate were normalized to the count at 0 min. Error 
bars are standard error for left panel; right panel shows average of the duplicate points.
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After we determined the perimeter of the cell, we quantified the cell by first dividing the cell into five parts. We determined the 
cell width by averaging the width between the left and right boundaries at the top 1/5 and 2/5 and the bottom 3/5 and 4/5. We 
then measured the widths at the centre fifth of the cell for each row of pixels. If the centre fifth had a width of less than 95 % of 
the cell width, we considered this a constriction. We measured the constriction width as the narrowest two cross-sections in this 
constriction region. The normalized constriction is the constriction width divided by the cell width.

Live membrane imaging
Cells were grown to mid-log phase as previously described. We pelleted the cells at 1600 g for 5 min and resuspended them in 
200 µl of fresh LB. We added FM5-95 dye (Invitrogen) to a concentration of 4 µg ml−1 from a stock solution in water. We sonicated 
a glass bottom dish (MatTek) in Helmenex followed by 100 % ethanol. We plated 5 µl of cells onto the glass bottom coverslip 
dish and covered it with a 1 % agarose LB pad, approximately 1–2 cm wide, square. We put a lid on the glass bottom dish and 
incubated it at 30 °C for 30 min.

Fig. 2. Cropped images of cells sorted by constriction progress and time point. Cells towards the bottom are the furthest constricted. For time 0 min, 
the red line denotes the 6.4 % most constricted cells (out of total cells). Approximately 80–90 % of cells were not constricted and are not shown here.
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To perform the T jump, we transferred the glass bottom dish with the cells into a 42.5 °C microscope cage incubator (Oko-lab). 
We imaged the cells with a Nikon Eclipse Ti2 confocal microscope with NIS Elements software and a heated objective. We excited 
the sample at 560 nm and collected emissions above 630 nm. We took a time-lapse of a single field of view with one frame/min.

RESULTS
Our experiments all used JFL101 as a tool. JFL101 is a temperature-sensitive FtsZ E. coli mutant that behaves similar to wild type 
at 30 °C (Fig. 1a). However, at 42 °C, the Z ring disassembles within 1 min [16]. For our T-jump experiments, we grew JFL101 at 
30 °C, and diluted the cells into 42 °C media, causing the Z ring to disassemble. Following this T jump we observed the process 
of septation by several methods.

Counting division by flow cytometry
Our first method characterized the T jump using flow cytometry to count cells to determine what fraction of cells could continue 
constriction to complete division following the sudden depletion of FtsZ from the Z ring. For this we fixed aliquots of cells at 
set time points following the T jump. Before we began this experiment, we optimized flow cytometer settings to ensure we were 
capturing cells. We were able to isolate the cells by gating against the forward and side scatter area (Fig. 1b, left panel). When JFL101 
loses the Z ring, the cells elongate, so we optimized the flow rate, gate and cell density to also capture elongated cells (Fig. 1b, 
right panel). We found that SYTO BC bacterial stain and propidium iodide stain did not improve our ability to gate the cells.

We first determined the concentration at which we could obtain a valid count of cells. At high concentrations, cells can crowd 
the central fluid stream and evade being counted. At low concentration, the noise obscures the true count. For calibration, we 
used a serial dilution assay. After fixing a sample of cells, we serially diluted the cells twofold and counted the cells for 1 min. We 
found the region in which a twofold dilution would result in a twofold reduction in cell count. This was approximately between 
500 and 194 000 cells per min (Fig. 1c).

After these optimizations, we then performed the full T-jump experiment to disassemble the Z ring, collect fixed samples over 
time and count the cells. We normalized the cell counting results from each replicate to the replicate’s initial average cell count at 
0 min. Fig. 1d, left panel, shows the combined results of four replicated T-jump experiments. When the JFL101 cells were jumped 
to 42 °C, the cell count then increased to a plateau at 6.4–6.5 % above the zero time at 10 and 20 min. From this, we conclude that 
6.4 % of cells can complete division without FtsZ assembled in a Z ring.

We repeated this experiment with MC4100, the wild-type E. coli strain from which JFL101 was constructed (Fig. 1d, right panel). 
We found that the T-jump treatment did not inhibit division.

Imaging membrane constrictions following the sudden depletion of Z ring
We then wanted to understand what happens to the constricting membrane following the sudden depletion of FtsZ. We repeated 
the T-jump experiment, and imaged the cells after staining the outer membrane with the fluorescent dye FM4-64 [25]. We used the 
super-resolution technique STED for imaging. We collected images of more than 100 fixed cells at each time point and quantified 
the extent of constriction. These images created a pseudo-time lapse of constrictions after the T jump.

Fig. 2 contains cropped images of cells sorted by their constriction progress and time. Our 0 min sample was collected just 
before the T jump. At this time, we found a wide range of constrictions, from almost fully constricted (bottom of montage) to 
just beginning constriction (top of montage). Overall, 18.1 % of cells were constricted at time 0 min, and this decreased to 9.0 % at 
15 min (Table 1). The percent constricted cells decreased further at 30 min, perhaps due to relaxation of some early constrictions, 
as noted previously by Addinall et al. [16].

When we performed the T jump with wild-type MC4100 E. coli, we found an initial decrease in constrictions after the first 15 min 
(Table 2). The population of constricted cells then rebounded to the initial proportion after 30 min.

Table 1. JFL101 cells counted and proportion with constrictions for fixed imaging analysis

Time (min) Cells counted Constrictions

0 371 18.1%

2 175 14.9%

5 318 14.5%

15 379 9.0%

30 103 4.9%
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We then measured the extent of constriction over time for JFL101 (Fig. 3a). The normalized constriction is the constriction width 
divided by the average cell width. A normalized constriction near zero means that the cell has almost completed division. A 
normalized constriction near one means the cell has just begun constriction. The cells had an average width of 0.822±0.078 µm. 
The overall conclusion from Fig. 3(a) is that cells in early constriction are retained at 2, 5 and 15 min after the T jump, while 
late constricting cells disappear. The disappearance of the late constricting cells is consistent with having completed division. To 
correlate these data with the cell counting, which showed a 6.4 % increase in cells following the T jump, we show a line in Fig. 3(a) 
at 0.44 normalized constriction at 0 time. Altogether, 6.4 % of cells are below this line and presumably completed division. We 
found that MC4100 cells retained a similar range of constrictions after the T jump (Fig. 3b).

To further inform our analysis of these results, we repeated the T-jump experiment by imaging live cells after a T jump on a 
heated microscope stage. We grew live JFL101 stained with FM5-95 on small agar pads. FM5-95 is also an outer membrane dye 
but was less toxic and had longer lasting fluorescence than FM4-64 in live cells. We transferred the agar pad to a 42.5 °C incubator 
microscope and imaged the cell’s response to the T jump. We did not find any cells that initiated constriction after the T jump. 
If a cell was previously constricted at the start of the T jump, the cell either completed constriction (Fig. 4b) or maintained a 
constant constriction (Fig. 4a). Some cells that remained constricted appeared to slowly relax over the course of 30 min (Fig. 4c). 
The live cell imaging was done in the laboratory of Dr Alexandre Bisson, Brandeis University. These images are presented as 
examples without statistics.

DISCUSSION
Two previous studies used the compound PC19 to poison the Z ring in S. aureus [12] and B. subtilis [13]. Both studies found 
that PC19 blocked initiation of new constrictions, but constrictions that had already begun continued to complete septation. 
Since PC19 rapidly arrests treadmilling, these results suggest that treadmilling is needed for formation and maturation of the Z 
ring and to initiate constriction, but treadmilling was not needed for constriction itself. Since PC19 leaves FtsZ in the Z ring for 
10–30 min [14], it is possible that the static FtsZ was still contributing to constriction.

The temperature-sensitive FtsZ84 provides a way to rapidly and completely remove FtsZ from the divisome. Addinall et al. 
observed that cells retained sharp constrictions 2 min after the T jump, and constrictions remained but became more blunt or 
rounded after 10 min [16]. In contrast, when PC19 poisoned the Z ring in S. aureus and B. subtilis, all constrictions disappeared 
as they completed septation [12, 13].

Table 2. MC4100 cells counted and proportion with constrictions for fixed imaging analysis

Time (min) Cells counted Constrictions

0 145 36.6%

15 206 25.5%

30 121 38.8%

Fig. 3. Density of normalized constriction after T jump for JFL101 (a) or MC4100 (b). Unconstricted cells were omitted from these plots, so for 0 min (a), 
only 18.1 % of cells are shown. Red line denotes 6.4 % most constricted cells at 0 min relative to the whole population.
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As opposed to observations of Addinall et al., our study provides quantitation. Following the T jump, we found a 6.4 % increase 
in cell count at 10–20 min (Fig. 1d, left panel). Since 18.1 % of cells showed a constriction at 0 min, this suggests that about one 
third of the constricted cells completed division. Light microscopy showed that cells in late constriction disappeared at 2–15 min, 
while the fraction of cells in early constriction remained about the same. Apparently cells in early constriction become locked and 
unable to progress when FtsZ is depleted (Fig. 5). This is in apparent contrast to experiments in B. subtilis and S. aureus, where 
both late and early constricted cells progress to complete septation after poisoning with PC19 [12, 13].

That the late constricted cells can complete division without FtsZ is expected from previous studies of Söderström et al., which showed 
that FtsZ disassembles from the Z ring before constriction is complete [26, 27]. In Söderström et al. 2016, the last two frames in their 
Fig. 5(b) show FtsZ still present at a constriction width of 0.3 µm and gone at a width of 0.2 µm. This shows that cells naturally complete 
the last ~0.25 µm (normalized constriction 0.31) without FtsZ. This is only a single cell, but it is in agreement with more complex 
numbers based on constriction times normalized to cell-cycle time. Our work suggests that they may be able to complete constriction 
from a somewhat earlier point if FtsZ is artificially depleted. The 6.4 % of cells that can complete division correlates to a normalized 
constriction of 0.44, or actual width of 0.36 µm (Fig. 3a)

While our experiments expand upon those of Monteiro et al. [12] and Whitely et al. [13] it is important to note the differ-
ence in bacterial species. S. aureus and B. subtilis are Gram-positive bacteria while our study was of Gram-negative E. coli. In 

Fig. 4. Live time lapse of JFL101 after T jump. Grey panels are phase contrast and red panels are FM5-95 dye. Cells either maintained constriction 
(a), completed constriction (b), or slowly relaxed (c). In (c) we show only phase contrast because the fluorescence was bleached over 30 min.

Fig. 5. Diagram of early vs. late cells at zero and 15 min from our experiments.
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Gram-positive bacteria, constriction involves a sharp septum at all stages, while Gram-negative bacteria have a shallower V-shaped 
constriction at earlier stages [28, 29] (but see [5] for a hypothesis uniting the two mechanisms). It will therefore be important to 
determine if Gram-positive bacteria require FtsZ for early constriction.

Ideally we would like to image downstream proteins, especially FtsI, FtsW and FtsN, to confirm their presence following the 
depletion of FtsZ. We tried to label FtsI and FtsN separately with mCherry in pRha67 and pJSB2 vectors, however we were unable 
to obtain reliable fluorescence. It seems likely that FtsI and FtsW remain after FtsZ is depleted in late-constricted cells, since these 
cells completed division.

A related issue is the two-track model for FtsW proposed by Yang et al. [30]. FtsW on one track is moving fast and in concert with 
FtsZ treadmilling. FtsW on the second track is moving slowly, and movement is dependent on peptidoglycan synthesis. FtsN plays 
a role in promoting this second track. Since the fast track is correlated with FtsZ treadmilling, it would seem to disappear upon 
depletion of FtsZ. The slow track involved in peptidoglycan synthesis would seem to remain, since this synthesis should be essential 
for completing septation.

What generates the force for the late constriction? FtsZ pulling from the inside remains a strong candidate for initiation and early 
constriction. Our work, and previous studies of Söderström et al. [26, 27], show that FtsZ is not needed for late constriction. Here 
the constriction force may be generated by PG synthesis pushing the membrane from the outside [4]. However, this may require a 
Brownian ratchet mechanism to move the membrane from contact with PG remodelling enzymes, in order to insert new glycan 
strands. Such a mechanism has not been developed, and may encounter problems [31].

A third potential force generator is excess membrane production. Once a membrane furrow has been initiated at the division site, 
excess membrane would push this furrow to continue constriction, rather than initiate new furrows [6]. Evidence for this has come 
from experiments with L form bacteria, which are bacteria that are modified to survive without their PG cell wall. Leaver and colleagues 
found that L form B. subtilis do not require FtsZ to divide [32]. Instead, it divides with blebs created by excess membrane [33]. That 
study proposed that excess membrane production may have been the driving force for division of the earliest life form. An E. coli L 
form has been engineered to switch back to the walled state, and it can still divide without FtsZ, although it had switched from the 
normal cylindrical shape to a branched and bulging, ramified shape, called ‘coli-flower’ [34]. Excess membrane production could 
therefore serve as a primary force for late constriction in the normal bacterial cells, with PG synthesis following and filling the gap 
produced by the advancing membrane.

CONCLUSIONS
In contrast to results of Monteiro et al. [12] and Whitley et al. [13], where most or all cells that had initiated constriction could 
complete septation after poisoning with PC19, we found that only cells in late constriction could continue after abrupt depletion 
of FtsZ. It is important to note two differences in these studies. First, the studies of Monteiro et al. [12] and Whitley et al. [13] used 
Gram-positive bacteria, whereas we used Gram-negative E. coli. Therefore, the results may be species dependent. Second, our study 
abruptly depleted FtsZ from the Z ring, where those of Monteiro et al. [12] and Whitley et al. [13] poisoned treadmilling by PC19, 
but left FtsZ protofilaments in place. We think the depletion of FtsZ is likely the most important reason that early constriction was 
arrested in our experiments, but this would need to be addressed by similar experiments in Gram-positive bacteria.
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