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Abstract 

Cell division in Escherichia coli is morphologically symmetric due to, among other, these 

cells’ ability to place the Z-ring at midcell. Studies have reported that, at sub-optimal 

temperatures, this symmetry decreases at the single-cell level, but the causes remain 

unclear. Using fluorescence microscopy, we observe FtsZ-GFP and DAPI-stained 

nucleoids to assess the robustness of the symmetry of Z-ring formation and positioning in 

individual cells under sub-optimal and critical temperatures. We find the Z-ring formation 

and positioning to be robust at sub-optimal temperatures, as the Z-ring’s mean width, 

density and displacement from midcell maintain similar levels of correlation to one 

another as in optimal temperatures. However, at critical temperatures, the Z-ring 

displacement from midcell is much increased. We show evidence that this is due to 

enhanced distance between the replicated nucleoids and, thus, reduced Z-ring density, 

which explains the weaker precision in setting a morphologically symmetric division site. 

This also occurs in rich media and is cumulative, i.e. combining richer media and 

critically high temperatures enhances the asymmetries in division, which is evidence that 

the causes are biophysical. To further support this, we show that the effects are reversible, 

i.e. shifting cells from optimal to critical, and then to optimal again, reduces and then 

enhances the symmetry in Z-ring positioning, respectively, as the width and density of the 

Z-ring return to normal values. Overall, our findings show that the Z-ring positioning in 

E. coli is a robust biophysical process under sub-optimal temperatures, and that critical 

temperatures cause significant asymmetries in division.  

Introduction 

In most bacteria, the Z-ring is the main macromolecular structure defining the location of 

the cell division site [1]. Its formation occurs in parallel with other complex cellular 

processes, including DNA replication and chromosome segregation [2-4]. The Z-ring 

consists of cytoskeletal proteins composing FtsZ-protofilaments that serve as a scaffold, 

along with the FtsA and ZipA linker proteins, for the assembly of the divisome [5-7]. The 

divisome complex carries out the septal envelope synthesis, followed by the Z-ring 

constriction. Following the septum formation, the Z-ring disassembles [3,8]. 

In Escherichia coli, the divisome assembly initiates with the polymerization of the 

tubulin homolog FtsZ, which is organized into a Z-ring, and anchors close to the 

cytoplasmic membrane that encircles the rod-shaped cell at the center of the major axis 

[2-4,9]. While evidence suggests that the Z-ring positioning is a stochastic process [10], it 

is remarkably accurate, allowing cell division to be nearly symmetric [1,11-13].  

The Z-ring forms early in the cell cycle and persists without contracting until late 

in the cell cycle [3]. Studies have reported that Z-rings assume different polymerization 



states [14] during the cell cycle. A Z-ring can form and disassemble rapidly (1-3 min for 

assembly and 1 min for disassembly [15]). This suggests a fast spatial organization of 

these proteins, when compared to other cellular processes. 

Fusing the ftsz gene with a green fluorescent protein (FtsZ-GFP) allows visualizing 

the dynamics of Z-ring formation [14,16]. There are three apparent stages of Z-ring 

formation [17,18,19]. First, (i) the cells do not exhibit visible rings, and most FtsZ-GFP 

proteins locate at the one of the cell poles; (ii) next, the cells exhibit two dots at the 

center, located at opposite sites along the minor axis (open ring state) and, (iii) finally, a 

distinct band at the cell center appears (closed ring state) [14]. 

The positioning of the Z-ring along the major cell axis is negatively regulated by 

(at least) two independent mechanisms: Nucleoid occlusion and the Min system 

[3,10,20,21]. While the Min system, comprised of three proteins (MinC, MinD, and 

MinE), inhibits Z-ring assembly at the cell poles [22], nucleoid occlusion, by preventing 

the Z-ring assembly over the replicated nucleoids by the action of the DNA binding 

protein, SlmA [23,24], enhances the degree of symmetry of the point of division [10,12]. Their 

combined action confers cell division in E. coli near-symmetry [10]. 

Temperature is a key environmental variable for bacteria. E.g., E. coli growth rates 

and morphology are temperature-dependent [25,26]. Even the cytoplasm is temperature-

dependent, in that, e.g., it acquires glass-like properties due to the enhanced viscosity 

[27,28].There is evidence of loss of symmetry at non-optimal temperatures [10], which 

leads to errors/failures in chromosome partitioning [29,30]. Also, recent studies showed 

that the distance between replicated nucleoids is larger at sub-optimal temperatures [10].  

Here, we study how the symmetry in cell division is affected at sub-optimal and, 

more importantly, critical temperatures, and following temperature shifts. For this, we 

measure the positioning and morphology of Z-rings. Further, we study whether the effects 

are reversible and/or cumulative. For this, we use an E. coli strain expressing FtsZ-GFP 

and DAPI staining for nucleoid(s) visualization, and perform single time-point 

microscopy measurements of cells at optimal, sub-optimal, and critical temperatures. 

Methods 

Chemicals and Strains 

 

For routine cultures we use Luria-Bertani (LB) medium (10 g of tryptone per liter, 5 g of 

yeast extract per liter, and 5 g of NaCl per liter), Terrific Broth (TB) (12 g per liter 

tryptone, 24 g per liter, yeast extract, 0.4% glycerol, and TB salts (KH2PO4 and K2HPO4)) 

were used. We also use isopropyl β-D-1-thiogalactopyranoside (IPTG), antibiotic 

Ampicillin, 4′,6-diamidino-2-phenylindole (DAPI), formaldehyde and agarose for 

microscopic slide gel preparation and flow cytometry (FC) measurements. All chemicals 

were purchased from Sigma-Aldrich. We use E. coli MG1655-derived strain BS001 



expressing ftsZ-gfp, under the control of the Plac promoter, incorporated into the 

chromosome [31] (a kind gift from Daniel O. Daley, Stockholm University, Sweden). 

 

Induction of FtsZ-GFP 

Overnight cultures were diluted into fresh LB (or TB) with ampicillin and subcultures 

were left in the incubator at 37 °C with shaking (250 rpm) until the cells reached the mid-

logarithmic phase (OD600 ~ 0.25). At this point, FtsZ-GFP expression was induced by 

2.5µM IPTG. Cells were then incubated for 30 minutes at 37 °C, prior to shifting to sub-

optimal and critical temperatures. Cells were visualized when reaching an OD600 ~ 0.4-

0.6, depending on the growth condition. 

Nucleoid visualization by DAPI staining 

DAPI stains nucleoids specifically with little or no cytoplasmic labelling. Induced cells, at 

appropriate temperatures, were fixed with 3.7% formaldehyde in PBS (pH 7.4) for 30 

minutes at RT, followed by washing with PBS to remove excess formaldehyde. The 

pellets were suspended in PBS, and DAPI (2µg ml-1) was added to the suspension. After 

incubating for 20 minutes in the dark, cells were centrifuged and washed twice with PBS 

to remove excess DAPI. Cells were then resuspended in PBS and 5 µL of these samples 

were placed on 1% agarose gel pad prepared in LB media for microscopy. 

 

Growth Rate measurements 

 

Growth rates were measured by a spectrophotometer (Ultrospec 10; GE Health Care). 

Cultures were grown overnight with continuous shaking. Next, overnight cultures were 

diluted into fresh medium to an optical density at 600 nm (OD600) of 0.05. We recorded 

the OD600 values every 30 min for 5 h to obtain growth curves. Results are shown in 

Supplementary Figure 1. In all cases, FtsZ-GFP expression was induced by adding 2.5µM 

IPTG to the culture when the cells reached an OD600~0.25. We performed 3 biological 

replicates per condition. No significant differences were found between them. 

Microscopy and Flow-cytometry 

 

After inducing FtsZ-GFP expression for 30 minutes at 37 °C, cells were shifted to 

specific temperatures (10 °C, 24 °C, 30 °C, 40 °C or 43 °C) or maintained at 37 °C. Next, 

cells were placed in the incubator (Innova® 40 incubator, New Brunswick Scientific, 

USA) at the appropriate temperature for 60 minutes, after which they were fixed with 

3.7% formaldehyde, followed by DAPI staining and image acquisition. 

To subject cells to temperature shifts, cells were grown as described above at 37 

°C, followed by induction and image acquisition after 90 minutes. Cells from the same 



culture were then shifted to either to 10 °C or 43 °C and left in the incubator for another 

60 minutes. Prior to shifting back to 37 °C, 2 ml of these cultures were taken and fixed 

with 3.7% formaldehyde, followed by DAPI-staining. The sample collection and fixation took 

less than a minute. Cells that were maintained in the culture were shifted back to 37 °C for 

60 minutes and fixed, DAPI-stained and imaged. For these measurements, cells were first 

placed at the optimal temperature (0th minute) and imaged at the 90th minute. It was 

followed by a shift at the 90th minute and imaging at the 150th. At this moment (150th minute), we 

performed the final shift to the optimal temperature and imaged cells for the last time at the 210th 

minute.  

When performing microscopy, cells were placed on 1% agarose gel pad prepared 

in LB and supplemented with 2.5µM IPTG. Cells were visualized using a Nikon Eclipse 

(Ti-E, Nikon, Japan) inverted microscope with a C2 confocal laser scanning system using 

a 100x Apo TIRF (1.49 NA, oil) objective, while DAPI stained nucleoids were observed 

by epifluorescence microscopy using a mercury lamp with DAPI filter (Nikon). The FtsZ-

GFP fluorescence was visualized under the confocal microscope using a 488 nm argon 

ion laser (Melles-Griot) and a 515/30 nm detection filter. Images were acquired using a 

medium pinhole, gain 90 and 3.36 µs pixel dwell. The software for image acquisition was 

NIS-elements (Nikon, Japan). Size of the phase contrast and epifluorescence images was 

2560×1920 pixels, in which a pixel corresponds to 0.048 μm, while for confocal images 

the size of a pixel corresponds to 0.062 μm using a scan resolution of 2048×2048 pixels.  

For flow cytometry (FC), cells were prepared as above. At the appropriate moment, 

the green fluorescence emission (excitation at 488 nm and emission at 509 nm) was 

measured from the culture using a ACEA NovoCyte Flow Cytometer (ACEA Biosciences 

Inc., San Diego USA) using blue laser (488 nm) for excitation and the FITC fluorescence 

detection channel (530/30 nm filter) for emission. Cells were diluted 1:10000 into 1 ml of 

physiological solution (0.9% NaCl) vortexed for 10 seconds and a total of 50000 cells 

were test (in 1 run). The flow rate was set at 14 μl/minute, the FSC-H threshold was set at 

2000 so that only events (cells) with FSC-H values bigger than the threshold were 

measured. Three biological replicates were performed (no significant differences were 

found). We collected data from the Side Scatter Channel Height, SSC-H. 

 

Image Processing and Machine Learning 

 

Cell segmentation from the images was performed using the software “iCellFusion” [32] 

and “CellAging” [33], which perform automatic segmentation from phase contrast images 

(Figure 1A), but allow manual corrections for increased accuracy. A 2-D affine geometric 

transformation [34] is used to transform epifluorescence images (Figure 1B) into the same 

resolution space as confocal images (Figure 1C). Nucleoid(s) segmentation is performed 

as in [28], using a 2-dimensional Gaussian approximation. The number of nucleoids in a 



cell is counted by the Gradient Path Labelling (GPL) algorithm [35], followed by manual 

corrections. A similar algorithm is used to automatically locate the boundaries of the Z-

ring by selecting a fluorescence level threshold for each cell and separate the FtsZ-GFP 

signal from the background [36,37,38]. This was only applied to cells selected by 

machine learning to be in the 3rd stage of Z-ring formation [19]. 

 

Figure 1. Example images of cells at 37 °C. (A) Phase-Contrast image with cell 

segmentation. (B) DAPI-stained nucleoids visualized by Epifluorescence microscopy. (C) 

Confocal images with FtsZ-GFP labelled rings with cell segmentation and Z-ring 

segmentation (light grey line) based on threshold selection. 

To perform automatic selection of the stage of Z-ring formation, after image 

processing, we use Regularized Multinomial Logistic Regression (RMLR), trained to 

distinguish the stages of the Z-ring formation [19] (accuracy of 80% or higher). Example 

images of a cell in the three stages of Z-ring formation are shown in Figure 2. 

 

Figure 2. Example confocal microscopy images of cells expressing FtsZ-GFP in each of 

the three stages of Z-ring formation. Left to right: i) stage 1: most FtsZ-GFP at the poles; 

ii) stage 2: FtsZ-GFP distributed as an ‘open ring’; and (C) stage 3: FtsZ-GFP distributed 

as a ‘closed ring’ [14]. 

Results and Conclusions 



To study how temperature affects the formation and positioning of the Z-ring, we 

use E. coli strain MG1655, modified to express fluorescent FtsZ–GFP (Methods). The 

ratio of native FtsZ:FtsZ–GFP is ~60:40 [39]. Induction with IPTG in the concentrations 

used here (and up to 10 µM), do not affect cell growth or morphology [39,40], in that the 

cells exhibit a division rate and behaviour similar to the parental strain. Unless stated 

otherwise, all results are from cells imaged by microscopy. 

Growth, nucleoid partitioning and Z-ring formation at sub-optimal and critical 

temperatures 

We first assessed cell growth rates in each temperature and media condition analysed 

here. In no condition, the cells exhibited lethality, although at 10°C almost no growth was 

visible (Supplementary Figure S1). Also, in no condition did the cells’ morphology 

exhibit anomalies. 

Cells were kept at the appropriate temperature for 90 minutes, prior to fixation and 

DAPI staining, after which they were imaged (Methods). From the images, cells were 

segmented and their stage of Z-ring formation was classified [19][49][50] (Methods). The 

fraction of cells with 2 nucleoids and in stage 3 was found to be between 6-13%, 

depending on the growth condition (Table 1), in agreement with previous studies [51].  

Table 1. Temperature-dependence of the fraction of cells exhibiting Z-rings in stage 3 of 

formation, following nucleoid splitting. Shown are the temperature and number of cells 

analyzed with 2 nucleoids and with 2 nucleoids and a Z-ring in the stage 3 of formation. 

The second column also informs on the fraction of cells with 2 nucleoids (in %, relative to 

the number of cells observed). The last column informs on the fraction of cells with 2 

nucleoids that also have a Z-ring in the stage 3 of formation (in % relative to the number 

of cells with 2 nucleoids). Measurements were conducted in LB media. 

 

 

 

 

 

 

From Table 1, at 37 °C (control), the fraction of cells with 2 nucleoids and the 

fraction of cells with 2 nucleoids and the Z-ring in stage 3 are similar (i.e. only 6% of the 

cells with 2 nucleoids do not have the Z-ring in stage 3), suggesting that, at 37 °C, when 

nucleoid partitioning occurs, so does Z-ring formation. Meanwhile, the higher the 

T (˚C) 
No. cells 

observed 

No. cells with 2 

nucleoids 

No. cells with 2 nucleoids and with a 

Z-ring in the stage 3 of formation 

43 1466 169 (12%) 113 (67%) 

40 1821 135 (7%) 115 (85%) 

37 1161 153 (13%) 133 (94%) 

30 1784 203 (11%) 138 (91%) 

24 1464 138 (9%) 121 (88%) 

10 1989 405 (20%) 183 (45%) 



deviation from the optimal temperature, the smaller is the fraction of cells with 

partitioned nucleoids that also have a Z-ring in stage 3 (column 4 in Table 1), suggesting 

that temperature deviations from the optimal condition affect, by different degrees, the 

ability of cells to partition the nucleoid and to reach stage 3 of Z-ring formation (with the 

latter process being more affected). 

Past studies [41] suggested that, following nucleoid replication, the two resulting 

nucleoids differ in density from the original nucleoid. We confirmed this by measuring 

the intensity of the DAPI fluorescence distributions along the major cell axis (Figure 3).  

 

Figure 3. Distributions of fluorescence intensity of DAPI-stained cells along the major 

axis (averaged over all cells) for cells with one nucleoid (thick line, 112 cells) and with 

two nucleoids (dashed line, 109 cells). Cell lengths along the major axis are normalized 

relative to the position of one of the poles. 

Given this, one can predict that cells with 2 nucleoids may differ in overall 

granularity from those with 1 nucleoid. We assessed this by Flow-cytometry (Side Scatter 

Channel Height, SSC-H) [42]. We use the SSC-H measurements as a means to assess 

(independently), the expected fraction of cells at 37 °C that are close to division at any 

given time in the control condition. Further, note from Table 1 that, in this condition, 

there is a 94% probability that cells with 2 nucleoids will also have a Z-ring in stage 3. 

Thus, we also use this as a means to assess the maximum expected fraction of cells with 2 

nucleoids and a Z-ring in stage 3. Results from flow-cytometry are shown in Figure 4. 



 

Figure 4. Distributions of the number of cells with given values of SSC-H as obtained by 

flow-cytometry of cells grown in the control condition. X-axis in log-scale. Sample size 

of 50 000 cells. 

From Figure 4, there are two distinct cell populations, in that ~16% of the cells 

exhibit lower values of SSC-H (corresponding to lower granularity, likely due to having 2 

nucleoids since this is the percentage of cells shown in Microscopy to be dividing at any 

given moment). Given that 94% of these cells should have a Z-ring in stage 3 of 

formation as seen by microscopy, we infer that, according to the single-cell values of 

SSC-H, ~14% of the cells should have 2 nucleoids and a Z-ring in stage 3. These results 

are in accordance with the results from fluorescence microscopy, extracted by image 

analysis and machine learning (12.4%, Table 1). We conclude that the image analysis 

methods applied to the microscopy data are accurate in detecting cells with two nucleoids 

and FtsZ-GFP rings in stage 3. 

Finally, overall, from Table 1, we find that temperature affects the ability of cells 

to reach the stage 3 of Z-ring formation. Given the increasing difference (as temperature 

differs more from the control condition) between the fraction of cells with 2 nucleoids 

and the fraction of cells with 2 nucleoids and the Z-ring formed, we conclude that the 

ability of the Z-ring to reach stage 3 of formation is more affected by sub-optimal and 

critical temperatures than the ability of nucleoid partitioning. 

Next, to explain this, we investigate which biophysical properties of the Z-ring in 

stage 3 change with temperature, within the range of sub-optimal temperatures. 

Z-ring distance to midcell and density are robust within sub-optimal temperatures 



First, we study the effects of temperature on the Z-ring’s location along the major cell 

axis and density, when in stage 3, in the range of sub-optimal temperatures. For this, we 

imaged cells that were grown for 90 minutes at 24°C, 30°C, 37°C (control), and 40°C. 

Next, we selected from the images (Methods) cells with 2 nucleoids and a Z-ring in stage 

3 for further analysis. No cells with more than 2 nucleoids were observed. Cells with 2 

nucleoids without a Z-ring in stage 3 were excluded from the analysis. 

From the images, we extracted from each cell the smallest distance between the 

nucleoids’ borders (dnuc), the Z-ring width (w), the Z-ring displacement from midcell (dmid), 

and the Z-ring’s density () (estimated from the total brightness of the FtsZ-GFP proteins 

relative to the width of the Z-ring along the major cell axis). Results are shown in Table 2, 

relative to the control (37°C).  

Table 2. Number of cells analyzed, mean minimum distance between replicated nucleoids 

(dnuc), mean Z-ring width along the major cell axis (w), mean Z-ring density () of the Z-

ring in individual cells, and mean displacement of the Z-ring center along the main cell 

axis from midcell (dmid) in each condition. The values are relative to the control condition 

(37°C). 

 

 

 

 

 

From Table 2, in agreement with [10], dnuc gradually increases as temperature 

gradually differs more from 37°C. Also, w increases as dnuc increases, in agreement with 

past studies suggesting that the nucleoids location and/or size affect the symmetry in 

localization of the point of cell division along the major cell axis of the mother cell 

[10,30,43,44], as well as the location of, e.g., protein aggregates and the serine 

chemoreceptor [41,45,46]. 

This gradual increase in w at sub-optimal temperatures is also in agreement (and 

explains) with the gradually lower values of . Further, this decrease in  can explain the 

increased loss of centrality of the Z-ring center along the major cell axis, dmid. 

Overall, we conclude that, at sub-optimal temperatures, the asymmetry in division 

in E. coli increases (as reported in [10]), due to  decreasing and dmid increasing, which is 

expected to diminish the cell’s efficiency in placing the Z-ring center at midcell. 

Nevertheless, note that, within the range of sub-optimal temperatures, overall, while 

exhibiting small differences when compared to the optimal condition, the formation and 

T (˚C) No. cells dnuc w  dmid 

24 121 1.2 1.3 0.8 1.5 

30 138 1.2 1.2 0.8 1.4 

37 144 1 1 1 1 

40 115 1.1 1.2 0.6 1.5 



symmetric positioning of the Z-ring appears to remain robust, in that the deviations 

relative to the control are small and gradual.  

To illustrate this, for each condition, we obtained the ratios mid

nuc

d

d
, 

nuc

w

d
and 

mid

w

d
 at 

each temperature. These ratios evaluate, respectively, whether the mean displacement of the Z-

ring is consistent with the mean distance between nucleoids, whether the mean width of the Z-

ring is consistent with the mean distance between nucleoids, and whether the mean width of the 

Z-ring is consistent with the displacement of the Z-ring. In other words, if these ratios can be 

distinguished, in a statistical sense, between conditions, it would be indicative that the symmetry 

in cell division, based on the nucleoids positioning and subsequent Z-ring formation and 

positioning, is not being robust to the changing temperatures. Results are shown in Table 3.  

Table 3. Ratios between Z-ring displacement (dmid) and distance between the replicated 

nucleoids (dnuc), between Z-ring width along the major cell axis (w) and dnuc, and between 

w and dmid. The values are relative to the control condition (37°C). 

 

 

 

 

 

To make use of the ratios in Table 3 as a means to assess whether size and location of the 

nucleoids and Z-ring remain consistent to each other for the temperature range of 24 ˚C to 40 ˚C, 

we performed tests of statistical significance (Kolmogorov-Smirnov tests, i.e. KS-tests) between 

their values at the various conditions (Supplementary Table 1).  

From Supplementary Table 1, all p-values from the KS-tests between each pair of 

conditions in the range of sub-optimal temperatures inform that no ratios’ values can be 

distinguished in a statistical sense between any pair of temperature conditions. This confirms that 

dnuc, w, and dmid change gradually with temperature in a predictable and correlated manner, i.e., 

no ‘sharp’ changes are observed in this range of temperatures. In that sense, the observations 

suggest that the Z-ring formation and positioning remain robust at sub-optimal temperatures. 

Next, we investigate if this robustness is also observed at critically high and low temperatures. 

Z-ring localization relative to midcell is sensitive to critical temperatures 

Using the methods above, we investigated the effects of critical temperatures on the formation 

and positioning of the Z-ring. For this, we imaged cells grown for 90 minutes at 10 °C and at 

43 °C. These temperatures are considered ‘critical’ since several phenomena can occur at these 

T (˚C) 
nuc

w

d
 mid

nuc

d

d
 

mid

w

d
 

24 1.1 1.2 0.9 

30 1.0 1.2 0.9 

37 1 1 1 

40 1.1 1.4 0.8 



temperatures (e.g increased cytoplasm viscosity [28] and protein aggregation [47]). These could 

affect significantly the formation and positioning of the Z-ring. Results in Table 4 confirm this. 

Table 4. Number of cells analyzed, mean minimum distance between replicated nucleoids 

(dnuc), mean Z-ring width along the major cell axis (w), mean Z-ring density () of the Z-

ring in individual cells, and mean displacement of the Z-ring from midcell (dmid) in each 

condition. The values are relative to the control condition (37°C). 

 

 

 

 

From Table 4, and compared to the results in Table 2, we observe that the Z-rings 

biophysical properties and the distance between nucleoids appear to differ significantly from the 

control condition (i.e. significantly more than the sub-optimal conditions). Namely, both at 10 °C 

and 43 °C, dmid is double the value in the control condition. Again, we calculated the ratios 
nuc

w

d

, mid

nuc

d

d
and 

mid

w

d
 at each temperature to assess these differences relative to the control (Table 5).  

Table 5. Ratios between Z-ring displacement (dmid) and the distance between the two 

replicated nucleoids (dnuc), between Z-ring width along the major cell axis (w) and dnuc, 

and between w and dmid. Values are relative to the control condition (37°C). 

 

 

 

 

From Table 5, compared to Table 3, we see more significant differences in the values of 

these ratios when compared to the control. To assert that these differences are significant, we 

performed tests of statistical significance between these ratios for all pairs of conditions. Results 

in Supplementary Table 1 confirm that the values of the ratios can be distinguished in a statistical 

sense between any pair of temperature conditions considered in Table 5 (which does not occur in 

the regime of sub-optimal temperatures shown in Table 3). 

From this, we conclude that, at the critical temperatures tested here, the process of Z-ring 

formation and positioning at stage 3 loses its strict relationship with the positioning of the 

replicated nucleoids. Further, we find that these ratios also differ (in a statistical sense, i.e. the p-

T (˚C) No. cells dnuc w  dmid 

10 183 1.4 1.3 0.6 2.1 

37 144 1 1 1 1 

43 113 1.2 1.2 0.6 2.0 

T (˚C) 
nuc

w

d
 mid

nuc

d

d
 

mid

w

d
 

10 0.9 1.5 0.6 

37 1 1 1 

43 1 1.6 0.6 



values are smaller than 0.01) between 10 °C and 43 °C, which suggests that the causes for the 

loss of robustness of Z-ring formation and positioning at these critical temperatures might differ. 

Next, we investigate whether the observed phenomenon is cumulative (as expected 

from being of a biophysical nature), i.e., can be enhanced or reduced by the combination 

of two independent external factors. 

Media richness and critically high temperatures have a cumulative effect on the degree of 

asymmetry of the Z-ring positioning  

Previous studies have shown that rich media causes an increase of the average distance between 

replicated nucleoids, prior to cell division [46]. One reason for this might be that, e.g., in TB 

media at 37 °C, replicated nucleoids segregate much before cell division than in LB media [48]. 

Likely due to this, the gap between the newly formed nucleoids is also, on average, 10% larger in 

TB media than in LB media [44]. We thus hypothesized that combining TB media and critically 

high temperatures (43 °C) should cause higher morphological asymmetries in division than if 

cells are in TB media at 37 °C and than if cells are in LB media at 43 °C. Results from these 

measurements are shown in Table 6 and confirm these predictions.  

Table 6. Number of cells analyzed, mean minimum distance between replicated nucleoids 

(dnuc), mean Z-ring width along the major cell axis (w), and mean displacement of the Z-

ring from midcell (dmid) in each condition. The values are relative to the control condition 

(LB media at 37°C). 

 

 

 

 

From Table 6, dnuc, w, and dmid, are all maximal in cells at 43 °C in TB media. We thus 

conclude that the effects of critically high temperatures and rich media are cumulative, which is 

consistent with the loss of symmetry in the positioning of the Z-ring at non-optimal conditions 

being a biophysical phenomenon, rather than being due to a cellular response mechanism. If so, 

the effects of placing the cells in these conditions should be reversible, once the cells are placed 

again in optimal conditions.  

Next, we test whether this phenomenon is reversible, at least partially. 

The effects of Z-ring displacement at critical temperatures are reversible  

We assessed if the observed displacements in the Z-ring positioning are reversible. i.e., do cells 

subject to critical temperatures, when changed to optimal temperatures, regain the ability to 

undergo symmetric division by positioning the Z-ring at the geometric cell center? We tested this 

Condition No. cells dnuc w dmid 

37 °C LB 144 1 1 1 

43 °C LB 113 1.2 1.2 2.0 

37 °C TB 169 1.4 1.2 1.7 

43 °C TB 120 1.7 1.3 2.2 



by shifting cells from the control condition (37 °C) to critical conditions (10 °C or 43 °C), and 

then back to the control condition (37 °C). Results are shown in Tables 7 and 8.  

Table 7: Reversibility of Z-ring displacement following two temperature shifts: from 37 °C to 43 

°C and then from 43 °C to 37 °C.  The values of dnuc, w and dmid are relative to the control 

condition (37 °C at the start of the measurements).  Cells are kept in each of the three conditions 

for 60 min., followed by sample collection, fixation, observation, and then a temperature shift. 

 

 

 

 

Table 8: Reversibility of Z-ring displacement following two temperature shifts: from 37 °C to 10 

°C and then from 10 °C to 37 °C.  The values of dnuc, w and dmid are relative to the control 

condition (37 °C at the start of the measurements).  Cells are kept in each of the three conditions 

for 60 min., followed by sample collection, fixation, observation, and then a temperature shift. 

 

 

 

From Tables 7 and 8, while the parameters in the last moment of data acquisition do not 

exhibit complete reversibility to their initial values (in agreement with observations reported in 

[51]), a partial reversibility is visible in all three ratios analyzed. This supports the conclusion 

that the observed phenomenon is biophysical. 

Discussion 

We studied the robustness of the process of Z-ring formation and positioning when at 

sub-optimal and critical temperatures in E. coli. Both the formation and positioning of the 

Z-ring were found to be hampered, particularly at critically high and low temperatures. 

We observed that the Z-ring formation and positioning are less robust to sub-

optimal and critical temperatures than the process of nucleoid(s) partitioning. The 

robustness of these two processes to the temperature shifts are expected to differ, since 

the elements involved in the Z-ring formation and positioning [1-5,10,13,15,20,21], and 

those involved in nucleoid partitioning (see e.g. [52]) differ. In the future, it would be of 

interest to investigate which elements associated to the Z-ring formation and positioning 

are “responsible” for this weaker robustness to temperature shifts. 

Condition No. cells dnuc w dmid 

37 °C 144 1 1 1 

Shift to 43 °C 133 1.09 1.04 2.13 

Shift to 37 °C 142 1.02 1.02 1.32 

Condition No. cells dnuc w dmid 

37 °C 143 1 1 1 

Shift to 10 °C 144 1.46 1.08 2.15 

Shift to 37 °C 160 1.12 1.04 1.31 



We found Z-ring formation and positioning to be robust within the range of sub-

optimal temperatures in that, while the symmetricity in Z-ring positioning (and 

subsequent cell division) is weaker at the single-cell level, the quantitative relationships 

(ratios) between the various parameters expected to affect this symmetry do not differ 

significantly between conditions, in a statistical sense. 

However, these ratios exhibit statistically significant differences between critically 

high and low temperatures tested here when compared to the control condition. We 

expect this to be the result of wider distance between nucleoids that results in a less dense 

Z-ring, which increases significantly the stochasticity of the location where the Z-ring 

will form relative to midcell.  

An additional reason why the Z-ring positioning becomes particularly hampered at 

critically high temperatures might be the hampering of the nucleoid’s ability to efficiently 

exclude FtsZ protofilaments, as some of the proteins responsible for the exclusion may 

also have weakened functionality in these conditions (e.g. SlmA [23,24]). Meanwhile, at 

critically low temperatures, the increased viscosity of the cytoplasm [27,28] is expected to 

play a role in the loss of efficiency as well.  

Importantly, we provided evidence that the degree of symmetry in cell division in 

E. coli is, to a great extent, supported by a biophysical phenomenon. First, we showed 

that the effects of multiple different-than-the-control conditions are cumulative (e.g. 

combining richer media and critically high or low temperatures causes higher 

asymmetries in division than when imposing only one of these differences compared to 

the control). Second, we showed that the effects of placing cells in non-optimal conditions 

are reversible.  

Overall, our findings indicate that the Z-ring positioning in E. coli is a robust 

biophysical process under sub-optimal temperatures, and that critical temperatures cause 

significant asymmetries in division. We conclude that the degree of symmetry in cell 

division in E. coli is likely of importance, since mechanisms evolved to ensure this 

symmetry within the range of sub-optimal temperatures. This is expected, given that, in 

single-celled organisms, defects in cell size are usually detrimental.  

However, no biological mechanisms appear to have evolved in E. coli capable of 

sustaining the same levels of efficiency at critically high or low temperatures. One 

possible reason is that these mechanisms would be too costly (e.g. energetically). We 

hypothesize that this lack of an energy-costly mechanism is a better option for the 

perpetuation of the population, at the expense of some individuals when encountering, at 

sporadic moments, critical conditions. 

In a previous study [10], we showed that the degree of morphological symmetry in 

cell division in E. coli is temperature dependent. We also showed that there was a clear 



correlation between the occurrence of asymmetries in the location of point of cell division 

relative to midcell with a larger distance between the nucleoids prior to division. At sub-

optimal temperatures, this distance was, on average, larger (by ~7% at 24 ºC and 42 ºC 

when compared to 37 ºC), explaining the larger and more frequent morphological 

asymmetries in cell division. The results shown here explain this, in that the effects of 

sub-optimal and critical temperatures on the behaviour of the Z-rings are consistent with 

their effects on the degree and rate of occurrence of morphological asymmetries in cell 

division reported in [10]. Namely, we argue that our observations (e.g. wider distances 

between nucleoids resulting in wider and more displaced Z-rings at non-optimal 

conditions) and those reported in [10] are both consistent with a nucleoid exclusion 

phenomenon (see e.g. [10,45,46,53]) being one of the most contributing factors to the 

localization and shape of the Z-ring and, thus, of the point of cell division in E. coli. Such 

phenomenon of nucleoid exclusion is already well known to be of importance in 

localization of plasmids [54,55] and other large complexes [45,56]. Future studies 

focusing on the role of specific proteins and other features of the nucleoid responsible for 

this exclusion phenomena may provide additional evidence for this. 

In this regard, it will be of interest to observe the behaviour of the other proteins 

composing the divisome [1-5], under the conditions studied here. This will allow 

answering, among other questions, whether the observed levels of displacement in Z ring 

position is also observed in the positioning of other divisome constituents, such as ZapA, 

ZapB and ZipA. We expect this to occur, given that the final outcome, i.e. the sizes of the 

daughter cells was shown to exhibit higher asymmetry levels at non-optimal temperatures 

[10]. 
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