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The gliding motility of bacteria is not linear but somehow exhibits a curved trajectory. This general observation 
is explained by the helical structure of protein tracks (Nakane et al., 2013) or the asymmetric array of gliding 
machineries (Morio et al., 2016), but these interpretations have not been directly examined. Here, we introduced a 
simple assumption: the gliding trajectory of M. mobile is guided by the cell shape. To test this idea, the intensity 
profile of a bacterium, Mycoplasma mobile, was analyzed and reconstructed at the single-cell level from images 
captured under a highly stable dark-field microscope, which minimized the mechanical drift and noise during 
sequential image recording. The raw image with the size of ~1 µm, which is about four times larger than the 
diffraction limit of visible light, was successfully fitted by double Gaussians to quantitatively determine the curved 
configuration of its shape. By comparing the shape and curvature of a gliding motility, we found that the protruded 
portion of M. mobile correlated with, or possibly guided, its gliding direction. Considering the balance between 
decomposed gliding force and torque as a drag, a simple and general model that explains the curved trajectory of 
biomolecules under a low Reynolds number is proposed. 
 
Key words:  gliding of bacteria, curved trajectory of biomolecule, Gaussian fitting of image, molecular drag, dark-field 
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Introduction 

 
Most bacteria can move unidirectionally. This ability, which was acquired through evolutionary life processes, is 

required to direct the cell toward a desirable environment for survival [1]. Certain bacteria having a flagellar motor, such 
as Escherichia coli or Campylobacter jejuni, exhibit swimming by rotating multiple helical screws [2,3]. Spiroplasma can 
also swim by switching the helicity of its cell shape with a translation of the kink portion that connects different helices [4]. 

Bacteria move in a variety of ways.  Among them, Mycoplasma mobile shows flask shape and glides on a solid 
surface with a curved trajectory. In this study, we captured sequential images of M. mobile under an optical 
microscope, and quantitatively analyzed the shape of every single cell by 2D fitting function in each image. Cell 
shape was correlated to orientation of curvature, suggesting the front protrusion of the cell guides gliding direction.  
Finally, we formulate a simple model allowing to explain results. Our new method can be applicable to other 
bacteria that move with a curved trajectory in different mechanism. 

 Significance  
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In contrast, a variety of bacteria, such as cyanobacteria, Flavobacteria, and Mycoplasma, adhere to and displace on a solid 
surface. Their characteristic trajectories are unique and depend on the type of inherent supramolecular machinery. 

Not surprisingly, bacteria with surface motility do not show a uniform motion in a straight line on substrates, even on 
highly flattened glass. In cyanobacteria, cells show a random wiggling called ‘twitching’ by using a filamentous structure, 
pilus. Repeated cycles of extension and retraction of multiple pili induce staggering, which is supported by phototaxis [5]. 
In Flavobacterium johnsoniae, aggregated cells protruding from the colony follow a continuous curved trajectory on an 
agar plate, which is leftward with few exceptions [6]. The directionality is possibly related to the left-handed helical loop 
structure around the cell body on which adhesin runs [7]. 

Notably, in addition to the above examples of random or directed curved gliding, some bacteria show both (rightward- 
and leftward-curved) trajectories keeping a stable curvature [8,9]. One may think that the directionality depends on a 
heterogeneous arrangement of motor units. However, all force vectors generated by single motor elements simply merge 
into only one vector even in the case that the units distribute three-dimensionally around the cell surface. Therefore, the 
heterogeneity of motor distribution is inadequate in explaining a curved trajectory without large fluctuation. Even when 
the vector sum tilts against a cell body, the cell should show a straight movement keeping a tilted body against the 
translation. A general rule describing the curved gliding of bacteria is needed. 

In the movement of small objects such as a bacterium in water, inertia is neglected as its Reynolds number is very low 
[10]. Forces or torques are thus always balanced with molecular drag to keep a constant speed, as in the case of motion 
generated by motor proteins [11]. The turn mechanism of a man-made car with front and rear wheels simply cannot be 
applied to the curved trajectory of a bacterium: particularly, drag should be appropriately modeled and formulated to 
explain trajectories in each species. 

To consider the mechanism of circular trajectories of gliding bacteria, we here focused on Mycoplasma mobile. This 
species has a flask-shaped cell of ~1 µm that exhibits the fastest gliding among Mycoplasma, with a constant speed of 
2.0−4.5 µm s-1 in the direction of the cell protrusion [12,13]. M. mobile lacks genes encoding conventional surface 
appendages in bacteria such as flagella and pili [14]. Instead, eight proteins are identified as parts of the gliding machinery: 
Gli123 [15], Gli521 [16], Gli349 [17], MMOB1660, MMOB1670, MMOB1630, MMOB1620 and MMOB4530 [18] 
forming a complex including paralogs of F-type ATPase/synthase α and β subunits [19–21]. It was hypothesized that the 
chemical energy of ATP hydrolysis, occurring at the complex, generates mechanical tilting of a ‘leg (Gli349)’ protruded 
from the cell surface through a ‘crank (Gli521)’, i.e., the rotation of Gli521 driven by motor may be transmitted to a linear 
motion of the bacterium as a crank, similar to the inverse of a connecting rod and wheels of a man-made steam train [22]. 
The number of machinery units has been estimated to be ~450, and each of them localizes around the cell neck regularly 
[12,15]. The unit arrangement is supported by a cytoskeletal array termed ‘jellyfish structure’ [23]. Morio et al. proposed 
that the curved gliding trajectory of M. mobile results from the difference between the number of right- and left-tilted 
gliding units [8]. However, as mentioned above, the non-uniformity of the units may affect the tilting angle of the cell 
body against a gliding line but should not determine the curvature of a whole trajectory. 

Here we introduced a simple assumption, that the gliding trajectory of a single bacterium directly links to the 
configuration of the cell body. To test this, a precise tracking method was first applied to single M. mobile cell to acquire 
curved trajectories. This technique was first developed as an extension of a single-molecule experiments [24] and later 
generalized to track sub-nanometer- or micron-sized objects by our research group [25–29]. An analysis technique was 
then developed that enables the quantitative reconstruction of a cell shape from fitting parameters. Fitting was performed 
within the framework of a conventional data analysis software, and thus one may apply the analysis to any micrometer-
sized bacterium. By combining these two methods, we found that the protruded-head portion correlated to, or possibly 
guided, the gliding direction of M. mobile. 
 
Materials and Methods 
 
Cultivation of M. mobile 

A solution containing 2.1% (wt/vol) heart infusion broth, 0.56% (wt/vol) yeast extract, and adjusted pH to 7.8 by NaOH 
was sterilized with an autoclave. After cooling the solution to room temperature, 10% (vol/vol) horse serum and 50 µg 
mL-1 ampicillin at a final concentration were added to prepare Aluotto medium. A mutant strain of M. mobile, P476R 
gli521 [30,31], which binds to sialylated oligosaccharides more tightly than the wild-type strain, was used in this study. 
Cells were cultivated in 10-mL Aluotto medium for 2-3 days at 25 °C in a 25-mL flask without shaking. Cells in a 1-mL 
culture were collected by centrifugation at 12,000 × g for 4 min at 25 °C, resuspended with a micropipette in 200 µL 
Aluotto medium. The medium was further diluted referring to absorbance at 600 nm to the desired concentration, and 
subsequently infused into the flow cell for observation [22]. Unbound cells were washed by infusing 60 µL phosphate 
buffer saline (1.4 mM NaCl, 27 mM KCl, 81 mM Na2HPO4, 14.7 mM KH2PO4, and 20 mM glucose) after 5 min. Side 
edges of coverslips were covered by white petrolatum to avoid evaporation of PBS. 

Biophysics and Physicobiology Vol. 22

e220006_2



 
 
 

Suzuki et al.: Correlation between bacterium shape and gliding 

 

 
Microscopy 

M. mobile was visualized as a dark-field image under an inverted microscope (TE2000-E) equipped with 100× objective 
(Plan Fluor 100×/0.5-1.3 Oil; Nikon Instruments), a condenser (Oil 1.43-1.20; Nikon Instruments), a highly-stable 
customized stage (Chukousha), and an optical table (RS-2000; Newport). Images were recorded by using a high-speed 
CCD camera system (HDR1600; Digimo). All optical components were enclosed in a thermostatic chamber and operated 
from the outside of the chamber [32]. In this setup, the position of immobilized M. mobile is able to be determined with 
±2−4 nm resolution, as a standard deviation from the average value, by 2D Gaussian fitting for 5 s recording with a rate 
of 30 frames per second. 
 
Analysis of image 

The images used for analysis were recorded at 30 frames per second with an exposure time of 0.033 s. Note that a gliding 
cell displaces ~100 nm/frame, as M. mobile glides at a speed of 2.0−4.5 µm s-1, which is sufficient to capture a raw shape 
of a single bacterium. The curve-fitting procedure in data analysis software (Igor Pro; WaveMetrics) was applied to either 
the 8-bit intensity profile of a single bacterium. The software is implemented with a 2D Gaussian as a built-in function, 
including the cross-correlation term, cor, as I0 + A × exp{−[((x − x0)/σx)2/2 + ((y − y0)/σy)2/2 − cor(x − x0)(y − y0)/σxσy]/[2(1 
− cor2)]}, where I0 is the back-ground intensity; A is the peak intensity of bacterium image; and σx and σy are intensity 
variances along the X and Y axis, respectively. Previously, the center of the image profile of ellipsoidal bacteria was 
determined as (x0, y0) [22]. To acquire an absolute angle of the profile, rotational coordinates were applied instead of cor 

Figure 1  (A) Schematic diagram of a side view of a Mycoplasma mobile cell and its gliding machinery. (B) Left, 
representative dark-field image of a single M. mobile cell. The cell gliding on the glass substrate was recorded as a 
sequential image at 30 frames per second with an exposure time of 0.033 s, typically for 5 s, and one picture was 
taken and displayed. Scale bar, 1 µm. Middle, fitted image to the intensity profile of an original image (left) by 
applying the summation function of double 2D Gaussians. The difference between the two images is hardly 
recognized as the fitted image was successfully reconstructed with our method. Right, contour plot of fitting image 
merged on the raw image. The red and purple contour lines are 20 and 150, respectively, and the lines between them 
increase by 10. (C) Left, procedure to determine the curved shape of a single cell. Reconstructed image (Figure 1B 
Middle includes 13 parameters. Two sets of six parameters allow us to picture a body part (green) and a head part 
(magenta), independently, and then the whole image was reconstructed as a merged image. The shape can be 
determined, in a quantitative manner, as the difference between the angles of the two main axes of the two Gaussians 
(two white lines in the of merged image and magenta & green dotted lines in the schematic). Right, intensity of the 
raw dark-field image (black) and fitted image (cyan). Cyan curve is the sum of two Gaussians, i.e., one Gaussian for 
the cell body (green) and the other for the head (magenta). One pixel corresponds to 75 nm. (D, E) Other examples. 
Left, raw images. Right, reconstructed images with pseudo-color, in which green and magenta represent body and 
head, respectively. 
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in this study. Briefly, we introduced the function fbody to depict a body part of M. mobile as fbody = A × exp{−[((x − xa)/σx)2/2 
+ ((y − ya)/(ra × σx))2/2]}, where ra is the ratio σy/σx <1 to set σx as the long axis; and (xa, ya) = (((x − x0) × cosφ − (y − y0) 
× sinφ), ((x − x0) × sinφ + (y − y0) × cosφ)) to get the tilting angle φ. Similarly, fhead depicts a head part as fhead = A × rint × 
exp{−[((x − xb)/σx')2/2 + ((y − yb)/(rb × σx'))2/2, where rint is the ratio of the peak intensity of the head against that of the 
body; σx' and σy' = rb × σx' are intensity variances of the head along the long and short axis, respectively; (xb, yb) = (((x − 
x0) × cos(φ + ψ) − (y − y0) × sin(φ + ψ) − R × σx), ((x − x0) × sin(φ + ψ) + (y − y0) × cos(φ + ψ))) to get both ψ, the tilting 
angle of the head against the body; and R, the eccentricity of the center of the head from the body center (normalized by 
σx) along the long axis. Finally, the equation f = fbody + fhead + I0 was used for fitting the profile of a sole M. mobile cell to 
reconstruct any flask shape, as both head and body sizes are close to the wavelength of light for observation considering 
Abbe’s diffraction limit. 

 
Results and Discussion 
 
Quantification of the shape of a single bacterium cell 

M. mobile is represented as a flask shape [33], i.e., its cell body has a sharp protrusion at the front that we refer to 
hereafter as a ‘head’ (Figure 1A). However, the detailed features of their shape, such as thickness or bending of 
compartments, have not yet been described because the size of this bacteria is about 1 µm and only about four times larger 
than the diffraction limit of optical microscopes. To quantify the shape of an asymmetric object with the size of a bacterium, 
we established a concise method by applying the modified fitting function of a commercial image-analysis platform. In 
general, the image profile of a single fluorescent emitter can be approximated using the symmetric 2D Gaussian function 

Figure 2  A typical example of data analysis. (A) Top, example of trajectories of gliding M. mobile cell traced 30 
frames per second for 5 s. Open and filled circles represent the start and end points, respectively. Bottom, snapshots 
of dark-field image of the cell at points indicated by numbers in the trajectory. Square size, 3.0×3.5 µm2. (B) Green, 
relationship between the body angle against XY-plane, α, and gliding direction. Magenta, relationship between the 
head angle against XY-plane, α+ψ, and gliding direction. Both plots are taken from one dataset of sequential images 
and their trajectory represented in A. Degree 0 is defined as the plus direction of X-axis. (C) Relationship between ψ 
and the curvature of the gliding in A.  (D) Timecourse of ψ (magenta) and the curvature (black). Cyan lines display 
the range where ψ and the curvature decreased and increased in sync. 
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to determine its center [24]. We previously applied this method 
to track dark-field images of M. mobile with single Gaussian 
function having large and small deviations in the long and short 
axes, respectively [22]. In this study, we extended this approach 
further: a single fitting function involving double 2D Gaussians 
(one Gaussian for the cell body and the other for the head; see 
Materials and Methods) was applied to a raw image. As shown 
in Figure 1B, the raw image (left) and the reconstructed image 
by double Gaussians (right) were identical, showing that our 
fitting method worked well enough to describe the cell shape. 

The advantage of this method is that we quantitatively 
evaluated the angle of the head portion against the body. In 
Figure 1C, fitting for the body (green) and head (magenta) is 
separately viewed with final fitting parameters. The head was 
tilted 30.2° rightward in this example, which was defined as the 
difference between the long axes of the two Gaussians (Figure 
1C schematic). The image profiles along an axis were almost 
identical (left in Figure 1C) between the raw image (black) and 
the fitted image (cyan), showing that the fitting function we 
applied worked properly (see Materials and Methods for the 
function in detail). In this example, the parameter 
corresponding to the eccentricity of two Gaussian centers, R, 
was 1.76. The fitting procedure did not work well when R<1.0 
in our image of cells, because peaks of two Gaussian functions 
became closer and each distribution highly overlapped. Other 
examples demonstrate that double Gaussians successfully 
reconstructed cell shapes with a nearly straight head (Figure 1D, 
7.2° rightward, R = 1.86) and an inversely tilted head (Figure 
1E, 38.8° leftward, R = 1.64). The range of ψ was restricted 
±60° in our fitting to reconstruct curved configuration of each 
cell. 

 
Bacterial shape correlates with gliding trajectory 

To explore the origin of a particular trajectory of gliding M. 
mobile, we focused on not a straight but curved trajectory 
(Figure 2A Top). As previously reported, the direction of the 
protrusion of the cell roughly coincides with the gliding 
direction (Figure 2A Bottom). We found that the long axis of 
the ellipsoidal body, α, was correlated but not simply 
proportional to the gliding direction (Figure 2B green). Rather, 
the head axis against XY-plane, α+ψ, is clearly proportional to 
the gliding with the slope of 1 (Figure 2B magenta). This 
suggests that the axis of the body is not a sole determining 
factor and the head mainly leads the direction of displacement. 
Additionally, magenta plots in Figure 2B slightly shifted 
upward from ‘y = x line’, but green plot shifted downward. 
These opposite gaps imply that the body part also affects the 
gliding direction as the angle offset to guide the velocity vector. 
We infer that the power produced by gliding units, which 
localize around the neck (Figure 1A), directly couples to the 
head that works as a rudder, and the body could work as the 
drag to set the final gliding angle at each moment. 

To check whether the head critically guides the gliding 
direction, ψ was compared to the curvature of the gliding. Our 

idea is that the curvature should increase and decrease when the ψ becomes large and small, respectively, if the head 
literally works as the rudder for single-bacterium gliding. For calculation, the curvature was concisely determined as a 

Figure 3  (A) Example of trajectories of gliding M. 
mobile cells traced 30 frames per second for 5 s. Open 
and filled circles represent the start and end points, 
respectively, in each trajectory. (B) Relationship 
between a head angle against a cell body, ψ, and 
trajectory curvature. Angles of clockwise and 
counterclockwise are indicated by − and +, 
respectively. Each point represents a single 
videoframe (X-axis) and a curvature estimated from a 
trajectory of ±5 frames of the videoframe (Y-axis). 
Magenta, light blue, green, light green, orange and 
purple dots represent measurements from individual 
cells whose trajectories are shown in A. Forty-seven 
cells were analyzed in total, but our procedure worked 
properly only for 16 cells to fit all sequential images 
for each 5 s run. The plot includes ~2100 points of 16 
cells, and the grey are data from 10 cells. 
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quotient of angle change of the displacement vector 
divided by the speed of the cell center. As shown in Y-axis 
in Figure 2C, curvature was distributed largely, because the 
center of the cell wiggled during displacement in the 
magnified view and thus the estimated angle fluctuates. ψ 
also distributed largely (X-axis in Figure 2C), which may 
imply a rolling of the cell. The change in apparent angle 
between a head and a body could occur in the projection to 
XY-plane when an asymmetric and bent object rolls. Still, 
correlation between curvature and ψ was barely 
distinguished in part in the timecourse of two parameters 
(cyan and orange lines in Figure 2D) but not stable in all 
points. To confirm the correlation between ψ and the 
curvature, we performed the same analysis in multiple cells 
(n = 16). There were examples in Figure 3A that showed 
counterclockwise (CCW; orange, light green and purple) 
and clockwise (CW; green, light blue and magenta) circular 
trajectories. The representative movie, which includes the 
analyzed gliding cell (purple in Figure 3A), is shown in 
Supplementary Movie S1. Notably, CCW and CW 
trajectories locate in the first and third quadrants, 
respectively, in most plots, suggesting the above 
correlation strongly (Figure 3B). Data points were fitted 
well in a linear manner with a restriction passing the origin 
(dashed line in Figure 3B; the r-value = 0.69 and p < 0.001). 
Additionally, 67% of datapoints located in the third and 

fourth quadrants. This asymmetry indicates that the curve direction is biased to clockwise, which coincides with the 
previous report [8] taking account of the microscope difference between upright and inverted ones. 

In previous contribution regarding Mycoplasma genitalium, Burgos et al. suggested similar conclusion with us, i.e., the 
correlation of the trajectory and cell shapes [34], although none of the motility structure is homologous between two 
species, M. mobile and M. genitalium. They observed the modification of both terminal organelle curvature under an 
electron microscope by deleting specific gene, and the deletion also modifies gliding curvature as a population. Note that 
we here successfully quantified the cell structure under an optical microscope (cf. Figure 1 B-E) without using any electron 
microscope, which enable to visualize true gliding behavior of each cell at the single-cell level. 

We also found the head tends to bend rightward, watching cells that glided on the bottom surface from the top: 62% of 
datapoints located in second and third quadrants in Figure 3B. This observation raises an apparent paradox, because 
generally speaking, bacteria do not have the asymmetry between a ventral side and a dorsal side, and so right-left 
asymmetry could not be defined. However, in case that the rolling motion of the cell around the gliding axis in right-
handed corkscrewing manner occurs at the moment when the cell adheres to the substrate, rightward asymmetric bending 
may appear as the bent head would asymmetrically hinder the rolling and terminate the corkscrewing. Asymmetric pulling 
of legs connecting to motors was previously suggested [8], and this asymmetrical could contribute to the rolling motion. 
Other explanations, such as possible asymmetries in all three axes (front-rear, ventral-dorsal and right-left) of the head-
body junction of M. mobile, may be attributable to rightward head-bending of gliding cells. This point will be addressed 
with more detailed measurements in both optical and electron microscopes in near future. 
 
Model 

The simple explanation for our findings shown in Figure 2B and 3B is that there was a single (or more) point(s) in the 
cell body that attached to the substrate during gliding, possibly accompanying non-specific binding. In the left schematic 
in Figure 4, a dot and a cross represent the location of gliding machinery and the non-specific attachment point, 
respectively. A magenta arrow F is the sum of force vectors produced by multiple motor units, ~100 at the bottom side 
[12]. Note that the cell should show a straight trajectory along the arrow F if there are no additional attachment points 
such as the cross. In the right schematic, the cell body is simplified as a rod to intuitively understand the balance of 
multiple forces. F imposed on the dot is decomposed to Fparallel and Fvertical, and Fparallel is equal to  −Fresistance imposed at 
the cross (note that linear acceleration is generated in case that Fresistance is not equal to Fparallel, so these two forces should 
be always balanced in the timescale of our measurement). We assumed that Fresistance worked as drag that increases with 
gliding velocity; this concept is generally accepted and crucially determines the final speed driven by molecular motors 
as the balance between motor force and drag [11]. The key of our model is that there are drags at the cross not only in a 

Figure 4  Model for the mechanism of how cell shape 
correlates to the curved trajectory. Left, the angle of the 
head is slightly tilted to the right against the cell body. 
Dot and magenta arrow represent the localization of 
gliding machinery and its force vector, respectively, 
whereas the cross is the assumed point that adheres to the 
substrate with non-specific binding. Right, the simplified 
diagram on the left. In this diagram, simplified cell (gray) 
as a rod shape, and forces and torque imposed upon the 
rod. Arrows with the same color (blue and green) are 
balanced. See text for more details.  
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linear direction but also in a rotational direction. Morio et al. also mentioned the drag as the cause of the stable curved 
trajectory, but geometrical point of view was lack in their argument [8]. In contrast, our formulation designates the 
rotational drag (green arrow), which increased as angular speed (ω) increased and thus could be assigned as κω as the 
simplest approximation, where κ is the drag coefficient for rotation. In other words, we put the localization of the drag 
(cross) r apart from the center of the summed force-vector (dot), which allows to generate a torque enough to explain a 
curved trajectory. To keep a constant curvature when the cell glides, κω was balanced to the torque at the dot, r×Fvertical. 
As a consequence, ω, which directly correlates to the curvature of the trajectory, is determined by Fvertical. Because the 
amplitude of Fvertical is the cosine of F and thus is determined by the tilting of the head, the direction of the head guides 
the gliding curvature in our observations. The above framework explains a curved trajectory of gliding bacteria at the 
single-cell level. To the best of our knowledge, our simple explanation is the first model that links the asymmetric 
configuration of a bacterial cell directly to its gliding motility. The heterogeneity of the arrangement of multiple motors 
was previously suggested as an interpretation [8], which we conclude to be insufficient as discussed above. By extending 
our new model with a more precise formulation that involves multiple motors and adhering points, other curved 
trajectories of gliding bacteria [6] or motor proteins [35] may be described in detail in the near future. 
 
Conclusion 
 

We developed the method to fit the intensity profile of single-bacterium image under optical microscopy, which allows 
us to analyze the shape of its cell body quantitatively. The correlation between gliding direction and cell configuration 
was suggested in case of M. mobile. Furthermore, we hypothesize the model for the mechanism to explain the correlation, 
which could be extended to circular trajectories induced by biomolecules. 
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