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Chapter 5 

Brownian motion position map patterns of adhering bacteria 
under flow and static conditions for different bacterial strains 
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ABSTRACT 

Brownian motion induces vibration of adhering bacteria characterized by a random 
displacement and direction around an equilibrium position. The Brownian motion of 
adhering bacteria can be studied in terms of vibration amplitudes and frequencies. 
Here we analyzed Brownian motion in terms of their position maps, representing 
1998 temporarily positions during 33 s of a single bacterium, and hypothesized that 
the pattern of the position maps is a characteristic of a bacterial strain. Therefore we 
studied position map patterns of twelve bacterial strains with different aspect ratios 
and vibration amplitudes, including both Gram-positive and Gram-negative strains. 
Bacterial position maps appear in three distinct patterns that are typical signatures 
of the particular bacterial strains. For most of the spherical bacteria like 
Staphylococcus aureus bacteria, the patterns showed a highly-centralized disk shape, 
the diameter of which represents the vibration amplitude. For non-spherical bacteria 
like Streptococcus mutans with an aspect ratio larger than 1.2, the position map 
pattern showed a ring shape under static conditions, always accompanied by high 
vibration amplitudes. “Half moon” shaped position patterns were found for bacteria 
under flow conditions, emerging from both disk- and ring-shaped position patterns. 
Each of these position map patterns suggests different vibrational modes and 
supports our hypothesis, suggesting that the shape of bacteria, the absence or 
presence of flow and the corresponding vibration amplitudes are the major factors 
defining distinct vibration patterns for different bacterial strains. 
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INTRODUCTION  

Brownian motion originally refers to the random motion of pollen immersed in water 
observed under the microscope.1 Einstein pointed out that this motion is caused by 
random bombardment of (heat agitated) water molecules on the pollen and was able 
to link Brownian motion to the process of diffusion.2 This stochastic process of 
microscopic objects in fluid is also of fundamental significance in life science, 
particularly in the microbial world as bacteria under microscopic observation, clearly 
show a random motion in all directions.3-5  

Brownian motion is basically a three dimensional phenomenon, inducing a non-zero 
average square displacement linearly increasing with time. Recently Brownian 
motion was also studied in bacteria, which adhere to and are immobilized on a 
surface.6 Bacteria adhering to a surface appear to keep some translational freedom 
which allow them to have kinetic energy basically of thermal origin resulting in 
Brownian motion of a special trait: the average square displacement is maximized 
and constant in time as bacteria are retracted when too far from their base position. 
Because microscopic observations only offer a two dimensional view of the three 
dimensional movement (in the upper hemisphere), the observed Brownian motion 
can be described as a ‘drunken man wandering around the square’. More precisely, 
each of his steps are independent random translations, retarded by viscosity and 
maximized by the dimensions of the bacterial bond.  

Because bacterial vibrations yield information about the characteristics of the 
bacterial bond, vibration amplitudes were studied as a function of cell wall 
characteristics, ionic strength, shear forces and the presence and absence of proteins 
adsorbed to the surface (Chapter 2, 3 and 4). However, the shape of the position 
maps, representing snapshots of positions during the numerous translations 
(analogous to the random path of planktonic bacteria) has not been considered 
earlier. The hypothesis is that each bacterial strain exhibit a typical position map 
determined by the bacterial shape and the strength, character and localization of the 
bond to the surface. This paper therefore makes an inventory of the typical position 
maps observed under static and flow conditions of various bacterial strains and 
species. These patterns are subsequently linked to potential bond types, vibrational 
amplitudes and bacterial shapes.  

 

MATERIALS AND METHODS 

Bacterial Strains and Culture Conditions 

Twelve bacterial strains were involved in this study, eight Gram-positive bacterial 
strains: Streptococcus mutans LT11, IB03987, ATCC10449 and ATCC25175, 
Staphylococcus aureus NCTC8325-4, DU5883, ATCC12600 and ATCC25923 and four 
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Gram-negative bacterial strains: Raoultella terrigena ATCC33257, Acinetobacter 
baumannii 6, Proteus mirabilis 296 and Prevotella intermedia ATCC49046. S. mutans 
LT11 and IB03987 were cultured aerobically at 37°C with 5% CO2 in 10 mL brain-heart 
infusion broth (BHI; OXOID, Basingstoke, United Kingdom) for 24 h. S. mutans 
ATCC10449, ATCC2517 5 and S. aureus were cultured in 10mL todd hewitt broth (THB; 
OXOID, Basingstoke, United Kingdom) for 24 h at 37°C. A.baumannii 6 and R. 
terrigena ATCC33257 were inoculated in 10 mL nutrient broth and P. mirabilis 296 
was cultured in tryptone soya broth (TSB; OXOID, Basingstoke, United Kingdom) for 
24 h at 37°C respectively, while P. intermedia ATCC49046 was pre-cultured in BHI* 
(BHI supplemented with 1 g/L yeast extract, 5 mg/L hemin and 1 mg/L menadion) for 
24 h at 37°C under anaerobic conditions. Each pre-culture was used for a main-
culture in 190 mL medium for another 16 h under identical conditions. Bacteria were 
harvested by centrifugation (5000 g, 5 min, 10°C) and washed twice with 100 times 
diluted adhesion buffer (50 mM potassium chloride, 2 mM potassium phosphate and 
1 mM calcium chloride) with a final ionic strength of 0.57 mM at pH 6.8. To break 
aggregates, bacterial suspensions were sonicated at 30 W while cooling in an 
ice/water bath. Finally, bacteria were suspended in 100 times diluted adhesion buffer 
(0.57 mM) to a concentration of 3×108 bacteria per mL as determined by Bürker-Türk 
counting chamber. 

Bacterial Displacement Observation 

Vibrational amplitudes were measured under fluid flow and under static conditions. 
For measurements under fluid flow, bacteria were allowed to adhere to the glass 
bottom plate of a parallel plate flow chamber. The flow chamber with channel 
dimensions 175×17×0.75 mm was equipped with an image analysis system and has 
been described in detail previously.7 The top and bottom plates of the chamber were 
made of glass. Glass plates were cleaned in 2% RBS (Chemical Products R. Borghgraef 
S.A., Brussels, Belgium) in an ultrasonic bath and rinsed with methanol and water 
prior to each experiment. All tubes and the flow chamber were filled with adhesion 
buffer, while care was taken to remove all air bubbles from the system. Next, the 
bacterial suspension was circulated through the chamber under pulse-free 
hydrostatic pressure at a shear rate of 10 s-1. For determination of the vibrational 
amplitudes of adhering bacteria under static conditions, the bacterial suspension 
was circulated for 1 h and measurements were taken 15 min after arresting the flow. 

Displacement of adhering bacteria were observed with a CCD camera (A101F, Basler 
AG, Ahrensburg, Germany) mounted on a phase-contrast microscope (BH2-RFCA, 
Olympus Optical Co.,Tokyo, Japan). The camera was coupled to an image analysis 
program (Matlab, The MathWorks, Natick, MA), recording 60 consecutive images per 
second. Along the lines of equal pixel grey-values within the image of a single 
bacterium, a series of concentric elliptic contour lines were constructed (Figure 1), 
the center position of which was defined as the temporary position of the bacterium 
and the contour was used to calculate the aspect ratio: the largest length of the 
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bacterial contour divided by the width perpendicular to it (see Figure 1). The 
positions of centers of these elliptic contour lines were registered over a time-period 
of 33 s (corresponding to 1998 frames) and the variation in positions observed over 
time served to analyze their displacement. The distribution maps represent the two 
dimensional top view of bacterial displacement under flow and static conditions.  

 

 

Figure 1. Concentric elliptic contour lines of S. mutans IB03987 and S. aureus ATCC12600. The 
length of longest axis (red line with arrow) and shortest axis (green line with arrow) were used 
to calculate the aspect ratio. The red point in the center of the reconstructed contour 
represents the position of an adhering bacterium and is used to build the displacement 
distribution maps.  

 

RESULTS AND DISCUSSION 

The position maps of the twelve bacterial strains were analyzed under static and flow 
conditions and interpreted in terms of the aspect ratio of the bacteria and vibration 
amplitudes. Three position map patterns and mixed-forms could be identified as 
exemplified by three groups of bacteria as represented in Figure 2.   

First bacteria with small vibration amplitudes (like S. aureus ATCC12600 and S. 
mutans LT11) showed compact and near spherical distribution maps, which were 
under flow slightly compressed in the direction of flow.  
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Figure 2. Brownian motion position map patterns.  

(a) Disk shaped distribution maps (S. aureus ATCC12600 and S. mutans LT11). Under flow 
these patterns remain intact although they appear a bit more elliptic as the diameter was 
reduced in the direction of flow.  

(b) Under flow conditions originally disk shaped position maps may get “half moon” shaped 
for A. baumannii 6 and S. aureus ATCC25923.  

(c) Ring shaped position maps were found for P. intermedia ATCC49046 and S. mutans IB03987. 
These position maps collapse into “half moon” shaped position maps in case of flow.   

Arrows indicate the direction of the flow. The width of the images is 500nm. The color bar 
indicates the number of times the particular position (5 × 5 nm) was occupied during the 
measurement time of 33 s.  

 

The second group of bacteria (like A. baumannii 6 and S. aureus ATCC25923) show 
larger vibration amplitudes resulting in more diffuse but still disk-shaped distribution 
maps. Under flow, however, a “half moon” like shape emerges.  

The third group of bacteria shows a very peculiar ring-shaped position map, the 
center position of which was never occupied by the bacterial center. Under flow 
these rings collapsed to the earlier mentioned “half moon” shaped position map 
pattern.  

Position map patterns of all 12 bacterial strains studied resemble to one of these 
three patterns as is indicated in Table 1. It is clear from this table that not all strains 
of particular bacterial species (like S. mutans or S. aureus) share a particular position 
map pattern. Although most of the S. aureus bacteria share disk-shaped patterns 
both with and without flow, S. aureus ATCC25923 shows a “half moon” shaped 
pattern under flow. Similarly S. mutans strains all show different patterns. 

Also the vibration amplitudes are not indicative of any specific distribution pattern: 
although ring shaped position maps share high amplitudes, high amplitude vibrations 
of R. terrigena ATCC33257 and S. mutans ATCC25175 do not result in ring shaped 
patterns. Table 1 also includes the observed aspect ratios of the bacteria, ranging 
from 1.02 (nearly spherical) to 1.33 (prolate spheroid). Relating the specific patterns 
observed with the aspect ratios, it is clear that ring-shaped patterns mainly occur 
when the aspect ratio is larger than around 1.2, although ring shapes were not 
observed for P. mirabilis and S. mutans LT11, the last probably because the vibration 
amplitude was too low due to the relatively low zeta potential (-27mV) of this strain 
at 0.57 mM (see Chapter 3).  

Along with the distribution pattern another notable aspect of vibrations should be 
mentioned. When observing vibrations of near spherical bacteria (like the S. aureus 
strains), vibrations were observed in all directions (specifically under stationary 
conditions). When observing vibrations of bacteria with high aspect ratios (S. mutans 
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and P. intermedia), resulting in ring-shaped position map patterns, it appeared that 
vibrations took place in an angular direction around a fixed bond. An explanation of 
this phenomenon is that the contact point of the bacterium is not on the long side of 
the bacterium but on the short side and that bacteria, under influence of thermal 
agitation rotate around that binding spot in a plane parallel to the substratum surface. 
Taking snapshots of the position of the bacterium will than lead to positions on a 
circular ring, the center of which is formed by the centre of the bond. They apparently 
not flip from one side to the other in the plane perpendicular to the surface because 
the center of the bacterial cell has never been observed in the middle of the ring.  

The fact that non-spherical bacteria rotate around an axis and do not make 
translations in a plane perpendicular to the plane of the substratum indicates that a 
weak force acting over a short distance keep them with their long side near to the 
substratum surface. This force appears to be absent or too small in spherical bacteria 
that do move in all directions including ones in the plane perpendicular to the 
substratum surface.  

In case of flow, both vibrational modes (angular or translational) do not change 
considerably, except that both the angular and translational motion are restricted by 
the flow. For instance those rotations of prolate spheroid shaped bacteria that bring 
bacteria in a position transverse to the direction of flow are not allowed. Moreover 
translations in the direction of the flow, in case of spherical bacteria, are shortened, 
due to the effect of strain stiffening as described in Chapter 2. Both restrictions may 
result in any kind of patterns: disk-shaped (in case of small vibration amplitudes), 
“half moon” shaped position map or mixed patterns. These modes of vibrations are 
schematically summarized in Figure 3.   

In conclusion, bacterial position maps appear in three distinct patterns that are 
typical signatures of particular bacterial strains. The first pattern is disk shaped: a 
normal distribution in two dimensions, predominant for spherical bacteria, showing 
both small and large vibration amplitudes. The second position map pattern is ring 
shaped, predominant for non-spherical bacteria (aspect ratio >1.2). The third 
position map pattern, “half moon” shaped, is typical for bacteria under flow 
conditions and emerge from both disk- and ring-shaped position patterns. This 
finding supports our hypothesis that bacteria belonging to different bacterial strains 
show different position maps in addition to different vibration amplitudes.     
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Table 1. Overview of the vibration patterns under static and flow conditions. For all the 
calculations, 10 randomly selected adhering bacteria were analyzed. Vibration amplitudes 
were measured under static conditions. The order of the strains in the list was determined by 
the occurrence of a particular position map pattern: Disk-shaped, “half moon”- shaped and 
ring-shaped.  
 

Bacterial strains 
Length-
width 
ratio 

Vibration 
amplitudes 

Static Flow 

Ring Disk 
Half 

moon 
Disk 

S. aureus ATCC12600 1.02±0.02 25±17 - ++ - ++ 

S. aureus NCTC8325-4 1.03±0.03 20±33 - ++ - ++ 

S. aureus DU5883 1.07±0.05 15±25 - ++ - ++ 

R. terrigena 
ATCC33257 

1.12±0.07 66±51 - ++ - ++ 

P. mirabilis 296 1.21±0.21 44±29 - ++ - ++ 

S. mutans LT11 1.31±0.17 6±6 - ++ - ++ 

S. mutans ATCC25175 1.13±0.06 93±59 - ++ ++ - 

S. aureus ATCC25923 1.05±0.04 47±25 - ++ ++ - 

A. baumannii  6 1.24±0.16 53±41 + + + + 

S. mutans ATCC10449 1.10±0.08 22±24 + + ++ - 

P. intermedia  
ATCC49046 

1.33±0.24 77±58 ++ - ++ - 

S. mutans IB03987 1.30±0.16 95±73 ++ - ++ - 
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Figure 3. Schematic representation of four characteristic vibration modes and their resulting 
position maps under static and fluid flow conditions. Without flow spherical bacteria vibrate 
in all directions resulting in a disk-shaped position map symmetrical around the center of the 
bond (a). Under flow, vibration in the direction to the flow is reduced, resulting in an 
asymmetrical and eccentric, oval or “half moon” shaped position map (b). When bacteria are 
oblate spheroid shaped (aspect ratio > 1.2) weak attractions prevent the bacterium to move 
in a plane perpendicular to the surface, resulting in a predominance of angular movements 
and a ring-shaped position map around the center of the bond (c). Under flow these bacteria 
show a “half moon” shaped eccentric position map because flow prevents bacteria to rotate 
in the position transverse to the flow (d).      
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