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the net mass of the bacterium. The decisive role of the web-
like structure of a biofilm, the organization of bacteria from 
loose cooperativity to solid aggregation, and the possible 
importance of similar controls in other phototrophic micro-
organisms are discussed.
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Introduction

Some bacteria have two life forms during growth and 
proliferation. In planktonic lifestyle, they exist as sin-
gle, independent cells, whereas in biofilm form, as sessile 
aggregates embedded within a self-produced matrix of 
extracellular polymeric substance (Lear and Lewis 2012; 
Bjarnsholt 2013) and adhere to each other and/or to a sur-
face (Costerton and Lappin-Scott 1989; Hall-Stoodley et al. 
2004; Flemming and Wingender 2010). The development 
of biofilms occurs in multiple stages controlled through the 
excretion of quorum sensing signal molecules that induce 
transcriptional changes in the recipient cells (Williams 
et al. 2007; McDougald et al. 2012). Biofilms may form on 
living or non-living surfaces and can be prevalent in natu-
ral, industrial, and hospital settings. Bacteria in a biofilm 
show much higher resistance to heavy metal ions (Kis et al. 
2015, 2017) and antibiotics (Høiby et al. 2010) than plank-
tonic bacteria due to the physical protection afforded by 
the extracellular matrix. As biofilms protect the bacteria, 
they are often more resistant to traditional antimicrobial 

Abstract  In response to environmental changes, the pho-
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treatments, making them a serious health risk. They can 
cause persistent bacterial infections like the opportunistic 
pathogen Pseudomonas aeruginosa in the lungs of cystic 
fibrosis patients (Hassett et al. 2010).

Photosynthetic microorganisms (diatoms, algae and 
cyano-, purple- and green bacteria) in terrestrial and 
aquatic environments can grow either as plankton or aggre-
gates in phototrophic biofilms (mats) produced usually on 
surfaces when exposed to light (De Philippis et  al. 2005; 
Roeselers et al. 2008; Nadell et al. 2009). The phototrophic 
biofilms have been used in widespread applications, such as 
wastewater treatment in constructed wetlands, bioremedia-
tion, aquaculture, and biohydrogen production ((Roeselers 
et al. 2007; Liao et al. 2010). The laboratory-based cultiva-
tion of phototrophic biofilms provides a valuable alterna-
tive for natural systems by allowing experimental manipu-
lation of entire microbial systems.

Given sufficient resources for photosynthetic or res-
piratory growth, the biofilm will quickly grow to be mac-
roscopic followed by a remarkable switch by the bacte-
ria from a planktonic to a biofilm lifestyle (Steunou et al. 
2013). Neither the biophysics nor the molecular and regu-
latory mechanisms of the transition have been elaborated 
to a large extent. Most progress was achieved in studies of 
the nonsulfur purple bacterium Rvx. gelatinosus by genetic 
analyses of its two-component regulatory system (EmbR 
and EmbS) and associated signal transduction cascade 
(Steunou et al. 2013). The inactivation of EmbRS resulted 
in enhanced biofilm production and fast-sinking cell aggre-
gates in liquid. Inevitably, the operation of the regula-
tory system is exposed to environmental stresses which 
make the manifestation of the switch of lifestyles highly 
unpredictable.

Here we investigated aqueous cultures of Rvx. gelatino-
sus cells in test tubes where biofilm formation could eas-
ily be evoked, resulting in colonization and sedimentation 
of the uniformly distributed planktonic cells. The process 
took place collectively, suddenly, and unpredictably, like 
the critical phenomena of phase transitions well known in 
physics. A comprehensive description and interpretation of 
the sedimentation of bacteria are lacking in the literature. 
The present work focuses on the biophysical aspects and is 
devoted to deeper analysis and understanding of the plank-
tonic–biofilm transition.

Materials and methods

Growing conditions

The photosynthetic purple bacterium Rubrivivax (Rvx.) 
gelatinosus were inoculated from a dense batch culture 
(1:100) into Siström’s medium (Siström 1962) and were 

illuminated by tungsten lamps of 13 W∙m−2 irradiance on 
the surface of the vessel (Asztalos et al. 2010). The bacteria 
were grown at 30 °C temperature in light and anaerobically 
in filled and sealed tubes. The planktonic cells were har-
vested at early exponential phase. Bacteria in biofilm form 
were harvested at late stationary phase of growth where the 
cells were strongly connected by their extracellular matrix. 
When there was a need to remove the cells from the airtight 
culture for external measurements, the sample was bubbled 
with nitrogen for 15 min to preserve the anaerobic condi-
tions. The cell density (concentration) of the culture was 
estimated by counting the number of individual cells with 
calibrated a Bürker chamber under a light microscope.

Chemicals

Ficoll 400 (Sigma) of different concentrations (1–10 
w/v%) was used to treat planktonic cells. Ficoll is a highly 
branched polymer formed by the copolymerization of 
sucrose and epichlorohydrin. It is completely non-ionic, 
very hydrophilic, and extremely water-soluble. Separations 
in Ficoll normally result in better preservation of cell func-
tion and morphology (Georgalis et al. 2012). Polygalactu-
ronic acid (PGA) (Sigma), a major component of cell wall 
polysaccharides (pectins) of land plants was used here in 1 
w/v% concentration.

Optical assay for sugars

As the bacterial exopolysaccharides are composed of 
monosaccharides including rhamnose, galacturonic acid, 
N-acetylglucosamine, and N-acetylfucosamine (Allen 
et  al. 2004) and glucose at low levels, a colorimetric 
method for carbohydrates was applied. The soluble car-
bohydrate content of the biofilm was efficiently extracted 
by 95% ethanol in 1:1 (v: v) ratio with bacterial culture at 
room temperature. The yield of extraction by ethanol was 
significantly greater than from samples extracted with a 
methanol:chloroform: water solution (Chow and Landhäu-
sser 2004). After extraction, the ethanol should be removed, 
as the residual ethanol can interfere with the phenol–sulfu-
ric acid analysis. After 1 h of ethanol treatment, the sample 
was dried out at 40–45  °C temperature followed by rapid 
addition of the reagent solution of 1 ml distilled water, 1 ml 
2% phenol, and 5  ml concentrated sulfuric acid (DuBois 
et  al. 1956). After waiting 10  min for color development 
in the dark and cooling in a water bath at 22  °C, optical 
absorbance was measured by a single beam spectrophotom-
eter (Thermo Spectronic Helios) at 488-nm wavelength. 
For quantitative determination of the total soluble-glucose 
concentration, the colorimetric method was calibrated by 
a series of glucose solutions of known concentrations. To 
avoid possible interference from other substances different 
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from glucose, corrections were made by running a paral-
lel assay without phenol. The procedure was replicated five 
times. By assaying the same number of planktonic cells 
as biofilm, the sucrose content of the “biofilm + cell” sys-
tem was subtracted from that of the “cells only” system to 
obtain the production of biofilm during the growth of the 
bacteria.

Time lapse video, optical‑microscopy

The different phases of cell development, aggregation, and 
sinking of the purple bacterium Rvx. gelatinosus in cultiva-
tion tube were tracked by a commercial web camera. Video 
recording (20 fps) and images of the intact cells were cap-
tured by an Olympus IX81 inverted microscope with Cell R 
software (Olympus Life Science Europa GmbH, Hamburg, 
Germany) using a UPlanSApo 60× oil immersion objective 
(numerical aperture 1.35), F-View CCD camera and differ-
ential interference contrast (Nomarski) optics.

Determination of the translational diffusion constant 
of the bacteria

In recorded video images, arbitrary cells of Rvx. gelatino-
sus were selected for diffusion measurement. Using Image 
Java software, 500 individual positions of the target cell 
(xi, i = 1,…,500) were marked manually during a period of 
25 s. The mean displacement of the random walk of the cell 
(Σxi  =  0) is expected to be zero. Absence of drift or ori-
ented swimming (which may interfere with diffusion meas-
urements) was checked in each occasion. The mean-square 
displacement (<xi

2>) was calculated and found to increase 
linearly in time (Fig. 1). This was a clear indication of the 
random walk (diffusion) nature of the movement. The con-
stant of proportionality (slope of the straight line) is 4·D 
(6·D) if the random movement occurs in plane (in space). 
The procedure was repeated with 5–10 cells and the D was 
obtained from the slope of the straight line fitted to the 
mean-square displacement (<xi

2>) vs. time function. The 
value of D thus found did not depend on the elapsed time t. 

Determination of the macroviscosity of the bacterial 
culture

Before sterilization and sealing of the glass tube for 
cultivation, a steel ball is placed in the vessel without 
air bubbles. As a Höppler-type viscometer, the thermo-
stated setup can be used to determine the viscosity of the 
aqueous culture (η) from the time of fall (t) of the ball 
between to two marks on the wall of the tube and from 
the difference of the densities of the steel ball (ρball) and 

aqueous culture (ρcult): � = K ⋅ (�ball − �cult) ⋅ t, where K is 
the ball constant determined from calibration of the setup 
for water of known viscosity. This arrangement permitted 
the measurement of the viscosity of the culture in differ-
ent states of the development of the photosynthetic bacte-
ria without perturbation of the growth conditions.

Results

Growth curves of Rvx. gelatinosus

The inoculated cells grow photosynthetically in the illu-
minated anaerobic culture and undergo different phases 
of development  (Fig.  2). After about 15  h in lag phase, 
the bacteria start to grow exponentially. The exponential 
phase terminates and turns to stationary phase with no 
net change of cell number after about 60 h of the inocula-
tion under our conditions. The stationary state is followed 
by a slow and prolonged phase of destruction of the cells.

The purple nonsulfur bacterium Rvx. gelatinosus is 
able to produce extracellular polymeric substances that 
form the matrix of the biofilm, which plays a determin-
ing role in the sinking of the cells (Steunou et al. 2013). 
The polysaccharides start to form at the early exponen-
tial phase of cell growth. The production increases in an 
exponential manner and does not come to an end at the 
stationary phase of cell development. Due to the viscous 
nature of the polysaccharides, the biofilm enhances the 
viscosity of the culture.

Fig. 1   Time-dependence of mean-square displacement (<xi
2>) of 

planktonic cells Rvx. gelatinosus from the initial (t  =  0) position 
x0 = 0. The dots represent the average (<xi

2>) for 10 walks, each hav-
ing 500 steps. In the case of random (statistical or Brownian) motion 
of the cells in two dimensions (in plane), the data are expected to fit 
on a straight line <xi

2>  =  4·D·t, whose slope is determined by the 
translational diffusion coefficient D 
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Sudden and collective sedimentation of bacteria

In the stationary phase of the cell growth, the uniformly 
distributed cells start to be clumped. The homogenous 
suspension becomes heterogeneous and sedimentation of 
coagulated particles can be observed. The configuration 
leading to sinking/sedimentation of the cells is established 
within a short period of time and its occurrence is hard to 
predict. The process resembles the critical phenomena well 
known in physics such as second-order phase transitions, 
fractal behavior, or ergodicity breaking. Here, we describe 
experimental observations of the critical phenomenon.

An important property of the collective sinking of the 
bacteria is its dependence on the length of the tube of cul-
tivation (Fig. 3). Bacteria grown under otherwise identical 
conditions start to coagulate and sediment first in the long-
est tube and later in the shorter tubes. The shorter the ves-
sel, the longer the time delay. For a quantitative evaluation, 
the height of the sediment was measured as a function of 
time, as it characterizes the beginning and the initial speed 
of the sedimentation (Fig. 4). Depending on the length of 
the tubes, the sedimentation starts at different moments and 
saturates after about 10  min. As not all bacteria settle at 
once, successive sedimentation will cause the layers to pile 
at the bottom of the tube.

The process can be described by a simple model. 
Within time t, the bacteria of constant sinking velocity v 
will cover a distance of v·t and fill up a layer of length X 
on the bottom of the tube. If c0 and A·c0 denote the initial 
cell concentration in the tube and the cell concentration 
in the sedimented layer (A is a “factor of compression”), 
respectively, then the equation (v·t  +  X)·c0  =  A·c0·X can 
be derived from the conservation of the mass of the bacte-
ria. The height of the sedimented layer, X(t) = v·t/(1 + A) 
increases linearly with time and the maximum (saturation) 
value Xmax = h/A will be reached after t1/2 = h/v·(1–1/A). 
Although the model could have been made more realistic 
by using a Boltzmann distribution (see below) instead of 
uniform spatial distribution of the cells, even this simple 
treatment can rationalize the results in Figs. 3 and 4. The 
delay in the initiation of the sedimentation on the length of 
the tube can be approximated by a straight line whose slope 
is 30 cm/120 min ≈ 42 μm/s. This value estimates the ini-
tial velocity of decrease of the scale height (H) or of the 

Fig. 2   Different phases of photosynthetic growth of Rvx. gelatino-
sus under anaerobic conditions. The development of glucose content 
(asterisk) and macroviscosity (diagonal) of the culture due to biofilm 
formation is delayed to that of cell concentration (dots). After about 
60  h, the critical conditions for sudden sedimentation (sinking) are 
established

Fig. 3   Sudden sinking of Rvx. gelatinosus due to biofilm formation 
as a function of length of the culture tubes. The bacteria were grown 
photosynthetically to the early stationer phase (65–70 h after inocu-
lation) and then they were distributed into tubes of different lengths 
(30, 15, 7, 3.5, and 1 cm from left to right). Only the lower part of the 

longest tube (30 cm) can be seen. The sedimentation occurred sponta-
neously according to the lengths of the tubes; first in the longest tube 
(after 1 h following the transfer) and later (indicated on the pictures) 
in the shorter vessels
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diffusion coefficient (D) leading to the collective sinking of 
the bacteria (see “Discussion”).

Effect of artificial extracellular polysaccharides

The sudden and collective sedimentation of the cells was 
induced by extracellular polysaccharides: Ficoll 400 and 
polygalacturonic acid (PGA) (Fig. 5). The higher the con-
centrations of the Ficoll and the cell suspension, the ear-
lier will the critical phenomenon take place. At 1% (w/v) 
PGA and 5% Ficoll (3 × 108 and 5 × 108 bacteria/mL cell 
concentrations, respectively) gradual aggregation forma-
tion and sedimentation could easily be followed by vis-
ual inspection, as shown in Fig.  5. The observed similar 

behavior of extracellular polysaccharides and biofilm sup-
ports the assumption of a common cause of collective 
sinking. The Ficoll (and particularly the PGA) may have 
structural and functional analogy to the extracellular pol-
ysaccharides produced by the bacteria. The cells of Rvx. 
gelatinosus are not only able to produce the polymers but 
also to catch the polymer chains produced by the neigh-
bors. This makes the bacterial system able to form web-like 
structures with all of the known consequences including 
the switch from planktonic to biofilm lifestyles. Similar 
phenomena are not observed with other purple photosyn-
thetic bacteria even if a branch-forming agent is present. 
The PGA and Ficoll proved to be ineffective in triggering 
coagulation and sinking of Rba. sphaeroides cells (see the 
leftmost tube of Fig. 5).

It is interesting to follow the temporal and spatial change 
in cell concentration in the test tube during the sedimen-
tation process. Figure  6 represents the spatial distribution 
of the bacteria along the 14-cm-long tube at selected times 
after addition of 5% Ficoll. While the mean value of the 
distribution (point of mass of the bacteria) shifts down-
wards progressively, the integral of the curves (total mass 
of the bacteria) remains constant.

A different aspect of the Ficoll treatment of the bacte-
rial culture can be appreciated by measurement of the trans-
lational diffusion coefficient (D) of the individual cells in 
planktonic lifestyle where the effect of biofilm formation 
is negligible (Fig.  7). The measurement was carried out 
after the addition of Ficoll to the culture but long before 
the appearance of signs of collective sinking. A significant 
reduction in D of intact cells of Rvx. gelatinosus can be seen 
with an increase in the concentration of Ficoll. Qualita-
tively, the cells become more and more connected at higher 
and higher Ficoll concentrations with consequent decrease 
in the mobility of the individual cells. The decrease in D 
can be attributed to the increase of the (macro)viscosity 

Fig. 4   Quantitative analysis of the sedimentation experiment pre-
sented on Fig.  3. The increase of the thickness of the sedimented 
loose layer as a function of time in tubes of four different lengths 
30 cm (green); 15 cm (red); 7 cm (blue), and 3.5 cm (magenta). The 
ratio of tube length and thickness of the sedimented layer is constant 
(~6). The half times of sedimentation are indicated

Fig. 5   Sedimentation of bac-
teria Rvx. gelatinosus induced 
by 5% Ficoll 400 and 1% 
polygalacturonic acid (PGA) 
in cultures of different cell 
concentrations. For comparison, 
the leftmost tube contains Rba. 
sphaeroides of 5 × 108 cell/mL 
concentration, which does not 
sediment upon addition of 5% 
Ficoll. After 1 h, the aggrega-
tion and subsequent sedimenta-
tion begin in the tube of largest 
cell concentration and in the 
tube of PGA
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of the solution and to the increase in the Stokes (hydrody-
namic) radii of the cells. The former is not essential. While 
10% Ficoll causes about one order of magnitude drop of the 
diffusion coefficient, the (macro)viscosity of the 10% Ficoll 
solution (η ≈ 2 cP) is only about twice as large as that with-
out Ficoll (η ≈ 1 cP) in good analogy with that of biofilm 
(see Fig. 2). The branched polymer Ficoll produces similar 
web-like structures in planktonic cell culture as cells expe-
rience in a biofilm and causes significant increase in the 

Stokes radius of the bacterium. One can thus argue that not 
the (somewhat) increased viscosity of the culture but the 
connectivity among the cells is responsible for the decrease 
in mobility.

Diffusion coefficients in biofilm

The mobility of the bacteria depends on its lifestyle: while 
cells in planktonic form are monomeric and highly inde-
pendent, in biofilm they tend to colonize into aggregates 
(Fig.  8). Both the association and the increased exopoly-
saccharide (EPS) content of the solution will decrease 
the mobility of the cells (Fig. 9). As these factors usually 
appear together (biofilm formation), the separation of their 
overlapping effects is challenging. If we selected different 
bacterium associates with about the same association num-
ber (N) in the view field of the microscope, and tracked 

Fig. 6   Spatial distribution of cells Rvx. gelatinosus along a 
h  =  14-cm-long test tube at different time points (0, 1.5, 3, 5, and 
24 h) after start of colonization and sedimentation by 5% Ficoll. The 
initial cell concentration of uniformly distributed bacteria was 1 × 108 
cells/mL. The cell concentrations at different heights (points on the 
graph) were determined by measurement of the optical absorption 
followed by calibration using known aliquots of the bacterial culture. 
The curves are the best fits of the Boltzmann distribution (Eq. 1) to 
the points with scale heights H of the major (87%) component ∞ 
(0 h), 5.3 cm (1.5 h), 2 cm (3 h), 1 cm (5 h), and 0.4 cm (24 h)

Fig. 7   Decrease of the translational diffusion coefficient of intact 
planktonic cells of Rvx. gelatinosus as a function of Ficoll concentra-
tion (expressed in w/v%) of the culture at room temperature (25 °C). 
The cell concentration is 1 × 108 bacteria/mL. The curve is the least 
square best fit of Eq. (8) to the data points

Fig. 8   Microscopy images of Rvx. gelatinosus cells in the exponen-
tial (4 h) and stationary phase (50 h) of growth. During exponential 
growth, 2–4-μm-long planktonic cells are exclusively in single celled 
form (a), cells of stationary phase, however, tend to colonize and 
form doublets, triplets, and higher orders of aggregates (b). Scale 
bars are 10 μm
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their pathways, then the sole effect of aggregation on the 
diffusion coefficients (D) would be obtained (the EPS con-
tent remained constant). The aggregation will affect the 
measured diffusion coefficient due to increased Stokes 
radius the higher the degree of association is, the smaller 
is the diffusion coefficient. On the other hand, if only mon-
omeric bacteria were marked in different samples taken 
from the culture for evaluation, and the corresponding EPS 
content was determined, then the sole effect of biofilm 
formation on the diffusion coefficient would be granted 
because the degree of association would not change (it 
would remain monomeric). We see that the produced bio-
film affects the measured diffusion coefficient due to the 
increased viscosity of the culture: the higher the EPS con-
tent is, the smaller is the measured diffusion coefficient. 
Because of the statistical nature of the determination of all 
quantities (EPS content, N and D), the standard errors of 
the means are necessarily large. In double logarithm repre-
sentations, the corresponding data sit on straight lines that 
cross the error ellipsis of the mean values.

Discussion

During the late phases of growth of the photosynthetic bac-
terium Rvx. gelatinosus, sudden colonization and sedimen-
tation of the cells occurs. While the basics of the molecular 
mechanism, the regulatory pathways, and the physiological 
impact (switch of the lifestyle from planktonic to biofilm) 
have been largely revealed (Steunou et  al. 2013), the bio-
physics of the process remained completely obscure. In the 
present study, we have attempted to address this issue. Crit-
ical phenomena are described using the highly advanced 

methods of statistical physics (Nishimori and Ortiz 2010) 
but here an elementary and descriptive analysis based on 
causal relations of physics will be presented.

Distribution of bacteria in vertical tubes

A thin test tube of length h in a horizontal position is uni-
formly filled with cell culture of concentration c0. After a 
lengthy period in a vertical position, a sedimentation equi-
librium in the gravitational field will be established with a 
vertical profile of cell density c(x) described by the Boltz-
mann relation:

Here, x denotes the height from the bottom of the verti-
cal tube and H is defined as the scale height:

The buoyant correction of the mass of the cell reduces 
m to mnet = m·(1–ρw/ρbac), where ρw and ρbac are the mass 
density of water and bacterium, respectively, g is the gravi-
tational acceleration, and kBT is the Boltzmann term. The 
scale height H is inversely proportional to the net mass 
of the bacterium: the larger the mnet is, the smaller is H. 
The pre-exponential factor in Eq. (1) is calculated from the 
conservation of the bacterial mass in both positions of the 
test tube. The set of sedimentation distributions of the cells 
induced by Ficoll could be well approximated by the Boltz-
mann equation with progressively decreasing scale heights 
as the duration of the treatment increases (Fig. 6).

The Boltzmann distribution shows that, for settling to 
occur, the gravitational potential energy mnet∙gh between 
the top and bottom must be bigger than the thermal energy. 
In other words, the cells float when h ≤ H but start to settle 
down when h > H. By changing the scale height H to the 
length of the tube h, transition from uneven (Boltzmann-) 
distribution [partial (h > H) or complete (h ≫ H) sedimen-
tation] to uniform distribution (h  ≤  H) will be obtained. 
Due to the exponential function in Eq.  (1), the sinking or 
floating is highly sensitive to a ratio of h/H around 1. Simi-
lar abrupt changes are observed in the critical phenomena 
of statistical physics like phase transitions (Domb and Leb-
owitz 2001).

The simple conclusion from the Boltzmann distribu-
tion is manifested in experiments where the sedimenta-
tion is induced by an increase of the length of the tube 
(Fig. 3) or by the addition of Ficoll (Fig. 5). If the length 
of the tube exceeds the scale height (h > H), then indeed, 

(1)c(x) = c0 ⋅
h

H
⋅

exp
(

−
x

H

)

1 − exp
(

−
h

H

) .

(2)H =
kBT

mnetg
.

Fig. 9   Translational diffusion coefficient (D) of cells Rvx. gelatino-
sus as a function of number of aggregates (N) and amount of exopoly-
saccharide (EPS) produced by the cells during growth. The standard 
errors of the means are indicated



146	 Eur Biophys J (2018) 47:139–149

1 3

colonization and sinking of the bacteria will occur. In con-
trast, the distribution of the cells remains uniform and no 
sedimentation can be observed in shorter tubes (h < H). In 
a parallel experiment, the length of the tube was kept con-
stant and the scale height was modified by the branched 
polymer Ficoll at different concentrations. Here again, the 
simple principle operates: the Ficoll (mainly through colo-
nization) will increase the net mass of the bacterium and 
therefore decrease the scale height (see Eq. 2). As soon as 
H becomes as small as h, sedimentation will take place.

Further experiments are required to identify the factors 
and mechanisms that contribute to modification of the scale 
height that leads to either suspension or sedimentation of 
the bacterium Rvx. gelatinosus. We anticipate that the 
active motion of the bacteria should play a decisive role.

Random and slow motion of Rvx. gelatinosus 
in planktonic lifestyle

The bacteria showed slightly curved and rod-shaped mor-
phology (Fig.  8), as well as Gram-negative staining and 
motility in accordance with literature data (Imhoff and 
Trüper 1989). In the absence of long polar flagella, how-
ever, the bacteria possess very slow motility thanks to the 
small thin filamentous hair-like appendages (pili and fim-
briae) on the cell surface. Similar (twitching) motility on 
moist solid surfaces is routinely observed in other micro-
organisms like Pseudomonas aeruginosa (Henrichsen 
1983). Therefore, the observed motion of the planktonic 
cell is composed of passive (Brownian) and active (twitch-
ing) random movements. It can be shown (Appendix  1) 
that the superposition of two independent random walks 
of diffusion coefficients D1 and D2 results in also a random 
motion whose diffusion coefficient D is the sum of those of 
the components: D = D1 + D2. Applying to the composed 
motion of the active bacteria:

To characterize the biologically active form of move-
ment, the Brownian diffusion should be separated from 
the random movement of twitching. This can be done by 
fixing the bacteria Rvx. gelatinosus in 10% formaldehyde. 
The treatment kills the physiological activity and thus the 
self-movement of the cell without significant distortion of 
the hydrodynamics. The diffusion coefficient of the immo-
bilized bacteria can be estimated from the small rate of the 
sedimentation or directly from the Einstein–Smoluchowski 
relation of diffusion:

with reasonable choice of the hydrodynamic parameters 
of the cell (macroviscosity η ≈ 1 × 10−3 kg·s2 and stokes 
radius Rs  ≈  2  μm). The procedures render a limiting 

(3)D = DBrown + Dtwitch.

(4)kBT = D ⋅ 6� � Rs,

(Brownian) diffusion coefficient of DBrown  ≈  0.1  (μm)2/s, 
that is significantly (more than one order of magnitude) 
smaller than the measured diffusion coefficient D of intact 
cells (see Figs. 7, 9). This means that primarily the active 
movement of the bacteria are responsible for the observed 
larger displacement.

Active random motion of Rvx. gelatinosus prohibits 
the cells from sinking

The calculated value of the scale height is usually much 
less than the heights of tubes (water columns). The dif-
ference of the mass densities is (ρbac–ρw) ≈ 80 kg/m3 for 
most of microorganisms but can be as small as 10  kg/
m3 for phototropic cells (Overmann et  al. 1991). The 
replacement of these values and the approximate 1-μm 
linear size of the bacterium into Eq. (2) will give H = 5 
and 40 μm scale heights, which are much below the pos-
sible tube heights (H ≪ h). Therefore, the bacteria with-
out active motion sink to the bottom of the tubes. After 
agitation, the bacterial culture kept for a longer period 
of time (for weeks) in the dark in a refrigerator performs 
slow sedimentation. The active random motion of the 
bacterium should result in the increase of H above h and 
this condition assures the even distribution (buoyancy) of 
the bacteria in the tube of culture.

Replacing Eqs. (3) and (4) into Eq. (2), a more general 
form of the scale height can be obtained, which contains 
both the passive Brownian and the active (twitching) ran-
dom motions:

It is worthwhile to analyze the thermal equilibrium. In 
the absence of the active movement of the bacterium, the 
cell carries out a Brownian walk only and is in thermal 
equilibrium with the culture. If, however, the bacterium has 
additional (active) movement, then the temperature of the 
ensemble of the cells will be by a factor of Dtwitch/DBrown 
higher than the temperature T of the bulk (aqueous culture). 
The energy flow driven by the temperature difference is 
compensated always by the free energy production accom-
panied by the active motion. Therefore the temperature 
difference is conserved as long as the bacterium remains 
active. If, however, the active motion terminates, then the 
temperatures will be equilibrated between the bulk and the 
cells. In this case, the increase of the temperature of the 
bulk will be not significant because the number of the cells 
(and thus their heat capacity) is negligible to the number (to 
the heat capacity) of water molecules in the culture.

Based on Eq.  (5), two factors can be made responsible 
for changes of H (1) diffusion coefficient Dtwitch derived 

(5)H =
kBT

mnet g

(

1 +
Dtwitch

DBrown

)

.
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from the active motion of the bacterium and (2) the net 
mass mnet of the bacterium. Whereas the active motion 
increases, the net mass decreases the scale height and thus 
the probability to get even distribution of the cells in the 
tube. Both quantities may change during growth of the bac-
teria (Fig. 2). In the lag phase or in the early exponential 
phase, the cells are in low concentrations, do not aggre-
gate (the mnet is small), and move independently (plank-
tonic lifestyle) with high diffusion coefficient (Dtwitch is 
high compared to DBrown). In late exponential and stationer 
phases, however, a web of EPS is formed, the cells tend to 
associate, and the aggregates act as single particles with 
increased mnet. Simultaneously, the movement of the cells 
(or aggregates) will be slowed down due to the network 
whose tendency can be formally expressed as decrease of 
the Dtwitch/DBrown ratio. The two effects are unidirectional 
and favor the sedimentation by decrease of H. We managed 
to introduce experimental techniques for possible separa-
tion of the two effects and to study the critical conditions 
around H/h = 1, which serves as a gate leading to collective 
and sudden sinking/sedimentation of the cells.

Separation of decrease of diffusion and increase of net 
mass of the cells

1.	 The decrease of the diffusion was studied under two 
different conditions where one of the two variables was 
held constant
1.1.	 Planktonic cells treated by Ficoll. As in a plank-

tonic lifestyle the cells do not associate, the sole 
effect of Ficoll was manifested in decrease of the 
diffusion coefficient (Fig. 7). A simplified binding 
model of multiple and independent binding sites 
can account for the decrease of the observed dif-
fusion constant.

If [P] and [B] denote the concentrations of the polysac-
charide (polymer) and bacterium, respectively, and P has 
n binding sites with all identical K binding constant for B, 
then

The total amount of bacteria and the amount of cells not 
bound to P are denoted by lower cases ‟tot” and ‟free”, 
respectively. Whereas the random walk of the free (plank-
tonic) bacteria is characterized by the maximum diffu-
sion constant Dfree, the bound bacteria have much reduced 
mobility with small diffusion constant Dbound. The observed 
diffusion constant is the average of the limiting diffusion 

(6)
[

Bfree

]

[

Btot

] =

1 − n ⋅
[P]

[Btot]
−

1

K⋅[Btot]
+

√

(

1 − n ⋅
[P]

[Btot]
−

1

K⋅[Btot]

)2

+
4

K⋅[Btot]

2
.

constants Dfree and Dbound weighted by the corresponding 
concentrations:

By use of [Btot] = [Bfree] + [Bbound], we get

The concentration and the binding constant should 
be measured in number/volume and volume/number, 
respectively. The range of cell concentration used here is 
[Btot] = 109–1012 cells/L, and that of Ficoll should be cal-
culated from the molecular mass (4  ×  105  g/mol) 10% 
(w/v) Ficoll corresponds to [P]  =  0.1  g/mL  =  0.25  mM 
=  1.5  ×  1020  molecules/L. In our experiment represented 
by Fig. 7, [Btot] was 1 × 1011 cells/L and the concentration 
of Ficoll increased from 0 to 10%. The values predicted by 
the model satisfactorily fit the observed data. The choice of 
n = 1 has proved to be a reasonable value because of the 
sizes of the partners: the Stokes radii of the bacterium and 
the polymer are 2 μm and 10 nm, respectively. The binding 
constant amounts K = 10−19.3 L/number of molecules and 
the limiting diffusion coefficients are Dfree = 16.5 (μm)2/s 
and Dbound ≅ 0. We discussed above that the diffusion con-
stant of the Brownian movement of the cell is very small 
(≈0.1 (μm)2/s). Additionally, the cell is bound to the poly-
mer, which decreases further the diffusion constant of the 
bound bacterium.

1.2.	Bacteria in biofilm life style. The amount of biofilm 
(the produced EPS) was measured in different states of 
the development, and only the monomeric cells were 
selected for diffusion measurement (Fig.  9). Towards 
the late log/stationary phase of the culture, the biofilm 
production increased steadily while the diffusion coef-
ficient of the monomeric cells decreased progressively. 
In double logarithm representation, a straight line of 

slope –1 was obtained that reflected inverse propor-
tionality between the amount of biofilm in the culture 
and the diffusion coefficient of the monomeric cells. 
This is quite a reasonable result: in the absence of other 
changes, the diffusion coefficient should be in inverse 
relationship with the microviscosity of the culture 
modified by the biofilm (see Eq. 4).

(7)D =
Dfree ⋅

[

Bfree

]

+ Dbound ⋅

[

Bbound

]

[

Bfree

]

+
[

Bbound

] .

(8)D = Dbound +
(

Dfree − Dbound

)

⋅

[

Bfree

]

[

Btot

] .
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2.	 Increase in the net mass of the cells. While the amount 
of biofilm (EPS) was kept constant, cell aggregates of 
different association numbers (N) were selected. Due to 
the adjusted experimental conditions, the sizes of the 
aggregates changed only and not the microviscosity of 
the suspension as the biofilm concentration remained 
unchanged. Therefore, the observed changes in dif-
fusion could be attributed solely to the aggregation 
of the cells. We found that the diffusion coefficients 
decreased sharply upon increase of N (Fig. 9). In dou-
ble logarithm scale, the plot could be approximated 
by a straight line of slope –1, which indicated inverse 
proportionality between the diffusion coefficient and 
the aggregation number over wide ranges of the vari-
ables. This observation can be supported by the con-
clusion of a simple model based on a one-dimensional 
random walk (Appendix 2) the diffusion coefficient of 
an N-meric aggregate is inversely proportional to the 
association number.

The critical phenomenon of collective sinking of bacte-
ria Rvx. gelatinosus comes to pass when the decrease of the 
scale height meets the tube length. The drop of H is evoked 
both by the increase of the net mass of the bacteria and by 
the increase of microviscosity of the culture due to biofilm 
formation. According to Eq. (5), their effects interfere and 
initiate the sudden change of lifestyle of the bacteria from 
planktonic to biofilm which is advantageous in the case 
of stresses such as limited light or nutrients (Jarrell and 
McBride 2008; Yildiz and Visick 2009).
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Appendix 1

The overlap of two independent random movements 
results in random movement

Thesis If two particles are undergoing two independent ran-
dom motions simultaneously, then the observed (resultant) 
motion is also random motion. If the diffusion coefficients of 
the components are D1 and D2, then the diffusion coefficient 
of the resultant motion is the sum of those of the components: 
D = D1 + D2.

Proof The probability density function of a particle 
carrying out one-dimensional random movement along 
a straight line (x-axis) starting from point x  =  0 can be 
described by a Gaussian function of standard deviation of 
the mean σ:

The function offers the probability of finding the par-
ticle in interval dx around x. The density function is nor-
malized to unity:∫ +∞

−∞
f (x)dx = 1, as the particle can be in 

any case found somewhere on the x-axis. If the particle 
accomplishes two random motions of σ1 and σ2 standard 
deviations simultaneously and independently, then den-
sity function of the resultant movement F(x) is given by 
the convolution of the density functions of the component 
movement f1(x) and f2(x):

If the particle gets to an arbitrary position x’ due to the first 
type of random movement, then the second type of random 
motion has to bring the particle to the final position x. The 
coordinate x’ scans the whole axis. This is the meaning of the 
convolution in Eq. (10).

After insertion of the corresponding Gaussian functions of 
Eq. (9) for f1 and f2, and calculation of the integration, we will 
get a normalized Gaussian function for the density function 
of the resultant motion:

This means that the resultant motion is also random 
motion whose variance (square of the standard deviation) is 
the sum of the variances of the components:

Because the variance is proportional to the diffusion coef-
ficient (σ2 = 2D∙t in straight line (one dimension), σ2 = 4D∙t 
in plane (two dimensions) and σ2  =  6D∙t in space (three 
dimensions), where t is the time of random walk), the diffu-
sion coefficients add up independently on the dimension of 
the space where the diffusion takes place:

Appendix 2

Diffusion coefficient of N‑meric aggregate

Consider the particle executing one-dimensional random 
walk of step size a. It steps either to the left or to the right 
with probability p  =  ½. Assume that N particles form an 
associate (N-meric aggregate). If k members of the associ-
ate step to the right and the remaining (N–k) members to 

(9)f (x) =
1

√

2� ⋅ �

exp

�

−
x2

2 ⋅ �2

�

.

(10)F(x) =

+∞

∫
−∞

f1(x
�) ⋅ f2(x − x�)dx�.

(11)F(x) =
1

√
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2
1
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2
2
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exp
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−
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.

(12)�
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2
1
+ �

2
2
.

(13)D = D1 + D2.
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the left, then the displacement of the N-meric aggregate 
will be 2k−N

N
⋅ a occurring with probability of 

Pk =

(

N

k

)

⋅ pk ⋅ (1 − p)N−k. This is a binominal distribu-

tion with zero mean value and we get 
�
2 =

(

1 −
N−1

N
⋅ 4p (1 − p)

)

⋅ a2 for the standard deviation 

of the mean after elementary calculations. As the diffusion 
coefficient D is proportional to σ2 and p = ½, the diffusion 
coefficient of the N-meric aggregate is N times smaller than 
D0, the diffusion coefficient of the monomer:
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