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A three-dimensional tracking microscope was used to quantify the effects of temperature (50 to 80°C) and
pH (2 to 4) on the motility of Sulfolobus acidocaldarius, a thermoacidophilic archaeon. Swimming speed and run
time increased with temperature but remained relatively unchanged with increasing pH. These results were
consistent with reported changes in the rate of respiration of S. acidocaldarius as a function of temperature and
pH. Cells exhibited a forward-biased turn angle distribution with a mean of 54°. Cell trajectories during a run
were in the shape of right-handed helices. A cellular dynamics simulation was used to test the hypothesis that
a population of S. acidocaldarius cells could distribute preferentially in a spatial temperature gradient due to
variation in swimming speed. Simulation results showed that a population of cells could migrate from a higher
to a lower temperature in the presence of sharp temperature gradients. This simulation result was achieved
without incorporating the ability of cells to sense a temporal thermal gradient; thus, the response was not
thermotactic. We postulate that this temperature-sensitive motility is one survival mechanism of S. acidocal-
darius that allows this organism to move away from lethal hot spots in its hydrothermal environment.

The motility of extremophilic microorganisms, whose natu-
ral environments include extremes of temperature, pressure,
pH, and salt concentration, has not been studied as thoroughly
as has that of mesophilic microorganisms. This fact is partly
because the extreme nature of their habitats has made the
isolation of extremophiles a challenging task and well-defined
experimental conditions difficult to achieve. Recent motility
studies include those on Halobacterium salinarum (formerly
Halobacterium halobium), which has polar flagella that push
the cell when rotating in the clockwise direction, briefly stop,
and then pull the cell when rotating in the counterclockwise
direction (2, 19, 25). These cells exhibit taxis in response to
chemicals (28, 30) and light (17, 30). Gluch and coworkers (13)
characterized the motility of the hyperthermophilic bacterium
Thermotoga maritima; they measured swimming speeds as high
as 60 wm/s and reported a tactic response to temperature
gradients. Due to the limited number of such studies, more are
needed to further examine how the motility of extremophiles is
influenced by their environment. Of particular interest is de-
termining if extremophiles possess unique (from mesophiles)
survival mechanisms that are associated with their motility and
that enable them to flourish in their environment.

The trajectories of many species of swimming bacteria trace
out a three-dimensional random walk characterized by runs
and tumbles. Runs are relatively straight paths which occur
when bacterial flagella rotate in a coordinated direction. Tum-
bles are changes in direction caused by a reversal of direction
of flagellar rotation. Escherichia coli changes direction by tum-
bling briefly (0.1 s) when its flagella reverse rotation from a
counterclockwise to a clockwise direction, thus reorienting the
cell (4). Microorganisms such as Pseudomonas putida (8, 16)
and Rhizobium meliloti (14) do not tumble as E. coli does but
rather pause for a short time (<0.1 s) when their flagella stop
directional rotation. In an isotropic solution, an individual cell
random walk resembles the diffusion process of gaseous mol-
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ecules and can be characterized by a random motility coeffi-
cient (18), which is analogous to a diffusion coefficient.

In this work, we have quantified the random motility of the
thermoacidophilic archaeon Sulfolobus acidocaldarius as a
function of temperature and pH. S. acidocaldarius was motile
from 45 to above 80°C. Swimming speed and run time in-
creased markedly with temperature but only slightly with in-
creasing pH, consistent with changes in the rate of respiration
of S. acidocaldarius as a function of temperature and pH. Cells
exhibited a unimodal forward-biased turn angle distribution
similar to that of E. coli. A cellular dynamics simulation was
used to demonstrate that a population of S. acidocaldarius cells
could migrate from a higher to a lower temperature as a result
of individual-cell temperature-dependent swimming behavior.

MATERIALS AND METHODS

Microorganism and growth conditions. S. acidocaldarius isolated by Brock et
al. (6) has optimum growth conditions of approximately 80°C and pH 3 (15). Our
stock culture was obtained from the American Type Culture Collection (ATCC
33909) and grown on revised Sulfolobus medium (ATCC culture medium 1723).
The medium was adjusted to pH 3 with 10 M H,SO, and filter sterilized with
0.2-pm-pore-size bottle-top filters (Corning 430626). Cultures were grown to the
mid-exponential growth phase (3 X 10° cells/ml) and stored as frozen glycerol
stocks at —70°C. For tracking experiments, a frozen aliquot of 150 pl was thawed
and delivered to a 250-ml shake flask containing 50 ml of medium. The inocu-
lated medium was grown at 70°C in a model 655G Isotemp oven (Fisher Scien-
tific) while being shaken on a model G2 Gyrotory shaker (New Brunswick
Scientific Instruments Co., Inc., Edison, N.J.) set at 100 rpm (0.48 X g). Cells
were grown to an approximate cell density of 107 cells/ml.

For use in tracking experiments at pH 3, cells were taken directly from the pH
3 growth medium and placed into the tracking chamber. To test the effect of pH
on motility, cells were filtered from the pH 3 growth medium with a 0.45-pm-
pore-size filter (Millipore Corporation, Bedford, Mass.), rinsed three times with
motility buffer (growth medium containing no carbon and energy sources), and
resuspended in growth medium of the appropriate pH. Cells were then incubated
at 70°C and shaken for 1 h before being used in tracking experiments.

To determine the effect of the presence of carbon and energy sources (0.1%
tryptone and 0.005% yeast extract, as in revised Sulfolobus medium) on motility,
S. acidocaldarius was grown to 107 cells/ml, filtered with a 0.45-um-pore-size
filter, and rinsed three times with motility buffer. Cells were then resuspended in
pH 3 motility buffer, incubated at 70°C, and qualitatively observed with the
tracking microscope.

Three-dimensional tracking. Tracking of S. acidocaldarius was carried out with
a three-dimensional tracking microscope as previously described by Berg (3) and
Berg and Brown (4). The tracking microscope is a modified transmitted-light
microscope. A feedback control loop is used to continually reposition the mi-
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croscope stage in order to keep a swimming cell centered within an optical-fiber
array and thus track the cell in three dimensions as it swims in bulk solution. The
temperature of the tracking microscope stage was maintained to within 1°C by
use of a resistance heating element. The position of a swimming cell was sampled
every 1/12 s and recorded with a Power Macintosh 8100 computer running the
program LabView version 3.1 (National Instruments). Analysis of cell swimming
patterns was carried out with the algorithm of Berg and Brown (4), which was
empirically developed for E. coli. The parameters of interest were the swimming
speed, run time, and turn angle distribution. Visual examinations of swimming
patterns were performed for some cells to check the validity of the analysis
algorithm for S. acidocaldarius.

Cellular dynamics simulation. The cellular dynamics simulation is a Monte
Carlo algorithm developed to model bulk population migration based on the
swimming speed, run time, and turn angle distribution of individual cells. The
cellular dynamics simulation has been used to model the random motility and
chemotaxis of E. coli under stagnant (12) as well as flowing (21) conditions in a
stopped-flow diffusion chamber. The cellular dynamics simulation has also been
used to model the motion of P. putida in a model porous system (7, 9). In this
study, we used cellular dynamics to examine the random motility of S. acidocal-
darius in a fixed temperature gradient.

Individual cells were first assigned a randomly chosen initial position (x, y, z)
and direction, r, in a small three-dimensional simulation box. Thus, the initial
condition for the population was as follows:

=1
b(r,t =0) = b, S =X =5
In this equation, /, w, and d are the length (0.8 cm), width (0.1 cm), and depth (0.1
cm) of the simulation box. An initial cell concentration (b, 2.5 X 107 cells/ml)
which corresponded to 200,000 cells and satisfied a dilute-solution approxima-
tion was used for all simulations. Periodic boundary conditions were maintained
in the x, y, and z directions.

At each time step in the simulation, the decision whether or not to tumble was
based on the tumbling probability (inverse of the mean run time) measured for
S. acidocaldarius. If the cell tumbled, a new run direction was determined by the
method of Frymier et al. (12). If the cell did not tumble, the original direction
was maintained. The new position of the bacterium was updated as follows:

rt + At) = r(t) + vsAt

In this equation, r; is the vector position of the ith bacterium, ¢ + At is the new
time, At is the time step, v is the three-dimensional bacterial swimming velocity,
and §, is the unit direction vector. The time step used was 0.1 s, and a cell tumble
was assumed to occur instantaneously. This assumption was reasonable because
a tumble duration is approximately 1/10 the duration of a run.

At each time step, the unit direction vector of each bacterium was determined
as follows:

St + A = NSi(r) + (1 — NS,
In this equation, §'; is the new direction vector. \; was defined as follows:
N = O[pt + A1) — BAf]

In this equation, p; is a randomly generated number on the uniform interval (0,1)
and B is the tumbling probability. For a Poisson process, the tumbling probability
is inversely related to the run time, 7, as follows:

B=1r
0 is the Heaviside function and was defined as follows:

0,x <0
OW) = {1,x >0

Thus, each cell had a probability BA¢ of tumbling and a probability 1 — BA¢ of
continuing its run. §; was determined from vy, the angle between §; and §';, which
was selected randomly from a turn angle distribution for S. acidocaldarius. The
azimuthal angle was selected randomly from a uniform distribution. Further
discussion on the turn angle distribution can be found elsewhere (12).

Simulation results were plotted in terms of dimensionless cell density as a
function of time and position. Dimensionless cell densities were generated by
first dividing the x dimension of the simulation box into bins of 0.01-cm length.
The density of cells in each bin was determined by averaging the number of cells
in that bin over a 5-s time interval.

RESULTS

Qualitative observations of motility. The majority (>90%)
of S. acidocaldarius cells in a given population were motile at
temperatures above 60°C. Fewer numbers of cells were motile
from 45 to 60°C, and little or no motility was observed at
temperatures below 45°C. Cells regained their motility when
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FIG. 1. Distribution of experimentally measured run times at 60°C and pH 3
(@). The mean was 0.62 = 0.92 s. Also shown is the Poisson interval distribution
(—) with a mean equal to that of the experimental mean. The total number of
runs in this data set was 1,011.

the temperature was raised above 45°C again. Cells that were
filtered, washed, and resuspended in motility buffer were mo-
tile for at least 3 h after resuspension, although a smaller
fraction of the population appeared to be motile under these
conditions than in growth medium.

Effect of temperature. Above 50°C, the distribution of run
times followed a Poisson distribution. Figure 1 shows such a
distribution for experiments performed at 60°C. Figure 2 shows
the effect of temperature (at pH 3) on the mean swimming
speed and the mean run time of S. acidocaldarius. The mean
swimming speed and the mean run time increased over the
temperature range of 50 to 80°C. The mean turn angle (a
measure of the directional persistence of the cells) remained
constant at approximately 54° over that temperature range
(data not shown). A representative turn angle distribution for
S. acidocaldarius at 60°C is shown in Fig. 3. The turn angle
distributions for E. coli (11) and P. putida (8) are shown for
comparison.

Figure 4A shows a computer visualization of tracking data
for an S. acidocaldarius cell at 60°C. The trace shows relatively
straight runs interrupted by changes in direction. At higher
temperatures, runs appeared less straight and frequently took
on a helical shape. Figure 4B shows a long trace at 80°C that is
made up entirely of helical runs interrupted by changes in
direction. A close-up of a trace of a helical run at 80°C is shown
in Fig. 4C. The helical runs were always right-handed and had
an approximate diameter of 10 pm and a pitch of 15 wm.

Effect of pH. Figure 5 shows the effect of pH (at 70°C) on the
mean swimming speed and the mean run time of S. acidocal-
darius. The mean swimming speed and the mean run time
increased slightly over the examined pH range. The mean turn
angle remained relatively constant at approximately 54° for
pHs 2 and 3 and decreased slightly to 48° at pH 4 (data not
shown).

Cellular dynamics. Cellular dynamics simulations were per-
formed in order to test the hypothesis that a population of S.
acidocaldarius cells could distribute preferentially in the pres-
ence of a spatial temperature gradient. It should be made clear
that in these simulations, any nonuniform distribution of cells
would be due solely to the effect of absolute temperature on
the swimming speed and the run time of S. acidocaldarius (Fig.
2). This situation is distinct from the ability of some microor-
ganisms to alter their run time in response to a temporal
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FIG. 2. Mean swimming speed (®) and mean run time (O) for S. acidocal-
darius as a function of temperature at pH 3. Error bars for swimming speed
represent standard deviations of the mean. Error bars are not shown for run time
since for a Poisson distribution (Fig. 1), the standard deviation is equal to the
mean.

thermal gradient, a phenomenon termed thermotaxis. For ex-
ample, E. coli cells increase their run time in the presence of an
increasing temporal thermal gradient (23), a property which
can result in migration in the direction of an increasing spatial
temperature gradient. Conversely, thermotaxis in 7. maritima
occurs as cells increase their run time in the presence of a
decreasing temporal thermal gradient (13). The swimming be-
havior of cells exhibiting thermotaxis is analogous to that for
chemotaxis, where motile cells can migrate in response to
spatial chemical gradients due to sensing of temporal chemical
gradients. The simulations that we performed in this study
were more akin to chemokinesis, where cell swimming behav-
ior is a function of absolute chemical concentration rather than
chemical gradients.

Linear fits for swimming speed and run time as a function of
temperature (Fig. 2) were used in the simulations. As de-
scribed in Materials and Methods, at time zero of the simula-
tions, a uniform distribution (dimensionless density of one) of
cells was present in the simulation box. Figure 6 shows that for
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FIG. 3. Turn angle distribution for S. acidocaldarius at 60°C and pH 3 (@).
The mean turn angle was 54 * 29°. The total number of cells tracked in this data
set was 55, with a total of 1,010 turns. The turn angle distribution was not a
function of temperature or pH. The unimodal distribution for E. coli (11) (——)
and the bimodal distribution for P. putida (8) (- - - -) are shown for comparison.
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FIG. 4. Three-dimensional computer visualizations of swimming S. acidocal-
darius cells. Each sphere represents the cell position at a 1/12-s interval. Light
spheres designate a run, and dark spheres indicate a change in direction. Scale
bars, 50 um. (A) Cell swimming in a random walk-like fashion at 60°C. A gentle
right-handed helical swimming motion is seen throughout the trace. (B) Long
trace at 80°C consisting of helical runs and changes in direction. The changes in
direction are indicated by dark areas. (C) Close-up of a helical run from panel B.
The helix diameter and pitch are approximately 10 and 15 pm, respectively.

a temperature gradient of 300°C/cm, after 30 min there were
peaks of increased cell density at 50°C and troughs of de-
creased cell density at 80°C. The simulation noise seen in Fig.
6 was due to the averaging of the number of cells in that bin
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FIG. 5. Mean swimming speed (®) and mean run time (O) of S. acidocal-
darius as a function of pH at 70°C. Error bars are as in Fig. 2.

over a 5-s time interval. The noise was small enough so that
migration trends were still easily discernible.

DISCUSSION

Because our discussion focuses on interpreting the individ-
ual cell swimming behavior of S. acidocaldarius under different
environmental conditions, we begin with a brief description of
the proton motive force Ap (20, 24), which is the driving force
for the flagellar motors of many microorganisms. According to
Mitchell’s chemiosmotic theory (26), Ap at 30°C can be ex-
pressed as follows (32):

Ap = AV — 60ApH

In this equation, AW is the membrane potential and ApH is the
pH difference. By convention, AW is W, cic cen = Poutside cell>
ApH is pHinside cell pHoutside cell> and a Ap of <0 indicates
that a membrane is charged for the H" ion. Ap provides nec-
essary but not sufficient information regarding the actual flux
of protons into the cell; it represents the electrochemical driv-
ing force which is required for proton flux, but membrane
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FIG. 6. Simulated dimensionless cell density ( ) and temperature (— —-)
after 30 min in the presence of a gradient of 300°C/cm. Initially there was a
uniform density of cells (corresponding to a dimensionless density of one) in the
simulation box. Dark areas highlight significant deviations from the initial con-
dition.
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permeability, which represents the resistance to proton flux,
also plays a role. The contributions of AW and ApH to Ap are
different for neutrophilic and acidophilic microorganisms (32).
For neutrophiles, a AW of <0 and ApH of >0 lead to a Ap of
<0. Since ApH is relatively small, it contributes only 20 to 30%
of the total Ap. Thus, the proton potential of a neutrophilic cell
is due mainly to AW. For many acidophiles, ApH is >0 but AWV
is >0 (or AW is 0, or just slightly negative). The net effect is still
a Ap of <0, but it is due primarily to ApH. With these trends
in mind, our results are discussed below.

The loss of S. acidocaldarius motility below 45°C is a revers-
ible effect because we observed that cells regained their mo-
tility when the temperature was raised again above 45°C. How-
ever, below 45°C ApH should still be a positive quantity and,
accordingly, Ap should be <0. A possible explanation for the
lack of motility below this temperature is that the permeability
of the S. acidocaldarius cell membrane decreases dramatically,
thus decreasing the flagellar motor proton flux. This hypothesis
is supported by studies of proton permeability through recon-
stituted liposomes made of S. acidocaldarius lipids, which show
that permeability rapidly approaches zero as temperature is
decreased to 40°C (10).

Our observations of S. acidocaldarius motility in the absence
of carbon and energy sources suggest that motility can be
derived from an endogenous energy source. Similar observa-
tions have been made for E. coli (1) and P. putida (9, 16). We
suspect that this motility would last only as long as Ap is
sufficiently negative which, from our previous discussion,
means as long as ApH is sufficiently positive. Since proton
pumping out of the S. acidocaldarius cell is coupled to cellular
respiration (27), there is a finite amount of time until ApH
approaches zero. Our observations were that this amount of
time is longer than 3 h.

By virtue of the run time Poisson distribution statistics (Fig.
1), we concluded that the swimming motion of S. acidocal-
darius is an unbiased three-dimensional random walk. This
characteristic has been demonstrated for many motile bacteria,
including E. coli (4) and P. putida (8).

S. acidocaldarius demonstrated a 124% linear increase in
swimming speed between 50 and 80°C. Similar observations
have been made for neutrophilic microorganisms and have
been explained as an increase in proton pumping (out of the
cell) with respiration rate, thus decreasing an already negative
AW. A similar reasoning can be used here, with the difference
that a positive AW decreases to zero or possibly becomes
slightly negative. A ApH of >0 would still be the dominant
contributor to a Ap of <0.

As shown in Table 1, the swimming speeds of S. acidocal-
darius are noticeably slower than those of the hyperthermo-
philic bacterium 7. maritima (deep-sea hydrothermal vent mi-
croorganism) and those of mesophilic bacteria, such as E. coli
(enteric microorganism), P. putida (soil-inhabiting microor-
ganism), and Rhodobacter sphaeroides (surface water microor-
ganism). These speed differences are likely due in part to the
variability in the number, shape, and motor efficiency of the
flagella of each species. Such specifics for S. acidocaldarius
flagella are not available in the published literature. Compar-
isons between the Ap values of S. acidocaldarius and the neu-
trophiles in Table 1 are difficult to make because the relative
contributions of AW and ApH to Ap are opposite in proportion.

The run time of S. acidocaldarius increased with tempera-
ture. However, three-dimensional visualizations of S. acidocal-
darius swimming patterns revealed that at 50°C, there were a
number of spurious tumbles. This result was due to the rela-
tively slow (~7 wm/s) swimming speed and pronounced wobble
of the cells, which in our analysis procedure resulted in over-
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TABLE 1. Comparison of tracking results

. . Temp range  Run speed  Run time Reference(s
Microorganism (EC) ¢ (;Lml/)s) (s) or sourc(e )
S. acidocaldarius 50-80 7-15 0.4-1.2  This study
T. maritima 65-95 21-59 0.55-0.4 13
E. coli 20-30 15-39 6-1 23
30-37 39-55 1-10 23
P. putida 25 44 2 8, 16
R. sphaeroides 25 32 1 31

estimation of the tumbling frequency of S. acidocaldarius. As a
result, the run time of 0.4 s at 50°C may be artificially low.
Above 50°C, however, the majority of tumbles were consistent
with changes in the swimming direction of cells; therefore, the
observed increase in run time with temperature is real. Berg
and Brown (4) used 0.18% (wt/vol) hydroxypropylmethylcellu-
lose (Biochemika Methocel 90 HG) in their tracking experi-
ments in order to reduce the wobble observed for swimming
E. coli. In our study, 0.18% Methocel provided only a modest
decrease in cell wobble. This result was probably due to
Methocel changing only the macroscopic viscosity of the aque-
ous solution to which it was added (5).

The turn angle distribution of a cell population is a measure
of its directional persistence. Turn angles of less than 90°
indicate that cells have a propensity to continue to swim in
relatively the same direction in which they were swimming
prior to a change in direction. The unimodal turn angle distri-
bution of S. acidocaldarius (Fig. 3) is a likely consequence of its
nonreversing flagella (15), which ensure that a cell is not al-
ternately propelled in the forward and reverse directions. Pro-
pulsion in both the forward and reverse directions is the swim-
ming mode of P. putida, thus giving rise to its bimodal turn
angle distribution. The forward bias of S. acidocaldarius is
greater than that of E. coli, presumably because without flagel-
lar reversal, an S. acidocaldarius cell does not tumble like E.
coli but rather pauses briefly, thereby limiting its means of a
directional change to Brownian motion alone.

The observation that S. acidocaldarius swam in more pro-
nounced helically shaped runs as temperature increased was an
unexpected result. Perhaps this behavior is related to structural
(shape) changes in flagella with increasing temperature. It is
not clear whether this behavior was due directly to increasing
temperature or whether it arose indirectly as flagellar bundles
compacted and became more efficient as their rotation speed
increased.

pH had little effect on the swimming characteristics of S.
acidocaldarius. This result is consistent with the observation
that cell growth rate is a weak function of pH in a growth
medium similar to that used in this study (15). We expected Ap
and therefore flagellar motor proton flux to remain relatively
unchanged. However, medium composition has been shown to
affect the dependence of S. acidocaldarius growth rate on pH
(15), suggesting that under some conditions, pH might affect
swimming speed.

The population-scale effects of temperature and pH on the
motility of S. acidocaldarius are highlighted in the calculation
of the random motility coefficient, w, (22), a macroscopic
transport parameter that quantifies the dispersal capabilities of
a population of cells as follows:

po = V73R — )

In this equation, v is the swimming speed,  is the tumbling
probability (inverse of the run time for a Poisson process), and
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FIG. 7. Random motility (i) as a function of temperature at pH 3 (A) and
pH at 70°C (B). The run time at 50°C was assumed to be equal to that at 60°C,
since an accurate tumbling frequency may not have been obtained with our
analysis procedure.

¥ is the mean cosine of the turn angle. Figure 7 shows that
increased nearly 10-fold between 50 and 80°C but only 3-fold
between pHs 2 and 4. These results demonstrate that temper-
ature has a greater influence than pH on macroscopic-scale S.
acidocaldarius motility.

The cellular dynamics simulation was used to better under-
stand the implications of temperature-dependent random mo-
tility in the presence of a temperature gradient. The result
(Fig. 6) was the migration of S. acidocaldarius cells in the
direction of a decreasing temperature gradient. This behavior
is a potential survival mechanism of S. acidocaldarius—the
ability of a population of cells to move away from potentially
lethal hot spots in the natural environment. One drawback of
this behavior is that cells could move into equally lethal cold
spots. A possible explanation for this is that temperature is
only one of the environmental variables to which an S. acido-
caldarius cell responds when determining optimal conditions
for survival. It should be emphasized that the simulations per-
formed in this study did not assume that cells could sense a
temporal thermal gradient. Thus, the response shown in Fig. 6
was not due to thermotaxis but arose solely from the effect of
absolute temperature on individual-cell swimming behavior.

Is this temperature-induced migration response unique to
extremophiles in general or specific to the thermoacidophile S.
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acidocaldarius? It is important to realize that the basis for the
observed migration from a higher to a lower temperature is the
change in the cell swimming speed as a function of tempera-
ture (Fig. 2) and therefore the random motility coefficient (Fig.
7). That is, the migration of S. acidocaldarius was predicted to
occur from regions of high random motility (80°C) to regions
of low random motility (50°C). From the results, we conclude
that there are two general requirements for this type of pop-
ulation migration to occur.

The first requirement is that the cell swimming speed (not
the run time) varies with temperature (29). E. coli and T.
maritima both demonstrate an increase in swimming speed
with temperature (Table 1), suggesting that, based on this first
requirement alone, both cell types should be able to demon-
strate the same temperature response as S. acidocaldarius.

The second requirement is that there are temperature gra-
dients in the natural environment of the microorganism that
are steep enough to make the temperature dependence of
significant. For E. coli, it is unlikely that such temperature
gradients are encountered in its enteric environments. As a
result, preferential migration of E. coli resulting from temper-
ature-dependent swimming behavior in a spatial temperature
gradient is not expected to occur. For T. maritima, whose
natural habitat is deep-sea hydrothermal vents, large temper-
ature gradients are common and preferential migration could
occur.

Taking the two requirements together, we generalize that
preferential distribution in a spatial temperature gradient
could occur for motile microorganism populations that live in
high-temperature-gradient environments. Thus, the type of
population migration that we have described in this study is
expected to be unique to extremophilic microorganisms, spe-
cifically thermophiles.

S. acidocaldarius swimming behavior was found to be anal-
ogous to a three-dimensional random walk. Motility was main-
tained even in the absence of carbon and energy sources,
suggesting that motility is an important aspect of survival in an
environment that often contains only trace amounts of organic
carbon. A consistent trend was observed between swimming
speed and cell respiration rate as a function of temperature
and pH. Cellular dynamics simulations showed that a popula-
tion of S. acidocaldarius cells could move from a higher to a
lower temperature as a result of temperature-dependent indi-
vidual-cell swimming behavior. This response did not require
cells to have the ability to sense actual gradients in tempera-
ture and appears to be unique to motile thermophilic micro-
organisms.
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