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We developed a new set of software tools that enable the speed and response kinetics of large numbers of
tethered bacterial cells to be rapidly measured and analyzed. The software provides precision, accuracy, and
a good signal-to-noise ratio combined with ease of data handling and processing. The software was tested on
the single-cell chemosensory response Kinetics of large numbers of Rhodobacter sphaeroides cells grown under
either aerobic or photoheterotrophic conditions and either in chemostats or in batch cultures, allowing the
effects of growth conditions on responses to be accurately measured. Aerobically and photoheterotrophically
grown R. sphaeroides exhibited significantly different chemosensory response Kinetics and cell-to-cell variability
in their responses to 100 M propionate. A greater proportion of the population of aerobically grown cells
responded to a 100 M step decrease in propionate; they adapted faster and showed less cell-to-cell variability
than photosynthetic populations. Growth in chemostats did not significantly reduce the measured cell to cell
variability but did change the adaptation kinetics for photoheterotrophically grown cells.

The process by which bacteria bias their movement toward
regions that contain higher concentrations of favorable chem-
icals and lower concentrations of unfavorable chemicals is
known as chemotaxis (39). Motility and chemotaxis are wide-
spread among bacterial species and are essential for many
processes, such as the establishment of symbioses (14, 18, 19),
biofilm formation (37), and virulence (12, 40). Due to their
small size, bacteria use temporal sensing to bias their overall
direction of movement (32). Bacteria swim by rotating semi-
rigid, helical flagella and in a homogeneous environment
change direction every few seconds. In the extensively studied
enteric bacterium Escherichia coli, these changes are caused by
transient changes in the direction of flagellar motor rotation,
triggering a tumble. During these periods, bacteria reorient,
and when swimming resumes it is usually in a new direction, so
that, overall, their movement is random (38). In a nonhomo-
geneous environment, the reversal frequency is modulated by
the chemotaxis pathway to bias the overall direction of swim-
ming in a favorable direction. While chemotaxis in other bac-
teria is based on principles similar to those described in E. coli
and most chemotactic bacteria have the components found in
the E. coli single pathway, many bacteria have more than one
pathway regulating their motors (13, 26, 28). One of the best-
studied bacteria with a complex chemotaxis pathway is Rhodo-
bacter sphaeroides (25, 26).

R. sphaeroides is a purple nonsulfur alphaproteobacterium
that can grow using either aerobic or anaerobic respiration or
photosynthesis and is a model organism for the study of com-
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plex chemotactic networks (16, 25, 26). This bacterium uses a
single stop-start flagellar motor, stopping rotation rather than
tumbling, and shows taxis to a wide range of stimuli, including
sugars, light, oxygen, and organic acids, such as acetate and
propionate. Interestingly, responses to certain stimuli such as
oxygen and light depend on growth conditions (15, 27, 30),
indicating that R. sphaeroides is able to tune its tactic responses
to the environmental conditions.

Both aerobic and photoheterotrophic populations show che-
motaxis, despite apparent differences in expression levels of
the chemotaxis proteins. To understand the effect of these
differences on the behavior of single cells, rather than popu-
lations, it is essential to be able to accurately analyze, on a
single-cell level, the chemosensory response kinetics of large
numbers of cells.

Many different assays have been developed to study bacterial
chemotaxis. On the population level, capillary (2) and swim
plate (1) assays have been widely used. At the single-cell level,
three-dimensional tracking of a free swimming cell (6) and
tracking of a bead attached to the flagellum filament using a
quadrant photodiode (8) or back-focal-plane interferometry
(31) allow quantitative data on a single cell to be obtained. To
analyze large numbers of individuals from within a single pop-
ulation, analysis of tethered cell rotation (34) or recently de-
veloped microfluidic technologies (3, 4, 11) are the techniques
of choice. Tethered cell analysis depends on attaching a bac-
terial cell to a microscope slide by its flagellum, usually using
antiflagellar antibody. The behavior of the motor, and thus the
response, is determined by tracking the rotation of the cell
body in response to changing stimuli. Tracking the rotation of
tethered cells allows single-cell analysis of multiple cells from
within a population and has been a key technique in quantify-
ing fundamental properties of the E. coli chemotaxis system
such as tumbling frequency, run lengths or response kinetics



VoL. 77, 2011

and sensitivities (7, 9, 10, 32). In the late 1980s, this technique
was successfully adapted for R. sphaeroides (24) and has
yielded invaluable information on the R. sphaeroides che-
motaxis system (17, 20, 27, 30, 33). However, quantitative mea-
surements require multiple cells to be analyzed and the data on
responses needs to be extracted rapidly and accurately across
populations, and the above techniques were slow and labor-
intensive.

In the present study we have developed software that allows
the tracking of large numbers of tethered single cells, extract-
ing reliable, simultaneous quantitative data on their response
kinetics. This improved technique shows that R. sphaeroides
cells grown under aerobic or photoheterotrophic conditions
have different behaviors and variabilities in responses to stim-
uli, something not identified by other methods.

MATERIALS AND METHODS

Growth conditions. R. sphaeroides WS8N (36) was grown in succinate medium
(35) at 30°C and harvested in mid-exponential phase (optical density at 700 nm
[OD5] between 0.45 and 0.55) when cells are very motile. This ensures limited
self-shading in photosynthetic conditions and ensures oxygen saturation for aer-
obic batch cultures.

Batch cultures were grown either aerobically in the dark in 250-ml flasks
containing 50 ml of medium shaken at 255 rpm or photoheterotrophically with-
out shaking, in airtight 25-ml flasks illuminated with white light at low intensity
(5 W/m?).

Chemostat cultures were grown in continuous mode in a 2.5-liter BioFlo 310
Fermentor from New-Brunswick Scientific (working volumes, 0.8 or 1.5 liter).
Succinate medium was inoculated with stationary phase batch cultures and mixed
at 80 rpm. For photosynthetic cultures, cells were initially grown in the dark
without sparging to consume the oxygen in the medium. When the oxygen was
depleted, the cells were illuminated with white light at low intensity (10 W/m?)
without gas sparging. Aerobic cultures were grown without illumination and with
air sparging at 5 standard liters per min. Once the cultures reached an OD-, of
0.45 * 0.55, fresh succinate medium was fed into the culture vessels at dilution
rates equivalent to the cell maximum growth rate of 0.11 = 0.01 h™~! for photo-
synthetic cultures and 0.52 = 0.05 h™! for aerobic cultures. Samples were col-
lected at steady state, during which the OD,, was between 0.45 and 0.55 in both
cultures, the pH was constant at 7.29 = 0.01 and 7.54 = 0.02, and the dissolved
oxygen in the medium was equal to 0.45% = 0.25% and 20.50% = 0.30% in
photosynthetic and aerobic cultures, respectively. The light intensity was mea-
sured by using a Skye Instrument SKP200 light meter. Light intensities in pho-
tosynthetic-chemostat and batch conditions were chosen to have equivalent
amounts of photosystem pigments synthesized in both conditions (measured by
spectrophotometry).

Cell tethering. Portions (1 ml) of cells in mid-exponential phase were har-
vested, washed, and resuspended in tethering buffer (10 mM Na-PIPES contain-
ing chloramphenicol at 30 pg/ml to prevent further protein synthesis). The cells
were tethered by their flagella (without flagellum shearing, since R. sphaeroides
is monoflagellate) onto a coverslip by adding 10 wl of cell suspension with 2 .l
of 10,000-fold-diluted anti-flagellum antibody, which spontaneously adsorb to
the coverslip glass. After 20 min of incubation in a humidity chamber, the
coverslip was inverted onto a microscope flow chamber, and tethering buffer was
flowed through. Cells were observed and recorded using x40 magnification
under phase contrast (Nikon Optiphot phase-contrast microscope). Solutions
were flowed through the chamber at a rate of 0.12 ml/min. For each bacterial
population studied, at least three biological replicates were analyzed.

RESULTS

Video capture and image analysis. Tethered cells were re-
corded by using a digital DALSA Genie-HM640 camera, ca-
pable of high-speed image acquisition (up to 295 fps). A digital
high-speed camera increased the acquisition rate over that of
analogue cameras and improved rotation speed determination
and eliminated possible stroboscopic effects. Movies were usu-
ally acquired and recorded at 100 fps with an exposure time of
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6 ms. This avoids stroboscopic effects while keeping the size
of each movie reasonable. Movies were archived on network
storage.

New software, BRAS (for bacterial rotation analysis soft-
ware), was written to analyze the movies and extract the mo-
tion of individual cells. This software allows analysis of the
motion of an unlimited number of nonoverlapping single cells
per field of view (Fig. 1A). Written in Python, this software
relies on different open-source libraries: OpenCV (http://opencv
willowgarage.com/wiki/) for image extraction and manipulation,
NumPy (http:/numpy.scipy.org/) for data processing, and mat-
plotlib (http://matplotlib.sourceforge.net/) for graphical outputs.

BRAS works in two phases. The first is interactive and allows
the user to choose an unlimited number of windows of interest
(Fig. 1A). Each window defines a region containing the single
cell to be analyzed. The size of the windows is variable and can
be adapted to the size of the bacterium. The user sets a level
threshold to remove the video background. The cells are thus
the only objects visible in the processing windows. To allow for
stage drift, the movie can be viewed at different time points,
and the window size can be optimized. When the user has
selected the bacteria for analysis, the noninteractive phase
iterates over all the frames of the movie. For each time slice,
the image is cut into smaller images defined by the windows
chosen in the previous step. In each window the position of the
center of mass is calculated. Finally, BRAS stores the coordi-
nates of each bacterium, within their window coordinate sys-
tem, for every frame.

BRAS has been designed to run on a normal desktop com-
puter: it analyzes each frame independently, using little mem-
ory. The analysis time is determined by the data transfer rate:
on a standard local hard drive, a 15-min movie (100 fps, 800 X
600 resolution) would be analyzed in ~5 min, independently of
the number of analyzed bacteria. A typical 15 min movie of 20
tethered bacteria to be analyzed would generate 20 MB of
useful tracking data from a 25-GB video file.

Signal processing. Two analysis methods were developed to
extract the rotation speed from the position of the bacterium’s
center of mass. The first uses the coordinates to calculate the
angle of the bacteria: § = arctan(Y/X). This angle is then
differentiated to obtain the rotation speed: f = (1/21)(96/0t).
This method may produce a noisy signal that can then be
filtered by using a moving average technique: a convolution is
performed between the signal and a Gaussian shape window.
The second method transforms the time series of the two
coordinates into a complex signal: § = X + jY then uses
short-time Fourier transforms to generate a spectrogram of the
complex signal. The spectrogram generated shows the change
of the spectral components over time, i.e., the rotation speed of
the analyzed bacteria. This analysis is much less noisy than
phase difference methods and allows unambiguous determina-
tion of the rotation speed. In the experiments described here,
the Fourier transforms were performed using 128 point win-
dows.

Using these two methods, a graphical interface referred to as
“click & mean” was developed to allow the output from the
two methods to be presented and analyzed (Fig. 1B and C).
Time of interest intervals can be graphically selected, and the
average speeds as well as the direction of rotation over these
intervals was determined by using either method (a positive
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FIG. 1. Single-cell level chemosensory response analysis using the improved computer tracking of tethered rotating cells. (A) Video frame of
a microscope field of view (x40 magnification) of tethered bacteria whose motions are to be analyzed using BRAS. The regions used for motion
analyses are delimited by red squares. (B and C) “Click & mean”-generated graphical representations of a single-cell rotation speed over time.
Arrows indicate the solution in the microscope chamber. (B) Instantaneous speed measurements. Colors: blue, raw 100-Hz signal; green, moving
average of the same signal using a Gaussian window of 1 s. (C) Frequency domain analysis of bacterial motion used to extract rotation speeds. The
black squares highlight a chemosensory response to propionate removal. (D) Enlargement of the chemosensory response represented in panel C.
The numbers show the different phases of a chemosensory response which can be measured using a “click & mean” interactive interface. Numbered
segments: 1, duration of the stopping phase; 2, duration of the stopped phase; 3, duration of the recovery phase. The total chemosensory response

duration equals 1+2+3.

speed corresponds to an anticlockwise rotation and a negative
speed to a clockwise rotation). For the angle difference anal-
ysis, a mean of the rotation speed over the chosen interval is
calculated, whereas for the spectral analysis a discrete Fourier
transform over the chosen interval is performed. This set of
analysis programs reduces the large video files to the relevant
biological parameters and enables easier analysis of the bacte-
rial behavior. The capacity for analysis of many bacteria from
a single movie allows statistically robust studies to be per-
formed both easily and relatively cheaply. All software and
associated documentation can be downloaded (www.sysbio.ox
.ac.uk).

Chemosensory response and speed analysis. The developed
software was tested on the responses of R. sphaeroides grown
under different environmental conditions. To study chemotaxis
responses, solutions were flowed through the microscope
chamber, and changes in the tethered cell rotation were ana-
lyzed. The cells were initially equilibrated in tethering buffer to
give background behavior and then exposed to 5 min of 100
wM propionate, followed by 5 min of tethering buffer, equiv-
alent to a stepdown in attractant concentration. As shown in
Fig. 1B and C, in the initial tethering buffer and in propionate,
the rotational behavior is similar. The major chemosensory
response in R. sphaeroides is to a stepdown in attractant con-
centration and, as expected, on propionate removal the cells
stop rotating. They remain stopped for a time and then start to
rotate again as they adapt to the stimulus. This sequence of
events corresponds to a chemotactic response to a decrease in
attractant concentration (Fig. 1B and C).

To test the ability of the software to accurately measure
these responses, tethered populations were given a 100 uM
step decrease in propionate concentration, and speed was mea-
sured by Fourier transformation analyses using “click and

mean.” Bacteria were divided into two categories: (i) unre-
sponsive cells showing no stop within 2 min of the step de-
crease in propionate concentration and (ii) responsive cells
showing a stop within 2 min of the step decrease.

For responsive cells, cells are additionally classified as (i)
cells adapting, i.e., cells returning to their initial pattern of
rotation within 5 min of the step decrease in propionate and
(ii) cells that did not adapt, i.e., cells that did not return to their
initial pattern of rotation within 5 min.

For cells showing adaptation, the chemosensory response
was further divided into three phases: (i) the stopping phase
corresponding to the transition time between cell rotation and
the stop, (ii) the stopped phase during which cells do not
rotate, and (iii) the recovery phase corresponding to the time
from the cells starting to rotate and a return to their initial
pattern of rotation (Fig. 1D). The chemotaxis response dura-
tion is equal to the sum of these three phases (Fig. 1C). Di-
viding the response into three phases allows information to be
extracted about the different stages of a response: the stopping
phase is related to the sensing and transduction of the stimulus,
whereas the stopped and recovery phases are related to the
adaptation of the cells to the stimulus.

Each time trace, corresponding to a single bacterium’s dis-
placement over time, was individually processed by using “click
& mean” to extract the instantaneous rotation speed of each
bacterium using two independent methods described above.
The interactive visualization interface of “click & mean” sub-
sequently allows the selection and measurement of periods of
interest during the responses with either the instantaneous
rotation speed measurements or the frequency domain analysis
graphical representations. In the present work, the latter rep-
resentation was preferred since it generally gave the clearest
results.
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FIG. 2. Comparison of chemosensory responses analyzed with the “Sampler” software or with “click & mean.” Tethered cell rotation was
recorded with an analog camera at 50 fps and processed with AROT?7 software. Panels A, B, and C depict the findings for single-cell rotation speed
over time. Arrows indicate the solution in the microscope chamber. Black squares highlight the chemosensory response to propionate removal.
(A) Instantaneous speed measurements. Colors: blue, raw signal at 50 Hz; green, moving average of the raw signal using a window of 1 s. (B) Signal
after “Sampler” processing (window averaging of 100 points). (C) Frequency domain analysis. (D, E, F, and G) Box plots of the different phases
of the chemosensory responses and of the overall chemosensory responses obtained with the previous “Sampler” system versus the new “click &
mean” system. For each box plot, the lower, middle, and upper horizontal lines of the box represent the first quartile, the median, and the third
quartile, respectively. The lower and upper extremities of the dashed lines represent the lowest datum and the highest datum, respectively, which

are no more than 1.5 times the interquartile range (difference between the third and the first quartiles) from the box. The circles represent data

“n”

that are outliers.

n” represents the number of cells analyzed in each panel. The individual panels represent the stopping phase (phase 1) (D), the

stopped phase (phase 2) (E), the recovery phase (phase 3) (F), and the overall chemosensory response (G).

This new approach has several advantages. (i) It allows con-
venient data storage and handling. (ii) Data are easily pro-
cessed, and an unlimited number of cells per field of view can
be analyzed, increasing the sample size and thus the accuracy
of the study. (iii) The camera’s fast acquisition frame rate
improves time resolution, increasing both precision of the che-
motaxis response phase measurements and cell rotation speed
determination. Rotation speed measurements obtained in the
present study showed that tethered R. sphaeroides cells can
rotate at up to 44 Hz, confirming the need for a high acquisi-
tion frame rate to limit potential stroboscopic effects. (iv)
“Click & mean” allows a precise measurement of the duration
of each chemotaxis response phase.

Comparison of “click & mean” with previous software. To
test the software, we analyzed videos of tethered cells re-
corded with an analog camera and tracked with the previous
“AROT7” image analysis software (Hobson Tracking System,
Ltd., Sheffield, England) and the “Sampler” system (which uses
a 100-point, 2-s, moving average to smooth the data) and
compared this to “click & mean.” Processing the raw speed
measurements (Fig. 2A) with “Sampler” increases the signal/
noise ratio but does not allow a precise determination of the

chemosensory responses kinetics (Fig. 2B), whereas the “click
& mean” frequency domain analysis extracts a cleaner rotation
speed from the raw data (Fig. 2C). As a result, stopping- and
recovery-phase durations, which are generally short, are over-
estimated when the previous “Sampler” system is used com-
pared to the “click & mean” approach (Fig. 2D and F), unlike
the longer stopped phase (Fig. 2E), and consequently the
overall chemosensory responses are slightly shorter and
show a lower spread when analyzed using “click & mean”
versus “Sampler” (Fig. 2G).

Chemotactic responses of aerobic and photoheterotrophic
cells. We used the new software to test the stepdown responses
of large numbers of tethered R. sphaeroides grown under dif-
ferent conditions: (i) aerobic chemostat grown (AC), (ii) aer-
obic batch grown (AB), (iii) photoheterotrophic chemostat
grown (PC), and (iv) photoheterotrophic batch grown (PB).
About 90% of cells grown under aerobic conditions showed a
stop response to propionate removal (92.4% for AC-grown
cells and 89.2% for AB-grown cells), whereas only 55.8% of
PC-grown cells and 76.1% of PB-grown cells responded.
Among the responsive cells, the large majority of stopping cells
adapted, although for AC-, PC-, and PB-grown cells, a small
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FIG. 3. Chemosensory responses of bacterial populations grown in AC (aerobic chemostat), PC (photoheterotrophic chemostat), AB (aerobic
batch), and PB (photoheterotrophic batch) conditions. “n” is the number of cells analyzed for each condition. (A) Total percentage of responsive
cells (gray bars) and percentage of responsive cells not adapting (white bars); (B) box plots of the chemosensory response durations of the
responsive adapting cells. For each box plot, the lower, middle, and upper horizontal lines of the box represent the first quartile, the median, and
the third quartile, respectively. The lower and upper extremities of the dashed lines represent the lowest datum and the highest datum, respectively,
which are no more than 1.5 times the interquartile range (difference between the third and the first quartiles) from the box. The circles represent

data that are outliers.

proportion of cells stopped but did not adapt within the time
frame of the experiment (Fig. 3A).

Comparison of aerobically grown cells with photohetero-
trophically grown cells showed that cell-to-cell variability in the
chemosensory responses for aerobically grown cells was ~2-
fold lower than for photoheterotrophically grown cells (Fig.
3B). Aerobically grown cells also had shorter chemosensory
responses than photoheterotrophically grown cells (Fig. 3B),
with PB-versus-AB and PC-versus-AC populations being sig-
nificantly different (Wilcoxon rank-sum tests, P < 0.05), show-
ing a shorter adaptation time when cells are grown aerobically.

Effect of culturing method on responses. Bacteria grown
under aerobic conditions (AC or AB) showed similar chemo-
sensory response durations (Wilcoxon rank-sum test, P > 0.05)
and spreads (Fig. 3B). This indicates that aerobic growth in a
chemostat or in batch culture does not affect the overall che-
mosensory response durations or cell-to-cell variability. Photo-
heterotrophically grown cells showed similar chemosensory re-
sponse spreads for PC- and PB-grown cells (Fig. 3B). However,
PB-grown cells showed a significantly longer chemosensory
response than PC-grown cells (Wilcoxon rank-sum test, P <
0.05) (Fig. 3B). This suggests that batch-growth conditions do
not increase cell-to-cell variability under photoheterotrophic
conditions but significantly increase the duration of the che-
mosensory response.

Rotation rates and adaptation time. The method used here
to study chemosensory responses does not allow determination
of the absolute flagellar motor speed of rotation since param-
eters such as the length of the cell influence the speed of
rotation of tethered cells. However, given that each individual
bacterium is considered separately in this analysis, we investi-
gated whether the rotation speed of an individual cell varies
upon addition of attractant. When we compared the speed of
rotation in propionate with the speed in the first tethering
buffer for each individual cell (Fig. 1C and Fig. 4A), we found
that R. sphaeroides cells rotated at a constant speed and hence

did not show chemokinesis to the attractant propionate. More-
over, comparison of each individual cell speed of rotation in
propionate with the second tethering buffer indicates that
adapting cells returned to their basal rotation rate after the
stimulus, suggesting exact adaptation to the stimulus under all
four growth conditions (Fig. 4B).

DISCUSSION

In the present study, computer tracking of tethered rotating
cells was improved and used to accurately analyze the chemo-
sensory response kinetics of large numbers of individual R.
sphaeroides cells within a population.

Previous tethered cell analysis methods were unable to mea-
sure large numbers of cells and also had problems regarding
precision, accuracy, signal-to-noise ratio, and data handling
and processing. The use of a fast digital camera allows easier
data handling and processing and also increases the acquisition
frame rate, improving the precision of measurement of che-
mosensory response durations and rotation speeds. The new
image analysis software BRAS enables easy and fast processing
of an unlimited number of individual cells from the movies,
considerably increasing the overall number of cells studied in a
single experiment. This software is also able to track different
shapes of cells: aerobic R. sphaeroides cells are rod-shaped,
whereas photosynthetic grown cells are much rounder and
smaller. The new “click & mean” software also allows reliable
measurements, based on frequency domain analysis, of teth-
ered single-cell rotation speeds (and, if required, of the direc-
tion of cell rotation) with a high signal-to-noise ratio. This
improved computer tracking of tethered cells thus allows (i)
the processing of large numbers of cells, (ii) reliable and pre-
cise quantitative analysis of chemosensory responses, and (iii)
permits the use of simple and affordable materials, with soft-
ware freely available online.

Although the current filtering used by “click & mean” means
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range (difference between the third and the first quartiles) from the box. The circles represent data that are outliers. “n” represents the number
of cells analyzed for each condition. (A) Differences between single-cell rotation speeds in propionate and in the first tethering buffer flow;
(B) differences between single-cell rotation speeds in propionate and in the second tethering buffer flow.

that stops shorter than 100 ms will not be measured, this could
be achievable by modifying the filters applied to the raw data
generated by “BRAS.” The new software was tested on the
single-cell chemosensory response kinetics of large numbers of
R. sphaeroides cells grown under aerobic or photosynthetic
conditions, either in chemostats or in batch, and showed that
R. sphaeroides responds to a step decrease in attractant but
does not exhibit chemokinesis. This finding correlates with
results obtained in a previous work on R. sphaeroides flagellar
motor using bead assays and BFP interferometry (23) and
represents a good validation of our improved technique.

Our results show that the chemosensory response kinetics
and cell-to-cell variability in responses are affected by the phys-
iology of the cells, although growing cells under highly con-
trolled chemostat conditions or in batch conditions does not
significantly influence cell-to-cell variability. Aerobically grown
cells showed greater homogeneity than photosynthetically
grown cells to a 100 wM step decrease in propionate, with only
one-half to two-thirds of photosynthetically grown cells show-
ing a chemotaxis response. Aerobically grown cells also adapt
faster than photosynthetically grown cells. Detailed analyses of
the chemosensory responses kinetics for aerobic and photosyn-
thetic growth conditions showed significantly more cell-to-cell
variability in photosynthetic populations.

Adaptation to the persistence of a stimulus depends on the
adaptation proteins, CheB and CheR. Previous studies in
E. coli have shown that variations in bacterial chemotaxis be-
havior are related to cellular levels of CheB and CheR (5, 21).
R. sphaeroides has two adaptation systems, and their expression
levels vary under different growth conditions (29, 33). The
different ratios of adaptation proteins in aerobic versus photo-
heterotrophic growth conditions could therefore explain the
faster adaptation period measured in aerobically versus photo-
heterotrophically grown cells. Interestingly, however, the dif-
ferent ratios of adaptation proteins in these two growth con-
ditions do not affect exact adaptation. Indeed, a large majority
of both aerobically and photosynthetically grown cells show

exact adaptation to the stimulus. These findings are consistent
with results obtained in E. coli by Alon et al. (5), who showed
that adaptation times but not the precision of adaptation vary
with protein concentrations. In addition, our results, obtained
on a single-cell level, correlate with recent Park et al. (22)
findings which indicated that exact adaptation in E. coli occurs
at a single-cell level, as well as at a population level (5).

Thus, the improved motion analysis system described here
allows us to enhance our understanding of R. sphaeroides com-
plex chemotaxis system by measuring, in large numbers of
single cells, fundamental properties of this system, such as
adaptation kinetics and robustness or cell-to-cell variability.
Given the features of this new analysis system, similar types
of studies could easily be performed on other chemotactic
bacteria.
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