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Computerized Analysis of Chemotaxis at Different Stages of
Bacterial Growth
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ABSTRACT Chemotactic behavior as a function of growth stage in an Escherichia coli strain commonly used for chemotaxis
studies was characterized using computerized image analysis. The response and adaptation to saturating, step-like additions
of the attractant L-aspartate were measured. Steady-state average tumbling frequency and adaptation time increased nearly
twofold during logarithmic phase. In contrast, precision of adaptation, P, defined as the ratio between steady-state tumbling
frequencies in the presence and absence of attractant, appeared to be constant throughout growth (P = 1.0 = 0.2). The
variation of tumble duration over growth was consistent with a hydrodynamic mechanism for tumble termination.

INTRODUCTION

The chemotaxis network oEscherichia coliguides the defined conditions for optimal chemotaxis of Bncoli K-12
organism toward specific chemical attractants and awasgtrain. It was observed that bacteria are more motile and more
from repellents. It is an excellent model system for studyingstrongly chemotactic in logarithmic phase than in stationary
the response and adaptation of cells to their environmenphase (Adler and Templeton, 1967; Adler, 1972). Most sub-
The constituent proteins are members of a large family osequent studies of bacterial chemotaxis were performed at a
two-component sensory systems in which stimuli modulatesingle stage of growth, usually mid-logarithmic phase. A quan-
the activity of a specific protein kinase, which phosphory-titative study showed that mean run speed and flagellar syn-
lates effector protein (Amsler and Matsumura, 1995). Inthesis increase during logarithmic phase, peak at mid-log
E. coli, chemotaxis is mediated by transmembrane receptorghase, and decrease thereafter (Amsler et al., 1993).
(methyl-accepting chemotaxis proteins, or MCPs) and the We extend these studies by studying physiological as-
cytoplasmic proteins CheA, CheB, CheR, CheW, CheY pects of chemotaxis over the course of growth in RP437, an
and CheZ (Stock and Surette, 1996). E. coli strain commonly used for chemotaxis studies (Par-
In an isotropic medium, swimming bacteria alternatekinson and Houts, 1982). Response and adaptation to a
between tumbles, which randomize the direction of motionsaturating stimulus of the attractant L-aspartate was mea-
and smooth-swimming runs (Berg and Brown, 1972). Chesured by video microscopy and computerized image analy-
motaxis is achieved by control of the tumbling frequency insis (Alon et al., 1998). A transient smooth-swimming re-
response to temporal changes in chemoeffector concentraponse of unstimulated cells placed in a thin fluid layer
tion (Macnab and Koshland, 1972; Brown and Berg, 1974petween a glass slide and a coverslip was avoided by using
Berg and Tedesco, 1975; Block et al., 1982). When thelastic slides and coverslips. Adaptation was precise to
concentration of an attractant increases, tumbling is tempaowithin experimental error, whereas adaptation time and
rarily suppressed. The average tumbling frequency eventisteady-state tumbling frequency increased nearly twofold
ally returns to prestimulus behavior, thereby restoring senduring logarithmic growth. The mean tumble duration var-
sitivity to new chemical stimuli (Macnab and Koshland, ied inversely with swimming speed, consistent with a hy-
1972; Berg and Tedesco, 1975; Alon et al., 1999). drodynamic mechanism for reassembly of the flagellar bundle.
It is of interest to characterize further the strains used for
studying chemotaxis and to determine which properties of
chemotaxis are invariant or modulated under the globaMATERIALS AND METHODS
changes in the cell that occur in a growing bacterial cultur .
(Bremer and Dennis, 1996). The pioneering studies of AdleegBaCterlaI culture
Overnight cultures oE. coli K-12 strain RP437 (Parkinson and Houts,
1982) grown at 30°C in tryptone broth (1.3% Bacto Tryptone, 0.7% NacCl)
Received for publication 23 February 1999 and in final form 8 October were diluted 1:50 into 20 ml Tryptone broth in 125-ml flasks and shaken
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briefly, boiling for 10 min, and diluting appropriately in bicinchoninic acid (0.2 = 0.1 sfl) was observed after sample loading; the
(Pierce, Rockford, IL). The OR, of samples was measured in triplicate mean tumbllng frequency then increased and approached a
relative to bovine serum albumin (BSA) standards. A cytoplasmic volume,

of 0.6 fl at 0.6 OD (Scharf et al., 1998) was assumed. The Cytoplasmicsteady—state value. The initial response lasted an average of

volume of cells at other growth stages was calculated using relative tota? to 3 min, thoth it varied from sample to sample in the
cellular protein mass and assuming a constant ratio of protein mass to cdlange of 1 to 5 min. The run speed varied similarly and was
volume throughout growth (Bremer and Dennis, 1996). about 50% of its steady-state value after contact with glass
slides. Coating the slides by dipping them in an agarose
solution or cleaning them with chromic acid did not elimi-
nate these responses. Similarly, this effect was observed
One ml of culture was harvested by centrifugation at room temperature fowwhen the cells were washed into different media before the
10 min at 800x g. Cells were washed and gently resuspended in a volumemeasurement (their own growth medium or the motility
of chemotaxis buffer (10@&M L-methionine, 7.6 mM (NH),SO,, 2 mM medium of Berg and Brown 1972) The smooth swimming
MgSQO,, 20 uM FeSQ, 0.1 mM EDTA, 60 mM potassium phosphate ! ) .
buffer, pH 6.8) that yielded 150 to 200 bacteria in a microscopic field of re_SponS_e was not observed when the cells W?re pIaced Ina
view at 40<. Samples were incubated at room temperature for 15 minthick fluid layer (of order 0.1 mm, between bridged cover-
before analysis. For each chemotaxis experimepi, & cells were mixed  slips) and the cells were viewed swimming near the glass
into 5 wl of 2 mM L-aspartate (in chemotaxis buffer) for a resulting gyrface. This suggests that the confined geometry used in

stimulus of 1 mM L-aspartate. Controls were prepared by mixing 6f the present study pIays a role in the smooth swimming
cells with 5ul chemotaxis buffer.

Samples were loaded on a plastic micro slide (Cat. No. 705-301, PG(EeSponse_' per.haps by preventing the Chem'cal_ or thermal
Scientific, Frederick, MD) in the center of at 1 cm square inscribed ~ Perturbations induced by the glass surfaces to diffuse away.
with a China marker and were gently spread out with a plastic coverslipFor example, chemical perturbations that caused a reduction
(Cat. No. 12-547, Fisher, Pittsburgh, PA) to create a layer of liquid of lesspf proton motive force induced a similar counterclockwise
than 10um thick, as judged by the area of the drop. To prevent cells frombiaS in flagellar rotation and reduction in run speed in
adhering to these surfaces, the slides and coverslips were first dipped in_~ . . .
0.5% Tween-20 (Sigma, St. Louis, MO) in chemotaxis buffer, drained,prewous studies (Khan and Macnab_' 1980)' Contact W'th.
allowed to dry, and dipped in 0.1% ultra-pure agarose (Life Technologiesglass surfaces has been reported to induce other changes in
Gaithersburg, MD) in chemotaxis buffer and drained thoroughly. Another cells, such as the conversion of normally discoid
alternative treatment by dipping the slides and coverslip8.18% BSA erythrocytes to crenated forms (Farnsworth et a|_’ 1993)
(>99% purity) in chemotaxis buffer (Alon et al., 1999) yielded indistinguish- The transient period of low tumbling frequency was not
able results. Bacterial motion was analyzed by video microscopy and com- . . . .
puterized image analysis as described (Alon et al., 1998). observed in the present study when plastic slides were used;

The steady-state average tumbling frequency for a single unstimulatefurthermore, steady-state tumbling frequency and mean run
sample, TE,, was calculated as the meanSE of the average tumbling  speed were similar on glass and plastic slides (data not shown).

frequency of 20 to 30 10-sec movies recorded at 1-min intervals afteiDgtg are reported from samples loaded on plastic slides.
sample preparation (Fig. 4, top curve). The time to 50% recovery from the

attractant stimulusr,,,, for a single sample was defined as the time after
stimulation at which tumbling frequency is (TF TFg, /2, where TFis . . . .
initial tumbling frequency after stimulation, and JF is the tumbling Run speed peaks in mid-logarithmic phase

frequency after full recovery from a stimulus of 1 mM L-aspartate (Fig. 4). . . . "
Adaptation time,r,,, and steady-state tumbling frequency,.JFwere  Bacterial density under the defined growth conditions was

reported as the mean SE of at least three independent measurementsmeasured using a Petroff-Hausser counting chamber (Fig.
Precision of adaptation B = TF, /TF, Run speed and tumble duration 1). Relative cell size, as estimated by relative total protein
were calculated as described (Alon et al., 1998). Control experiments usinggncentration per cell, decreased over growth (Fig. 2). The

10-fold lower cell concentratlpns yielded essentially the same behawormean run speed (Fig. 3) rose to a peak of ]:9.0.6pum/s
Furthermore, the mean tumbling frequency and run speed of cell popula-

tions were found to be nearly constant over at least 20 min of observatiorl mid-log phase~+0.6 OD). The growth phase at which
This suggests that factors such as consumption of the oxygen in thepeed is maximal is in agreement with previous studies
medium by the cells have negligible effects on the present measurement§Adler and Templeton, 1967; Amsler et al., 1993). Note that
variations in buffer and growth condition used in various
studies appear to affect bacterial swimming speed (e.g.,
compare Berg and Brown, 1972 and Lowe et al., 1987).

Video analysis of cell behavior

RESULTS

Bacteria exhibit a transient smooth-swimming
response on glass slides
Tumbling frequency and adaptation time increase

The present video microscopy technique relies on observingver the course of growth

the cells in a thin fluid layer (several microns thick), so that
they do not swim out of the focal plane of the microscope.Steady-state tumbling frequency and response to a saturat-
Preliminary experiments revealed a transient smooth-swiming, step-like stimulus of L-aspartate were measured at
ming response in unstimulated cells after being placed in different stages of growth between 0.3 and 0.9 OD. At
thin fluid layer between a glass slide and a coverslip (VWR earlier and later growth stages, bacterial motion was too
South Plainfield, NJ). A period of low tumbling frequency slow to permit data collection. The average tumbling fre-
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guency of a population of unstimulated cells was constant tgradually recovered to prestimulus levels (Fig.bbttom
within experimental error over at least 20 min (Fig.tdp  curve. The adaptation timer,,,, defined as the time for
curve). Steady-state tumbling frequency, JF increased 50% recovery from the smooth swimming response, in-
over growth from 0.35 0.03s *at 0.3 0D to 0.50+ 0.04  creased from 8 1 min at 0.3 OD to 15+ 1.5 min at 0.9

at 0.9 OD (Fig. 5A). With a step addition of 1 mM OD (Fig. 5B). The adaptation times of populations stimu-
L-aspartate, tumbling frequency dropped to less than 0.0fated with 10 mM L-aspartate were the same to within 1 min
s ! at all stages of growth studied (data not shown) anddata not shown). Precision of adaptation, P, defined as the
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FIGURE 2 Total protein mass per cell mea-
sured relative to BSA standards. Cell density at
each stage of growth (Fig. 1) was used to de-
termine relative total protein mass/cell, which
was then normalized to that calculated for cells
at 1.0 OD. The curve is a smooth fit.
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FIGURE 3 Variation in cell run speed over
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et al., 1998). Each point corresponds to data from
three independent measurements, each consisting
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ratio between steady-state tumbling frequencies in the presene¢ pH 7.0 and 0.1 mM EDTA. The cells also responded and
and absence of a saturating stimulus, wast1@?2 at all stages adapted precisely to L-aspartate in this medium.

of growth studied (Fig. &). Precise adaptation to L-aspartate

was reported in several studies (Macnab and Koshland, lg?%umble duration varies approximately inversely

Berg and Brown, 1972; Berg and Tedesco, 1975; Alon et aI.With run speed

1999). Tumbling frequency was similar when the cells were
resuspended in the motility medium of Berg and BrownTumble duration showed a minimum of 0.350.01 s at 0.6
(1972), which consists of 10 mM potassium phosphate buffe©D (Fig. 6), in agreement with the value of 0.14 s measured
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previously using three-dimensional tracking microscopy
(Berg and Brown, 1972). Tumble duration showed a depen-
dence on growth stage that was inversely related to that of
mean run speed (Fig. 6plid line).

The flagella fly apart during a tumble and reassemble into
a counterclockwise-rotating bundle when the tumble is ter-
minated. The duration of a tumble has been suggested to be
determined by a hydrodynamic mechanism for tumble ter-
mination (Berg and Tedesco, 1975; Anderson 1975; Alon et
al., 1998). For instance, the net action of the unbundled
flagella or partially formed bundle could propel the cell in a
certain direction, and the resulting fluid flow could push
back the remaining flagella to help form the complete
bundle. This assumes that most of the flagella spin coun-
terclockwise during a tumble, or that the clockwise motor
intervals are short. The typical time scale for such a hydro-
dynamic process can be estimated als/\@), whereL is the
length of the bacteriunV is its velocity, and C is a dimen-
sionless constant. This expression appears to describe vari-
ations in the observed tumble duration reasonably well (Fig.
6, dotted ling. Here,V is mean run speed (Fig. 3),is the
diameter of a sphere with a volume equal to the average cell
volume at the corresponding growth stage (0.6 fl at 0.6 OD
and volumes at other growth phases determined according
to relative total protein mass/cell, Fig. 2), and=C2.66, the
best-fitting constant of proportionality to the measured tum-
ble duration.

DISCUSSION

This work probed several aspects of bacterial chemotaxis
with growth and further characterized the behavior of the
strain most commonly used for studies of this signaling
network. Under the present conditions, the average tum-
bling frequency of a cell population increased as growth
progressed, as did the adaptation time for saturating L-
aspartate stimuli. At all growth stages, the steady-state
tumbling frequency after adaptation to the stimulus was
equal to the prestimulus tumbling frequency. This feature,
known as precise adaptation, thus seems to be invariant over
growth. It is interesting to consider this in light of recent
observations that precise adaptation is preserved despite
wide variations in the concentrations of the various chemo-
taxis proteins, whereas average tumbling frequency and
adaptation time vary with protein concentrations (Barkai
and Leibler, 1997; Alon et al., 1999).

In a previous study, the steady-state tumbling frequency
in the presence of high concentrations of the attractant
L-serine was found to be lower than in its absence (Berg and
Brown, 1972). In contrast, precise adaptation to L-aspartate

tumbling frequency, Tk, and B) time to 50% adaptation to a saturating was observed. That study employed different conditions,
stimulus of L-aspartate.Q) Precision of adaptation, P, to a saturating name|y growth on a chemically defined medium and mea-

stimulus of L-aspartate as a function of growth stage. The dotted line a
P = 1 corresponds to precise adaptation. In all cases, data are reported

rement in a low salt chemotaxis buffer at 32°C. Under the

the meant SE of at least three independent measurements. Note that tharesent conditions, we find precise adaptation to L-serine
axes do not reach zero.

(not shown). One possible explanation is that under certain
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conditions, the serine receptor Tsr assumes a conformatiatifferent network functions can change or remain invariant
in which full methylation can no longer compensate com-under the global changes that occur in the cell over growth.
pletely for the effect of saturated serine binding. This might
be connected to the sensitivity of Tsr to a variety of envi-
ronmental factors such as temperature (Maeda and Ima@/e thank S. ITeibIer for encouragement, diSt_:ussions, and support. We
1979) and salt (QI and Adler, 1989). Eurther work is neededhank N. Barkai, H. C. Berg, P. Cluzel, M. Elowitz, T. (.3rebe,'M. Levit, A.
to uncover the reason for the lack of exact adaptation tNewton, M. G. Surette, and T. Surrey for helpful discussion and J. S.
. . o p . arkinson forE. coli RP437. This work was supported by a National
L-serine under certain conditions and to further characterizgstitutes of Health grant to S. Leibler.
chemotaxis th_S'O'Ogy as a function of growth and MEa; 5 \as a de Kenan Fellow at Princeton University. U. A. is a Rothschild
surement conditions. and a Markee Fellow.
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