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ABSTRACr We report the observation of migrating chemotactic bands of Escherichia
coli in a buffer solution. The temporal development of the bacterial density profile is
observed by the scattered light intensity as the band migrates through a stationary
laser beam. We have made a preliminary analysis of the observed band profile with
help of the Keller-Segel theory. The model accounts for only some aspects of the ob-
served time evolution of the density profile. The microscopic motility characteristics
of the E. coli in the band are simultaneously studied by photon correlation. The
measured correlation functions are analyzed to obtain the spatial dependence of the
half-width within the band. A simple analytical model is proposed to account for the
contribution of the twiddle motion to the correlation function. By analyzing the
correlation function as a superposition of straight-line and twiddle motions, we ob-
tain a satisfactory agreement between the theory and the measured angular de-
pendence of the line shape. As a consequence we are able to extract a parameter 3,
which measures the average fraction of twiddling bacteria in the center of the band at a
given time.

INTRODUCTION

The chemotactic response of motile bacteria has attracted considerable interest. The
main reason is that the study of molecular biological mechanisms responsible for the
bacterial response to environmental stimuli may lead to the understanding of general
principles involved in the molecular biology of sensory systems (1-3).

Microscopic motions of Escherichia coli have been particularly well studied in recent
years. Analysis of movements of individual cells from stroboscopic photomicro-
graphs (4) and especially by the tracking microscope (5) has lead to a "two-state"
characterization of the bacterial motility. A cell is either "running" on a fairly straight
path, or it is interrupted by a "twiddle," followed by another run in a nearly randomly
chosen new direction. In a homogeneous medium the twiddles occur with constant
probability. In the case of chemotaxis the random walk of the bacterium is biased by a
change in the frequency of twiddles (1-3). Twiddles are less likely to occur for a run in
a favorable direction, and thus on the average a net displacement of the cell results in
that direction.

For a study of environmental effects on the chemotactic behavior of bacteria it is
necessary to monitor changes in the frequency of twiddles quantitatively as a function
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FIGURE I Migrating chemotactic band of E. coli in motility buffer. The sample is prepared by
carefully layering a bacterial suspension on the bottom of the scattering cell, which is open to
air. Band formation occurs after about I h. Typically, the well-defined bands migrate with an
average speed of 0.3-0.7 Am/s until the meniscus is reached.

of the external perturbation. Such effects are difficult to detect with a single bacterium;
instead a statistical analysis of many cells is necessary. Effects of the chemotactic re-
sponse may also be studied by noting that the detailed microscopic motion of bacteria
can result in a well-defined macroscopic manifestation. (6-9).
Under suitable conditions E. coli can form a slowly migrating, clearly visible sharp

band (see Fig. 1). The striking phenomenon was first observed by Beyerinck (6).
Careful studies by Adler (7) confirmed Beyerinck's interpretation that the formation
and subsequent migration of the band is a consequence of the bacteria seeking an
optimal oxygen concentration. The metabolic activity of the cells creates a traveling
oxygen gradient, which the bacteria follow collectively. Only chemotactic bacteria can
form a band. Adler and Dahl (8) provided a first clue to the molecular mechanism of
the chemotaxis of E. coli by observing that methionine-starved cells cannot form a
migrating band.
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The migrating band is not the only example of collective behavior in a bacterial
population. Bacteria innoculated on an agar plate can form clearly visible, slowly ex-
panding rings (9). A redistribution of bacteria has also been observed when a per-
turbing step-gradient is introduced in an initially homogeneously distributed bacterial
sample (10, 11). These experiments and corresponding theoretical models have been
summarized by Boon (12).

In this article we study the temporal development of a migrating band by simul-
taneous measurements of the scattered light intensity and the intensity autocorrelation
function. The experimental setup and sample preparation are described in Methods.
Under Temporal Development of the Migrating Band the measured bacterial density
distribution is compared with the predictions of a phenomenological model proposed
by Keller and Segel (13). Then we show experimental evidence that the observed decay
of the correlation function is sensitive to the average frequency of bacterial twiddles.
To substantiate this conjecture, we develop a simple analytical model to account for
the twiddle state of bacteria in light scattering. The predictions of this model are in
good agreement with the scattering angle-dependence of the line shape of the correla-
tion function. We conclude the paper by pointing out some possible further studies
that might test the current microscopic picture of the chemotactic response of E. coli.

METHODS
Sample Preparation

Wild-type Escherichia coli K12 bacteria are grown in L-broth for 15 h at 30'C without shaking.
To prepare a migrating band, the scattering cell (vol 1 ml) is first rinsed and filled with motility
buffer (14) (10-2 M KPO4, pH 6.9, 10-4 M EDTA, and 10-6 M L-methionine). Then 100 ,ul of
the culture medium is carefully layered at the bottom of the scattering cell, which is left open
to air. After 30-60 min a band of highly motile bacteria appears, as shown in Fig. 1. Band for-
mation occurs with as little as 50,l of added bacterial suspension.

After formation of the band, we pointed a laser beam into the center of the band, in the re-
gions above and below the band, and finally near the bottom of the cell. A detector was placed
at a suitable angle to detect the scattered light. The region below and above the band was found
to be virtually free of any bacteria. The photon correlation function (15) obtained from the
center of the band had an exceptional signal-to-noise ratio and exhibited a Gaussian line shape
typical of self-propelled motion. Near the bottom of the cell we observed an exponential cor-
relation function of much slower decay time, consistent with diffusive motion of the bacteria.
These results can be qualitatively confirmed by microscopic examination of samples taken with
a micropipette from respective regions in the cell. These observations are consistent with pre-
viously published works (6-8).
We have studied several such bands and find that a band generally ascends in the scattering

cell until the meniscus is reached. There the band remains stationary and well defined and may
be visible for up to several days, as was the case for the band reported here in the measurement
of the scattering angle dependence. The band used in the measurement of the temporal depen-
dence at fixed scattering angle, on the other hand, dispersed after approximately 5 h. It is in-
teresting to note that in this particular case the motility buffer did not contain any methionine.

Scattering Setup
The photon correlation spectrometer is schematically shown in Fig. 2 and was similar to a setup
previously used in this laboratory (16, 17). Laser light of wavelength 5,145 A was focused by
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FIGURE 2 Photon correlation spectrometer.

lens LI (f = 209 mm) into the center of the cylindrical scattering cell made of quartz with
7 mm internal diameter and I ml volume (see Fig. 1). The waist of the focused beam had a
diameter of 20 Am. Lens L2 (f = 80 mm) imaged the scattered light on aperture Al (800 Am).
Apertures A2 (600 Am) and A3 (400 ,m) restricted the field of view of the photomultiplier tube
to less than one coherence area. The scattering angle 0 could be set continuously from O to
135° with 0.X precision by means of a calibrated rotary table. A set of neutral density filters
was used for attenuating the incident intensity of the laser beam.
The 256-channel photon correlator was interfaced with a Hewlett-Packard 9830A calculator

(Hewlett-Packard Co., Palo Alto, Calif.) via a Tracor Northern NS-570 multi-channel analyzer
(MCA) (Tracor Northern, Middleton, Wis.). The calculator timed the length of measurement,
stored the accumulated correlation function and other pertinent data, such as scattering angle,
sampling time, etc., on magnetic tape, cleared and reset the MCA, and printed a record of the
experiment. On line, an estimate of the half-width of the correlation function was also provided
by the calculator. The correlation function was accurately evaluated from the recorded data
after the experiment.

BIOPHYSICAL JOURNAL VOLUME 23 197818



Data Analysis

The accurate analysis of the half-width of a correlation function starts with an extrapolation of
the correlated counts to zero delay time. To minimize the influence of statistical noise in the
data, we extrapolated on several subsets of the first 15 delay channels by least-square-fitting
each set to a parabola. We took the zero delay value as the mean of all extrapolations with
negative curvature and 1 SD as a measure for the accuracy of the extrapolated point. Because
the background was accurately measured by four monitor channels at an extended delay time,
the uncertainty in the half-width was primarily determined by the error of the zero delay
point. After subtraction of the background, the square roots of the data were taken to yield
the field correlation function from the intensity correlation function, and the channel closest to
the half-width was determined. The actual half-value was then found from a 20-point cubic
least-square fit centered about the approximate half-point channel number.

TEMPORAL DEVELOPMENT OF THE MIGRATING BAND

Light scattering offers a unique capability for studying both the microscopic motility
as well as the macroscopic temporal development of the band. If initially the laser
beam is positioned above the band, as shown in Fig. 1, the very motion of the migrat-
ing band offers a sensitive scanning of the band profile with high temporal and spatial
resolutions. The diameter (20,um) of the laser beam going through the center of the
scattering cell is much smaller than the thickness of the band (approximately 1 mm).
The total intensity scattered by the bacteria at a fixed scattering angle was recorded on
a strip-chart recorder to yield the bacterial density distribution as a function of time.
Simultaneously, the temporal intensity fluctuations due to movements of the bacteria
were measured. An accurate correlation function could be accumulated and stored in
a time interval of 1-2 min. Since the band passed through the laser beam in about 30
min, approximately 10-20 correlation functions could be recorded at respective
positions in the band. Thus the measured macroscopic density distribution was com-
plemented by information on the microscopic motions averaged over all illuminated
particles.

Bacterial Density Distribution
With this technique the temporal development of several migrating bands was ob-
served. The strip-chart recording of one such band is shown in Fig. 3. For the
measurement the scattering angle was chosen at 300, and the incident laser power was
approximately 0.15 mW. The ordinate represents the average count rate (time constant
5 s) on an arbitrary, linear scale and is directly proportional to the density of the
bacteria. The abscissa marks the time in 5-min intervals. The relative position and
time of the center of the bacterial density profile are denoted by X (millimeters) and
T (minutes), respectively. During the 62 h of the experiment we observed five crossings
of the laser beam by the migrating band.
An accurate value of the average speed of band migration can be estimated from the

elapsed time between two successively recorded peaks in conjunction with the respec-
tive micrometer settings of the vertical translator of the scattering cell. The band of
Fig. 3 migrated from position 1 to 2 with an average speed v7 = 40.8 gm/min = 0.68
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FIGURE 3 Temporal development of the migrating band. Scattered intensity atOU= 30'from a
chemotactic band of E. colil migrating across a focused laser beam at fixed position. X and T
give the relative position and time of successive peaks, respectively.

,um/s. For intervals 2-3, 3-4, and 4-5 the average speed is 37.6 sm/min, 38.8 ,um/min,
and 35.7 ,um/min, respectively. The temporal variation of v introduces an apparent
change of the band width on the strip-chart recording. The weak temporal depen-
dence of the speed is approximated by a linear interpolation to convert each time point
to a corresponding space point. The five density profiles are replotted in Fig. 4 on a
spatially uniform scale. In this graph each curve may be approximately regarded as an
"instantaneous" density distribution taken at roughly 1-h intervals. The area under
each curve is proportional to the total number of bacteria in the band. Therefore it is
clear that bacterial growth is minimal.
The density profiles of Fig. 4 are qualitatively reminiscent of the temporal change

of the density distribution for Brownian particles in an external field (18). It is, in fact,
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rather surprising to find a well-stabilized band configuration for the first 3 h. The band
then disperses rather quickly. It clearly reflects a drastic change in the "behavior" of
the bacteria after some interval of time. In the following, the Keller-Segel model of
migrating bands will be sketched briefly and compared with the experimental observa-
tion on the migrating band.

The Keller-Segel Theory
Keller and Segel (13) have proposed a phenomenological model for the temporal devel-
opment of a migrating band. They model the chemotaxis as resulting from a one-
dimensional biased random walk. The bacteria take steps of constant length to the
right or left at an average frequency depending on the concentration of a critical sub-
strate. The model leads to a chemotactic force proportional to the gradient of sub-
strate concentration and yields in the absence of growth the equation

(d/Ot)b(x, t) = (da/x)[yt(O/dx)b(x, t) - xb(x, t)(d/dx)c(x, t)]. (1)

The "chemotactic coefficient" x(c) is a measure of the strength of chemotaxis. Eq. 1
must be supplemented with an equation for the rate of change of the substrate concen-
tration, i.e.,

(da/d t)c(x, t) = -kb(x, t) + D(82/0x2)c(x, t), (2)
where k(c) is the rate of consumption of substrate per cell, and D is the diffusion coeffi-
cient of the substrate.
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0 I-5 ~~~~~~~~~~~~~~~~~~~~~bandBand /.
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FIGURE 4 FIGURE 5

FIGURE 4 Bacterial density distribution in the migrating band. Bacterial density distribution
of corresponding bands from Fig. 3 corrected for temporally varying speed of migration. The
spatial position of each point is calculated by linearly interpolating the average speeds between
three successive peaks.
F}GURE S Bacterial density distribution as predicted by the Keller-Segel model (13). Eq. 3 is
evaluated for the indicated values of ratio bl/y. The parameters 6, A, and v are the chemotactic
strength coefficient, the bacterial motility coefficient, and the average speed of the migrating band,
respectively.
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To solve Eqs. 1 and 2, Keller and Segel introduce the following assumptions (13): In
Eq. 2 D is taken to be zero. The bacterial motility ,u is assumed to be independent of
concentration, in agreement with experimental observation (19), and k is taken as
constant also. For the chemotactic strength coefficient x(c), Keller and Segel tenta-
tively use the form x(c) = 6/c, where variable c now describes the deviation of the
concentration from a certain threshold value. Boon (12) has pointed out that the last
assumption actually changes the analytic form of the chemotactic force, which is now
proportional to b(a/lx In [c(x, t)].
The above assumptions together with the boundary conditions b(x, 0) = bo,

c(x,0) = co, and a/lxc(x,t) = (a/lx)b(x,t) = Oforx = Oandx = L d X permit an
analytic solution of the form b(x, t) = b(Q), c(x, t) = c(t) where 4 = x - vt. The bac-
terial density distribution can be written in the form

b(Q)/bo = [I/(6 - u)] exp (-1Y4/is)[l + exp (-T/,Iu)]6/ 6- , (3)
with

bo = CoV2/(ks), bmax/bo = (6/is) A/(5

and

v = kN/(Aco), (4)

where N is the total number of bacteria in the band, and A the cross-sectional area of
the sample cell. It is clear that a given number of bacteria deplete a larger section of a
cuvette of smaller diameter and thus migrate faster in a thinner sample cell. The solu-
tion is valid only when 6 > ,u. Eq. 3 is plotted in Fig. 5 for several values of the ratio

Scribner et al. (20) have presented an extensive numerical study of Eqs. 1 and 2 with
substrate concentration-dependent parameters and with D s 0. The calculated band
profiles, in particular the bandwidth, are in quite close agreement to the prediction of
Eq. 3. On the other hand, this more realistic treatment features a small but persistent
loss of bacteria from the migrating band as evident from a gradual decrease of the
height of the density distribution. This loss leads according to Eq. 4 to a change of the
speed of migration to smaller values, in qualitative agreement with the experimental
results as shown below.

Comparison with Experiment
The saturation concentration of oxygen in water (13) is co = 2. 10-4 mmol/ml and
the area of the scattering cell is A = 0.385 cm2. The total number of bacteria in the
band is estimated as N = 5- 106 cells. The rate of oxygen consumption of E. coli is
k = 5. 10-12 mmol/cell h (13). With the above values the average speed is evaluated
as v = 0.32 cm/h = 0.9 gm/s. The agreement with the observed speed v = 0.6 ism/s
is not unreasonable, considering the rough estimates of the parameters. For a real test
of Eq. 4 the parameters must be determined more accurately.

For a given motility g the ratio 6/,i can be calculated from Eq. 3. Let us define the
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width 4 of the band such that b(Q) = 0.1 bo with the respective b(4)/bmax depending on
the value of 3/,i as shown in Fig. 5. With 6/,u = 1.33 we find b(4)/bmax = 0.32, which
corresponds to a width of 4 = 0.4 mm for the first three bands on the left side of Fig. 4.
The average speed of migration in Fig. 3 from position 1 and 3 is found as v = 0.65
AmIs = 0.23 cm/h. Taking the motility coefficient u = 0.25 cm2/h as measured by
Adler and Dahl (8) for E. coli yields from Eq. 3 a ratio a/,. = 1.42. With these values
for v and ,u, the width is predicted (see Fig. 5) as 4 = 2(M/v) = 2.1 cm, in contrast to
the measured value 4 = 0.4 mm. The values of 4 and E are well defined experimentally,
so we may try to adjust the motility coefficient to obtain a better agreement. If we
choose , = 5. 10-3 cm2/h we have a width 4 = 0.4 mm and obtain a ratio 6/4 =
1.72. It is interesting to note that a value of ts = 2. 10-3 cm2/h can be estimated
(21) from the tracking results of Berg and Brown on E. coli (5).
The shape of the band profile, on the other hand, is in good agreement with the

model. The calculated curves for ratio 6/g = 1.33 in Fig. 5 are strikingly similar to
the measured curves 1, 2, and 3. In particular, we observe the slightly slower rise of the
density at the front end as compared to the back end of the band, predicted (13) for
6/u < 2.

In summary, we may say that the simple analytical solution of the Keller-Segel
model represents certain features of the migrating band reasonably. Nevertheless,
some inconsistency exists with the experimental results. The model either predicts a
density profile that is too broad or a speed of migration that is too high as compared
to the experiment. The disagreement may be due to the assumption of D = 0 implicit
in Eq. 3. In the numerical solution Scribner et al. (20) consider serine as substrate and
use D = 8.3 * 10-6 cm2/s, finding good agreement with the Keller-Segel solution. How-
ever, this value is still an order of magnitude slower than the diffusion coefficient of
oxygen in water (D = 2.12. 10-5 cm2/s) (22). It appears interesting to recalculate
the model for oxygen as a substrate or, alternately, to repeat the experiments with
serine as substrate in order to test the Keller-Segel model adequately. The model also
predicts a rather uniform thickness of the leading edge for all values of 6/js. The ex-
perimental line shape, on the other hand, is fairly symmetric, and the leading edge
shows variable thickness. Curve 5 appears asymmetric primarily because the band
stopped migrating altogether. The bacteria disperse as expected for motile yet non-
chemotactic bacteria (8). For such a situation the Keller-Segel model is obviously not
applicable. In the next section it will be shown that the line width of the correlation
function also reflects a dramatic change in the motility pattern for the bacteria in the
bands.

TEMPORAL AND SPATIAL DEPENDENCE OF THE
CORRELATION FUNCTION

In contrast to the macroscopic profile of the migrating band, the intensity autocorrela-
tion function offers a microscopic description of the bacterial movements. The half-
widths of the correlation functions (at 300 scattering angle) taken in the five bands
shown in Fig. 3 are plotted in Fig. 6 as a function of position with respect to the center
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FIGURE 6 Spatial dependence of the half-width of Ft(q, t) in the migrating band shown in Fig. 3.

of the density distribution. The conversion of line width qt112 to W1/2 qt1/2 U/ /6 is
performed with an arbitrary reference speed u = 25 um/s (assuming a Maxwellian
speed distribution). The horizontal bars (shown only for curves 1, 3, and 5) signify
the spatial spread of the measurement due to the finite time interval of data accumula-
tion (2 min/run). The vertical error bars denote the uncertainty of the extrapolation
to zero delay time for the correlation function. Near the wings of the density distribu-
tion the accuracy is reduced because of a smaller number of photons received per
sampling interval. Points are shown only for cases in which the uncorrelated back-
ground amounts to at least 300 counts/channel. This threshold corresponds to a
level of about 15% of the peak density. During one transit of the band through the
laser beam, measurements of about 12 correlation functions can be made.
To guide the eye, points in Fig. 6 are connected by smooth lines. Bands 1-3 show a

spatial dependence of the line width that is clearly above the uncertainty of individual
points. Band 4 appears rather flat, and band 5 is strikingly different from the other
cases. Before attempting to interpret these results in terms of a microscopic picture
of the motion of the cell, we must convince ourselves that the observed spatial depen-
dence of the line width is not due to multiple scattering.
Monochromatic light scattered by particles in motion is broadened to a spectral

width 1/r, in the frequency domain, where TC denotes the characteristic correlation
time of the particle motion. When the scattered light is again scattered by another
particle, the line width is further broadened to 2/Tc. The time correlation function
decays accordingly twice as fast, i.e., we expect a narrowing of the line width of the cor-
relation function due to double scattering (23). The above argument is strictly true
only when TC is independent of scattering angle. For bacteria this is not the case, as is
shown later on (see Fig. 7). However, Eq. 9 can be used to estimate the effective line
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width for all possible pairs of angles that add up to a given scattering angle (0 = 300 in
this case). It is then found that multiple scattering leads still to a narrowing of the time
correlation function.
Thus, as the band migrates into the beam, a gradual increase of multiple scattering

can be expected to result in a decrease of the width of the correlation function. In con-
trast, the opposite effect is observed experimentally: the line width becomes wider
near the center of the band. It must be concluded therefore that the spatial dependence
of the half-width is not due to the multiple scattering, although multiple scattering
may have actually weakened the observed change.
The dependence of the line shape as a function of position in the band can be quali-

tatively interpreted in terms of the microscopic motion of the bacteria. As mentioned
in the Introduction, the E.coli seek an optimal oxygen concentration, less than the
concentration found in water saturated with air at room temperature. The bacteria re-
main in the narrow band, because a departure from the region of optimal concentra-
tion at either side of the band induces an increased frequency of twiddles. The wings
of the band are therefore populated with a larger fraction of twiddling bacteria. We
shall show in the next section that a larger fraction of twiddling gives rise to a narrower
correlation function. Thus it is consistent that the half-width decreases towards the
wings of the bacterial distribution as shown in Fig. 6 (for curves 1-4).
The dramatic change of half-width for curve 5 further confirms this picture. When

the band disperses, the bacteria must have lost their chemotactic ability, i.e., they are
incapable of regulating the occurrence of twiddles (24). In fact, the bacteria may al-
together lose the ability to twiddle. This seems to be what happens to the bacteria in
band 5. The half-width is considerably broader, reflecting a much smaller fraction of
twiddling bacteria. The gradual increase of the line width from left (earlier times) to
right is due to a temporal change of the motility pattern that is convoluted with the
spatial dependence.

A SIMPLE MODEL FOR THE CORRELATION FUNCTION OF
BACTERIA IN THE TWIDDLE STATE

A successful quantitative interpretation of quasi-elastic light scattering data from a
migrating band rests upon a correct model for predicting the observed line shape.
Clearly, presence of a large fraction of twiddling bacteria should affect the line shape
pronouncedly. None of the models proposed so far (25-28) take into account the
presence of twiddling bacteria. In the following a simple analytical model for twiddling
will be described.

Derivation

The motion of E. coli in the migrating band had been described by Adler and Dahl (8)
as "very rapid, highly jerky motion" with short runs. On the stroboscopic microphoto-
graphs, as shown by Macnab and Koshland (4), the twiddling bacterium leaves a
bright, smeared-out spot, i.e., the bacterial body jitters rapidly about an average
location. By direct microscopic observation it can be clearly seen that the twiddling is
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actually a rapid uncoordinated rotation. To capture the essence of this kind of motion,
and yet to keep the model as simple as possible, the following assumptions will be
made. Let us suppose that the center of mass of the twiddling bacterium jitters on a
random path with step length I and velocity v(t). The direction of the velocity has an
isotropic distribution and its random time dependence is approximated by a Gaussian
random process. We assume also that the angular reorientation of the bacterium is so
fast with respect to the decay time of the translational correlation function that the
twiddling cell always appears spherically symmetric in the time scale of interest. Then
the intermediate scattering function F, (q, t), which describes the temporal decay of the
field autocorrelation function, can be reduced into a form

Fs(q t) =<exp[iq*, v(t')dt' >,

= exp [_ q2 J dr(t - T)<VZ(0)Vz(T)>J * (5)

The < > brackets indicate average over all the bacteria. The scattering vector q
points in the z-direction and has a magnitude (47r/X)n. sin(0/2) at scattering angle
0. The second expression follows from the first by expanding the exponential and
noting that for a Gaussian random process all higher-order correlation functions of
vz can be reduced into products of two-time speed correlation functions. To pro-
ceed further, the temporal dependence of the speed autocorrelation function must be
specified. The random directional change of a bacterium with average speed v0 and
step length I occurs on the average after a time T = i/vo. Thus a simple exponential
decay of the autocorrelation function may be assumed, i.e.,

< vz(0)v(T)> = v2 exp (- /To). (6)

After substituting Eq. 6 into 5 and carrying out the time integration, we obtain the
intermediate scattering function of bacteria in the twiddle state F, (q, t) as

F,(q,t) = exp I-q212[t/To - 1 + exp (-t/ITO)][. (7)

This expression is formally the same as the result obtained from the Langevin model
(29) for the speed fluctuation.
The characteristic decay time of the intensity fluctuations is of order (voq)-' =

To/(ql). In the large q limit where ql >> 1, Eq. 7 is appreciable only for a range of
time t/T0 << 1. It is therefore well approximated by the expression: F, (q, t) - exp
(-lq2v0 t2). On the other hand, in the small q region where ql << 1 we need only to
consider long times t/T >> 1, and in this limit Eq. 7 reduces to: F, (q, t) - exp (-q2
1t/Io). It is seen that the magnitude of the parameter ql determines the shape of the
functional decay. When ql > 1, the particle trajectory is a straight line over distances
of the order q- , and we obtain a Gaussian correlation function characteristic of a
free particle. In contrast, for ql < 1 the particle changes direction many times over the
distance q ' and behaves, as far as the light-scattering experiment is concerned, like a
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Brownian particle leading to an exponential lineshape. Eq. 7 provides a description
valid also for the intermediate case when ql 1.
The correlation function of the scattered light contains contributions not only from

the twiddling cells but from the "running" bacteria as well. To keep the model simple,
the running state will be approximated by a straight line motion over distances much
longer than q-' with the effect of the form factor neglected (30). Then the intermediate
scattering function F2(q, t) of bacteria in the running state has the form (31)

F2(q, t) = exp (-q2u2t2/6), (8)

where u is the rms speed of the Maxwellian swimming speed distribution.
In practice the decay time of the intensity correlation function is much shorter than

the time which a bacterium spends on the average either twiddling or running. Since
both kinds of motions are mutually exclusive, the respective contributions are additive.
We are thus led to an intermediate scattering function of the form

Fs(q, t) = f3F, (q, t) + (1 - fl)F2(q, t), (9)

where F, (q, t) and F2(q, t) are given by Eqs. 7 and 8, respectively.
The parameter ,B gives the fraction of bacteria that are twiddling. Let t, and t2

be the amount of time which a typical bacterium spends in twiddling and running, re-
spectively. For a given time T of measurement we can observe T/(t, + t2) twiddles
of one bacterium, i.e., the total twiddle period is t, T/(t, + 12). The fraction of bac-
teria twiddling is therefore,B = t, /(t, + t2).

Comparison with Experiment
The validity of the intermediate scattering function as given in Eq. 9 must be tested
with a measurement of the angular dependence of the correlation function. The well-
defined band considered here migrates during the first 5 h with an average speed of 0.38
,um/s. The migration eventually slows down to 0.23 ,um/s shortly before the meniscus
is reached, about 17 h after sample preparation. At each scattering angle the correla-
tion function is accumulated for a period of 1 min. The measurement is repeated five
times near the center of the band. The experiment is completed 41 h after sample
preparation. Band motion is compensated by a vertical displacement of the scattering
cell at each scattering angle 0. As shown before, the decay of the correlation function
is only weakly dependent on position near the center of the band.
The half-width of Fs(q, t) at the center of the migrating band is plotted in Fig. 7 as

a function of scattering angle. Points are the average of five measurements and the bars
denote 1 SD. The solid line is calculated from Eq. 9 with the following parameters: the
average translational speed is found as u = 22 um/s; the twiddling bacteria jitter with a
speed vo = 55 ,m/s and have a step length / = 0.13 ,m; the fraction of twiddling
bacteria is ,B = 0.67. Eq. 9 is very sensitive to the specific choice of the parameters.
Changing u to 23 am/s, for example, results in a clearly poorer fit to the scattering
angle dependence of the half-width. It is important to note that a unique set of

HoLZ AND CHEN Quasi-Elastic Light Scatteringfrom E. coli 27



I

0 30 60 90 120

FIGURE 7 Scattering angle dependence of the half-width of the normalized field correlation func-
tion F,(q, t). Each experimental point is an average of five measurements and the bar denotes I
SD. The solid line is calculated according to the model of twiddling and running bacteria as
given in Eq. 9 with parameters: rms speed of running bacteria u = 22 ,m/s; jitter speed of
twiddling bacteria vo = 55 um/s; step length of jitter motion I = 0.13 Am; and the average
fraction of twiddling bacteria at a given time , = 0.67.

parameters can be determined only from a measurement at several scattering angles
ranging from small to large.
The small deviations in the data points at around 400 and 800 indicate a contribu-

tion of the form factor (17), i.e., a factor that depends on the size, shape, and structure
of the bacteria. This effect has been neglected in the present treatment but can be in-
corporated by choosing a more suitable form of the correlation function of bacteria
in the running state (28).
Comparison of measured and calculated line shape at different scattering angles pre-

sents a more stringent test. Fig. 8 shows the measured intensity correlation function at
four scattering angles. The time spectrum consists of a correlated time-dependent part
and an uncorrelated background contribution. Here the background part is nor-
malized to unity. Denoting the ratio of the correlated to uncorrelated signal by f, the
measured intensity correlation function is related to the field correlation function by
(f Fs(q, t) | 2 + 1). The line shape of curve 1 is calculated from Eq. 9 with the pre-
vious set of parameters. Curve 2 corresponds to the case when A3 = 0, i.e., when no
twiddling bacteria are present. This line shape is expected for purely straight-line-
swimming spheres and scales in the variable qt. It is evident that the simple model as
given in Eq. 9 represents the measured data remarkably well.

CONCLUSION

The model described above offers the possibility of extracting from the correlation
function the average fraction of bacteria that are twiddling at a given time. The value
,8 is in accord with the visual observation that the bacteria in the migrating band are
twiddling extensively. The absolute value of f3, however, depends on the particular
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FIGURE 8 Line shape of the intensity correlation function from the migrating band gt four
scattering angles. The solid curves marked I are calculated from the model of Eq. 9 with the
same parameters as in Fig. 7. The dashed curves 2 show the correlation function of purely
translating spheres obtained from Eq. 9 by letting , = 0. This line shape when plotted in qt
is independent of scattering angle.
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model chosen to describe the contribution of bacteria in the running state. When the
influence of the form factor is taken into account (17, 30), and rotational-translational
motions are considered (28), the width for swimming bacteria is narrower than the
Gaussian line shape assumed here (28). This will result in a lower value of,B. The point
particle description of the running state, however, allows us to use the simple func-
tional form of the correlation function amenable to quick curve fitting. Under the
premise that the running state remains unaltered when environmental conditions are
changed, the simple model as given in Eq. 9 could be used to detect changes in the
chemotactic response by monitoring the parameter j3. These effects are difficult to de-
tect on experiments dealing with a single bacterium. A change in chemotaxis is better
described by a parameter such as 8 that represents a property averaged over many
bacteria.
We have presented a discussion which illustrates the potential of the methods out-

lined in the previous sections for a detailed study of chemotaxis. A migrating band can
be subjected to various environmental changes. Further study of the time evolution of
the density distribution and the microscopic parameters such as u and A extracted
from the correlation function as a function of position (within a band) and time
promises to offer a stringent test of the current microscopic picture of chemotactic
response of E. coli ( 1-3).
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future experiment.
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