
JOURNAL OF BACTERIOLOGY, Aug. 1988, p. 3627-3632
0021-9193/88/083627-06$02.00/0
Copyright X 1988, American Society for Microbiology

Vol. 170, No. 8

Pausing of Flagellar Rotation Is a Component of Bacterial
Motility and Chemotaxis

I. RICHARD LAPIDUS,'t MARTIN WELCH,2 AND MICHAEL EISENBACH2*

Department ofApplied Mathematics' and Department of Membrane Research,2
The Weizmann Institute of Science, 76100 Rehovot, Israel

Received 29 February 1988/Accepted 2 May 1988

When bacterial cells are tethered to glass by their flagella, many of them spin. On the basis of experiments
with tethered cells it has generally been thought that the motor which drives the flagellum is a two-state device,
existing in either a counterclockwise or a clockwise state. Here we show that a third state of the motor is that
of pausing, the duration and frequency of which are affected by chemotactic stimuli. We have recorded on
video tape the rotation of tethered Escherichia coli and Salmonella typhimurium cells and analyzed the
recordings frame by frame and in slow motion. Most wild-type cells paused intermittently. The addition of
repellents caused an increase in the frequency and duration of the pauses. The addition of attractants sharply
reduced the number of pauses. A chemotaxis mutant which lacks a large part of the chemotaxis machinery
owing to a deletion of the genes from cheA to cheZ did not pause at all and did not respond to repellents by
pausing. A tumbly mutant of S. typhimurium responded to repellents by smooth swimming and to attractants
by tumbling. When tethered, these cells exhibited a normal rotational response but an inverse pausing response
to chemotactic stimuli: the frequency of pauses decreased in response to repellents and increased in response
to attractants. It is suggested that (i) pausing is an integral part of bacterial motility and chemotaxis, (ii)
pausing is independent of the direction of flagellar rotation, and (iii) pausing may be one of the causes of
tumbling.

Bacteria swim by rotating their flagella (4). The rotation is
carried out by a motor embedded in the cytoplasmic mem-
brane (7, 15). The swimming of peritrichous bacteria such as
Escherichia coli and Salmonella typhimurium consists of
movement in almost straight lines (runs) with occasional
brief periods of tumbling (6, 17). When bacterial cells are
tethered to glass by their flagella, many of them spin (26). On
the basis of experiments with tethered cells it is generally
accepted that the runs are caused by counterclockwise
(CCW) rotation of the flagella and that the tumbles are
caused by clockwise (CW) rotation (13). It is further thought
that the motor is a two-state device, existing in either a CCW
or a CW state (3, 16). The data collected during this study
indicate that the motor is a three-state device, with pausing
as the third state.
The phenomenon of pausing has been observed since

1974. Silverman and Simon reported that tethered cells of E.
coli stopped rotating (26). At the same time Macnab and
Koshland, using high-intensity dark-field microscopy, noted
that free flagella of S. typhimurium are occasionally station-
ary (18). Macnab and Han have also shown that a flagellum
on a given cell may pause while the other flagella on the same
cell rotate (16). Larsen et al. (13) did not find a correlation
between tumbling and stopping, and the phenomenon has
been all but neglected. The first quantitative analysis of the
pauses of tethered E. coli cells was made by Ravid and
Eisenbach in a study which yielded a correlation between
the degree of X bacteriophage infection and incessant rota-
tion (22). In the present study we quantified the behavior of
tethered individual cells under the influence of attractants
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and repellents and studied the behavior of chemotaxis mu-
tants. These studies suggest that pausing is an integral part of
the chemotaxis machinery of bacteria.

MATERIALS AND METHODS
Chemicals. Antibodies to flagellin were a gift from the

National Center for Enterobacteriaceae, Central Laborato-
ries, Ministry of Health, Jerusalem, Israel. Tetraethylene-
pentamine (Tetren) was obtained from Merck & Co., Inc.
Other chemicals were of analytical grade.

Bacteria. The E. coli strains used in this study were
RP437, wild type for chemotaxis (20), and RP1091 (21). The
S. typhimurium strains were ST1, wild type for chemotaxis,
and ST120 (25). The cells were grown either in a rich medium
(tryptone broth for E. coli and nutrient broth for S. typhi-
murium) or in the H-1 minimal medium of Kaiser and
Hogness (11) as previously described (8, 9). The cells were
washed and resuspended in 10mM potassium phosphate (pH
7)-0.1 mM Tetren-0.1 mM L-methionine before experimen-
tation.
Data acquisition and analysis. Flagellar rotation was as-

sayed by the tethering technique (26). Most of the flagella of
the cells were sheared off by a blender, and the cells were
subsequently tethered onto a precleaned cover glass (23) by
using flaI-preadsorbed antibodies against flagellin as de-
scribed earlier (22). Initially we cleaned the cover glass with
fuming nitric acid. However, since we observed no differ-
ence in the behavior of the tethered cells when the glass had
been precleaned with a dry Kimwipe, most of our studies
were carried out with dry-cleaned cover glass.
Data were obtained by observing video tapes (recorded at

50 frames per s) of cells in a flow chamber (5) under a Zeiss
phase-contrast microscope. The flow medium was identical
to the potassium phosphate-Tetren-methionine suspending
medium described above. When indicated, it was supple-
mented with glycerol (2 mM). The liquid medium in the field
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FIG. 1. Plots of the rotational states of five unstimulated cells of
wild-type E. coli RP437. The cells in the upper two plots were in the
presence of glycerol (2 mM). The cells in the lower three plots were
in the absence of any external energy source. The measured rates of
rotation of the cells were (from top to bottom) 11.9 ± 1.1, 6.2 ± 1.2,
4.4 ± 0.4, 4.3 ± 0.9, and 4.2 ± 0.7 Hz. The fractions of time spent
pausing by each cell within the 1-min period shown in the figure
were 0.7, 7.7, 1.6, 6.4, and 10.8%. The pauses of all the cells
occurred at random angles.

of view of the flow chamber flowed continuously at a
constant average speed of 38 ± 11 ,u.m/s (mean standard
deviation) measured as described by Meister and Berg (19).
The cells to be analyzed were chosen as follows. All rotating
cells in a given field were marked on a video screen. Of
these, all the cells which did not pause at fixed angles or did
not pause at frequencies higher than the rotation frequency
were analyzed. Cells that stopped for many seconds were
excluded. The video tape was played in slow motion (8.3
frames per s). CCW, pausing, and CW states were entered
by pressing one of three keys on an Apple II Plus microcom-
puter. The keystrokes were input to an Applesoft BASIC
program, which recorded the time of the keystroke on an
internal clock within the microcomputer. Data files for
individual cells were transferred to the mainframe IBM
computer at the Weizmann Institute of Science. The plots
were produced by using an IBM graphics package.

RESULTS

Unstimulated behavior of wild-type cells. The unstimulated
behavior of five representative tethered cells of wild-type E.
coli RP437 is shown in Fig. 1. Almost all the cells paused
intermittently. The pauses were independent of the growth
conditions (see Materials and Methods) and of the presence
of an external energy source (the upper two cells versus the
lower three cells). The fraction of time spent pausing varied
from cell to cell and is given in the legend to Fig. 1. The
average fraction of time spent pausing in a sample size of 12
cells was 4.8 ± 3.5%. The average frequency of pausing was
10 ± 7 pauses per min. The rotation rate of the cells varied
from 4 to 13 Hz, the average being 7.6 ± 2.3 Hz. There was
no apparent correlation in this sample of cells between the
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FIG. 2. Correlation between the various parameters of rotation
and pausing. RP437 cells were used for the analysis, which was
carried out as described in Materials and Methods. The sample size
was 12 cells. The pauses of all the cells occurred at random angles.
(A) Fraction of time spent rotating CW (0) and average rate of
rotation (+) of the sample cells plotted against the fraction of time
spent pausing. (B) Average pausing frequency of the sample cells
plotted against the average duration of a pause of the same cell.

rate of rotation or the fractional time ofCW rotation and the
fraction of time spent pausing (Fig. 2A). A rough correlation
may exist between the frequency of the pauses and the
average duration of a single pause (Fig. 2B).

Initially data were collected by observing video tapes
frame by frame. Figure 3 shows the angles of an RP437 cell
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FIG. 3. Frame-by-frame analysis of an RP437 cell. The angle of

rotation (in degrees) relative to the first frame analyzed is given as a
function of the frame number. Each frame represents 20 ms. The
entire record took place over 2 s.
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in 100 consecutive frames (total time, 2 s). This particular
cell was selected to illustrate the details of the pausing
phenomenon. The rotation of the cell completely ceased
during a pause (Fig. 3). No rapid reversals of direction of
rotation (>20 ms) were observed in association with a pause.
Since the duration of the pauses was usually longer than 60
ms (three frames), subsequent analyses were carried out
with slow-motion tape as described in Materials and Meth-
ods.
We have observed at least two types of pauses: (i) pauses

which may have resulted from interactions between the cells
and the underlying glass surface and (ii) pauses which did not
result from such interactions. The two types were distin-
guishable because the former occurred at fixed angles (or the
cell repeatedly slowed down at a certain angle), whereas the
latter occurred at arbitrary and apparently random angles.
Pauses of the first type were observed in almost every field,
but were disregarded. The data presented in this paper are
for cells showing pauses of the second type only.
To examine a possible relation between pausing and the

chemotaxis machinery of E. coli, we studied the effects of
chemotactic stimuli on RP437, wild type for chemotaxis, and
monitored the behavior of two chemotaxis mutants.

Stimulated behavior of wild type cells. Repellents and
attractants had a significant effect on the pausing of the
wild-type strain (Fig. 4). Since there were large variations in
behavior from cell to cell, this figure shows detailed data on
an individual cell rather than statistical data on a large
number of cells. The same cell was exposed sequentially to
a repellent and to attractants. In other experiments, when
cells were exposed only to a repellent or only to attractants,
the response was similar to that shown in Fig. 4. Upon
addition of indole, a potent repellent of E. coli (29) and S.
typhimurium (28), there was a sharp increase in the fre-
quency and duration of the pauses; this increase occurred
simultaneously with the well-known shift to CW bias. The
fraction of time which the cell shown in Fig. 4 spent pausing
increased from 5% before stimulation (time period 0 to 62 s)
to 40% immediately after stimulation (62 to 87 s). When
adaptation (27) occurred, the cell essentially resumed its
unstimulated behavior (12% pausing in the interval between
87 and 120 s). Removal of indole resulted in almost incessant
CCW rotation. Similarly, addition of the attractant mixture
serine plus aspartate resulted in incessant CCW rotation.
(Frame-by-frame analysis of cells in the same field revealed
that the angular velocity of some cells increased in response
to the addition of the attractants. The average relative
change of the velocity of 13 cells was 1.8 ± 0.7.) After 6 min,
removal of the attractants resulted in resumption of pauses
and CW rotation (13% pausing for the period 987 to 1,020 s).
The experiment shown in Fig. 4 was carried out in the

presence of an energy source (2 mM glycerol) to prevent
fluctuations in the energy level as a result of metabolism of
the attractants. Similar experiments were carried out (i) in
the absence of glycerol and (ii) with nonmetabolizable at-
tractants (a-aminoisobutyrate and a-methylaspartate). In
both cases the same pattern of change in pausing frequency
and duration as in Fig. 4 was observed (results not shown).
Thus, it appears that the energy level of the cells is not
directly involved in pausing. This conclusion is supported by
studies of energy-depleted cells (M. Eisenbach, Y. Margolin,
and A. Wolf, unpublished results).
The phenomenon of pausing was a response to all the

repellents tested (Table 1). When relatively high repellent
concentrations were used, the effect of repellent addition
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FIG. 4. Plot of the motion of a selected wild-type cell exposed to
a repellent and to attractants. Cells in the flow chamber were
originally in potassium phosphate-methionine-Tetren solution sup-
plemented with glycerol (2 mM). The composition of the medium
was changed by moving the input tube to another test tube contain-
ing a different medium. The time for the new medium to reach the
flow chamber was determined independently to be 55 + 14 s. Within
this confidence interval, the times shown by arrows in the figure
were determined from the changes in the rotational bias. The
repellent (rep) was indole (0.5 mM). The attractants (att) were a
mixture of L-serine (1 mM) and L-aspartate (10 ,uM). Data were
collected continuously during a time interval of 17 min. Note that
only segments of this time interval are shown.

was a complete stop of rotation. Rotation was resumed only
if the repellent was removed within a few minutes.
To test whether the phenomenon of complete stopping

was observed with swimming as well as with tethered cells,
we added high repellent concentrations to a suspension of
washed bacteria and examined the response of the cells
under the microscope. Benzoate at 70 mM (pH 6.5) arrested
the swimming completely. Spinning down the cells and
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TABLE 1. Effects of repellents on the persistence of
rotation of tethered wild-type cells

Repellent and pH Concn (mM) Effect'

Acetate
pH 5.5 40 Stopping
pH 6.0 10 Pausing, then stopping

Benzoate
pH 5.0 20 Stopping
pH 6.5 70 Stopping
pH 6.7 50 Transient pausing

Indole 0.6 Transient stopping
0.3 Transient pausing

NiSO4 2 Stopping
0.2 Transient pausing

aPausing is defined here as a phenomenon in which cells alternate between
brief periods (less than a few seconds) of no motion and periods of rotation.
Stopping is a phenomenon in which cells cease their rotation for an extended
period. Transient means that the phenomenon as a whole is temporary and is
followed by the prestimulus behavior.

suspending them in benzoate-free medium restored the
swimming of the cells.
Behavior of chemotaxis mutants. Table 2 includes observa-

tions with nonchemotactic mutants which represent two
extremes with regard to pausing behavior. E. coli RP1091 is
a mutant derived from RP437 and lacks a large part of the
chemotaxis machinery as a result of a deletion of the genes
from cheA to cheZ (21). Unlike the rotation of RP437 cells,
that of RP1091 cells was completely incessant: no pauses
were observed (except for some cells which paused at fixed
angles and were disregarded). Addition of a repellent did not
bring about pausing. A different phenomenon was observed
with ST120, a switch mutant of S. typhimurium. Although
this mutant had a classic response to stimuli with regard to
the direction of rotation, it had an inverted response with
regard to pausing: attractants caused more pausing, and
repellents caused less pausing. The wild-type S. typhimu-
rium strain, ST1, behaved like the wild-type E. coli strain,
RP437.
The observations (i) that attractants and repellents alter

the frequency of pausing in wild-type cells, (ii) that a mutant
which lacks a large part of the chemotaxis machinery does
not pause, and (iii) that a chemotaxis mutant has an aberrant
response to chemotactic stimuli with regard to pausing
suggest that the phenomenon of pausing is part of the
chemotaxis machinery in bacteria.

DISCUSSION

The cells analyzed and described in this paper paused at
arbitrary angles. However, many tethered cells paused at
fixed angles, apparently as a result of mechanical hindrance.
Applying the criteria discussed in Materials and Methods,
we disregarded these cells. There did not appear to be any

general difference between the behavior of cells which
paused at fixed angles and those which paused at random
angles. Some of the former had higher frequencies and
durations of pauses, but others had comparable ones. (We
suggest that the reason that pausing was previously over-
looked as a factor in bacterial motility is that other investi-
gators did not distinguish between these two types of
pauses.)

Intermittent pauses, other than those due to mechanical
hindrance, could, in principle, be the result of a number of
factors: (i) chemotactic signaling, i.e., pausing as a conse-

quence of a signal sent to the motor by the chemotaxis
machinery; (ii) temporary exhaustion of a local pool of
energy in the vicinity of the motor; (iii) an intrinsic property
of the motor; (iv) an artifact of the tethering technique; (v)
very rapid reversals of direction of rotation; and (vi) incom-
plete reversals of the flagellar motor. On the basis of the data
presented above and the discussion below, we conclude that
the pauses observed with tethered cells most probably result
from factor (i).
Common criteria for the involvement of the chemotaxis

machinery in any phenomenon are modulation of the phe-
nomenon by chemotactic stimuli, absence of the phenome-
non in mutants which lack the chemotaxis machinery, and
anomalous behavior in specific chemotaxis mutants. All
these criteria are fulfilled by the phenomenon of pausing:
attractants eliminate pauses, whereas repellents enhance
pausing (Fig. 4); different chemotaxis mutants have different
degrees of unstimulated pausing (22) (Table 2); in the ab-
sence of a large part of the chemotaxis machinery there are
no pauses (Table 2, RP1091); and a missense mutation in a
gene which encodes a switch protein of the motor leads to an
inverse pausing response (Table 2, ST120). It thus appears
that the pauses at arbitrary angles result from a signal
received by the motor from the chemotaxis machinery. It
also appears that there may be separate signals for pausing
and for changing the direction of flagellar rotation. The latter
conclusion is based on the difference between the rotational
and the pausing responses to stimuli (Table 2); on the lack of
correlation between CW rotation and pausing in unstimu-
lated cells (Fig. 2); and on the observation that tethered,
cytoplasm-free cell envelopes (9) which do not respond to

TABLE 2. Behavior of tethered chemotaxis mutantsa

StrainRelevant genotype or Unstimulated behaviorC
Effectc of addition of:

Strain Reeanhenotypeb ortmlae eavocSphenotypeb Unstimulated behavior' Attractantsd Repellent'

E. coli
RP437 Wild type 0.3-9.9% P, CCW-cw PI, CCW T PT, CCW l
RP1091 A(cheA-cheW) No P, CCW None None

S. typhimurium
ST1 Wild type 0-8% P, CCW-cw P, CCW T PT, CCW l
ST120 flaQ (cheC tumbly) 0-9% P, CW-ccw PT, CCW T PI, CCW I

aThe behavior of the cells was assayed in the presence of glycerol (2 mM) as described in Materials and Methods.
b See reference 14 for the nomenclature of chemotaxis genes.
c The percentage represents the fraction of time spent pausing. Abbreviations: CCW-cw, CCW rotation with occasional brief periods ofCW rotation; CW-ccw,

CW rotation with occasional brief periods of CCW rotation; P, pausing, T and , increase or decrease, respectively.
d The attractants were L-serine (1 mM) and L-aspartate (10 p.M).
eThe repellent was benzoate (50 mM [pH 6.0 or 6.7]).
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chemotactic stimuli by changing the direction of rotation (23,
24) do respond to repellents by stopping (M. Eisenbach,
unpublished observations). The role of pausing in chemo-
taxis is currently being studied with a number of chemotaxis
mutants.
The observations that the pauses can be eliminated by

mutations or by chemotactic stimuli and that a given repel-
lent can cause more or less pausing or have no effect,
depending on the mutation (Table 2), argue against factors
(ii) to (iv) as causes of pausing. If the pauses were the result
of temporary energy exhaustion, an intrinsic property of the
motor, or an artifact of the tethering technique, the pauses
should also have been observed in strain RP1091 and chemo-
tactic stimuli should either have no effect on the pauses or
have the same effect in all strains. This was not the case
(Table 2). The conclusion that the phenomenon of pausing is
not correlated with the energy level is further supported by
the observations that energization of the cells by glycerol
had no effect on the frequency and duration of the pauses
(glycerol was experimentally measured to significantly ele-
vate the proton motive force [A. Wolf and M. Eisenbach,
unpublished results]) (Fig. 1) and that there was no apparent
correlation between the fraction of time spent pausing and
the rate of rotation (Fig. 2). Other evidence that pausing is
not merely an artifact of the tethering technique comes from
the observation that on swimming cells, individual flagella
which have been slowed down by external means in order to
be visible in high-intensity dark-field microscopy have been
seen to pause intermittently (16, 18). Furthermore, repellent
concentrations which caused tethered cells to stop their
rotation also caused swimming cells to come to a halt (see
Results). Unstimulated swimming cells have not been ob-
served to pause intermittently. However, this may be be-
cause pauses of different flagella are asynchronous in a given
cell (16). Pausing of some flagella in a given cell in response
to a low concentration of a repellent may not have been
distinguished, because it occurred at almost the same time as
reversal of the rotation of the flagella. As discussed below,
both phenomena may lead to tumbling.

Possibility (v), i.e., that the pauses are primarily very
rapid reversals of the flagella, was ruled out by our frame-
by-frame analysis (Fig. 3). However, it is possible, but
highly unlikely, that reversals could occur in a time interval
shorter than 20 ms (the duration of a single frame on our
video tape). Also, the data cannot exclude the last possibil-
ity, i.e., that the pauses are the manifestation of a defective
switching process. Studies with chemotaxis mutants, aimed
at answering this question, are under way.
The results with ST120 (Table 2) indicate that pausing, as

well as CW rotation, may be involved in tumbling. ST120 is
known to have an inverse swimming response to chemotac-
tic stimuli (12; our unpublished observations). Nevertheless,
tethered ST120 cells respond conventionally to stimuli with
regard to the direction of rotation, i.e., an increased or
decreased fraction of time in CCW direction in response to
attractants or repellents, respectively (12) (Table 2). Khan et
al. (12) have shown that the smooth swimming of this strain
can derive from CW rotation of the flagella. They also
suggested that tumbling must result from brief motor rever-
sals. The data in Table 2 suggest another interpretation,
according to which the pauses also are a cause of tumbling:
addition of attractants to ST120 causes more pausing, with
resultant tumbling, whereas addition of repellents eliminates
pausing, with resultant smooth swimming. Thus, one of the
phenotypes of the mutation in the switch mutant, ST120, is
an inverse pausing response (but a "normal" reversal

response), which leads to an inverse swimming response. If
this interpretation is correct, the phenomenon of pausing
should be an important determinant of the behavior of the
bacteria. Studies of other switch mutants are currently in
progress.
Recent studies have indicated that pausing is a common

phenomenon in various species of bacteria, i.e., Halobacte-
rium halobium (1), Rhodobacter sphaeroides (2), and Rhi-
zobium melitoti (10). The flagella of the last two species do
not reverse; they can only rotate in the CW direction or
pause. Thus, pausing may be widespread in bacteria.

ACKNOWLEDGMENTS

We thank A. Corcia and S. R. Caplan for their assistance in
accumulating and processing data on the Apple microcomputer,
H. C. Berg and R. M. Macnab for critical reading of this manuscript
and constructive comments, and T. Raz for her technical assistance.
J. S. Parkinson is acknowledged for a generous gift of bacterial
strains. I.R.L. thanks L. A. Segel for his hospitality at the Weiz-
mann Institute of Science and M. Shilo for his hospitality at the
Hebrew University of Jerusalem while he was on sabbatical leave
during 1986 and 1987.

I.R.L. was supported in part by the Lady Davis Fellowship Trust,
which provided funds for him to serve as a Lady Davis Visiting
Professor at the Hebrew University of Jerusalem. This study was
supported by research grants to M.E. from the National Institute of
Allergy and Infectious Diseases and from the Minerva Foundation,
Munich, Federal Republic of Germany.

LITERATURE CITED
1. Alam, M., and D. Oesterhelt. 1984. Morphology, function and

isolation of halobacterial flagella. J. Mol. Biol. 176:459-475.
2. Armitage, J. P., and R. M. Macnab. 1987. Unidirectional,

intermittent rotation of the flagellum of Rhodobacter sphaer-
oides. J. Bacteriol. 169:514-518.

3. Berg, H. C. 1974. Dynamic properties of bacterial flagellar
motors. Nature (London) 249:77-79.

4. Berg, H. C., and R. A. Anderson. 1973. Bacteria swim by
rotating their flagellar filaments. Nature (London) 245:380-382.

5. Berg, H. C., and S. M. Block. 1984. A miniature flow cell
designed for rapid exchange of media under high-power micro-
scope objectives. J. Gen. Microbiol. 130:2915-2920.

6. Berg, H. C., and D. A. Brown. 1972. Chemotaxis in Escherichia
coli analysed by three-dimensional tracking. Nature (London)
239:500-504.

7. Berg, H. C., M. D. Manson, and M. P. Conley. 1982. Dynamics
and energetics of flageUar rotation in bacteria. Symp. Soc. Exp.
Biol. 35:1-31.

8. Eisenbach, M. 1982. Changes in membrane potential of Esche-
richia coli in response to temporal gradients of chemicals.
Biochemistry 21:6818-6825.

9. Eisenbach, M., and J. Adler. 1981. Bacterial cell envelopes with
functional flagella. J. Biol. Chem. 256:8807-8814.

10. Gotz, R., and R. Schmitt. 1987. Rhizobium melitoti swims by
unidirectional, intermittent rotation of right-handed flagellar
helices. J. Bacteriol. 169:3146-3150.

11. Kaiser, A. D., and D. S. Hogness. 1960. The transformation of
Escherichia coli with deoxyribonucleic acid isolated from bac-
teriophage Xdg. J. Mol. Biol. 2:392-415.

12. Khan, S., R. M. Macnab, A. L. DeFranco, and D. E. Koshland,
Jr. 1978. Inversion of a behavioral response in bacterial chemo-
taxis: explanation at the molecular level. Proc. Natl. Acad. Sci.
USA 75:4150-4154.

13. Larsen, S. H., R. W. Reader, E. N. Kort, W.-W. Tso, and J.
Adler. 1974. Change in direction of flagellar rotation is the basis
of the chemotactic response in Escherichia coli. Nature
(London) 249:74-77.

14. Macnab, R. M. 1987. Motility and chemotaxis, p. 733-759. In
F. C. Neidhardt, J. L. Ingraham, K. B. Low, B. Magasanik, M.
Schaechter, and H. E. Umbarger (ed.), Escherichia coli and
Salmonella typhimurium: cellular and molecular biology. Amer-

VOL. 170, 1988



3632 LAPIDUS ET AL.

ican Society for Microbiology, Washington, D.C.
15. Macnab, R. M., and S.-I. Aizawa. 1984. Bacterial motility and

the bacterial flagellar motor. Annu. Rev. Biophys. Bioeng. 13:
51-83.

16. Macnab, R. M., and D. P. Han. 1983. Asynchronous switching
of flagellar motors on a single bacterial cell. Cell 32:109-117.

17. Macnab, R. M., and D. E. Koshland, Jr. 1972. The gradient-
sensing mechanism in bacterial chemotaxis. Proc. Natl. Acad.
Sci. USA 69:2509-2512.

18. Macnab, R. M., and D. E. Koshland, Jr. 1974. Bacterial motility
and chemotaxis: light-induced tumbling response and visualiza-
tion of individual flagella. J. Mol. Biol. 84:399-406.

19. Meister, M., and H. C. Berg. 1987. The stall torque of the
bacterial flagellar motor. Biophys. J. 52:413-419.

20. Parkinson, J. S. 1978. Complementation analysis and deletion
map of Escherichia coli mutants defective in chemotaxis. J.
Bacteriol. 135:45-53.

21. Parkinson, J. S., and S. E. Houts. 1982. Isolation and behavior
of Escherichia coli deletion mutants lacking chemotaxis func-
tions. J. Bacteriol. 151:106-113.

22. Ravid, S., and M. Eisenbach. 1983. Correlation between bacte-
riophage chi adsorption and mode of flagellar rotation of Esch-

erichia coli chemotaxis mutants. J. Bacteriol. 154:604-611.
23. Ravid, S., and M. Eisenbach. 1984. Direction of flagellar rotation

in bacterial cell envelopes. J. Bacteriol. 158:222-230. (Erratum,
159:433, 1984.)

24. Ravid, S., P. Matsumura, and M. Eisenbach. 1986. Restoration
of flagellar clockwise rotation in bacterial envelopes by insertion
of the chemotaxis protein CheY. Proc. Natl. Acad. Sci. USA
83:7157-7161.

25. Rubik, B. A., and D. E. Koshland, Jr. 1978. Potentiation,
desensitization and inversion of response in bacterial sensing of
chemical stimuli. Proc. Natl. Acad. Sci. USA 75:2820-2824.

26. Silverman, M., and M. Simon. 1974. Flagellar rotation and the
mechanism of bacterial motility. Nature (London) 249:73-74.

27. Springer, M. S., M. F. Goy, and J. Adler. 1979. Protein
methylation in behavioral control mechanisms and in signal
transduction. Nature (London) 280:279-284.

28. Tsang, N., R. M. Macnab, and D. E. Koshland, Jr. 1973.
Common mechanism for repellents and attractants in bacterial
chemotaxis. Science 181:60-63.

29. Tso, W.-W., and J. Adler. 1974. Negative chemotaxis in Esch-
erichia coli. J. Bacteriol. 118:560-576.

J. BACTERIOL.


