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ABSTRACT Swimming speeds and flagellar rotation rates of individual free-swimming Vibrio alginolyticus cells were
measured simultaneously by laser dark-field microscopy at 25, 30, and 350C. A roughly linear relation between swimming
speed and flagellar rotation rate was observed. The ratio of swimming speed to flagellar rotation rate was 0.113 ,um, which
indicated that a cell progressed by 7% of pitch of flagellar helix during one flagellar rotation. At each temperature, however,
swimming speed had a tendency to saturate at high flagellar rotation rate. That is, the cell with a faster-rotating flagellum did
not always swim faster. To analyze the bacterial motion, we proposed a model in which the torque characteristics of the
flagellar motor were considered. The model could be analytically solved, and it qualitatively explained the experimental
results. The discrepancy between the experimental and the calculated ratios of swimming speed to flagellar rotation rate was
about 20%. The apparent saturation in swimming speed was considered to be caused by shorter flagella that rotated faster
but produced less propelling force.

INTRODUCTION

Many bacteria swim by rotating their helical flagellar fila-
ments, which act as screw propellers. Flagellar rotation is
driven by a flagellar motor embedded in the cell membrane
(see a review by Macnab, 1987). The energy source for the
flagellar motor is the electrochemical potential gradient of a
specific ion (H+ or Na+) across the cell membrane (Manson
et al., 1977; Matsuura et al., 1977; Hirota and Imae, 1983).
Evidence has been accumulated suggesting that FliG, FliM,
and FliN together with MotA and MotB are directly in-
volved in the torque-generating process in H+-driven flagel-
lar motors of Escherichia coli and Salmonella typhimurium
(Yamaguchi et al., 1986; Blair and Berg, 1990; Francis
et al., 1994; Oosawa et al., 1994). However, the way that
molecular mechanisms convert electrochemical energy into
mechanical work has not yet been clarified.

In order to elucidate the energy-conversion mechanism of
flagellar motors, several models have been proposed (for
example, Berg and Khan, 1982; Oosawa and Hayashi, 1983;
Lauger, 1988; also see a review by Schuster and Khan,
1994). In these models, many types of torque-generation
mechanisms and interactions between coupling ion and
motor components were assumed. At present, however,
experimental data of the motor functions to evaluate the
proposed models do not seem to be sufficiently obtained.
One of the ways to investigate the mechanism is to

analyze the torque characteristics of the flagellar motor. The
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torque of the rotating motor can be obtained only from the
rotation rate by a calculation based on some hydrodynamic
assumptions (Lowe et al., 1987; Iwazawa et al., 1993).
The rotation rate of the flagellar motor was first measured

with a cell whose flagellum was tethered to a glass surface
(Silverman and Simon, 1974). The average flagellar rotation
rate of a number of swimming cells was obtained by anal-
ysis of vibration of the cell body (Lowe et al., 1987). The
rotation rate of a single flagellum on the cell stuck to a glass
slide was measured by laser dark-field microscopy (LDM)
(Kudo et al., 1990). The rotation rate of free-rotating fla-
gella was much higher than the rotation rate of tethered
cells.

Although hydrodynamic models to analyze bacterial mo-
tion have been proposed (Holwill and Burge, 1963; Chwang
and Wu, 1971; Azuma, 1992; Ramia et al. 1993), the
applicability of the models has not been fully evaluated
because of difficulties in measuring the fast rotation of
flagellar filaments of individual swimming cells. The rela-
tion between swimming speeds and flagellar rotation rates
was measured for S. typhimurium cells under high viscosity
conditions by cinematography only in the range of slow
rotation below 20 rps (Shimada et al., 1976). The cell had
multiple flagella that form a bundle during swimming,
which caused difficulties in the analysis.

For other microscopic organisms such as spermatozoa,
Chlamydomonas, and Paramecium, applicability and limi-
tation of hydrodynamic models have been experimentally
evaluated (see a review by Gibbons, 1981). Their large
dimension (40-100 ,um) and slower beating motion of
flagella and cilia (30-40 Hz) enabled the analysis by cin-
ematography. For example, not only beating frequency but
also flagellar wave form was precisely analyzed for sper-
matozoa of sea urchin, and the swimming speed that was
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Dynamics of Bacterial Swimming

computed was in good agreement with the speed that
was actually measured.

In the present study, by using LDM we measured a wide
range of swimming speeds and flagellar rotation rates of
individual V. alginolyticus cells that have single polar fla-
gella. To explain the experimental results, we proposed a
new model.

MATERIALS AND METHODS

Cell growth and preparation
A V. alginolyticus mutant, YM42 (smooth swimming, no lateral flagella;
Y. Maekawa, I. Kawagishi, Y. Imae, and M. Homma, unpublished data),
was used. Cells were grown in HI broth (2.5% heart infusion broth, Difco
Laboratories, Inc., Detroit, MI; 1.5% NaCI) with shaking at 37°C. The cells
were harvested by centrifugation at late logarithmic phase and suspended
in HG medium (50 mM HEPES-KOH, pH 7.0; 5 mM glucose; 5 mM
MgCl2) supplemented with 300 mM NaCl. The cell density was adjusted
to 108/ml. The cells were incubated at 25°C for 1 h before use.

Measurement of flagellar rotation rate and
swimming speed
Flagellar rotation rates and swimming speeds of individual cells were
simultaneously measured by LDM at 25, 30, or 35°C. A drop of cell
suspension was put on a glass slide and covered with a coverslip. The edges
of the coverslip were sealed with silicone oil to prevent medium flow.
Glass slides and coverslips previously kept at 25, 30, and 35°C were used
for the experiments at respective temperatures. Flagellar rotation rate was
determined from the light-intensity changes obtained by LDM (Kudo et al.,
1990; see also Experimental Results section). The swimming speed of the
cell was determined according to Hirota et al. (1983) from the video image
recorded at the same time. Data acquisition for each specimen was com-
pleted within 2 min to avoid the effects of cell damages. The measurements
were performed within 2 h after harvesting the cells.

Measurement of parameters of cell and flagellum
A small amount of the cell suspension was sampled immediately before
and after LDM measurement. The samples were negatively stained with
1% phosphotungstic acid (pH 7.4) and observed by transmission elec-
tron microscopy (TEM; JEM 1200EXII, JEOL Ltd., Tokyo, Japan). Cell
lengths, cell radii, lengths of flagellar filaments, diameters of flagellar
filaments, pitches of flagellar helices, and filament lengths per pitch
were measured on TEM photographs. The radius of flagellar helix, r,
was estimated as follows:

12p2(1
r= 2\T

where p is pitch of flagellar helix and 1 is filament length per pitch.

EXPERIMENTAL RESULTS

Simultaneous measurement of flagellar rotation
rate and swimming speed

To measure flagellar rotation rate and swimming speed,
LDM was applied to single free-swimming cells. The prin-
ciple of LDM measurement is shown in Fig. 1. When a cell
swims across the focused laser beam, the image of flagellar
filament appears as a series of bright spots, since the parts
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FIGURE 1 Principle of LDM measurement. An image of a bacterium
passing over the slit creates a signal that corresponds to the cell body and
then the flagellum. The image of helical flagellum illuminated from one
side by laser light appears as a series of bright spots. The light-intensity
change is detected through the slit and gives information of cell passage
and flagellar rotation.

of filament illuminated approximately normally are bright
and those illuminated obliquely are dark. As the flagellum
rotates, the bright spots move backward while the cell
swims forward. The image is focused on an optical slit, and
the intensity of light passing through the slit is detected and
recorded with a photon counting system. At the same time,
the image of the swimming cell is recorded with a video
system.

In actual experiments, the light intensity and the video
image were continuously recorded for several tens of
seconds. The images of some cells passed over the slit
during a measurement, and the parts of the records cor-
responding to the cell passage were selected. It should be
noted that if the swimming direction of a cell is within
-5° from the normal of the laser beam, two bright spots
per pitch of flagellar helix appear, which gives a twice
higher rotation rate. Therefore, we used only the data for
the cells whose swimming directions were within 300
from the normal of the slit (within 15-75° from the
normal of the laser beam).

Fig. 2 shows an example of light-intensity change
obtained by LDM for a cell of V. alginolyticus. When an
image of a cell body passed across the slit, a large
increase in light intensity shown as a "CELL" period in
Fig. 2 a was observed. The CELL period was followed by
an "FLA" period with a smaller increase in intensity,
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Relation between flagellar rotation rate and
swimming speed

Fig. 3 a shows the flagellar rotation rate, f, and the swim-

FL8lbRA ming speed, v, for individual cells measured by LDM at 25,

30, and 35°C. Bothf and v tended to increase with increas-

ing temperature, and a roughly linear relation betweenfand
v was observed. The data points were widely distributed

-along the solid line in Fig. 3 a, which represents the average
ratio of v tof of all the data. The deviation of the data from

0.05 0.1 0.15 the line was much larger than the errors in determiningfand
v (3% and 4%).
A ratio of v to f (v-f ratio) indicates how long a cell

progresses during one flagellar rotation. The average v-f
ratio for all the data was 0.113 ,um (Table 1), or 7% of pitch
of flagellar helix (1.58 ,um, Table 2). There was almost no

difference among the average v-f ratios for the data at
different temperatures (Table 1), although the torque gen-
erated by the flagellar motor and the viscosity of medium
are considered to change with temperature. This suggests
that the v-f ratio is independent of the motor torque and the

0.1 0.11 0.12 0.13 0.14 viscosity, and dependent on the other parameters that do not

change with temperature.
Time (s)

FIGURE 2 An example of light-intensity change obtained for Vibrio
alginolyticus YM42 by LDM. (a) "CELL" and "FLA" indicate the periods
when the images of cell and flagellum passed over the slit, respectively. (b)
"FLA" period in (a) is shown with an expanded time scale.

which corresponded to the passage of flagellum. The
FLA period is shown with an expanded time scale in Fig.
2 b. Rapid and periodic changes in light intensity are

clearly seen. One cycle of intensity change corresponds
to one flagellar rotation, and the apparent rotation rate,
fapp, was determined from the average peak interval.

The fapp obtained as noted above includes the effect of
cell movement. To compensate for the effect, the true rota-
tion rate, f, was determined as follows:

V

f= fapp +
p

(2)

where v is swimming speed and p is pitch of flagellar
helix.
The swimming speed of the same cell was determined

from the swimming track recorded with a video system.
It is noteworthy that the light intensity at the beginning

of the FLA part was observed to be smaller in most data
as in Fig. 2. We also observed with the dark-field micro-
scope that the flagellar images of most swimming bacte-
ria were darker at the proximal ends than the other parts.
This part of the flagellum is considered to deviate from
the focal plane, which suggests that the bending of the
flagellar helix occurs around the proximal end during
swimming.
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FIGURE 3 Relation between flagellar rotation rate and swimming speed
obtained for V. alginolyticus YM42. Each point represents data for an

individual cell. (a) All the data at three different temperatures are shown
(triangle, 25°C; diamond, 30°C; square, 35°C). The solid line indicates the
average ratio of swimming speed to rotation rate. (b) Data obtained at 35°C
are replotted.

4

0
_

.t

500

250

0

0

u:

6t

500

250

O

0.09

(b)

0o Co° 3

*
3 *3 v C

2156 Biophysical Journal

rA



Dynamics of Bacterial Swimming

TABLE I Experimental and calculated v-f ratios

Temperature Average SD Maximum Minimum Number of
(OC) (pKm) (gm) (gm) (jtm) samples
All 0.113 0.021 0.186 0.067 167

25 0.114 0.024 0.186 0.068 47
30 0.112 0.019 0.150 0.067 42
35 0.113 0.020 0.180 0.068 78

Calculated 0.137 0.019 0.164 0.074 111

T- C.f3(
T,=y,v+ fk.,

The average f values were 690, 910, and 1050 rps at 25,
30, and 35°C, respectively. The highest f was 1660 rps at
35°C. The average v values were 77, 100, and 116 ,um/s at
25, 30, and 35°C. The highest v was 147 ,m/s at 35°C. It
should be noted that the cell with the fastest rotating flagel-
lum was not the fastest swimming cell.
At each temperature, v had a tendency to saturate at highf

To show the feature more clearly, only the data at 35°C were
replotted in Fig. 3 b. With increasingf, v tended to increase in
the range below 1000 rps, while v remained rather constant
above 1000 rps. This apparent saturation in v at highfwas not
observed or expected previously.

ANALYSIS WITH A MODEL

Model to analyze bacterial motion

We propose a hydrodynamic model to analyze the experi-
mental results mentioned above. The schematic drawing of
the model is shown in Fig. 4. In the model, the Stokes
approximation was adopted and only a steady state was
considered. Hydrodynamic interactions among a cell body,
a flagellum, a glass surface, and other cells were neglected.
The novel point of the model is that the torque characteristic
of flagellar motor was taken into consideration. In hydro-
dynamic models proposed previously (Holwill and Burge,
1963; Chwang and Wu, 1971; Azuma, 1992; Ramia et al.
1993), the motor torque was eliminated as an unknown
factor; consequently, only the ratio of v to f could be

)p \-t
ff.=(~~~~~F.=OC.VL

FIGURE 4 Schematic drawing of the model to analyze the bacterial
swimming. Fc and Ff are drag forces from fluid to cell body and flagellum,
Tc and Tf are drag torque to cell body and flagellum, Tm is torque generated
by flagellar motor, v is swimming speed, wc and (of are angular velocities
of cell body and flagellum, and ac, ,c, af, of, and yf are drag coefficients.

discussed. As shown below, the present model can discuss
not only the v-f ratio but also the apparent saturation shown
in Fig. 3.
The equations of motion are

Fc + Ff = 0 (3)

T- Tm = 0 (4)

Tf + Tm = 0 (5)
where Fc and Ff are drag forces from a fluid to a cell body
and flagellum, Tc and Tf are drag torque to a cell body and
flagellum, and Tm is torque generated by flagellar motor.
Equation 3 is the equation of motion for the translational
motion. Equations 4 and 5 are the equations of motion for the
rotational motion of a cell body and flagellum, respectively.
The drag force and torque to a cell body can be written in

the form of

F,= a,v (6)

T,= 13cr(tc
TABLE 2 Parameters of cell and flagellum of a Vibrio
alginolyticus YM42

Average SD
Symbol Parameter (Am) (pM)

2a Cell width 0.80 0.09
2b Cell length* 1.92 0.46
2d Diameter of flagellar filament 0.032 0.004
L Length of flagellar filament* 5.02 1.15
p Pitch of flagellar helix 1.58 0.14
l Filament length per pitcht 1.82 0.16
r Radius of flagellar helix 0.14 0.02

The parameters for 111 cells were determined by TEM.
*The difference between the average cell lengths obtained before and after
LDM measurements was one-third of the standard deviation, whereas that
for filament lengths was one-fourth of the standard deviation.
tThe pitch was also measured with an optical dark-field microscope, and
the value was 1.5 ± 0.2 ,um.

(7)
where v is swimming speed, Wc is angular velocity of a cell
body, and ac and Pc are drag coefficients for a cell body.
The cell body was assumed to be a spheroid, and the
following drag coefficients ac and fPc were adopted (Happel
and Brenner, 1973):

ctc-T{ 5( a)

PC = -8,7r{1 -31 _-b)

(8)

(9)

where ,u is viscosity of medium and a and b are shorter and
longer radii of spheroid.
The flagellar filament was assumed to be a rigid helix and

to rotate on its helical axis. Then the drag force and torque
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to the flagellum can be written in the form of

Ff = afV + yf(f

Tf = /fOf + YfV

(10)

(11)

where fUf is angular velocity of flagellum, and af, of, and yf
are drag coefficients for flagellum. Drag coefficients af, of,
and yf are derived from Eqs. 6, 9, and 10 of Holwill and
Burge (1963) as follows:

af = -(8i2r2 + p2)Co (12)

3f = -(4172,2 + 2p2)r2CO

yf= 2-ir2pCo

co=+p) (5
(log(d/2p) + ½/2)(4r2 + p2) (15)

where r and p are radius and pitch of flagellar helix, and d
and L are radius and length of flagellar filament.
The following two types of motor torque, Tm, were as-

sumed according to the experimental results (Manson et al.,
1980; Lowe et al., 1987; Washizu et al., 1993; Iwazawa
et al., 1993; Berg and Turner, 1993):

(Type 1) Tm = To (16)

(Type 2) (1 O) (17)

where To and wo are constants, and cm is angular velocity of
the motor. Type 1 of motor torque is constant independent
of motor rotation rate, whereas type 2 of motor torque
linearly decreases with increasing motor rotation rate.

Calculation of v-f ratio

From Eqs. 3, 6, and 10, the linear relation between v and f
is obtained as follows:

'yf

+ of (18)

The proportional coefficient - yf/(aC + af) (equal to v-f
ratio if divided by 2Xn) does not change with temperature
because the motor characteristics are not involved, and the
viscosity is canceled (see Eqs. 8, 12, 14, and 15).
To calculate the value of the v-f ratio, cell and flagellar

parameters measured by TEM (Table 2) were used. The
standard deviations for the lengths of cell and flagellar
filament were -25%, whereas those for the other parame-

ters were -10%. In the calculation, therefore, the values of
the lengths of cell and filament for individual cells were

used, and the average values were used for the other pa-

rameters. It is noteworthy that no correlation between the
lengths of cell and filament was observed (Fig. 5). Between
"before" and "after" LDM measurements, no significant
differences in the average cell and filament lengths were

0(13)

(14)

2 4 6 8

Filament Length (gm)

FIGURE 5 Relation between cell and filament lengths of V. alginolyti-
cus YM42 measured by TEM. Each point represents data for an individual
cell. The number of samples was 111.

observed. The values of cell and filament lengths were not
considered to change during the measurement.
The v-f ratios calculated for individual cells are summa-

rized in Table 1. The average of the calculated v-f ratios was
larger than that of the observed v-f ratios by -20%. The
standard deviation of the calculated v-f ratios agreed with
that of the observed data. The distribution in the calculated
v-f ratios was derived from the distribution of cell and
filament lengths. Therefore, the wide distribution of exper-

imental data points shown in Fig. 3 a is considered to
originate from the distribution of cell and filament lengths.

Calculation of the relation between v and f

The roughly linear v-frelation could be explained by Eq. 18,
which is essentially equivalent to the relation between v and
f described in the previously proposed models (Holwill and
Burge, 1963; Chwang and Wu, 1971; Azuma, 1992). The
apparent saturation in v shown in Fig. 3 b could not be
explained within the framework of the models. The equa-

tions of motion for rotation (Eqs. 4 and 5) and the motor-
torque characteristic (Eq. 16 or 17) in addition to
the equation of motion for translation (Eq. 3) were neces-

sary to explain the whole feature observed in the experiment
(Fig. 3).
The solutions can be analytically obtained for both type 1

and type 2 of torque characteristics (see Appendix). Both v

and f can be calculated using the solutions if the values of
viscosity, cell and flagellar parameters, and motor torque
are given. In the calculation, the lengths of cell and filament
for 50 individual cells that were randomly selected from the
TEM data (Fig. 5) were used, and the average values were

used for the other parameters (Table 2). For the viscosity
of medium, the value of water was used (8.9, 8.0, and
7.3 millipoise at 25, 30, and 35°C). The values of motor
torque used in the calculation were determined so as to
fit the average of calculated f to that of the experiment. In
type 1 of motor torque, To were given to be 0.85, 1.01, and

4

..-*fi4" *;;
* . ** *:-- t.t.os

* * ***

E3 3

a)Q. 2

-4

u I

0

2158 Biophysical Journal



Dynamics of Bacterial Swimming

1.06 x 10-18 N-m at 25, 30, and 350C. In type 2, To was
assumed to be 1.5 x 10-18 N-m, and values of co were
given to be 1700, 3000, and 3800 rps at 25, 30, and 350C,
respectively. Here we assumed that to0 depended on tem-
perature, whereas To did not, according to Iwazawa et al.
(1993).

Fig. 6 shows the calculated f and v. The distributions of
the calculated points for both type 1 and type 2 (Fig. 6, a
and b) were similar to the experimental result (Fig. 3),
although several points were distributed above 2000 rps in
type 1. In both types, f and v tended to increase with
increasing temperature. At each temperature, apparent sat-
uration in v at high f was seen.

Solid lines in Fig. 6 show the v-f relations calculated
using the assumed values of motor torque at 300C when
filament length was varied from 1.5-8.5 ,um. The slowest
and the fastest rotations on the line corresponded to the
filament lengths of 8.5 and 1.5 ,um, respectively; i.e., faster
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FIGURE 6 Calculated relation between flagellar rotation rate and swim-
ming speed. Each point represents data calculated using cell and filament
lengths selected randomly from Fig. 5 (triangle, 25°C; diamond, 30°C;
square, 35°C). The solid lines represent the relation between f and v

calculated using assumed values of motor torque at 30°C when filament
length was varied from 1.5 ,gm (the fastest rotation) to 8.5 ,um (the slowest
rotation). (a) Type 1 of torque characteristic (constant torque independent
of rotation rate) was used in the calculation. To represent all points, the
range of axes is expanded. The frame indicated by dashed lines shows the
same area as in Figs. 3 and 6 b. (b) Type 2 of torque characteristic (linearly
decreasing torque with rotation rate) was used in the calculation.

flagellar rotation associated with shorter flagellum. With
decreasing filament length from 8.5 ,um, f increased con-
tinuously. On the other hand, v increased first, and then
tended to saturate in type 1 or to gradually decline in type 2.
The data points were distributed around the calculated line.
The deviation from the line was derived from the difference
in cell length among cells.

DISCUSSION

LDM has been used to observe the fast rotation of single
flagella on cells stuck to a glass slide (Kudo et al., 1990). In
this study, we successfully obtained a wide range of v and
fof individual free-swimming cells by using LDM. We used
the V. alginolyticus mutant YM42, which swam smoothly
and had only a single polar flagellum (no lateral flagella).
This simplified the analysis of the v-f data.
The v-f data exhibited roughly linear relation. The aver-

age v-f ratios at different temperatures were almost the
same, and the values indicated that V. alginolyticus cells
progressed by 7% of the pitch of flagellar helix per flagellar
rotation. Apparent saturation in v at highfwas observed at
each temperature. The highest rotation rate observed in the
experiment was 1660 rps. As previously reported (Magar-
iyama et al., 1994), the value was much larger than those
reported previously of 100 rps for Streptococcus at 22°C
(Lowe et al., 1987), 270 rps for E. coli at 32°C (Lowe et al.,
1987), and 170 rps for S. typhimurium at 30°C (Kudo
et al., 1990).
We proposed a new model to analyze the experimental

results obtained in the present study. Previous models
(Holwill and Burge, 1963; Chwang and Wu, 1971; Azuma,
1992; Ramia et al. 1993) could discuss only the v-f ratios.
Consequently, they could not discuss changes in v and f
according to flagellar length differences among cells, hence
apparent saturation (Fig. 3). To evaluate such effects, the
torque characteristic of flagellar motor was considered in
the present model. The model was simple enough to be
analytically solved and could qualitatively explain the ex-
perimental results, including the apparent saturation that
had not been predicted in previous work.

Discrepancy between the experimental and the
calculated results

Although the model qualitatively explained the experimen-
tal results, there was some quantitative discrepancy between
the experimental and the calculated results. For example,
the average of the experimentally obtained v-f ratios was
20% smaller than the calculated one. The oversimplification
in the model may cause such discrepancy. We ignored
several factors such as deformation of flagellum during
rotation, hydrodynamic wall effect, hydrodynamic interac-
tion between cell body and flagellum, and displacement of
the longer axis of the cell off the flagellar axis.
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The first factor changes the v-f ratio. For example, if the
length of flagellar helix decreases by 5% without winding or
unwinding, the v-f ratio is estimated to increase by 21%.
The second factor is considered to increase the v-f ratio.
Almost all bacteria were observed to swim near and parallel
to the glass slide, so they should experience hydrodynamic
wall effect. Ramia et al. (1993) showed that such effect
would increase the mean swimming speed by less than 10%.
The third factor is considered to decrease the v-f ratio.
Higdon (1979) pointed out that hydrodynamic interaction
between cell body and flagellum should decrease swimming
speed by -20%.
The fourth factor is also considered to decrease the v-f

ratio. The flagellar axis is actually displaced from the longer
axis of the cell because the rod of the motor is connected to
the flagellar filament and not to the axis of the flagellar
helix. Therefore, swing of the cell body should occur. We
actually observed the maximum cell swing of 30°, which
was estimated to decrease swimming speed by 3%. The
fourth factor should also cause bending of the flagellar
helix, as indicated before (Fig. 2 b). The helix bending
should decrease the effective length of flagellar screw and
hence the swimming speed.
The total effect of the above factors might cause the

discrepancy between the experimental and the calculated
results.

Torque characteristic of the flagellar motor

The dependence of motor torque on rotation rate is an
important characteristic used to study the energy transduc-
tion mechanism of the flagellar motor. In the model, we
assumed two types of torque characteristics, that is, constant
torque independent of motor rotation rate (type 1) and
linearly decreasing torque with increasing motor rotation
rate (type 2). Type 1 of torque characteristic was reported by
Manson et al. (1980) and Washizu et al. (1993), and type 2
was reported by Lowe et al. (1987) and Iwazawa et al.
(1993). Berg and Turner (1993) reported that the torque
characteristic was type 1 in the range of slow rotation and
type 2 in the range of fast rotation (corresponding to the
range of free swimming).
The calculated v-f data for type 1 were distributed more

widely than the experimental result (Figs. 3 a and 6 a),
whereas those for type 2 were distributed within almost the
same range as the experimental result (Figs. 3 a and 6 b). To
further investigate the feature, calculated motor rotation rate
and v as functions of filament length are shown in Fig. 7.
For type 1, the rotation rate infinitely increased with de-
creasing filament length. Although the rotation rate in-
creased steeply, v increased only gradually because effi-
ciency of propulsion diminished with decreasing filament
length (see the next section). For type 2, the rotation rate
increased to a finite value (o), and v decreased to zero as
filament length approached zero. Thus differences between
the two types were obvious in the range of shortest filament
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FIGURE 7 Calculated swimming speed and motor rotation rate as func-
tions of filament length. The values of motor torque at 35°C (assumed in
the text) were used in the calculation. Solid and dashed lines represent
swimming speed and motor rotation rate, respectively. Square symbols
indicate the values calculated using the average filament length measured
by TEM. (a) Type 1 of torque characteristic was used. (b) Type 2 of torque
characteristic was used.

length. LDM data for cells having flagella shorter than -4
,tm, however, might not be obtained in the present study
because LDM signals from very short flagella were merged
into stronger signals from cell bodies. Iffof shortest flagella
could be measured, torque characteristic of flagellar motor
would be evaluated from the experimental v-f relation.

Motor torque was estimated for the polar flagellum of V.
alginolyticus so as to fit the calculated f to that of the
experiment (Fig. 6). For example, at 25°C, To (torque at
zero rotation rate) was estimated to be -1 X 10-18 N-m (in
both type 1 and type 2). Values of To reported for other
species were 2.5 X10-18 N-m for Streptococcus at 22°C
(Lowe et al., 1987) and 6.5 X 10-18 Nm for E. coli at
23.5°C (Iwazawa et al., 1993). These values indicate that
the polar flagellar motor of V. alginolyticus can generate
torque a little smaller than others. On the other hand, the
rotation rate of V. alginolyticus polar flagellum was much
higher than those of others, as mentioned above. The polar
flagellar motor of V. alginolyticus seems to be optimized to
rotate fast in the low viscosity medium where large torque
is not necessary. V. alginolyticus is known to use lat-
eral flagella instead of a polar flagellum under high vis-
cosity condition (Baumann and Schubert, 1984). Thus
accurate torque characteristics of both motors are desired to
be determined.
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FIGURE 8 Calculated swimming speeds and efficiencies of cell propul-
sion as functions of filament length (a), cell length (b), pitch of flagellar
helix (c), and radius of flagellar helix (d). Type 2 of torque characteristic
was adopted, and the assumed values of motor torque at 35°C were used in
the calculation. Solid and dashed lines represent swimming speed and
efficiency, respectively. Square symbols indicate the values calculated
using the average values of respective parameters measured by TEM.

It should be noted that q is independent of motor torque (see
Appendix).

Fig. 8 shows v and q1 calculated using type 2 of torque
characteristic as functions of filament length, cell length,
pitch of flagellar helix, and radius of flagellar helix. The
maximums of calculated qr were near the average lengths of
filament and cell measured by TEM (Fig. 8, a and b) but far
from the average pitch and radius of flagellar helix (Fig. 8,
c and d). It is noteworthy that q decreased only slightly in
the actual range of filament and cell lengths (2-8 gm and
1-2 ,tm, respectively). The maximum of calculated v values
deviated from the average values of the parameters except
for radius of helix.
The results showed that the lengths of cell and filament,

which change with growth, are considered to be almost
optimized for -q. On the other hand, pitch and radius of
flagellar helix, which have genetically fixed values, seem
not to be optimized for qr. Therefore, the results suggest that
the evolution of the flagellar shape of bacteria has not
necessarily been optimized for swimming.

We thank F. Oosawa, M. Esashi, and H. Miura for support and discussions;
S. Asakura, S. Tsuge, H. Yoshimura, Y. Mikuriya, and M. Homma for
discussions; and H. C. Berg for critical reading of the manuscript.

The motor torque for an individual cell would be calcu-
lated from the v-f data if the parameters of cell and flagel-
lum for the cell were determined. Among the parameters,
cell and filament lengths might be determined from the
temporal lengths of CELL and FLA parts of LDM data (Fig.
2). However, the temporal length of the CELL part in-
creased two to three times because of the high intensity of
the scattered light from the cell body. This caused large
error values in determining both cell and filament lengths.
Therefore we did not use the cell and filament lengths
determined by LDM data in the analysis.
At each temperature, the experimentally obtained v val-

ues at any f were distributed more widely than were the
calculated v values. This suggests that some parameters that
were not considered in the model affected the distribution.
The difference in torque among flagellar motors may be one

of such parameters. If the motor torque becomes larger, the
data points shift toward the upper right direction in Fig. 6,
and vice versa. Thus the wide distribution of v-f at each
temperature might be caused by the difference of motor
torque characteristic among cells.

Effect of bacterial shape on v and

On the basis of the model, we examined the effect of cell
and flagellar parameters of a V. alginolyticus cell on swim-
ming speed and efficiency of cell propulsion. We define the
efficiency, 'q, as the ratio of the work per unit time for cell
propulsion to the power of flagellar motor,

Fcv
71 Tm(0m (19)

APPENDIX

The solutions of the simultaneous equations (Eqs. 3, 4, 5, 6, 7, 10, 11, and
16 or 17) are summarized as follows:

v = KoCryf

(0c= Ko(a,3f + af/f - yf)

(20)

(21)

(Of = -Ko((arI3 + aff3c)

m = -KO(acIc + acPf + afIc + aff3f - 'yf)

Fc = -Ff = -KOacg,Pc'yf

TC =-Tf = Tm = KO(aCaIcf3f + afl3cPf - 3cyf).

For type 1 of torque characteristic (Eq. 16),

1 acI3cl3f + afIcIf i3cyf

Ko To

For type 2 of torque characteristic (Eq. 17),

1 acI3jcf + af3jcf - 13c'f

Ko To

(22)

(23)

(24)

(25)

(26)

(27)

a + aC3f + afI3C + af/f - f
c~~~~~c)

C.OO

Using the above solutions, the efficiency of cell propulsion q (Eq. 19)
is rewritten regardless of the type of torque characteristics as follows:

acj3cyc'yf

(acjc + acjf + afIc + af3f /f)(atc3f + af3f- f)
(28)
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