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The velocity, run time, path curvature, and reorientation angle of Chromatium minus were measured as a
function of light intensity, temperature, viscosity, osmotic pressure, and hydrogen sulfide concentration. C.
minus changed both velocity and run time. Velocity decreased with increasing light intensity in sulfide-depleted
cultures and increased in sulfide-replete cultures. The addition of sulfide to cultures grown at low light intensity
(10 microeinsteins m-2 s-') caused mean run times to increase from 10.5 to 20.6 s. The addition of sulfide to
cultures grown at high light intensity (100 microeinsteins m-2 s-') caused mean run times to decrease from
15.3 to 7.7 s. These changes were maintained for up to an hour and indicate that at least some members of the
family Chromatiaceae simultaneously modulate velocity and turning frequency for extended periods as part of
normal taxis.

Purple sulfur bacteria are anaerobic phototrophs that
contain bacteriochlorophyll a and carotenoids as major
pigments and oxidize hydrogen sulfide as the primary elec-
tron donor for photosynthesis. The oxidation is carried out
in the periplasmic space by at least two separate pathways,
one via cytochrome c and the other via a reverse sulfite
reductase (18).
Chromatium spp. range in size from 1 to 40 ,um, and

motility is one of the distinguishing characteristics of the
genus (27). There is now more qualitative and quantitative
information on the motility of other genera of bacteria such
as Escherichia and Rhodobacter (2, 22), despite the fact that
early work on bacterial motility began with the large photo-
synthetic sulfur bacteria (8, 10, 28). These early works
provide detailed description of movement in the larger
Chromatium species, Chromatium okenii and Chromatium
weissii, including reports of random walks and migration into
attractant-containing capillaries (8, 28). Flagella were ob-
served to propel cells in both directions of rotation, although
the movement in one direction was short-lived and was
interpreted as a shock or distress response (8, 10). This
mechanism is distinct from that of the well-studied enteric
bacteria such as Salmonella typhimurium and Escherichia
coli, in which flagellar rotation in one direction usually
randomly reorients the cell and rotation in the opposite
direction propels the cell (21, 22). The bidirectional move-
ment characteristic of Chromatium spp. is also different
from that of other photosynthetic bacteria such as
Rhodobacter sphaeroides (3), in which the motor rotates in
only one direction, but is similar to the movement of
spirochaetes and Rhodospirillum spp. (11). While Rhodospi-
rillum spp. have been reported to change speed in response
to light (9), early works on Chromatium spp. did not measure
speed and enteric bacteria maintain constant speed.
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Chemotaxis in enteric bacteria is achieved through a run
and tumble mechanism in which a cell swims longer and
tumbles less frequently when it is moving up a gradient of
attractant than when it is moving normal to or down a
gradient (5). The tumbling frequency is controlled by the
interaction of the attractant (stimulus) with receptors on the
cell surface. A substrate for which there is no specific
processing mechanism is ignored. In contrast, members of
the family Chromatiaceae and other bacteria change swim-
ming speed as light intensity changes (9, 10). This has the
advantage that cells may stop or almost stop under favorable
conditions and so accumulate in the region where conditions
are advantageous or optimal for growth. Since speed is
reduced, cost to the cell is also reduced. The disadvantage of
reducing speed is that gradients of physical factors present in
the environment may influence speed and so cause accumu-
lation or migration that is deleterious (7, 13, 14). Tempera-
ture, viscosity, osmotic pressure, and sulfide concentration
were used here to elucidate the mechanisms by which
Chromatium minus achieves migration in a gradient.
We found C. minus changed both velocity and run time.

This dual system may be explained by the need of these
obligate anaerobes to precisely place themselves in a verti-
cally stratified environment, such as the band of cells in Fig.
1, so that they receive necessary light and sulfide but
minimize exposure to oxygen. This precise positioning ca-
pability is reflected and supported by quantitative laboratory
observations here, in previous qualitative work (8, 10, 26,
28), and in reports from field distributions (15).

MATERIALS AND METHODS

Growth media and conditions. C. minus was isolated by
Montesinos (24) from Lake Cis6, Banyoles, Spain. Cells
were grown on minimal salts medium by the method of van
Gemerden and Beeftink (29) with hydrogen sulfide added
daily to 1 mM unless otherwise stated. Cultivation temper-
ature was at 23°C, and light intensity was between 20 and 30
microeinsteins (,uE) m-2 s-i unless otherwise stated.
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FIG. 1. A population of C. minus positioning itself in a gradient
of oxygen (diffusing from the surface) and sulfide (introduced at the
bottom) in a 125-ml bottle. The dark band in the middle of the bottle
is the cell population. The band narrows until cell concentration in
the band is sufficient to start density-driven convection. The begin-
ning of this convection can be seen at the bottom of the band as faint
streamers of cells. Injection of larger amounts of sulfide moved the
band upward in the bottle. The band is the macroscopic result of the
behavior of individual cells, as described in the text and figure
legends.

Because C. minus is sensitive to oxygen, care was taken to
minimize the exposure of media to air. This was particularly
important during microscopic examination. Cells were ob-
served in chambers created by placing strips of coverslip on
a slide and covering these with a whole coverslip. This
created a chamber with a depth of 100 ,um between slide and
coverslip, with gaps of 1 to 3 mm at each corner. To check
for wall effects, cell velocity was also measured in chambers
10 (no prop) and 1,000 (slide prop) ,um deep. Chambers were
filled by capillary attraction from one of the corners, while
the gaps at the other three corners allowed air to escape.

Samples that were to be viewed either for more than a few
minutes or repeatedly were sealed at the edges with silicone
stopcock grease or sterile petrolatum. This allowed cells to
be viewed for hours, and cells remained motile for up to 2
weeks.

Video measurements. Measurements were made by using
an Olympus BH-2 reflected light microscope at a magnifica-
tion of x400 and a Sony professional video camera for
recording bacterial movement. For the video recordings an
entire population of motile cells was measured. Stationary
cells were not included in the counts. No attempt was made
to distinguish between single cells and cells that had divided
but not separated. Recordings were made on a Umatic video
magnetic tape recorder, and for counting, the images were
transferred to VHS format. Distance on the video screen
was calibrated by recording a stage micrometer. The mea-
sured error due to screen distortion was less than 2.5%. The
primary source of error appeared to be that associated with
manually starting and stopping the stopwatch and with
decrease in path length associated with projecting a three-
dimensional process onto a two-dimensional screen (see
Discussion). Measurements were made on the monitor
screen by stretching plastic wrap flat against the screen
surface and following a cell with a permanent marking pen
(Fig. 2). This process was timed, and the same path could be
rerun to check the timing. This gave values for velocity, path
curvature, and reversal angle.

Direction reversals were not always exactly 1800. To
measure the angle, reversals were videotaped and pathways
were traced onto plastic wrap directly from the television
screen. A sample is shown in Fig. 2B. Angles were measured
with a protractor and checked trigonometrically.

Direct measurements. Direct measurements were made
with a Nikon or an Olympus BH2 phase-contrast microscope
at x400 magnification. Velocity was measured by recording
with a stopwatch the time required for a cell to swim from
the center to the edge of the microscope field. Since the cells
did not always swim in a straight line, this method gives an
average velocity. Cells that stopped or reversed direction
before reaching the edge were not counted. With this
method, only one cell in a field could be measured at a time.
The cells within a field showed a range of velocities. To
minimize unknown or uncontrollable observer bias, the cell
judged fastest in each field was the one measured. This
overestimates the mean velocity of the population but was
considered preferable to attempting to choose a cell moving
with the mean velocity. Direct microscopic measurements
were considered inferior to video-derived values, and their
use was minimized. The sulfide and light experiments, in
which velocity changes were pronounced, were the only
ones in which direct measurements of velocity were made.
At intervals, swimming cells reversed direction. The time

between these reversals was measured and was called the
run time. To minimize collision with the chamber walls,
which might decrease the run time, measurements were
made only on cells in the center of the chamber. The center
of the chamber was found by using the vernier scale on the
microscope fine focusing knob. Duplicate tubes were used
for each condition.
Temperature change. Chambers were sealed with silicone

grease. Velocity and path curvature were measured at 5.15,
10.30, 15.40, 21.33, 25.70, 30.84, 36.36, 41.19, and 46°C on
the microscope stage. The stage temperature was maintained
by the Peltier effect through a computation system con-
trolled by a personal computer with resolution and repro-
ducibility of ±0.003 K (1). Changes between temperatures
were made over 5 to 15 min, and cells were maintained at
each temperature for between 5 and 10 min. During both
periods the stage was maintained under a nitrogen atmo-
sphere to prevent condensation and to further reduce expo-
sure to oxygen.
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FIG. 2. Trajectories of C. minus as seen after being traced from
the television screen onto clear plastic wrap. Each line represents
the path length a cell traveled, with the arrowhead indicating the
direction. (A) Velocity was calculated from the time a cell took to
travel the length of the arrow. The inset shows how the path
curvature was measured. A straight line was drawn from the
beginning to the end of a cell path (A to B) in which there were no
turns or stops. Then, tangents (AC and BD) were drawn at the
beginning and ending points, creating two'angles, + and +' (BAC
and ABD), which were measured to the nearest quarter degree and
averaged. The process was repeated for each path. (B) Trajectories
of C. minus that include reversals. Douible-headed arrows indicate
that cells reversed and retraced the line to within the resolution of
the method, between 1 and 2 p.m. The angles of these reversals were
counted as 180°. Lines without arrows are the sides of the reversal
angle.

To increase viscosity, dextran (molecular weight, 5 x 105)
was used' at concentrations (wt/vol) of 0.25, 0.5, 1.1, and
2.2% or glycerol was used at concentrations of 2.5, 5, 10, and
20%. Adding'glycerol increased osmotic pressure. Values
for viscosity and osmotic pressure were obtained from the

CRC Handbook (30). To increase sulfide concentration,
neutralized sodium sulfide was added to 125-ml cultures for
a final concentration of 1 mM (29), and the first velocity
measurements began 3 to 7 min later. Over the next 24 h, five
to seven measurements followed this first measurement.
This process was repeated at 1, 10, 25, 50, and 100 ,uE m-2
s-

Cell diffusivity. The diffusion coefficient for a population of
cells was calculated from cell velocity, the run time, and the
cells' reversal angle (see reference 4, p. 93). D, is the
diffusivity based on turning angle (4):

D = v2tI[3(1- G)] (1)
where v is cell velocity, t is run time, and G is the cosine of
the angle. The rotational diffusion of the cell, Dr, is given as

Dr = kTI8&na3 (2)
where k ig Boltzmann's constant, T is absolute temperature,
n is dynamic viscosity, and a is the cell radius of an
equivalent sphere (measured average long radius = 2.25 ,um
[23a]). Equation 2 is an overestimate of diffusional rotation
(Dr) that does not account for the stabilizing influence of the
flagellar bundle. Correction for this stabilization is presented
in the Discussion. Dr was used'for calculating the time, t, it
took for a cell to rotate through a given angle from reference
4:

t = (02)4Dr (3)
where (02) is the mean-square angular displacemnent for a cell
of rotational diffusional coefficient Dr.

RESULTS
Run times. Analysis of video tracks (Fig. 2) showed that

cells, on average, reversed direction once every 7 to 20 s at
23°C and that the run time was not significantly influenced by
chamber depths (Table 1). The frequency distributions of rnii
times are shown in Fig. 3. The distributions for low (10 ,uE
m-2 s-) and high (100 ,uE m2 s-') light intensity best fit the
exponential function y = ae-7x (Fig. 3). At low light inten-
sity, a = 0.23 (standard error [SE] = 0.020), b = 0.048 (SE
= 0.006), and r2 = 0.85. At high light intensity, a = 0.77 (SE
= 0.020), b = 0.145 (SE = 0.0039), and r2 = 0.997. ThO
distributions were different (P > 0.95).

Direction reversal. To change directions, the cells did not
turn; rather, the front became the back and the back becanle
the front (Fig. 213). About half of all reversals were within 20
of 1800. In many runs, cells would retrace their path for 10 tb
15 p.m and then veer abruptly off of the path (Fig. 2B; paths
without arrows), swimming along a straight line in a neW
direction. These deviations were included in the measure-
ments of reversal angle, as the cells did not tumble during the
veer and as the front end of the cell remained the front end,
Mean reversal angles were 173.0° (95% confidence interval
[CI] = 2.20; n = 56) in sulfide-depleted cultures and 1750
(95% CI = 1.70; n = 71) in cultures with sulfide.

TABLE 1. The influence of light, chamber depth, and hydrogen sulfide on the run times of C. minus

Run time (s) (95% CI) (n) at the followinlg light intensity (p.E/m2/s)
Sulfide concn and chamber depth (,um):

(mM)
100 and 10 100 and 100 100 and 1,000 10 and 100

0 11.0 (3.7) (129) 15.3 (2.6) (55) 14.2 (1.4) (86) 10.5 (2.2) (196)
1 NDa 7.70 (1.6) (112) ND 20.8 (4.1) (196)

a ND, Not done.
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FIG. 3. The measured (symbols) and estimated (lines) probabil-
ity distributions of run times for cells grown at 10 (O) and 100 (0) ,uE
m- 2 s-'. Run times longer than 60 s are not plotted (65, 67, 68, 70,
75, 82, 84, 85, 88, 99, 115, and 131 s at 10 ,uE m2 s-, and none
longer than 60 s at 100 ,uE m-2 s-1). The runs longer than 60 s
represent about 6% of the 207 low-light-intensity runs measured.

Path curvature. Cells did not swim in straight lines (Fig. 2);
their mean path curvatures were 5.60 (95% CI = 0.97°), 8.4°
(95% CI = 0.73°), and 6.4°(95% CI = 1.40) over 1 s at 15, 23,
and 30°C. At the same temperatures the theoretical curva-
tures from equations 2 and 3 were 13, 14.5, and 160 over 1 s.
The discrepancy between the two sets of values is explained
in the discussion.

Velocity changes. Velocity increased as a function of
temperature with a slope of 0.54 ,um s-1 OC-l (Fig. 4A). For
1 cP of viscosity increase, velocity decreased 5.9 pm s-'
(Fig. 4B). For 1 osmol increase of osmotic pressure per
kilogram, velocity decreased by 3.3 ,um s-1 (Fig. 4C). The
decrease in viscosity that occurred with an increase in
temperature explained about 26% of the velocity increase.
The remaining 74% is attributed to increased metabolic
activity. Figure 4 shows that when only viscosity was
changed (by using dextran) and temperature was kept con-
stant, the velocity changed by 6 pum s-1 cP-1, whereas the
change was 23 ,um s-1 cP-1 with the temperature change.
The influence of light intensity on cell velocity depended

on whether sulfide was present in the medium (Fig. 5). When
sulfide was present, velocity decreased by 23%. Between 10
and 100 ,uE m-2 s-', velocity decreased 23% when sulfide
was present and 67% when sulfide was absent (Fig. 5).
The velocity increase caused by sulfide was transient (Fig.

6). Velocities began to decrease immediately after the sulfide
was added. The decrease corresponded to the appearance
and development of sulfur inclusions in the cells, which
indicates a depletion of sulfide in the medium. The maximal
velocity achieved after the addition of sulfide was indepen-
dent of the initial background velocity. The maximal velocity
did not depend on the amount of sulfide added and was the
same at 0.1, 1, and 5 mM sulfide concentrations (Fig. 6B).
What did change with the change in sulfide concentration
was the time cells required to return to the initial velocity;
the cells in 0.1 mM sulfide required minutes, while the cells
in 5 mM sulfide required hours (Fig. 6B). During these
periods of maximal velocities, the diffusivities were 2 x 10-
and 0.4 x 10-5 cm2 s-1 at 10 and 100 ,uE, respectively, with
sulfide and 0.1 x 10-5 at 100 p.E without sulfide.

DISCUSSION
The motility of the purple sulfur bacterium C. minus is

characterized by mean run times of 7 to 20 s, 1800 direction
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FIG. 4. The change in cell velocity as a function of the physical
parameters of the medium. (A) The effect of temperature on cell
velocity and viscosity. Symbols: O, cell velocity; A, viscosity of
water (30). (B) Cell velocity as a function of viscosity. Symbols: O,
velocity with dextran added; A, velocity with glycerol added. (C)
Velocity as a function of osmotic pressure. Glycerol was used to
change the osmotic pressure (see Materials and Methods). Error
bars in A, B, and C are + the 99% CI. Where there are no bars, the
error is smaller than the symbol.

reversals, and velocity that changes in response to viscosity,
light, and hydrogen sulfide. These characteristics are in
contrast to those of the well-studied enteric bacteria that
have run times of 1 to 2 s, usually reorient by tumbling, and
display uniform velocity for a given cell. As a consequence
of the long run times of C. minus, it may be able to sense
shallower gradients than enteric bacteria. Sensitivity to
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FIG. 5. The effect of cultivation conditions on cell velocity. Cells
were cultivated at five different light intensities and harvested after
depletion of sulfide and intracellular sulfur (no visible inclusions).
The lower line represents velocities of cells incubated in the absence
of sulfide, and the upper line represents cells immediately after
(within 7 min) exposure to 1 mM sulfide. Symbols: A, velocities in
sulfide-depleted cultures. Error bars are + the 99%o CI.

chemical gradients depends on the possession of specific
receptors which recognize the compound, their number on
the cell surface, and their radius. A mathematical description
which predicts cell sensitivity to gradients, as a function of
the gradient steepness and the aforementioned physiological
characteristics, was presented by Berg and Purcell (6). By
using their notation, the time, T, to sense a concentration is

/ Ns
T > 'waD.

Ns + Tra

( cc1/2
C + C112

1 a) 2- 1/3

c=a (4)

where a is cell radius, D is molecular diffusivity, N is the
number of receptors on the cell surface, s is the receptor
radius, c is the mean concentration, c112 is the ligand
concentration at which half of the receptors are bound, and
(1/E) (a/lat) is the temporal gradient. The temporal gradient
is converted to a spatial gradient by substituting (v/E) dc/dx
(6), where v is cell velocity. We define a binding constant as

B = 7raDc [Nsl(Ns + 7ra)] (5)

To change the inequality in equation 4 to an equality, we
define the dimensionless empirical constant K, which relates
the minimum time needed for sensing the gradient to the time
over which solutes diffuse to the receptors. Substituting
equation 5 in equation 4 and rearranging gives

> [c (c + c112)IT3BV2Cll2]ax

B

.^

E

-

.

i

0

.1;

I

time (hours)
FIG. 6. Cell velocity as a function of time. At time zero, sulfide

was added to 1 mM. Cells were grown at 25 ,uE m-2 s-1. Values
before time zero are measurements in sulfide-depleted cultures in
which cells contained no visible sulfur inclusions. (A) Each line
represents cells grown at different light intensities: 100 (0), 50 (0),
25 (A), 10 (x), and 1 (O) ,uE m2 s-. (B) Effect of different
concentrations of sulfide on velocity, 0.1 (O), 1 (0), and 5 (x) mM.
Inclusions began appearing 15 to 30 min after the sulfide had been
added to cultures. During the 10 min required for each count, there
was no change in cell velocity. Error bars for A, B, and C are ± 99%
CI and are approximately the same size for all points on a line.
Where they are not present, they have been left off to increase the
clarity of the figure.

stabilization is derived from considering the flagellar bundle
as a series of small connected spheres (12) and is

Dr = (kTI8rrnab)[1 + (L/2a)]-3 x

(7)
(6)

Equation 6 predicts that as run time increases, progressively
shallower gradients can be detected. Thus, C. minus is well
adapted to sense shallow environmental gradients.
Path curvature correction and significance. Longer run

times only function as a strategy to detect shallow gradients
if during the run the cell is not deflected more than about 900
by Brownian motion. For this reason, the angles of the path
curvatures were measured. The observed values (5.6, 8.4,
and 6.40 in 1 s) must be corrected for the reduction in
curvature that results from tracing a three-dimensional path
onto a two-dimensional surface. The values, corrected for
this loss, are 7.9, 11.9, and 9.00 in 1 s. The theoretical
curvatures obtained from equations 2 and 3 (13, 14.5, and 160
in 1 s) depend on cell size, temperature, and viscosity and
need to be corrected for the stabilization against rotation
provided by the flagellar bundle. The equation for rotational

31+ 3 bij {1 - [1 + (L/2a)] - 1}i (aflaYj

where L is flagellar bundle length, bi are the rotation
coefficients, af is the flagellar bundle radius, and other
variables are as previously defined.

Solving equation 7 using nine coefficients (12) indicates
that stabilization reduces rotation to 2.2, 2.5, and 2.8° in 1 s
at 15, 23, and 30°C. The discrepancy between the observed
and measured values may result from an incorrect assump-
tion about flagellar bundle length, errors in measuring cell
size, nonspherical cell shape, and helical swimming paths
that were mistakenly measured as rotation. Alternatively,
the model on which equation 7 is based may not be entirely
appropriate in this case. The mean change in direction during
runs of an E. coli wild-type strain has been measured as
about 230 for a run time of about 0.9 s (5). Another work
gives the rotation for E. coli over 1 s as about 270 and the
rotation for an equivalent volume sphere (no flagellar stabi-
lization) as about 30° (4). We calculate that an equivalent
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volume E. coli sphere rotates between 28 and 290 in 1 s.

Applying equation 7 for flagellar stabilization gives a rotation
of 6.40 in 1 ,. This indicates that equation 7 overestimates the
stabilizing influence of the flagellar bundle on cell rotation.
Our mean observed rotation of less than 100 is intermediate
between the 2.5 and 150 mean theoretical rotations found
above and may reflect a numnber close to the true rotation for
C. minus. In any case, a curvature of a few to 100 in 1 s for
C. minus is less than the 30° in 1 s for E. coli (4, 5) and means
that C. minus can swim for more than 45 s before rotating
900.

Run time and diffusivity. The exponential dis,tribution of
run times (Fig. 3) is consistent with previous work (5) and
meets one of the requirements for using equation 1 (see
reference 4). The distributio4s in Fig. 3 indicate that reversal
is more frequent at low light intensity than at high light
intensity. This difference persisted for minutes to hours and
thus is distinct from the classical shock response reported
for members of the family Chromatiaceae (10, 28). These
longver run times and higher velocities at low light intensity
increase diffusion coefficients compared with high light con-
ditions and enhance tactic response by rapidly bringing cells
into new environmepts to which they can respond, as is
apparently occurring in Fig. 1.

Figure 3 suggests that the molecular memory of C. minus
should be longer than in enteric bacteria. If run times in C.
minus are coptrolled by methylating chemotaxis proteins or
equivalent tran4ducers, the longer memory might be ex-
plained by slower methylation and demethylation or a more
extensive pool of sites and receptors than is found in enteric
bacteria (16, 19).

Velocity change. Modulation of velocity appears to be
controlled by at least. two factors. Light decreases velocity,
but exposure to sulfide overrides the decrease, raising the
velocity to a maximum. A clue to the cause of this maximum
is provided by the transitory nature of the velocity maximum
that C. minus showed in response to sulfide addition. This
may have been because the sulfide was added once, so that
as uptake by cells occurred, the concentration in the medium
decreased. This implies that velocity depended on the exter-
nal concentration of sulfide and that as concentration fell so

did velocity. The velocity decrease continued until a lower
limit was reached. The lower velocity limit appeared to be
determined by light intensity, with high light intensity de-
pressing the minimum velocity (Fig. 6B). From this we
conclude that the external sulfide concentration determines
th'e cell velocity above a lower limit set by the intensity of
light during cultivation. The light intensity probably sets the
lower limit by controlling the number of reaction centers and
light harvesting units. After cultivation in dim light, the
number of reaction centers and light harvesting units would
increase and consequently, the minimum velocity would
inqrease. Other schemes are possible, but this may be the
simplest.
Among the factors upon which the upper limits of velocity

depend are the amount of thrust the flagella produce and the
viscosity of the medium. The number of motors does not
change over short periods, and viscosity is uniform in
cultures and many environments, since it is primarily a
furtion of temperature and secondarily function of the
miedium's chemical composition. Under such constant envi-
ronmental conditions, one of the important influences on
velocity will be the motor rotation rate, which in turn is
influenced by the proton motive force, among other factors.
If"the sulfide oxidation occurs in the periplasmic space, as

h4s been proposed for members of the family Chromati-

aceae (17, 18), protons would be added to the proton pool,
which would increase motor rotation rate and give a boost to
velocity. Velocity would slow as the sulfide in the medium
was depleted, as we found in Fig. 6. This does not mean the
cell slows because of a depletion of electron donors; the
elemental sulfur in the ilclusions can still donate lectrons.
Rather, the velocity decrease is consistent with the possibil-
ity that the two hydrogen atoms on the sulfide are removed
just outside the cell membrane and subsequently diffuse
down the proton gradient into the cell. The physiological
limits are then the speed at which Protons can be generated
and the speed at which they can diffuse down their gradient.
As temperature and hence, molecular diffusivity increased,
so did velocity, as would be expected. Physiological limits,
however, do not explain the entire velocity change, The
external physical environment must also be considered.
Lowe et al. (20) and Maeda et al. (23) found velocity

changes with temperature for Streptococcus sp. and E. coli
that were similar to those shown in Fig. 4; hQwever, the
slope in Fig. 4 at 0.5 ,um s 0C-1 is lower than'their slopes
of approximately 0.9 and 1.9 pLm s-1 0C-1, indicating a
weaker dependence of velocity on temperature for C. minus
than for Streptococcus sp. and E. coli. Figure 4C indicates
that the decreased sensitivity to temperature was a meta-
bolic response and not simply due to the reduction of drag
over the cell surface. Insensitivity to temperature change
makes sense for bacteria found in environments where
fluctuations are large compared with the constant 370C of the
intestine.
The sensitivity of members of the family Chromatiaceae

to sulfide is greater than for other groups that utilize sulfide
such as members of the family Chlotobiaceae (26). Such
sensitivity means that the possession of both tactic and
kinetic capabilities is imnportant for precise positioning at the
interface between oxygen-rich and sulfide-rich environments
(Fig. 1). The gradients in these environments, such as light,
sulfide, and oxygen, are usually one-dimensional and ori-
ented perpendicular to the acceleragtion of gravity, which is
to say that by and large the change in a physical parameter is
much greater vertically than horizotitally. Corresponding
vertical orientation by some Chromatium species can be
inferred from the organized vertical migrations (25) and can
be seen in the film by Pfennig (24a). The cause of such
orientation is due to a combination of the hydrodynamic
effect resulting from a thin tail being attached to a rod or
sphere and the absence of immediate random reorientation.
Vertical orieptation combined with the reversal of direction,
instead of random reorientation, indicates that some mem-
bers of the family Chromatiaceae are well adapted for
migrating one-dimensionally.
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