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Aerotaxis (migration towards oxygen) of Bacillus cereus M63, a motile strain, was inhibited by potassium
cyanide and 2-heptyl-4-hydroxyquinoline N-oxide, indicating a requirement for both the terminal oxidase
(cytochrome aa3) and the cytochrome b segment of the electron transport system. The concentration of oxygen
that gave a half-maximal aerotactic response (Ko s) was 0.31 pM, which was similar to the K, for respiration
(0.80 puM). The proton motive force increased from —135 to —177 mV when anaerobic cells were aerated, and
it is proposed that the signal for aerotaxis is the increase in proton motive force that results from increased
respiration. A strain of B. cereus T initially used in this study was immotile, grew as long chains of cells, and
was deficient in autolytic enzyme. B. cereus M63 is a spontaneous derivative of B. cereus T that has normal

motility.

Motile bacteria migrate to favorable conditions in re-
sponse to chemical and physical stimuli such as nutrients,
oxygen, pH, temperature, and illumination (for reviews, see
references 6, 11, 15, 21, and 36). In flagellate bacteria, net
migration is governed by the frequency of random direction
changes (5, 22). A momentary reversal in the sense of
flagellar rotation causes a bacterium to tumble, and it then
swims in a new direction (17). The responses to various
favorable stimuli are mediated by pathways that converge to
affect the level of a tumble regulator, which modulates the
probability of tumbling.

Three classes of chemotaxis pathways are known. Three
type I pathways each involve a set of chemoeffectors and a
corresponding methylatable transducing protein that spans
the cytoplasmic membrane (14, 33). Each transducing pro-
tein transmits sensory signal to the signal-processing compo-
nents that modulate the sense of flagellar rotation. Sensory
adaptation for a set of effectors is mediated by a change in
the steady-state level of methylation of the corresponding
type 1 transducing protein (10). Thermotaxis and pH taxis
may also be mediated by a type I pathway (13, 23, 28).

In type II pathways, the effectors are sugars, which are
transported by the phosphotransferase system (26). Trans-
port of the effector is essential for type II chemotactic
pathways but not for type I pathways (2, 27).

In type III pathways, terminal oxido-reductases act as
receptors for their respective terminal electron acceptors
such as oxygen, nitrate, fumarate, and trimethylamine oxide
(19, 34, 35). In Salmonella typhimurium, cytochrome o,
nitrate reductase, fumarate reductase, and trimethylamine
oxide reductase are receptors for type III chemotactic
pathways. Evidence of the role of cytochrome o in aerotaxis
(oxygen taxis) is shown by the inhibition of aerotaxis by
cyanide, the oxygen dose-response relationship, and the fact
that alternative electron acceptors inhibit the response to
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oxygen (19). Studies of the kinetics of respiration and
aerotaxis of S. typhimurium have since confirmed the role of
cytochrome o as the oxygen receptor (18). Taylor et al. (35)
proposed that an increase in oxygen concentration causes an
increase in electron flux in the respiratory chain, which
results in an increase in the proton motive force and suppres-
sion of tumbling. Attempts to test this hypothesis with
respiratory inhibitors in the gram-negative bacteria S. typhi-
murium and Escherichia coli have not succeeded. Therefore,
to test the role of the electron transport system in the
bacterial response to oxygen, we chose a gram-positive
facultative anaerobe which is sensitive to respiratory inhibi-
tors and membrane-active agents without special treatment.
In this report, we discuss the oxygen receptor and the role of
electron transport and proton motive force in Bacillus cere-
us.

MATERIALS AND METHODS

Bacterial strains and growth conditions. B. cereus T was
obtained from J. S. Anderson (31). A motile strain, B. cereus
M63, was isolated as a spontaneous revertant on tryptone
semisolid agar swarm plates (1). Cells were grown at 30°C in
a modified medium described by Anagnostopoulos and Spi-
zizen (3) and supplemented with 0.1% (wt/vol) Casamino
Acids (Difco Laboratories) and 0.6% glucose. For electron
microscopy, exponential-phase cells were harvested and
negatively stained as described by Fein (9).

Cell autolysis assay. Cell autolysis was assayed by the
method of Fan and Beckman (8). The B. cereus cells were
grown to mid-exponential phase, washed twice, and sus-
pended in buffer containing 0.1 M Tris and 0.1 M KCI, pH
8.0. They were then incubated at 30°C, and their optical
density at 600 nm was measured as a function of time with a
Hitachi 100-20 spectrophotometer.

Kinetics of aerotaxis and respiration. The temporal oxygen
gradient apparatus described by Laszlo and Taylor (19) was
used for aerotaxis assays. Cells were observed with a
microscope while a step gradient of oxygen was imposed,
and the period of suppression of tumbling was timed. The
response was analyzed as a function of oxygen concentra-
tion by using a double-reciprocal plot of the data.

The K, for respiration was measured by the method of
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FIG. 1. Morphology of B. cereus T and motile revertant B. cereus M63 grown to exponential phase as described in the text. The cells were
negatively stained with phosphotungstic acid and examined under an electron microscope. Bar, 0.75 uM. A, B. cereus T; B, B. cereus M63.

Longmuir (20, 30) as modified by Rice and Hempfling (29).
The oxygen concentration of a cell suspension was measured
as a function of time. The cell suspension was flushed with
nitrogen until it was anaerobic, and a measured amount of
air-saturated water was added. Data from a trace of rate of
decrease in oxygen concentration due to metabolism over
time were tabulated and then analyzed with a Texas Instru-
ments TI FS990 computer, using a Basic program written by
F. Lawler, Division of Perinatal Biology, Loma Linda
University. The program calculated the K,, for respiration
from a Lineweaver-Burk plot of the data.

Measurement of membrane potential. Membrane potential
was estimated by two methods. Rapid changes were moni-
tored by measuring the fluorescence of 3 ml of a cell
suspension which contained 1 pl of a 1 mM ethanolic
solution of the cyanine dye diS-Cs-(5) (19, 25, 32). Oxygen
concentration was continuously monitored with a needle
oxygen electrode (Transidyne General Corp.) and a silver-
silver chloride reference electrode placed in the fluorometer
cuvette.

The membrane potential was quantitated by measuring the
partitioning of [phenyl-*H]tetraphenyl phosphonium bro-
mide by procedures described elsewhere (J. Shioi and B. L.
Taylor, J. Biol. Chem., in press).

Reagents. The cyanine dye diS-C;z-(5) was a gift from A. S.
Waggoner, Amherst College. [phenyl-*H]tetraphenyl phos-
phonium bromide was purchased from Nuclear Research
Center, Negev, Israel. Unlabeled tetraphenyl phosphonium
bromide was obtained from Aldrich Chemical Co.

RESULTS

Morphology and metility of B. cereus. B. cereus is a gram-
positive facultative anaerobe known to exhibit aerotaxis (4).
The strain obtained from the departmental strain collection
was immotile and grew as chains. Cells grown from spore
stock of B. cereus T obtained from J. S. Anderson (Universi-
ty of Minnesota, St. Paul, where B. cereus T was originally
isolated) lacked flagella and grew as chains (Fig. 1A). A
motile derivative (strain M63) of B. cereus T, selected on
tryptone semisolid agar, did not form chains and was flagel-
late (Fig. 1B). Fein (9) has shown that Bacillus subtilis
strains deficient in the autolytic enzyme lack flagella and
grow as chains. We determined that the original strain of B.
cereus T was defective in autolysis and that autolysis was
restored in strain M63 (Fig. 2).

Kinetics of aerotaxis. In a series of temporal assays, B.

cereus M63 was kept anaerobic for 1 min in growth medium
and then exposed to a predetermined concentration of
oxygen. When anaerobiosis was first imposed, the cells
tumbled, became immotile, and then resumed random motil-
ity. When the bacteria were exposed to oxygen, their
tumbling was temporarily suppressed and they showed a
smooth swimming response. At least five determinations of
the duration of the response were made at each oxygen
concentration and averaged. The K, s was determined by
least-squares linear regression analysis of the data in recipro-
cal form.

The K, s for aerotaxis in B. cereus M63 was 0.31 uM (Fig.
3). The Ky 5 is a reasonable approximation of the dissociation
constant for a receptor, provided that receptor binding is
close to equilibrium. If the oxygen receptor were the termi-
nal oxidase, the K,s should be similar to the K,, for
respiration. Aerotaxis should also be inhibited by potassium
cyanide, and this was confirmed.

Kinetics of respiration. The rate of respiration was deter-
mined as a function of oxygen concentration by computer
analysis of the variation in the amount of oxygen consumed
over time by B. cereus M63 in a closed vessel (29). The K,,
for respiration was 0.80 uM (Fig. 4). This value was similar
to the K s value for the behavioral response and indicated
that cytochrome aas;, the terminal oxidase in B. cereus (7,
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FIG. 2. Autolysis of B. cereus T and B. cereus M63 cells. The
cells were washed and suspended as described in the text. The
decrease in absorbance at 600 nm was measured, and the initial
absorbance was designated as 100%.
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FIG. 3. Double-reciprocal plot of the dependence of aerotaxis of
B. cereus M63 on oxygen in the absence and presence of HOQNO.
Each point is the mean of at least five determinations. HOQNO
concentrations: - - -, 0; —, 2.0 pM.

16, 24), was the oxygen receptor in the aerotactic pathway.

Role of the electron transport system in aerotaxis. Taylor
and co-workers (35) proposed that the electron transport
system and not just the terminal oxidase was a part of the
sensory transduction pathway for aerotaxis. The respiratory
inhibitor, 2-heptyl-4-hydroxyquinoline N-oxide (HOQNO)
was used to test this hypothesis. The noncompetitive pattern
of inhibition of respiration (Fig. 4) is explained by the fact
that HOQNO acts at the b cytochromes (24; unpublished
data). When aerotaxis was assayed in the presence of 2 pM
HOQNO, a noncompetitive pattern was obtained (Fig. 3).
This result is consistent with HOQNO inhibition at cyto-
chrome b and supports the hypothesis that aerotaxis is
mediated by the whole electron transport system and not just
by the terminal oxidase.

In anaerobic medium, ferricyanide can replace oxygen as
the electron acceptor for respiration in B. cereus. Ferricya-
nide is also an attractant for this species. In a temporal
assay, the mean response time to 2 mM potassium ferricya-
nide by B. cereus M63 was 8.0 = 1.5 s.

Role of proton motive force in aerotaxis. In S. typhimurium,
anaerobiosis causes membrane depolarization, and the cells
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) FIG. 4. Double-reciprocal plot of the dependence of respiration
in B. cereus M63 on oxygen in the absence and presence of
HOQNO. HOQNO concentrations: - - -, 0; ——, 2.0 uM.
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show slow, smooth swimming (12, 19). B. cereus also
undergoes membrane depolarization during anaerobiosis
(Fig. 5). This was reflected in a large increase in fluorescence
of diS-C;-(5) after the cells used all the oxygen in the
medium. The change in membrane potential was quantified
by flow dialysis and [*H]tetraphenyl phosphonium bromide
(data not shown). The membrane potential was —177 mV for
aerobic cells and —135 mV for anaerobic cells. The anaero-
bic cells were initially nonmotile (Fig. 5) but regained
random motility after ca. 2 min. However, unlike S. typhi-
murium, B. cereus showed gradual membrane repolarization
during anaerobiosis, which correlated with the recovery of
motility. A stepwise increase in oxygen concentration was
accompanied by a rapid return of the membrane potential to
the base-line level. This result is consistent with the hypoth-
esis of Taylor et al. (35) that an electron transport-induced
change in the proton motive force is the signal that regulates
tumbling frequency in aerotaxis.

DISCUSSION

Previous studies of the mechanism of aerotaxis in the
gram-negative S. typhimurium established that the sensory
oxygen receptor is cytochrome o, the terminal oxidase of the
electron transport system (18, 19, 35). Although data consis-
tent with mediation of aerotaxis by the flux of electrons
through the electron transport system were presented, there
was no direct evidence that components of the electron
transport system, other than cytochrome o, are involved in
aerotaxis. The present studies of aerotaxis of the gram-
positive organism B. cereus show that the cytochrome b
segment of the electron transport system is required for
aerotaxis in addition to the terminal oxidase, cytochrome
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FIG. 5. Effects of increasing and decreasing temporal oxygen
gradients on fluorescence of diS-Cs-(5) and on motility of B. cereus
M63. The bacteria were prepared as described in the text. The
fluorescence and motility were simultaneously examined in a fluo-
rometer and in a flow cell under a microscope. The oxygen
concentration in the fluorometer cuvette was altered by flushing the
air space at the top of the cuvette with either nitrogen or air. The
composition of the gas ventilating the flow cell was regulated
manually to correspond to the reading of the oxygen electrode in the
fluorometer cuvette. R, Random swimming pattern; S, smooth
swimming pattern; NM, nonmotile.
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aa;. The receptor was identified on the basis of inhibition of

aerotaxis by potassium cyanide, comparison of the K s for
aerotaxis (0.31 pM) and the K,, (0.80 wM) for respiration,
and confirmation that cytochrome aa; is the only cyto-
chrome oxidase in B. cereus M63 from early exponential
phase (unpublished data). The requirement for the cyto-
chrome b segment of the electron transport system was
shown by inhibition of aerotaxis and respiration by
HOQNO. Inhibition was noncompetitive with respect to
oxygen. The simplest explanation of the need for the elec-
tron transport system in aerotaxis to have two components is
that aerotaxis is mediated by the flux of electrons through
the electron transport system. Attempts to study the effect of
HOQNO on respiration and aerotaxis in S. typhimurium and
E. coli were unsuccessful, presumably because HOQNO did
not penetrate the outer membrane.

When anaerobic B. cereus M63 cells at pH 7.5 were
exposed to air, the proton motive force increased from —135
to —177 mV. This correlated with the excitation phase of the
aerotactic response of smooth swimming. The decrease in
proton motive force after aerobic cells were deprived of
oxygen corresponded to the initiation of a tumbling re-
sponse. These results are similar to those obtained with S.
typhimurium (19) and suggest that the signal for aerotaxis is
the increase in proton motive force that results from in-
creased respiration when the concentration of oxygen is
increased. Responses to manipulation of the proton motive
force in both S. typhimurium and B. cereus are consistent
with this hypothesis. The motility pattern of B. cereus during
the aerotaxis temporal assay was qualitatively similar to the
response of S. typhimurium. Unlike S. typhimurium, B.
cereus underwent a nonmotile period when anaerobiosis
began. The smooth-swimming B. cereus response to an
oxygen temporal stimulus reached a maximum of ca. 30 s,
which is approximately twice the maximum response for S.
typhimurium, and this facilitated precise determination of
the K, s for the oxygen receptor.

The similarity of the mechanism for aerotaxis of S. typhi-
murium, E. coli (D. J. Laszlo, Ph.D. thesis, Loma Linda
University, Loma Linda, Calif., 1981), and B. cereus cells
suggests that the mechanism may be universal in aerobic and
facultative bacteria (34).
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