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The production of a Bacillus cereus enterotoxin, measured as rabbit skin
permeability factor (PF), in response to differences in glucose availability, pH,
and dissolved oxygen tension was studied in a 1-liter batch fermentor system.
Glucose had to be present for toxigenesis to occur. In uncontrolled fermentation
an increasing inhibition of PF production and growth occurred as pH dropped
below 6.5. Optimum pH for toxigenesis was 7.0 to 7.5, and fermentations main-
tained at this level yielded 10- to 20-fold more PF than comparable uncontrolled
fermentations. PF production was appreciably diminished at or below pH 6.0 and
at or above pH 8.5. Peak PF titer was associated with a drop in acid output, and
the titrant utilization profile could be used as an indication of this point. Produc-
tivity was greatest in the early exponential phase of growth and decreased to zero
at the transition phase. Differences in dissolved oxygen tension affected both the
maximum productivity early in the fermentation and the rate of its decrease as
growth progressed. The optimum dissolved oxygen tension for toxigenesis was
0.002 atm, and the most rapid growth occurred at 0.10 atm. Productivity and
growth were reduced under anerobic conditions, whereas a hyperoxic environment
severely reduced productivity, but not growth. Postexponential-phase loss of toxic
activity coincided with a rapid increase in cellular oxygen demand. Neither was
inhibited by the presence of glucose. However, PF loss was completely prevented
by stringent oxygen limitation. Extracellular proteolytic activity did not appear
to be responsible for the loss of toxic activity.

Thus far, two distinct enterotoxic activities
have been demonstrated in Bacillus cereus iso-
lated from outbreaks of food poisoning. The first
is one or more diarrheal factors which cause
fluid accumulation in the ligated ileal loops of
young rabbits (18), alteration in capillary perme-
ability in rabbit skin (12), and diarrhea in rhesus
monkeys (16). These activities appear to be the
function of a single toxin or a group of closely
related toxins. Turnbull (19) has recently shown
that these activities may be mediated by the
stimulation of the adenylate cyclase-cycic AMP
system. The second toxic activity has been dem-
onstrated in strains of B. cereus isolated from
outbreaks of nausea and vomiting resulting from
the consumption of heavily contaminated
cooked rice. This factor is capable of causing
vomiting in rhesus monkeys, but has no appar-
ent diarrheal activity (16).
An ileal loop-active enterotoxin was first de-

scribed by Spira and Goepfert (17), and many of
its toxic activities and biological charactertistics

have been described previously (10, 12, 17, 18).
The strain (B-4ac) used in the work reported
here was used extensively in these earlier stud-
ies. All data published thus far on this strain
indicate strongly that a single moiety is respon-
sible for the variety of enterotoxic manifesta-
tions reported. In particular, a one-to-one rela-
tionship appears to exist between capillary
permeability activity and the indication of fluid
accumulation in the rabbit ileal loop (W. M.
Spira, Ph.D. Thesis, University of Wisconsin,
Madison, 1974). We have reconfirmed in our
laboratory that this relationship holds good un-
der a variety of environmental conditions (un-
published data) and consider the blueing activity
seen in the rabbit skin test to be a function of
ileal loop-active enterotoxin, at least in strain B-
4ac. Since there is some question among inves-
tigators whether this relationship holds for other
strains, however, we have limited ourselves to
calling this skin activity "permeability factor"
(PF) until the matter is publicly clarified.

109



110 SPIRA AND SILVERMAN

Our primary purpose in this investigation has
been to gather basic data on cellular response to
the environment in terms of toxin production so
we could project this knowledge to food systems.
We have focused, in particular, on pH and dis-
solved oxygen tension (DOT). We were espe-
cially interested in the effect of DOT, since B.
cereus is a facultative anaerobe and we expected
differences in metabolism at different levels of
DOT that might be reflected in differences by
PF production. Harrison (14) has reviewed the
close relationship of DOT to intracellular phys-
iological state and points out that a series of
DOT thresholds may exist for a particular or-
ganism in a given environment. Thus, observed
alterations in cell physiology may be the result
of accumulated changes to a series of thresholds
rather than a single overall response to one
threshold. A careful study of the relationship of
PF secretion to DOT might discover such
thresholds and establish a pattern for the regu-
lation of PF production.
We have reported previously (4) that overall

production of PF is best at low DOT and that
this level did not coincide with the optimal DOT
for growth. We have also reported on the need
for pH and DOT control to increase PF yields in
fermentor culture (W. M. Spira and G. J. Silver-
man, Abstr. Annu. Meet. Am. Soc. Microbiol.
1976, P17, p. 189). Similar results have been
reported by Glatz and Goepfert (11). This paper
reports on the continuation of our studies on PF
production using a 1-liter fermentor system, par-
ticularly as they relate to stages of growth in
batch culture.

MATERIALS AND METHODS
Strain and medium. B. cereus B-4ac was used for

all studies. Stock cultures were maintained in a freeze-
dried state at 4°C. The growth medium consisted of
10 g of Hy-Case, S. F. (Sheffield), and 50 ml of yeast
extract solution (Difco) (dialyzable fraction, standard-
ized to 20.0 mg of Lowry protein per ml) in 400 ml of
deionized water. This medium was autoclaved in the
fermentor. To it was added 100 ml of filter-sterilized
solution containing 5 g of glucose and 2.5 g of
Na2HPO4, water, and 1.0 ml of filter-sterilized mineral
salts solution (5.0% MgSO4, 0.5% MnSO4, and 0.5%
iron citrate). The pH was adjusted to the desired value
by the addition of 5 N NaOH.

Cultural methods. The fermentor system has been
described previously (4). Control of DOT and pH was
maintained within ±0.002 atm and ±0.1 pH unit, re-
spectively. Anaerobic conditions were achieved with
nitrogen sparging. The flow of titrant (5 N NaOH) and
air/oxygen required to maintain the desired pH and
DOT were monitored at 15-min intervals throughout
the fermentation. When glucose concentration was
maintained above depletion, sterile 40% glucose solu-
tion was added at the rate of 2.5 ml/ml of titrant used.

The fermentor volume was monitored at 30-min inter-
vals using previously calibrated measurements of me-
dium height in the fermentor beaker. These readings
were accurate to a volume of +5%.

Measurements of the volumetric oxygen transfer
coefficient during fermentations were performed using
the method of Bandyopadhyay and Humphrey (2).
Assay procedures. Measurements of bacterial

density, viable cell numbers, enterotoxin, and glucose
concentrations were performed as described previ-
ously (4). PF activity is reported as PF units, which
represent the dose required to elicit a standard area of
blueing in the rabbit skin test. Details of this have
been given previously (12). Values given are averages
of two samples, each tested with six to eight replica-
tions.

Extracellular protein was determined by the
method described by Carpenter and Silverman (3). No
acid-precipitable material was present in the original
medium.

Protease activity was determined with casein as the
substrate using the procedure described by Cowman
and Speck (6).

RESULTS
The effect of glucose and pH on growth

and PF production. Figure 1 shows the effect
of glucose on the growth of and PF production
by B. cereus B-4ac. When the culture was grown
in the medium with no added glucose (Fig. 1A),
growth was very much slower than when glucose
was present (Fig. 1B and C). The slight drop in
pH in Fig. 1A was due to the small amount of
fermentable carbohydrate present in the basal
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FIG. 1. Growth ofB. cereus B-4ac as a function of
initial glucose concentration. DOT was maintained
at 0.02 atm. Symbols: (A) growth; (0) pH change;
(-) PF titer. PFU, PF units; CFU, colony-forming
units.
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medium. Without added carbohydrate, no PF
was detectable at any time during the fermen-
tation. At an initial glucose concentration of
0.025 M (Fig. 1B), exponential growth was com-

plete by 4.5 h, during which time the pH de-
creased to a minimum of 6.1. Glucose depletion
occurred at this point, and the pH soon began to
rise. Toxic activity increased throughout expo-
nential growth, peaked at the point of glucose
exhaustion, and then decreased as the pH rose.
The net loss of toxic activity that began at the

time of glucose depletion occurred only in the
presence of cells. Culture fluid collected at that
time, ifiter-sterilized, and replaced in the fer-
mentor under identical conditions as the original
culture retained full toxic activity for several
hours. We were unable to detect the activity of
any protease in culture fluid during the first
hour after depletion, though increasing activity
was demonstrable after this time. Since PF is
highly sensitive to the action of proteolytic en-
zymes (17), it appears that proteolytic turnover,
if responsible, may be occurring at the cell sur-
face under the conditions employed here. We
have not investigated this aspect further as yet.
The addition of more glucose to the growth

medium delayed depletion and also delayed the
loss of PF activity, but did not cause any signif-
icant increase in maximum PF yield (Fig. 1C).
Initial concentrations of glucose greater than
0.10M resulted in complete inhibition of growth
once the pH dropped below 5.0. For initial con-
centrations of glucose less than 0.025 M, PF
production was directly related to glucose con-

centration.
Maintaining a constant pH during the course

of fermentation proved to be an extremely im-
portant factor in boosting PF production. Table

1 shows that, under comparable fermentation
conditions, cultures in which pH was maintained
at 7.0 produced much more PF than those in
which pH was uncontrolled. The magnitude of
this increase was about 6-fold when the initial
concentration was 0.025 M and 12-fold when the
concentration was 0.20 M. When pH was con-

trolled, growth and PF concentration were not
limited by pH inhibition. They then reached
levels related to initial glucose concentration up
to 0.20 M. Above this, more glucose had no
advantageous effect. The overall productivity in
pH-controlled fermentations decreased about
50% with increasing glucose concentrations in
the range studied. At all concentrations, how-
ever, pH control caused a significant increase in
the efficiency of net PF units per cell. The ratio
of PF units to exoprotein production was fairly
constant when pH was not controlled. When pH
was controlled, it was twofold higher at 0.025 M
glucose and decreased with increasing glucose
concentration.
The effect of the pH level at which the fer-

mentation is maintained is shown in Table 2.
Glucose concentration was kept at or above 0.02
M throughout the fermentation for each pH
tested. Both growth and overall PF productivity
were high within the pH range 6.5 to 8.0, with
the best yields achieved in the range of 7.0 to
7.5. Growth and toxigenesis declined appreciably
above pH 8.0 or below 6.5. The comparison of
toxigenesis to total exoprotein production shows
that PF production is much more sensitive to
changes in pH than is exoprotein production as

a whole. The sharp decrease in productivity
below pH 6.5 explains the poor PF yields in
fermentors run without pH control. In these
runs, the pH dropped quickly to 6.5 or below,

TABLE 1. PFyield from B. cereus B-4ac in response to initial glucose concentration in pH-controlled and
uncontrolled fermentationsa
Harvest Turbidity PF units per

Initial glucose concn pH control' time at harvest PF units Overall pro- Exoprotein g of exopro-
(M) (h)pc (Klett per ml ductivityd (mg/ml) tern

units)

None added None (7.9) 8.00 235 <20 <0.011 0.008 <2,500
None added 7.0 8.00 255 <20 <0.010 0.009 <2,200

0.025 None (6.2) 4.50 310 180 0.13 0.012 15,000
0.025 7.0 2.50 225 1,150 2.04 0.036 32,000
0.050 None (5.7) 4.50 350 160 0.10 0.014 11,000
0.050 7.0 3.25 480 1,800 1.15 0.065 28,000
0.10 None (5.3) 4.50 365 210 0.13 0.014 15,000
0.10 7.0 3.75 750 2,300 0.82 0.10 23,000
0.20 None (5.0) 4.50 365 220 0.13 0.016 14,000
0.20 7.0 4.00 865 2,600 0.75 0.13 20,000

a DOT was maintained at 0.02 atm.
'Number in parentheses is pH at time of harvest. Controlled fermentations were maintained at pH 7.0.
'Harvest time is the point of maximum PF titer.
d Overall productivity is defined as measurable PF (PF units per ml) at harvest time divided by the turbidity

(Klett units) and elapsed time (h).

VOL. 37, 1979



112 SPIRA AND SILVERMAN

and very little further PF production took place.
A typical fermentation with glucose mainte-

nance and pH and DOT control is given in Fig.
2. Accumulation of PF was rapid and was com-
plete after 4.0 h. The loss of toxic activity was
equally rapid, and none was detectable at 6.5 h.
This loss was more rapid than that seen in
uncontrolled-pH fermentations even though de-

TABLE 2. Effect of controlledpH on growth and PF
production by B. cereus B-4ac when glucose is not

limitinga

Har- Turbid- Expo PF
vest ity at PF Overall Eopro- units

pH time harvest units produc- tein per mg
(h) (Klett per ml tivity ml) orf exo()units) m)protein

5.0 8.75 325 <20 <0.007 0.007 <2,900
5.5 6.75 560 <20 <0.006 0.011 <1,800
6.0 5.50 745 200 0.049 0.062 3,200
6.5 4.50 795 1,620 0.45 0.11 15,000
7.0 4.25 820 2,700 0.73 0.12 22,000
7.5 4.00 835 2,700 0.80 0.14 19,000
8.0 4.50 805 2,400 0.67 0.11 22,000
8.5 6.25 640 540 0.14 0.043 13,000
9.0 8.25 310 <20 <0.007 0.006 3,300
a DOT was maintained at 0.02 atm.
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tectable proteolytic activity in culture filtrates
was delayed until well after most of the toxin
loss had occurred. The upper curve in Fig. 2
demonstrates that productivity was highest at
the earliest fime at which toxin could be de-
tected. It decreased thereafter as the culture
proceeded to mid- and late-exponential growth.
At a point in the transition phase, the productiv-
ity became negative.
A problem which occurs in the batch produc-

tion of PF for use in other experiments is appar-
ent from the data in Fig. 2. It is imperative that
one be able to determine the point of maximum
PF titer within a short time of its occurrence to
prevent a significant loss of PF activity. In fer-
mentations without pH control, the pH mini-
mum is a very useful indicator of the proper
harvest time. Even though toxigenesis may have
ceased at some point prior to this, little if any
degradation occurs before the pH begins to rise
again. When pH is controlled, the "titrant utili-
zation profile" provides an equally useful indi-
cator of the proper harvest time. The most sen-
sitive and useful plot is given in Fig. 3. Since the
titration system employed with our fermentor
operated intermittently, wide variations could
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FIG. 2. Relationship of toxigenesis to growth of B. cereus B-4ac at pH 7.5, DOT level of 0.02 atm, and

glucose concentration of 0.020 to 0.050 M. Symbols: (A) turbidity; (0) colony-forming units (CFU) per ml;
(-) PF titer; and (O) productivity. PFU, PF units; KU, Klett units.
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occur in the volume of titrant added during each
short time interval observed. To obtain a smooth
curve, we first calculated the total volume of
titrant used per elapsed time (Nlt) as a function
of elapsed time (t). The peak of PF activity is
close to the point that d(N/t)/dt = 0. In practice,
however, this point is difficult to calculate as the
fermentation is progressing. Instead, we used the
plot of A(N/t)/At versus t, which is easy to
calculate and a very sensitive indicator of the
proper harvest time. This plot yields a fairly
stable curve for the latter stages of the fermen-
tation (Fig. 3, top curve). As a working principle,
we stopped the fermentation as soon as we de-
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FIG. 3. Batch fermentation titrant utilization pro-
file and its relationship to PF. Symbols: (0) titrant
utilization profile; (@ - @) production/degrada-
tion. Top curve (@-*) indicates incremental rates of
titrant utilization. Vertical broken line shows point
at which fermentation would normally be stopped to
recover PF. PFU, PF units.

termined two consecutive decreases in the value
of A(N/t)/At.
The effect ofDOT on growth and PF pro-

duction. Table 3 presents the overall response
of PF production by B. cereus B-4ac to various
levels of DOT. Maximum overall productivity
was achieved when the DOT was maintained at
0.002 atm. The shortest generation time, how-
ever, was obtained in cultures grown at 0.10 atm.
Both growth rate and PF production dropped
fairly uniformly on both sides of their respective
DOT optimums. Total exoprotein remained rel-
atively constant in the aerobic cultures and was
less affected by anaerobiosis than was PF pro-

duction. Hyperoxic conditions had little or no

effect on cell growth, but severely inhibited the
production of PF.
The turbidity at time of harvest (i.e., maxi-

mum PF titer) was constant throughout the
range of DOT studied, with the exception of the
culture grown under anerobic conditions. The
turbidity at harvest time represented 1 x 109 to
2 x 109 colony-forming units per ml under the
cultural conditions used. A sharp rise and fall in
PF titer, as noted in Fig. 2, was characteristic of
all conditions but one (strongly oxygen limited)
that support appreciable PF synthesis. We have
previously described the stabilization of PF titer
at very low oxygen tensions (4). Plots of produc-
tivity versus culture age, similar to that in Fig.
2, drawn from different DOTs vary little in
shape. The inactivation phase was far less effi-
cient than the maximum productive phase at all
DOT levels studied.

In Fig. 4, productivity has been plotted against
turbidity so that the effect of DOT alone can be
compared. The ratio of productivities at 0.002
atm and 0.2 atm varied from 1.3 to 1.5 at mid-
exponential phase to 7 to 8 during the later
exponential-transition phase. Productivity end
points occurred at somewhat lower cultural
densities at higher DOT levels. Although this

TABLE 3. PFproduction by B. cereus B-4ac at various levels ofDOT (pH maintained at 7.5)

DOT Harvest time Generation Turbidity at Overall Exoprotein PF unitsper mg
(atmn) (h) (time harvest PF units per ml productiv- (mg/ml) of exoprotein(atm) (h) ~~(mini) (Klett units) ity (m/) ofeprtn

0.40 3.75 31 905 400 0.12 0.08 5,000
0.20 3.50 27 910 1,800 0.57 0.10 18,000
0.15 3.50 26 885 1,800 0.58 0.13 14,000
0.10 3.25 24 895 2,400 0.83 0.13 18,000
0.05 3.50 26 910 2,700 0.85 0.17 16,000
0.02 3.75 29 925 3,300 0.95 0.14 24,000
0.005 3.75 32 930 3,500 1.00 0.12 29,000
0.002 4.25 36 930 4,100 1.04 0.13 31,000
ND a 4.50 39 895 3,200 0.79 0.16 20,000

Anaerobic 6.25 55 600 900 0.24 0.049 18,000
aND, Not detectable, i.e., aeration was maintained at as great a rate as possible without raising the DOT to

a detectable level.
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has a strong impact on final PF titer, it repre-
sents less than one generation difference be-
tween end points. When the fermentation was
carried out under strongly oxygen-limited con-
ditions, maximum productivity was much re-
duced from that in more aerobic cultures. As the
fermentation progressed however, productivity
decreased less rapidly, and the reverse relation-
ship occurred in the latter part of exponential
phase. Overall, however, the decrease in produc-
tivity was relatively constant with increasing
culture density, regardless of oxygen concentra-
tion.

Figure 5 shows the amount of oxygen (Ro2)
and titrant (RN.OH) per unit of cell time that
must be supplied to maintain two fermentations
within the desired limits of DOT and pH. We
were unable to determine actual oxygen uptake
rates, but the volumetric oxygen mass transfer
rate (KLa, min-') was monitored during the
course of several preliminary fermentations and
did not change appreciably with increasing cell
density. It increased from 1.2 to 1.4 during the
course of growth. The increase in oxygen supply
rate, thus, reflects mainly an increase in cellular
requirements. Both fermentations were run at a
DOT of 0.002 atm and a pH of 7.0. In one,
glucose was depleted at 5 h, whereas the other
maintained a concentration ofbetween 0.005 and
0.010 M at all times. The exponential growth
phase in each fermentation was marked by a
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FIG. 5. Titrant (RN,,o)) and oxygen (Ro.) require-
ment profiles for fermentations with and without glu-
cose maintenance. Symbols-RN.OH: glucose main-
tained (0); glucose depleted (a); RO: glucose main-
tained (A); glucose depleted (A); arrows indicate
point ofmaximum PF titer in each fermentation. Ku,
Klett units.

high stable RN.OH and low Ro2, and decreasing
RNMOH coincided with PF loss in both cultures.
At 6 h, however, Ro2 began to drop rapidly in
the glucose-depleted culture, but remained high
in the other. Microscopic examination from this
point on revealed that a significant fraction of
cells in the depleted culture proceeded to spor-
ulate, whereas many in the nondepleted culture
eventually lysed. Sporulating cells were only
very rarely observed in the nondepleted culture.
Shutting off the oxygen supply at the point of
rising Ro2 prevented the further increase in cul-
ture turbidity, completely inhibited sporulation,
and prevented the loss of toxic activity.

DISCUSSION
These studies on the production of B. cereus

permeability factor demonstrate that toxigenesis
is possible in a variety of environments, provid-
ing that basic nutritional requirements are met.
Since PF production is enhanced at low levels of
DOT, if toxigenesis does occur in foods, it is
probably greatest at some point in the interior
rather than at the surface.

Several distinct patterns exist with respect to
PF production during the course of a batch
fermentation. The level of DOT exerts a strong
influence on the magnitude of toxigenesis at any
given time during a fermentation. But a pattern
of decreasing productivity and cessation of PF
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synthesis as a function of culture density is also
evident. This pattem is unaffected by manipu-
lations of the organisms' available oxygen. We
have been unable to demonstrate whether the
pattern results from a generalized decrease in
each cell's productivity or the result of a pro-

gressive increase in the fraction of nonproduc-
tive cells in the population. The latter view
would fit more closely with Fraser and Baird's
(9) observation that populations of B. cereus at
various stages in the growth cycle are heteroge-
neous with respect to several distinct cell types..
Increasing cultural density is marked by transi-
tions in the ratios of these cell types rather than
by intermediate stages in individual cells.
The observable loss of PF activity occurs at a

point at which the culture appears to be in
transition to the sporulation phase. We do not
know, however, if the degradation ofPF activity
is occurring before this and is masked by pro-

duction, or whether PF degradation occurs only
after a new cellular physiological state has been
established at this transition point. It seems

fairly certain that the PF-degrading factor is not
an extracellular protease of B. cereus, even

though PF is sensitive to proteolytic degradation
(18). The kinetics of toxin loss in glucose-de-
pleted cultures is similar to that in cultures in
which glucose is maintained. Loss of PF titer
precedes the finding of proteolytic activity in
culture filtrates. Also, PF titer is relatively stable
in filtrates but is lost rapidly in the presence of
cells. This suggests that a membrane-associated
protease may be responsible.
The factor responsible presumably falls in the

category Dancer and Mandelstam (7) describe
as "biochemical' events related temporally to
sporulation but not dependent events or side
events of the sporulation process," since toxin
degradation still occurs under catabolite repres-

sion of sporulation. Sporulation in B. cereus and
other Bacillus spp. appears to be under general
catabolite control, and this has been shown to
affect, as well, the production of metallo-pro-
tease and other inducible enzymes (1, 15). On
the other hand, the production of another group
of inducible enzymes related temporally to spor-
ulation has been shown to be insensitive to the
inhibition of sporulation (5, 7). This group in-
cludes a-amylase, histidase, and sucrase. Pre-
sumably, it also includes the PF-degrading fac-
tor. If not, this activity represents an extremely
early event in the sporulation process.
The postexponential-phase loss of PF activity

coincided with an increased cellular oxygen de-
mand and could be prevented by restricting the
supply of oxygen at this point. Increased respi-
ratory activity is, thus, intimately related to PF

loss. Felix and Lundgren (8) have observed a
progressive increase in enzymes of electron
transport and membrane cytochromes in B. cer-
eus as cultures progress through the exponential
phase, but before the transition to sporulation
occurs. The respiratory apparatus is available
for use when needed, with no significant lag
period for macromolecular synthesis. It has long
been known that the sporulation process coin-
cides with a rapid increase in electron transport
activity and a high cellular oxygen demand (13).
As we have noted, the initial rise in Ro2 can
occur even when glucose is still present, though
it remains high only, for glucose-depleted cul-
tures in which sporulation does occur.
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