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Effects of pH Shifts, Bile Salts, and Glucose on Sporulation of
Clostridium perfringens NCTC 8798t

C. S. HICKEYt AND M. G JOHNSON§*
Departments ofFood Science and Microbiology, Clemson University, Clemson, South Carolina 29631

The sporulation of Clostridium perfringens NCTC 8798 was studied after
exposing vegetative cells to: pH values of 1.5 to 8.0 in fluid thioglycolate broth
(for 2 h) and then transferring them to Duncan-Strong (DS) sporulation medium;
sodium cholate or sodium deoxycholate (0.3 to 6.5 mM) in DS medium; or Rhia-
Solberg medium with 0.4% (wt/wt) starch, glucose, or both added at 0 to 55 mM.
At pH 1.5, no culturable heat-resistant spores were formed. For cells exposed to
pH 3.0, 4.0, 5.0, or 6.0, increases in heat-resistant spores were not seen until after
a lag of 12 to 13 h, whereas the lag was only 2 to 3 h for cells exposed to pH 7.0
or 8.0. Maximal spore crops were produced after only 6 to 8 h for cells exposed to
pH 7 or 8, but 16 to 18 h was required for production of maximal spore crops by
cells exposed to the lower-pH media. The addition of sodium cholate (3.5 to 6.5
mM) to DS medium only slightly reduced the culturable heat-resistant spore
count from 1.9 x 107 to 3 x 106/ml. The addition of 1.8 mM or more sodium
deoxycholate reduced the culturable heat-resistant spore count to less than 10/
ml. When either starch or glucose alone was added to Rhia-Solberg medium there
was no production of culturable heat-resistant spores, but a combination of 0.4%
(wt/wt) starch and 4.4 mM glucose yielded 6 x 105 spores/ml. The spore
production remained at this level for glucose concentrations of 6 to 22 mM, but
then declined to about 3 x 103 spores per ml at higher concentrations.

Clostridium perfringens is one of the leading
causes of bacterial foodborne illness of humans
in the United States. Onset of illness is usually
12 to 14 h after ingesting food containing a large
number of viable cells. When the cells sporulate
in the small intestine (6, 7, 11, 14, 16), they
produce an enterotoxin which is part ofthe spore
coat protein. In vitro tests showed that the en-
terotoxin appears in about 10 to 12 h when
sporangial lysis occurs (4).
The sporulation of C. perfringens cells in the

intestinal tract should be influenced by the dy-
namics of the intestinal tract, i.e., shifts in pH
and bile acid concentrations. The pH varies from
a low of 1.5 in the stomach to a high of 8.0 in the
small intestine, where bile salts are also present
(2, 13, 20). Tsai and Riemann (32) reported that
the level of spores produced in 24 h is not
affected by exposing incubated vegetative cells
to pH 2.0 to 3.0 for 30 min. Labbe and Duncan
(16) showed that a pH of 7.0 was optimal for
sporulation, a pH of 8.0 or 6.0 decreased sporu-
lation, and a pH of 5.5 halted sporulation com-
pletely. Bile has an alkaline pH to neutralize
stomach acid. The bile components cholic, deox-
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ycholic, and chenodeoxycholic acid inhibit veg-
etative growth (9), but little work has been re-
ported on the effects of these agents on sporu-
lation of C. perfringens.

Sporulation by clostridia requires a complex
medium which includes amino acids, minerals,
and a carbon source; unlike bacilli, clostridia
require carbon and energy sources throughout
the sporulation cycle. A number of complex me-
dia have been developed (8, 9, 22), with Duncan-
Strong (DS) medium (5) having the widest ac-
ceptance. Several defined media, based on Boyd
et al. (1), have been developed for growth (12,
25, 28, 31) and sporulation (22, 26, 30). In both
defined and complex media, a poorly utilized
carbon source such as starch or raffinose appears
to be critical for good sporulation (17-19, 30).
To produce spores in DS medium, the inocu-

lum is the second serial transfer in fluid thiogly-
colate (FT) medium that is incubated for 4 h.
Since the sporulation medium is inoculated with
10% (vol/wt) FT medium unutilized glucose in
the FT medium can be carried over to the DS
medium. This glucose in the inoculum may have
a different influence on sporulation in a complex
medium, such as DS medium (19), than in a
defined medium, such as the RS medium ofRhia
and Solberg (25).
This study was designed to elucidate the ef-

fects on sporulation when cells that are to be
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inoculated into sporulation media are first ex-

posed to different pH values, bile salts, or differ-
ent glucose concentrations in the presence of
0.4% starch.

(A preliminary report of this study has been
presented [C. S. Hickey and M. G. Johnson,
Abstr. Annu. Meet. Am. Soc. Microbiol. 1977,
04, p. 245].)

MATERIALS AND METHODS

Cultures. Strain NCTC 8798 C. perfringens type
A was obtained from C. L. Duncan, University of
Wisconsin, Madison. Stock cultures were grown at
360C for 24 h in cooked meat medium (Difco Labora-
tories) and stored at 20C.

Sporulation medium. DS medium (5) had 1.5%
proteose peptone (Difco), 0.4% yeast extract (Difco),
0.1% sodium thioglycolate, and 0.4% soluble starch
(Fisher Scientific Co.). The defined medium used was
RS medium (25). All components of RS medium ex-

cept the glucose and FeSO4-7H20 were dissolved in
glass-distilled deionized water and autoclaved together
with filter-sterilized FeSO4-7H20 added after auto-
claving to make the basal RS medium. Glucose was

autoclaved as a stock solution and added at various
concentrations. The pH of this medium was adjusted
to 7.4 before sterilization.
Growth conditions. All cultures were grown at

360C. Air was dispelled from tubes of media by placing
them in a boiling water bath for 5 min and then cooling

before inoculation. Cultures were enumerated with the
medium of Shahidi-Ferguson (SFP; 29) in petri plates
protected from oxygen with the GasPak system (BBL
Microbiology Systems). The GasPak generator was

activated by adding 10 ml of a 25% (wt/vol) solution
of KH2PO4 instead of water, as suggested by Ferguson
et al. (10).

Preparation of inocula. A 0.1-ml amount of
cooked meat stock culture was transferred into 19 ml
of previously exhausted FT medium (Difco), heat
shocked for 20 min at 750C, and incubated for 16 h.
Two additional serial transfers of culture were made
into freshly exhausted FT medium, and each was

incubated at 360C for 4 h. The third culture (10%, vol/
vol) was used to inoculate DS and RS media.

Before the exponential-phase cells were inoculated
into RS medium, they were harvested by centrifuga-

tion at 10,000 x g for 20 min at 250C. The resulting
cell pellets were washed twice by suspension in 0.1 M
phosphate buffer (pH 7.2), centrifuged as above, and
finally resuspended in buffer to yield the original cul-
ture volumes.

Culturable heat-resistant spore cell counts.
Culturable heat-resistant spore cell counts were made
by heating 2-ml samples of undiluted cultures in
tightly closed screw-capped test tubes (16 by 150 mm)
in a mineral oil bath at 750C for 20 min. A sample
required 2 min to reach 750C. After the heat shock
treatment, decimal dilutions of cultures were made in
0.1 M phosphate buffer (pH 7.4) containing 0.1% pep-

tone, and appropriate dilutions were pour plated with
SFP medium. Total culturable counts were made by
diluting unheated samples of culture in the above
phosphate-peptone buffer and pour plating them with
the same medium.
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Total direct cell and spore counts. Microscopic
counts of cells and spores were made with a Petroff-
Hausser counting chamber and a phase-contrast mi-
croscope (Zeiss model RA), using wet-mount prepa-
rations under no. 1 cover slips. At least two prepa-
rations were prepared for each sample to be counted,
and at least four rows per preparation were examined.
Culture samples were diluted to yield two to six cells
or spores per square. At least 200 cells (or spores) were
counted to calculate the count per milliliter. The av-
erage count obtained per row was multiplied by the
dilution factor x 10 to obtain the count per milliliter.

Sporulation after pH exposure. The starting in-
ocula were 34 ml of FT culture grown for 16 h. These
cultures were centrifuged at 2,000 x g for 15 min at
25°C; then the cell pellets were suspended in 35 ml of
frethly exhausted, sterile tempered (36°C) FT medium
and incubated at 36°C for 4 h. These secondary cul-
tures were then centrifuged at 10,000 x g for 20 min at
250C. The supernatants from these cultures were de-
canted, and the pellets were resuspended with 35 ml
of freshly exhausted, sterile tempered (360C) FT me-
dium which, before autoclaving, had been adjusted
with 5 N HCI to pH 1.5, 3, 4, 5, 6, or 7 or with 5 N
NaOH to pH 8. The cells were incubated for 2 h at
36°C in these media before they were harvested by
centrifugation as above. The resulting cell pellets were
suspended in 35-ml amounts of DS medium in screw-
capped centrifuge tubes (25 by 125 mm) which were
then incubated at 36°C. Two-milliliter samples were
removed periodically from the tubes of DS medium
and assayed for direct microscopic cell and spore
counts, culturable cell counts, and heat-resistant spore
counts as detailed above.
The water-soluble sodium cholate and sodium de-

oxycholate were compared with ethylenediaminetetra-
acetic acid (EDTA) and sodium lauryl sulfate (SLS)
for effect on sporulation and were added to give final
concentrations of 0.3, 0.6, 1.2, 1.8, 2.5, 3.5, or 6.5 mM
in 50-ml amounts of DS medium. Inocula were pre-
pared by the procedure outlined above. Samples were
removed at 24 h and assayed for direct microscopic
and culturable heat-resistant spore counts.

Glucose utilization in FT medium. Twenty-
seven milliliters of a freshly exhausted, tempered
(360C) FT medium was inoculated with 3.0 ml of a 16-
h-old culture of cells growni in FT medium and incu-
bated at 360C for 4 h. Five duplicate tubes containing
10 ml of freshly exhausted, tempered (360C) FT broth
were inoculated with 1-ml volumes from the previous
4-h-old FT culture. At 1-h intervals, duplicate tubes
were removed and placed in an ethanol-ice bath
(-15°C) to stop growth. Residual reducing sugars in
the medium were determined by the method of Nelson
(24), and residual glucose was determined by the Glu-
costat method (Worthington Biochemicals Corp.), us-
ing appropriate dilutions of media and known glucose
solutions for standards.

RESULTS
Effect of pH shifts on sporulation. The

influence of pH on initiation of sporulation by
C. perfringens cells is shown in Fig. 1 for pH 3.0,
4.0, 5.0, 6.0, 7.0, and 8.0. At pH 1.5, the lowest
pH tested, no spores were produced (data not
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FIG. 1. Time study ofsporulation in DS medium by cells of C. perfringens NCTC 8798previously subjected
to different pH values in FT medium for 2 h. Symbols: 0, direct microscopic cell count; *, culturable cell
count; A, phase-bright spore count; A, culturable heat-resistant spore count.
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shown). At pH 7.0 or 8.0, microscopic spore and
culturable heat-resistant spore counts began to
increase after only 2 to 4 h and reached maximal
values of about 107/ml by 6 to 7 h. Cells exposed
to intermediate pH values of 3.0, 4.0, 5.0, or 6.0
showed a lag period of about 13 to 15 h before
culturable heat-resistant spore counts began to
increase. Maximal cultural heat-resistant spore

counts of 106 to 5 x 106/ml were not produced
by these cells until about 17 to 20 h.

Effect of bile salts on sporulation. Direct
microscopic spore counts declined no more than
0.5 log for cells exposed to sodium cholate con-
centrations of 3.5 to 6.5mM (Table 1). However,
a sodium deoxycholate concentration of 1.2 mM
reduced the heat-resistant spore count by 1.5 log
cycles, whereas cells exposed to a concentration
of 1.8 mM or greater produced no detectable
spores. Concentrations of 0.3 and 1.2 mM
EDTA, a chelating agent, reduced heat-resistant
spore production by 2.9 and 3.9 logs, respec-
tively, and at concentrations of 1.8 mM or
greater no spores were detected. An SLS con-
centration of 1.8 mM reduced heat-resistant
spores by 6.2 log cycles, and at concentrations of
2.5 mM or greater no spores were detected.
Effect of sporulation in RS medium con-

taining glucose and starch. In preliminary
experiments, basal RS medium containing 28
mM glucose inoculated with 10% (vol/vol) un-
washed or washed cells from FT medium pro-
duced only 5 x 102 heat-resistant spores per ml
in 24 h. Conversely, the basal RS medium with
0.4% (wt/vol) starch yielded culturable heat-re-
sistant spores of 2.5 x 106 and <10/ml with
unwashed and washed inocula from FT medium,
respectively (data not shown). These results in-
dicated that something carried over with the
inocula from the FT medium positively or neg-
atively affected sporulation in RS medium.

Therefore, residual glucose in FT cultures was
assayed at 1-h intervals over the 4-h cultivation
period normally used before inoculating the
sporulation medium (Fig. 2). The assays indi-
cated that about 4 mM glucose or 7 mM total
reducing sugars was carried over to the RS me-
dium with the unwashed inocula from 4-h-old
cultures of FT medium.
The effect on sporulation of adding increased

amounts ofglucose to basal RS medium contain-
ing 0.4% starch was then studied with buffer-
washed inocula (Fig. 3). As the glucose concen-
tration was increased from 0 to 4.4 mM, the
culturable heat-resistant and phase-bright spore
count increased from none to 4 x 105 and 4.5 x
107/ml, respectively. The heat-resistant and
phase-bright spore count production remained
constant at about 105 and 5 x 107/ml, respec-
tively, for glucose concentrations of 4.4 to 22
mM. At 22 to 55 mM glucose, the heat-resistant

TIME (H )

FIG. 2. Residual glucose -in FT medium after
growth of C. perfringens NCTC 8798 for 0 to 4 h.
Symbols: *, reducing sugar (Nelson's assay); O, glu-
costat assay.

TABLE 1. Effect of adding sodium cholate (Na-CA), sodium deoxycholate (Na-DCA), EDTA, and SLS on
culturable heat-resistant spores and direct microscopic spore counts produced by C. perfringens NCTC 8798

in DS medium, initialpH 7.4, after 24 h at 36°C
Log1o counts/ml

Material
added Na-CA Na-DCA EDTA SLS
(mM)

DMSCa HRSC b DMSC HRSC DMSC HRSC DMSC HRSC
0.0 8.0 7.1 7.9 7.3 7.9 7.4 7.9 7.3
0.3 7.8 7.4 7.5 6.5 7.5 4.5 7.5 7.1
0.6 7.8 7.0 6.0 5.9 5.0 3.8 7.5 7.1
1.2 7.9 7.1 6.5 5.8 5.0 3.5 5.7 5.6
1.8 7.8 6.9 NTC NT NT NT 5.1 1.1
2.5 7.5 7.0 NT NT NT NT NT NT
3.5 7.4 6.5 NT NT NT NT NT NT
6.5 6.7 6.5 NT NT NT NT NT NT

DMSC, Direct microscopic spore count; derived from a total of at least 200 spores.b HRSC, Culturable heat-resistant spore counts (750C, 15 min); means for duplicate platings.
c NT, No detectable spores.
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FIG. 3. Effect of initial glucose level in RS medium
(containing 4.0 g of starch per liter) after 24 h at
36°C. Symbols: A, phase-bright spore count; A, cul-
turable heat-resistant spore count; Q, final pH.

spore count dropped to 8 x 102/ml, but the
phase-bright spores remained at about 5 x 107/
ml. The final pH of cultures in RS medium,
initially pH 7.4, fluctuated from a value of 6.5 to
7.7 through 28 mM to 6.9 at 55 mM glucose (Fig.
3).

DISCUSSION
The pH in the stomach region may be as low

as 1.5. However, in the duodenum the acidic
chyme from the stomach is neutralized by the
bile to yield a pH of about 7.0. Therefore, during
digestion bacterial cells in consumed food are
normally exposed to a low pH for only 2 to 3 h
(3, 13). Tsai and Rieman (33) reported that
vegetative cells of C. perfringens exposed for 30
min to acid environments as low as pH 2.0
sporulated normally. However, they measured
sporulation only after 24 h. The present sporu-

lation study showed a lag of about 13 to 15 h
before sporulation was initiated in DS medium
by cells previously exposed for 2 h to pH 3.0, 4.0,
5.0, or 6.0, in FT medium. The delay of 13 h in
the initiation of sporulation by cells exposed to
an acidic environment is in agreement with the
generally observed incubation period of 10 to 14
h for the onset of gastroenteritis symptoms as-

sociated with ingestion of C. perfringens cells

(4).
Inhibition of C. perfringens cell growth by bile

acids was reported by Floch et al. (9). However,

to our knowledge no data have been reported
about the effect of bile acids on sporulation of
this organism. Our present data indicate that
sporulation was reduced very little by increasing
the sodium cholate concentration from 3.5 to 6.5
mM, and even at 6.5 mM the heat-resistant
spore level was only 0.6 log lower than for the
control culture (Table 1). Conversely, a sodium
deoxycholate concentration of 1.8 mM pre-
vented production of any heat-resistant spores.
This depressing effect of sodium deoxycholate
on sporulation may help explain how persons
who contract a case of C. perfringens gastroen-
teritis, although they may continue to harbor
the organism (34) in their intestinal tract, gen-
erally do not continue to show symptoms pre-
sumably because sporulation or enterotoxigene-
sis (4, 14) does not occur as readily or extensively
with bile present. During normal digestion of a
meal, the bile salt concentration in the duo-
denum of humans rises to 6 to 10 mM, high
enough to cause the same kind of depression of
sporulation in vivo as reported here for in vitro
tests.

Bile acids can act chemically both as surface
tension-reducing materials and as chelating
agents. Therefore, effects on sporulation of a
surface tension-reducing agent, SLS, and a che-
lating agent, EDTA, were tested. The fact that
1.2 to 1.8 mM sodium deoxycholate or SLS
reduced sporulation appreciably may suggest
that sodium deoxycholate inhibited sporulation
by a surface tension depression rather than by
a chelation mechanism. Since lauric acid has
some antimicrobial characteristics (21), further
study of the surface tension effect on sporulation
should be undertaken.
Spore production can be reduced by the mech-

anism of catabolite repression which occurs
when a readily utilized energy source is supplied
to cells. It is hypothesized that catabolites de-
rived from, and dependent upon, the nature of
both the carbon and the nitrogen sources in
media can act as repressors of one or more
sporulation-specific genes (15, 27). Labbe and
Duncan (17) and Labbe and Rey (18) mentioned
that glucose appeared to repress sporulation of
C. perfringens but did not report the glucose
concentrations at which repression occurred. In
our tests both glucose and starch were needed
to foster good sporulation of strain NCTC 8798
in the defined RS medium. A combination of 4.4
mM glucose and 0.4% starch in defined RS me-
dium led to maximal direct microscopic and
culturable heat-resistant spore counts of 4.5 x
107 and 4 x 105/ml, respectively (Fig. 3). Starch
alone in RS medium initially produced 3 x 103
heat-resistant spores per ml, declining to <10/
ml in 24 h, but with no glucose in the RS medium
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no heat-resistant spores were produced (Fig. 3).
This indicated that about 4 to 5 mM glucose is
essential to sporulation and verified the general
claim that clostridia cannot form spores endo-
tropically (17, 23). The 1,000- to 100,000-fold-
lower heat-resistant spore counts compared with
phase-bright refractile spore counts obtained at
22 to 55 mM glucose (Fig. 3) point out the
importance of directly monitoring spore heat
resistance in sporulation studies of this orga-
nism.
Our results further indicate that glucose-in-

duced catabolite repression of sporulation by
this organism can be circumvented if the initial
glucose concentration is held sufficiently low,
below about 20 mM (Fig. 3), and starch is also
present. Starch, besides slowly providing glucose
units via bacterial amylase action, may promote
sporulation by adsorbing from the culture me-
dium small molecules that are inhibitory to spor-
ulation, in a manner similar to that postulated
for resins (2) and charcoal (7).
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