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gella flexneri and Shigella dysenteriae without knowing the relative survival rates for each type of pathogen in gastric fluid
(10). This report provides additional information about interactions between E. coli O157:H7 and the gastric environment,
including comparisons with Shigella spp.

The extremely low pH of the stomach is one of the early
defenses against infections caused by food-borne bacteria. This
has been recognized for various bacterial pathogens, such as
Vibrio, Salmonella, and Campylobacter spp., where reduced
gastric acidity via bicarbonate, gastrectomy, or proton pump
inhibitor medication increases human susceptibility to infection (9, 16, 23, 27). The degree of bacterial susceptibility to low
pH varies among bacterial pathogens, and it has been suggested that pH susceptibility is associated with infectious dose
(8, 15, 20, 21, 25, 31, 32).
Escherichia coli O157:H7 contaminates raw ground beef and
occasionally causes serious human food-borne illness. Its infectious dose may be less than 1,000 cells (2, 22). Numerous
reports document the relative degree of acid resistance for E.
coli O157:H7 in a variety of foods and synthetic media; however, few studies have examined the survival of E. coli O157:H7
in ground beef exposed to gastric fluid, including the effects of
strain variation, different proportions of ground beef-gastric
fluid, and the effects of antacid treatment.
This information is relevant to the development of doseresponse models in risk assessment, because many data are
collected from human volunteer experiments where stomach
pH is neutralized with bicarbonate and where the influence of
food matrices and gastric fluid are not typically modeled (7). In
addition, various risk assessments for E. coli O157:H7 in
ground beef have used surrogate dose-response data for Shi-

MATERIALS AND METHODS
Bacteria and culture conditions. Ten E. coli O157:H7 strains (OB1340,
OB90520A, OB141412, OB1525C, OB1423C, OB1514C1, OB1680G, OB1533A,
DB1538, and GFP80EC) were used. A complete description of the strains and
the methods for storing and culturing the bacteria strains has been reported
previously (30). Five clinical Shigella isolates (S. flexneri [#1B, #2], S. boydii [#3],
S. sonnei [#1], and S. dysenteriae [#3]) were provided by Petra Sanchez and
Maria Inez Sato of Companhia de Tecnologia de Saneamento Ambiental, São
Paulo, Brasil. A sixth clinical isolate, S. flexneri strain 5348, was obtained from the
Microbial Food Safety Research Unit culture collection (33). On the day prior to
experimentation, bacteria were transferred from frozen stock cultures to 10 ml of
brain heart infusion broth (BHI; Difco Laboratories, Detroit, Mich.) and were
cultured without agitation for 4 to 6 h at 37°C. Next, approximately 10 l was
transferred to 10 ml of fresh BHI and was incubated without agitation for
approximately 16 to 18 h at 37°C. The broth cultures were diluted in 0.1%
peptone (Difco) water (PW) or 0.85% NaCl (saline), and then dilutions were
added to various suspension media (saline, cooked ground beef [CGB], or CBG
containing a commercial antacid [CGB⫹A]). CFU per milliliter were measured
at predetermined time intervals.
Ground beef preparation. Ground beef (⬃5 to 7% fat) was purchased from a
local retail store. Ground beef was formed into 100-g patties and cooked on a
clam-style commercial grill (George Foreman Grilling Machine; Salton Inc., Mt.
Prospect, Ill.) until the internal temperature measured 72°C according to a
calibrated thermocouple (series 396; Atkins Technical Co., Gainesville, Fla.).
The cooked product was cooled to room temperature and processed with a
household-size grinder (Model K5SSWH; KitchenAid, St. Joseph, Mich.)
equipped with a die containing 20 4.5-mm-diameter holes. Ninety-gram portions
were placed in 400-ml-capacity stomacher bags (Koch Industries, Kansas City,
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Human disease caused by Escherichia coli O157:H7 is a function of the number of cells that are present at
potential sites of infection and host susceptibility. Such infectious doses are a result, in part, of the quantity
of cells that are ingested and that survive human host defenses, such as the low-pH environment of the
stomach. To more fully understand the kinetics of E. coli O157:H7 survival in gastric fluid, individual E. coli
O157:H7 strains were suspended in various media (i.e., saline, cooked ground beef [CGB], and CGB containing
a commercial antacid product [CGBⴙA]), mixed at various proportions with simulated human gastric fluid
(SGF), and then incubated at 37°C for up to 4 h. The highest inactivation rate among nine E. coli O157:H7
strains was observed in saline. Specifically, the average survival rates in 100:1 and 10:1 proportions of
SGF-saline were ⴚ1.344 ⴞ 0.564 and ⴚ0.997 ⴞ 0.388 log10 CFU/h, respectively. In contrast, the average
inactivation rate for 10 E. coli O157:H7 strains suspended in 10:1 SGF-CGB was ⴚ0.081 ⴞ 0.068, a rate that
was 12-fold lower than that observed for SGF-saline. In comparison, the average inactivation rate for Shigella
flexneri strain 5348 in 100:1 and 10:1 SGF-saline was ⴚ8.784 and ⴚ17.310, respectively. These latter inactivation rates were 7- to 17-fold higher than those for E. coli O157:H7 strains in SGF-saline and were 4-fold
higher than those for E. coli O157:H7 strains in SGF-CGB. The survival rate of E. coli O157:H7 strain
GFP80EC increased as the dose of antacid increased from one-half to twice the prescribed dose. A similar trend
was observed for the matrix pH over the range of pH 1.6 to 5.7, indicating that pH is a primary factor affecting
E. coli O157:H7 survival in SGF-CGBⴙA. These results can be used in risk assessment to define dose-response
relationships for E. coli O157:H7 and to evaluate potential surrogate organisms.
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Mo.), vacuum sealed, and stored at ⫺20°C until experimentation. On the day of
experimentation, cooked, frozen ground beef was warmed to 37°C, and then
portions of ground beef were transferred to 100-ml-capacity stomacher bags.
SGF studies. The overall experimental design involved growing individual
strains of E. coli O157:H7 in BHI broth, diluting cultures in PW or saline to
predetermined test concentrations, adding the diluted bacteria to different media, and then mixing these media with 37°C simulated gastric fluid (SGF) at
different proportions of SGF to medium (SGF-medium). Experimental variables
included the suspension medium, the proportion of SGF to medium, individual
E. coli O157:H7 and Shigella spp. isolates, dose of antacid, and incubation time.
One-hundred microliters of the samples were plated on tryptic soy agar (TSA;
Difco) at selected time intervals, and CFU were enumerated.
Preparation of simulated gastric fluid. The SGF was produced following the
formulation reported by Beumer et al. (6). The following constituents were
mixed in deionized water: proteose peptone (8.3 g/liter; Difco), D-glucose (3.5
g/liter; Mallinckrodt, Paris, Ky.), NaCl (2.05 g/liter; Mallinckrodt), KH2PO4 (0.6
g/liter; Sigma Chemical Company, St. Louis, Mo.), CaCl2 (0.11 g/liter; Fisher,
Fair Lawn, N.J.), KCl (0.37 g/liter; Sigma), porcine bile (0.05 g/liter; Sigma),
lysozyme (0.10 g/liter; Sigma), and pepsin (0.0133 g/liter; Sigma). The SGF was
adjusted to pH 1.5 with HCl, filter sterilized through a 0.22-m-pore-size membrane, and stored at 4°C until use. Previous experiments showed that storage of
the SGF at 4°C for up to 7 days did not result in significant changes in bactericidal properties (data not shown).
Rate as a function of the proportion of SGF-medium. A single E. coli strain,
OB90520A, was prepared as described above and diluted in saline to approximately 106 CFU/ml, and then various volumes were added to saline and mixed
with 37°C SGF to achieve proportions of SGF-saline (vol/vol) of 1 part SGF per
100 parts saline (1:100) to 100 parts SGF per 1 part saline (100:1). The final
volume of the mixtures ranged from 40 to 50 ml. Samples were removed at
predetermined time intervals, and E. coli O157:H7 cells were enumerated.
Rate as a function of the concentration of E. coli O157:H7. E. coli OB90520A
was prepared as described above and diluted in saline to predetermined concentrations, and then a 100:1 proportion of SGF-saline was made by mixing 0.5
ml of the diluted inoculum with 49.5 ml of SGF. Final concentrations of E. coli
O157:H7 in saline ranged from 102 to 106 CFU/ml. At the 102 inoculum level,
measurement sensitivity was increased by plating four 250-l aliquots on TSA
per time interval.
Rate as a function of E. coli O157:H7 strain. The 10 individual E. coli O157:H7
and 6 Shigella isolates were prepared as described above and added to CGB, and
then SGF was mixed with CGB at a 100:1 or 10:1 proportion for final E. coli
O157:H7 concentrations of 105 to 106 CFU/ml. This same procedure was used to
study strain variation in SGF-saline, except that E. coli O157:H7 strain GFP80EC
was not used and the Shigella isolate used was S. flexneri 5348. The 100:1 and 10:1
SGF-saline or SGF-CGB mixtures were made in a final volume of 50 ml.
Rate as a function of antacid dose. E. coli O157:H7 strain GFP80EC was
prepared as described above and added to CGB. Tablets of a commercial antacid
(Tums; Smithkline Beecham, Pittsburg, Pa.) were crushed with a mortar and
pestle. The manufacturer’s recommended dose was two tablets, which contained
a total of 1,000 mg of calcium carbonate. Weighed quantities of antacid were

added to CGB to simulate single-, half-, and double-prescribed doses. Negative
controls did not receive antacid. The diluted E. coli O157:H7 culture and
CGB⫹A were added to a stomacher bag and stomached for 2 min. Various
volumes of SGF were mixed with the CGB⫹A medium at proportions of 1:1,
10:1, and 100:1, and then they were stomached for 1 min. In separate experiments, purified calcium carbonate (Fisher) was used in place of antacid at
quantities equivalent to the amount of calcium carbonate in single-, half-, and
double-prescribed doses of the commercial antacid.
Data analyses. The surviving numbers of E. coli O157:H7 were enumerated on
TSA, the counts were converted to log10 CFU/milliliter, and the data were
recorded in an Excel spreadsheet (Microsoft Corp., Redmond, Wash.). Each
experiment consisted of a minimum of two trials, two replicates, and duplicate
platings per time interval. Primary curves were fit to data using DMFit software
(courtesy of J. Baranyi, Institute of Food Research, Norwich, United Kingdom)
and the dynamic D-model (4). The D-model can generate parameter values for
lag time, inactivation or growth rate, and maximum population density. Linear
and nonlinear regression analyses were performed using Excel software. Student’s t test was used to measure differences among the means at a 95% confidence level. Means separations were performed using the pair-wise least significant difference (LSD) method.

RESULTS AND DISCUSSION
Inactivation of E. coli O157:H7 as a function of the proportion of SGF-saline. A variety of physiological signals are involved in stimulating the stomach to produce as much as 1 to
2 liters of gastric fluid per day (17, 28). We tested the hypothesis that the inactivation rate of E. coli O157:H7 would be
greater in higher proportions of SGF to medium.
The change in E. coli O157:H7 strain OB90520A CFU over
time (rate) in various proportions of SGF-saline followed a
linear relationship: y ⫽ ⫺0.137 ⫻ x ⫹ ⫺0.217, where y is the
rate () and x is the log10 proportion of SGF to saline (R2 ⫽
0.958) (Fig. 1). E. coli O157:H7 strain OB90520A was inactivated at all proportions of SGF-saline, except in 1:100 SGFmedium, where the growth rate was 0.043.
Inactivation of E. coli O157:H7 as a function of the concentration of E. coli O157:H7 in SGF-saline. At a 100:1 proportion
of SGF-saline, E. coli O157:H7 OB90520A was inactivated at
an increasing rate as the concentration of E. coli O157:H7 in
saline increased from 102 to 106 CFU/per ml (Fig. 2). This
effect displayed a linear form from 102 to 105 CFU/ml, and
then the inactivation rate sharply increased as cell numbers
increased from 105 to 106 CFU/ml. This relationship could be
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FIG. 1. Inactivation of E. coli O157:H7 OB90520A as a function of the SGF-saline log ratio. UCL and LCL are the upper and lower confidence
levels, respectively.
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represented with the following equation: y ⫽ 1/(a ⫹ b ⫻ x),
where y is the rate (), x is the log concentration of E. coli
O157:H7, and the coefficients a and b are ⫺3.072 and 0.443,
respectively.
I am not able to explain the basis of an increasing inactivation rate with increasing concentrations of E. coli O157:H7 in
SGF-saline. One hypothesis is that a bactericidal factor(s) is
released from lysed or whole cells that then exerts a concentration-dependent toxic effect on other cells, hence greater
inactivation at higher cell concentrations. This finding deserves
further study.
Variation in inactivation rate of E. coli O157:H7 strains and
Shigella isolates in SGF-saline and SGF-CGB. (i) SGF-saline.
At a 100:1 proportion of SGF-saline, six of the nine E. coli
O157:H7 strains were not significantly different among the E.
coli O157:H7 strains tested (Table 1). The inactivation rate for
 ] ⫽ ⫺0.264) was significantly
strain OB1340 (mean value [X
  ⫽ ⫺1.807) and
lower than that for strains OB90520A (X

TABLE 1. Variation in inactivation rates of E. coli O157:H7 strains
and S. flexneri strain 5348 in SGF-saline
Strain

Ratio

Ratea

Significance

E. coli O157:H7 OB1340
E. coli O157:H7 OB90520A

100:1
100:1
10:1
100:1
100:1
10:1
100:1
10:1
100:1
10:1
100:1
10:1
100:1
10:1
100:1
10:1
100:1
10:1

⫺0.264 (0.036)
⫺1.807 (1.316)
⫺0.933 (0.354)
⫺1.563 (0.314)
⫺1.749 (1.309)
⫺1.176 (0.059)
⫺1.738 (0.919)
⫺0.947 (0.127)
⫺1.917 (0.721)
⫺1.739 (0.147)
⫺1.101 (0.435)
⫺0.627 (0.007)
⫺0.708 (0.477)
⫺0.575 (0.424)
⫺1.248 (0.428)
⫺0.986 (0.305)
⫺8.784 (3.133)
⫺17.310 (0.000)

Ab (2)c
B (12)
X (6)
A,B (2)
A,B (7)
X,Y (2)
A,B (6)
X (2)
B (4)
Y (2)
A,B (4)
X (2)
A,B (4)
X (2)
A,B (4)
X (2)
C (6)
Z (2)

E. coli O157:H7 OB141412
E. coli O157:H7 OB1525C
E. coli O157:H7 OB1423C
E. coli O157:H7 OB1514C1
E. coli O157:H7 OB1680G
E. coli O157:H7 OB1533A
E. coli O157:H7 DB1538
S. flexneri 5348

  ⫽ ⫺1.917). At a 10:1 proportion of SGFOB1514C1 (X
saline, six of seven E. coli O157:H7 strains were not signifi 
cantly different. The inactivation rate for strain OB1340 (X
⫽ ⫺1.739) was significantly higher among the seven strains.
The average inactivation rate for all E. coli O157:H7 strains at
a 100:1 proportion of SGF-saline was ⫺1.344 ⫾ 0.564 compared to ⫺0.997 ⫾ 0.388 at a 10:1 proportion of SGF-saline.
These two mean values were not significantly different. In
marked contrast to E. coli O157:H7 survival, the mean inacti  ⫽
vation rate for S. flexneri strain 5348 at both 100:1 (X
  ⫽ ⫺17.310) proportions of SGF to
⫺8.784) and 10:1 (X
saline was 7-fold and 17-fold higher, respectively, than that for
the mean of the nine E. coli O157:H7 strains.
Roering et al. (24) studied the survival of three-strain mixtures of Salmonella enterica serovar Typhimurium DT104, Listeria monocytogenes, and E. coli O157:H7 in SGF. They observed a 1.7 to 2.8 log reduction in E. coli O157:H7 levels at 2 h
of incubation compared to a 5.5 to 6.0 log reduction for S.
enterica serovar Typhimurium DT104 and L. monocytogenes,
respectively. Using an approximate 100:1 proportion of SGFPW, their data show a mean inactivation rate for E. coli
O157:H7 of ⫺1.036 (⫾0.423), which was very similar to my
reported mean of ⫺1.344 (⫾0.564) in a similar ratio of SGF-

TABLE 2. Variation in inactivation and growth rates of E. coli
O157:H7 and Shigella spp. strains in a 10:1 proportion of SGF-CGB
Strain

E. coli O157:H7
E. coli O157:H7
E. coli O157:H7
E. coli O157:H7
E. coli O157:H7
E. coli O157:H7
E. coli O157:H7
E. coli O157:H7
E. coli O157:H7
E. coli O157:H7
Shigella spp.d

a

a

b

b

Mean inactivation rate (standard deviation).
Means with the same letter are not significantly different. A, B, and C are for
the 100:1 proportion, and X, Y and Z are for the 10:1 proportion.
c
Numbers in parentheses are the number of replicate experiments.

OB1340
OB90520A
OB141412
OB1525C
OB1423C
OB1514C1
OB1680G
OB1533A
DB1538
GFP 80EC

Ratea

Significance

⫺0.019 (0.036)
0.001 (0.073)
⫺0.070 (0.053)
⫺0.022 (0.042)
⫺0.091 (0.032)
⫺0.064 (0.054)
⫺0.200 (0.198)
⫺0.088 (0.054)
⫺0.131 (0.073)
⫺0.130 (0.071)
⫺0.300 (0.138)

A,Bb (6)c
A (6)
A,B,C (6)
A,B (6)
A,B,C (4)
A,B,C (6)
D,E (6)
A,B,C (6)
C,D (6)
C,D (4)
E (16)

Mean inactivation rate (standard deviation).
Means with the same letter are not significantly different.
Numbers in parentheses are the number of replicate experiments.
d
Mean rate for separate strains is given.
c
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FIG. 2. Inactivation of E. coli O157:H7 OB90520A as a function of the concentration of E. coli O157:H7 in 100:1 SGF-saline.
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saline. Similarly, Arnold and Kaspar (3) measured the percentage of survivors in 100 ml of SGF and described an average
inactivation rate for five E. coli O157:H7 strains of ⫺1.498.
Koo et al. (19) examined the inactivation of Vibrio vulnificus
strains in a different formulation of SGF (pH 3) than that
reported by Beumer et al. (6) and observed an inactivation rate
of ⫺0.769.
(ii) SGF-CGB. The average inactivation rate (⫺0.081 ⫾
0.068) for 10 E. coli O157:H7 strains in a 10:1 proportion of
SGF-CGB was approximately 12-fold lower than that observed
for E. coli O157:H7 in the same proportion of SGF-saline,
indicating that CGB reduced the bactericidal effects of SGF
(Table 2). This effect could have been due, in part, to the lower
pH of SGF-saline (pH 1.5) compared to that of SGF-CGB (pH
2.4). Others have reported that the stomach pH may rise to 6.7
after ingesting a meal, but that the pH remains at 2.5 for at
least 2 h, similar to the time intervals and pH used in my 10:1
proportion (11, 13, 26). Factors other than the pH of CGB may
have inhibited bactericidal components of SGF, such as porcine bile, lysozyme, and pepsin.
The mean inactivation rate (⫺0.300) for six Shigella isolates
in SGF-CGB was approximately fourfold higher than that for
the average of the 10 E. coli O157:H7 strains. These observations indicate that dose-response models developed for E. coli

O157:H7 and based on human volunteer studies using non-E.
coli O157:H7 species, where the pathogen is administered
without food and/or with a pH neutralizing solution, should
consider these differences and their effect on surrogate species
data in E. coli O157:H7 risk assessment.
Waterman and Small (32) reported that 79% of a single E.
coli O157:H7 strain survived when mixed with raw ground beef
and Luria-Bertani broth at a 100:1 ratio for 2 h at 37°C and pH
2.5. In addition, they observed 41 and 95% survival for two S.
flexneri strains. For an equivalent 2-h exposure in 10:1 SGFCGB, the present studies showed an average of 69% survival
for the nine E. coli O157:H7 strains and an average of 25%
survival for the six Shigella isolates.
E. coli O157:H7 survival in SGF-CGB containing antacid.
Linear regression models were used to compare the effects of
SGF, antacid dose, and the proportion of SGF-CGB on the
rate of E. coli O157:H7 GFP80EC survival (Fig. 3A and B).
Overall, at the different proportions of SGF-CGB tested, the
inactivation rate increased as the dose of antacid increased
(Fig. 3A). Specifically, at 1:1, 10:1, and 100:1 proportions of
SGF-CGB, the slope of the change in rate was 0.153, 0.126,
and ⫺0.064, respectively, as antacid increased from 0.5 to 2
times the prescribed dose. These same trends were observed
for the matrix pH (Fig. 3B), indicating that a primary factor
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FIG. 3. Effect of antacid dose on the (A) inactivation rate of E. coli O157:H7 GFP80EC and (B) matrix pH, with various proportions of
SGF-CGB (⽧, 1:1; triangle, 10:1; 〫; 100:1).
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between acid-sensitive and acid-resistant E. coli O157 strains
when they were added to a pH-controlled fermentor that gradually decreased pH to levels similar to that observed for gastric
fluid in human volunteers after they ate a solid meal. In this
environment, they found that acid resistance was acquired
within 17 min.
The survival of any bacterial pathogen in the stomach cannot
be modeled with 100% confidence due to the complex nature
of diverse food matrices and individual human physiological
conditions. However, it is possible to estimate pathogen behavior under controlled conditions that approximate different
types of gastric conditions. We believe that these experiments
provide more information than was previously available about
the response of E. coli O157:H7 strains to conditions that may
be present in the human stomach and which directly affect the
numbers of pathogenic E. coli O157:H7 that gain access to sites
of infection.
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affecting E. coli O157:H7 survival in SGF-CGB is likely pH.
Giannella et al. (14) have also suggested that the bactericidal
activity of gastric fluid is primarily a function of HCl-mediated
pH. However, Alm (1) proposed that the bactericidal effect of
human gastric fluid is greater than that of saline adjusted to the
same pH.
In the commercial antacid product, calcium carbonate is
indicated as the active ingredient that increases gastric pH. In
separate experiments, equivalent amounts of calcium carbonate were used to simulate the quantity of calcium carbonate
contained in 0, 0.5, 1, and 2 times the prescribed dose of
antacid in a 10:1 SGF-CGB mixture. As the dose of calcium
carbonate increased, the inactivation rate increased from
⫺0.396 to ⫺0.211, 0.027, and 0.196, respectively (data not
shown). This rate of change (slope ⫽ 0.297) was approximately
twofold higher than that for the comparable doses of the commercial antacid product (slope ⫽ 0.126), indicating that other
undefined components of the commercial product may affect
the growth and/or inactivation rate.
A number of reports show that previous bacterial growth
environments have a pronounced effect on inducing resistance
to subsequent acidic environments (5, 20, 21, 31). For example,
Arnold and Kaspar (3) show that stationary-phase cells have
greater acid resistance than logarithmic-phase cells. We inoculated SGF-medium with late-stationary-phase cells; therefore, our results likely estimate moderate acid resistance but
possibly not the degree of resistance that would be produced
under more challenging pH environments.
Takumi et al. (29) examined the inactivation of a single E.
coli O157:H⫺ strain and developed human exposure models as
a function of published dynamic changes in stomach pH and
food residence time. Using morpholineethanesulfonic acid as a
surrogate for low gastric pH, E. coli O157 cells were challenged
at static pH levels of 1.5, 2.0, 2.5, and 3.0. They reported that
2.2 and 0% of the cells survived after 1 and 2 h, respectively, at
pH 1.5. In contrast, we observed an average of 75 and 50%
survival among nine E. coli O157:H7 strains at 1 and 2 h,
respectively, at pH 1.5 in SGF-saline.
The survival of E. coli O157 in the stomach is a function of
a changing pH environment, where the fasting pH ranges from
1.3 to 1.7 and 6.2 to 6.7 after ingesting the meal and then to
fasting pH values within an additional 2 to 4 h (13, 26). In
addition, the gastric emptying time affects the exposure of
bacteria to low pH. Clarkston et al. (11) reported that approximately 80% of a meal is transported through the stomach
within 3 h of ingestion. Gordon and Small (15) estimated that
bacteria in food would be exposed to a pH of 2.5 for approximately 2 h. Our experimental design included this time interval.
Takumi et al. (29) simulated a changing pH environment by
using a pH-controlled fermentor and found that ⬃50% of the
bacteria survived for 120 to 150 min and that 4 h was required
to eliminate all detectable quantities of the E. coli O157:H⫺
strain. They suggest that modeling the effects of pH is adequate to model the effects of the stomach gastric fluid, even
though other factors could play a role in killing. However, our
data show that significant numbers of E. coli O157:H7 could
remain in gastric fluid, even when assuming that the fluid
would remain at pH 2.5 for 4 h.
de Jonge et al. (12) reported that there were no differences
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