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Abstract

The thermal inactivation of Salmonella enteritidis phage type 4 and Escherichia coli O157:H7 as affected by temperature
(54.5-64.5°C), pH (4.2—-9.6 with HCI or NaOH) and NaCl concentration (0.5-8.5% w/w) was studied. Cell suspensions in
modified tryptone soya broth were heated in a submerged-coil heating apparatus and survivors were enumerated on tryptone
soya agar incubated aerobically. For most thermal inactivation data there was a logarithmic decrease in the viable cell
concentration over the initial 4—6 log,, reduction and D-values were fitted. In some cases, tailing of the survivor curves was
observed with cells surviving longer than the D-values predicted. Models describing the effect of temperature, pH and NaCl
concentration on the thermal inactivation of S, enteritidis and E. coli O157:H7 were produced. For both organisms, predicted
z-values of 4.6—7.0 C° were obtained depending on conditions, with larger z-values at higher levels of NaCl. Optimum
survival occurred between pH 5 and pH 7 and increasing acidity or akalinity caused a decrease in the predicted D-values. At
equivalent pH, acetic acid and lactic acid (at 0.5, 1 and 2% w/w) generally had a similar, or increased, lethal effect compared
with HCI, whereas in most cases citric acid had a less lethal effect. For E. coli O157:H7, increasing NaCl concentration had
a protective effect up to the maximum tested (8.5% w/w), while for S. enteritidis optimal survival at a NaCl concentration of
5-7% w/w was predicted. The models were validated in foods by comparing predictions with published data. Most (80%)
of the predicted D-values from the S. enteritidis model were within the 95% confidence interval (within 2.45-fold of the
published data) for different Salmonella serotypes in whole egg, egg albumen, egg yolk, beef and milk. Most (93%) of the
predicted D-values from the E. coli O157:H7 model were larger than the limited published data for this organism in meat,
poultry, milk and apple juice with 42% within the 95% confidence interval (within 2.05-fold of the published data). The
D-value models were incorporated into Version 1, and subsequent versions, of the predictive microbiology software program,
Food MicroModel. [0 1997 Elsevier Science BV.
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1. Introduction

The inactivation of infectious non-spore-forming
pathogens using a heat treatment is a critical control
point in the safe preparation of many foods. In-
sufficient processing, cooking or reheating are often
contributing factors in food-poisoning outbreaks
(Roberts, 1991). Both of the organisms studied in
this work have been implicated with food poisoning
caused by insufficient heating. A variety of foods
have been implicated as vehicles of Salmonella
infection including meat and poultry, milk, ice
cream, cheese, eggs and egg products, chocolate and
spices and inadequate heating has been the cause of
some of the outbreaks (D’Aoust, 1989). To date,
outbreaks caused by enterohaemorrhagic Escherichia
coli, in particular serotype O157:H7, have been
attributed to undercooked beef and raw milk (Padhye
and Doyle, 1992), unpasteurised apple juice (McCar-
thy, 1996), cooked meat (Bradbury, 1996), lettuce
(Anon., 1996), and unconfirmed food vehicles
(Watanabe et a., 1996).

There have been many studies on the heat resist-
ance of Salmonella in foods and laboratory media
(D’Aoust, 1989). In some cases the relationship
between the physicochemical properties of the heat-
ing menstruum, such as water activity (Baird-Parker
et a., 1970; Geopfert et al., 1970) and pH (Anellis et
al., 1954), and the heat resistance of Salmonella has
been investigated. The combined effects of severa
factors has received much less attention and has not
been quantified mathematically. Most of the thermal
inactivation studies on E. coli O157:H7 have focused
on the effect of temperature alone in different foods
such as meat (Ahmed et a., 1995), ground beef
(Doyle and Schoeni, 1984; Line et a., 1991; Jackson
et al., 1996), milk (D'Aoust et al., 1988) and apple
juice (Splittstoesser et al., 1996).

In the traditional approach to establishing a safe
therma inactivation treatment it is assumed that
organisms within a population are identical and that
their inactivation can be described by first order
kinetics. This is achieved by plotting the logarithm
of the number of survivors against exposure time and
calculating the decima reduction time (D-value).
Calculation of D-values at different temperatures
allows the z-value to be established. This is used to
integrate the lethal effect of temperature within a
given thermal process. This approach has served the

food industry for over 50 years and, to date, forms
the basis of most commercially applied thermal
processes. Despite this, during the same period of
time, deviations from first order inactivation kinetics
have been reported frequently (Cerf, 1977; Jackson
et a., 1996). Consideration of non-first order in-
activation kinetics could be important in the safe
application of milder heat processes or those relying
on the combined effects of other factors such as pH
and water activity. In this respect there is a need for
models that can predict the combined effects of a
number of factors on the therma inactivation of
pathogenic bacteria.

In recent years there has been increasing interest
in the use of mathematical models to predict micro-
bial growth in food (Williams et a., 1992). In the
UK, a coordinated programme of research funded by
the Ministry of Agriculture, Fisheries and Food has
been undertaken to develop growth, survival and
thermal inactivation models for foodborne patho-
genic bacteria. During this research programme an
approach to producing, validating and approving
models was developed (McClure et al., 1994). Many
of these models have now been incorporated into the
commercially-developed software program, Food
MicroModel (Blackburn, 1995).

The aim of this study was to produce 3-factor
thermal inactivation models for S, enteritidis and E.
coli O157:H7 with controlling factors of temperature
(54.5-64.5°C), pH (4.2-9.6 to include high-pH egg
products) and NaCl (0.5-8.5% w/w) using the same
approach and rigor in experimental design and
validation used previously for the development of
predictive models for growth.

2. Materials and methods
2.1. Organisms

Salmonella enteritidis phage type 4 (P167807) and
Escherichia coli 0157:H7 (E30138, E30228,
E30480 and E32511), kindly supplied by Dr Bernard
Rowe, Division of Enteric Pathogens, Central Public
Health Laboratory, London, and Salmonella senften-
berg NCTC 9959 were used. Cultures were stored at
— 20°C on beads (Protect, Technical Service Consul-
tants Ltd, Heywood, Lancashire, UK).
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2.2, Media

Tryptone soya broth (TSB; Oxoid Ltd, Basing-
stoke, UK) was prepared and NaCl added to give
final concentrations up to 8.5% w/w. The pH was
adjusted by the addition of 2 M HCI or 2 M NaOH
to values ranging from 4.2 to 9.6, prior to autoclav-
ing at 121°C for 15 min. In some cases the pH of the
broths was atered with filter-sterilised 1M HCI or
IM NaOH after autoclaving. Some broths were
prepared with the addition of acetic, citric or lactic
acid at 0.5, 1 and 2% w/w.

2.3 Preparation of cell suspension

Unmodified TSB was inoculated with S, enteritidis
or E. coli O157:H7 and incubated at 37°C for 24 h.
The culture was diluted in maximum recovery
diluent (MRD; Oxoid Ltd) to give a concentration of
about 10 cfu/ml and 1 ml was used to inoculate 100
ml unmodified TSB. The broth was incubated at
37°C for 16-19 h. The culture (50 ml) was cen-
trifuged (6500 x g for 20 min a 20°C) and re-
suspended in 20 ml TSB with modified pH and NaCl
concentration. After equilibration for 15 min at room
temperature the pH of the suspension was deter-
mined.

2.4. Thermal inactivation

The cell suspension was heated in a submerged-
coil heating apparatus (Cole and Jones, 1990).
Samples (0.2 ml) were removed automatically at
predetermined time intervals and rapidly cooled to
room temperature in TSB (5 ml). After resuscitation
at room temperature for 90 min, to alow recovery of
heat-injured cells, survivors were enumerated follow-
ing serial decimal dilution in MRD and inoculation
of duplicate tryptone soya agar (TSA, Oxoid Ltd)
plates, as 1 ml pour plates, 0.1 ml spread plates or 10
wl spread on quartered plates. Plates were incubated
at 37°C for 48 h. A duplicate set of plates, incubated
anaerobically (Gas Generating Kit, Oxoid Ltd), were
used for some experiments.

2.5, Experimental design

All combinations of conditions were selected from
the following: temperature (54.5, 59.5, 62.5 and

64.5°C); pH (4.2, 4.6, 5.2, 7.0, 8.0, 8.7, 9.5 for S.
enteritidis; and 4.4, 5.0, 6.8, 8.0 and 9.6 for E. coli
0157:H7) and NaCl (0.5, 3.5 and 8.5% w/w). A
total of 88 thermal inactivation curves for S. en-
teritidis and 67 for E. coli O157:H7 were used to
construct two models.

2.6. Data fitting and construction of models

Linear regression was performed on the survival
data for each temperature using the REG™ pro-
cedure of SAS (SAS Institute Inc., Cary, NC, USA).
This produced a correlation coefficient and an esti-
mate of the intercept and slope of the straight line for
each temperature. Corresponding D-values were
calculated from the reciprocal of the slope estimate.
Only points in the straight part of the curve were
included. A quadratic response surface was used to
describe the effects of temperature, pH and NaCl on
the log,, D-value (RSREG™ procedure of SAS). A
number of data sets showed significant deviation
from log-linear kinetics and so the data were also
fitted using non-linear regression where the whole
data set was fitted using a log-logistic function
(NLIN™ procedure of SAS):

w — o
(4o(m — log,,time))
exp

w — o

log,o(cfuml ™) =a +

1+

where « is the upper asymptote (log,, cfu/ml), w is
the lower asymptote (log,, cfu/ml), o is the maxi-
mum slope of the inactivation curve (log,, cfu/ml
against log,, time) and 7 is the log,, time at which
the maximum slope is reached. The only parameter
significantly influenced by temperature, pH and NaCl
and therefore a quadratic function was used to
describe 7 in response to these factors.

2.7. Validation of models with data from foods

Published data of the therma inactivation of
Salmonella and E. coli O157:H7 in food were
obtained. When D-values were not quoted they were
caculated from graphs of the data. The heating
temperature of the experiment and the pH and NaCl
concentration of the food was used to obtain the
predicted time for a 1 log,, reduction from the
relevant model and compared with the published
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data. Where pH and/or NaCl concentration data were
not provided, estimates were made.

3. Results

3.1. Screening of Salmonella and E. coli O157:H7
strains

A Salmonella enteritidis phage type 4 strain
(P167807) was selected as being the most heat
resistant of 6 strains of S. enteritidis phage type 4
(Davies, A.R., personal communication). This strain
was 1.9-4.6 times more heat sensitive when com-
pared with Salmonella senftenberg (NCTC 9959) at
a NaCl concentration of 0.5% w/w (Table 1). Four
strains of Escherichia coli O157:H7 were screened
and E30228 was selected as the most heat resistant at
avariety of conditions of pH and NaCl concentration
(Table 2).

Table 1
Dgy.soc (9) Of S. senftenberg and S. enteritidis (P167807) at 0.5%
w/w NaCl

3.2, Effect of aerobiosis on recovery of heat-
injured cells

Anaerobic incubation of TSA plates was compared
with aerobic incubation for the enumeration of heat-
injured cells. Colony counts on anaerobically-incu-
bated plates were generally greater than those incu-
bated aerobically and this led to D-values up to twice
as large (Table 3).

3.3 Modédling

For most thermal inactivation data there was a
logarithmic decrease in the cell concentration with
time over the initial 4-6 log,, reduction (data not
shown). In some cases, however, tailing of survivor
curves was seen, with low numbers of cells surviving
longer than the fitted D-values predicted.

The D-value models were calculated in two stages.
Linear regression analysis of thermal inactivation
data gave a very good fit (R-square values >90%)
for 84% of S enteritidis curves and 83% of E. coli
0157:H7 curves. The remaining curves showed
significant shoulders and/or tails making it more
difficult to define the linear portion of the curves.
There was a good fit of the quadratic response

Organism H 7.3 H 9.6 .
9 P P surface (function of temperature, NaCl and pH) to
2 Se”ft?‘gefg 5780 32-0 21 log,, D-values, with R-square values of 95.5% for S.
enteritidis (P167807) 4 11 enteritidis and 97.4% for E. coli O157:H7. The
Table 2
Dgy.s-c (9 of E. coli O157:H7 strains
Conditions Strain no
E30138 E30228 E30480 E32511
0.5% w/w NaCl, pH 4.3 19 34 15 33
3.5% w/w NaCl, pH 5.1 62 112 80 59
8.5% w/w NaCl, pH 4.3 140 158 108 114
Table 3
Effect of anaerobic incubation on the calculated D-values (s) of S. enteritidis and E. coli O157:H7 in 0.5% w/w NaCl
Organism Temperature (°C) pH Incubation of agar plates
Aerobic Anaerobic

S enteritidis 62.5 6.9 20 25

59.5 6.8 160 211
E. coli O157:H7 64.5 6.8 35 5.6

59.5 7.0 42 82

59.5 6.8 60 81
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standard errors associated with each model were
0.194 for S enteritidis and 0.156 for E. coli
0157:H7.

Log-logistic models were determined in one step.
The mean square errors of the log-logistic function
fitted to S. enteritidis and E. coli O157:H7 data were
0.618 and 0.544, respectively. These values are
larger than those calculated for the D-value models
(0.038 and 0.024 for S. enteritidis and E. coli
0157:H7, respectively) because they reflect the two
steps of the modelling process compared with just
the fitting of the quadratic response surface.

Predictions for 3 and 5 log,, reductions from both
models were compared (Figs. 1 and 2). For a 3 log,,
reduction, predictions from both models were similar
although the E. coli O157:H7 log-logistic model
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Fig. 1. Comparison of predictions for a 3 log,, reduction from
D-value and log-logistic models for (a) S. enteritidis and (b) E.
coli O157:H7 (line denotes equivalence).

tended to predict longer times than the D-value
model, particularly for milder heating conditions
(Fig. 1b). For a 5 log,, reduction, predictions from
the log-logistic models were always larger than those
from the D-value models with the most significant
differences occurring for milder heating conditions

(Fig. 2).
34. Effect of temperature

Over the temperature range studied (54.5—64.5°C)
there was an approximately linear relationship be-
tween the logarithm of the predicted D-value and
temperature for both S. enteritidis and E. coli
0157:H7 (Fig. 3). The z-values for both organisms
were approximately 4.6—7.0 C° depending on the
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Fig. 2. Comparison of predictions for a 5 log,, reduction from
D-value and log-logistic models for (a) S. enteritidis and (b) E.
coli O157:H7 (line denotes equivalence).
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Fig. 3. Effect of temperature on the thermal inactivation of S. enteritidis (O,®) and E. coli O157:H7 (A,A) a 0.5% w/w NaCl (O,A) and
8.5% NaCl (®@,A), pH 7.0 (lines denote predictions from models derived from the whole datasets and not just the points shown).

conditions. NaCl concentration had a more pro-
nounced effect than pH with larger z-values at higher
levels of NaCl. For example, z-values increased from
4.6-5.1 C° at 0.5% w/w NaCl to 5.8-7.0 C° at 8.5%
w/w NaCl.

3.5. Effect of pH

For both S. enteritidis and E. coli O157:H7 there
was an optimum pH for survival that was dependant
on temperature and NaCl concentration, and increas-
ing acidity or akalinity increased the rate of in-
activation. The optimum pH for survival was gener-
aly higher for S. enteritidis (pH 5.9-6.5) than for E.
coli O157:H7 (pH 5.2-5.9). For example, at 3.5%
w/w NaCl the maximum predicted Dg, ... for S
enteritidis and E. coli O157:H7 occurred at pH 6.4
and pH 5.6, respectively (Fig. 4).

3.6. Effect of organic acids

For S. enteritidis and E. coli O157:H7, heating in
the presence of acetic or lactic acid gave similar or
reduced D-values compared with predictions from
the models, which were produced using media

acidified with HCl (Tables 4 and 5). For S. en-
teritidis, 2% w/w acetic and lactic acid was con-
siderably more lethal than 0.5 and 1% w/w (Table
4). For E. coli O157:H7 survival in the presence of
acetic and lactic acids was greatest with 1% w/w
acid compared with 0.5 and 2% w/w (Table 5). In
general, citric acid was less lethal for both organisms
compared with HCI.

3.7. Effect of NaCl concentration

Increasing NaCl concentration had a heat protec-
tive effect on E. coli O157:H7 (Fig. 5). For S
enteritidis, thermal inactivation was more rapid in
the presence of 0.5% w/w NaCl compared with
3.5% w/w NaCl, but a concentration of 8.5% w/w
NaCl frequently led to similar or more rapid in-
activation than at 3.5% w/w NaCl. The resultant
model predicted maximum D-values at about 5-7%
w/w NaCl. To investigate the effect of larger NaCl
concentrations, the thermal inactivation of S en-
teritidis at 64.5°C, pH 7 and 19% w/w NaCl was
determined. The resulting D, .. of 10.9 s (data not
shown) was less than the maximum predicted Dg, .
of 13.7 s which occurred at 6.5% w/w NaCl.
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Fig. 4. Effect of pH on the thermal inactivation of S. enteritidis (@) and E. coli O157:H7 (A) at 64.5°C, 3.5% w/w NaCl (lines denote

predictions from models derived from the whole datasets and not just the points shown).

Table 4
Effect of organic acids on the Dy, ... values () of S. enteritidis in 3.5% w/w NaCl
QOrganic acid concentration (% w/w) pH Acid
Acetic Lactic Citric HCI (prediction)

05 48 139 -2 275 170

4.6 - 154 - 14.7
10 48 133 - 438 17.0

45 - 14.8 - 13.6
20 48 48 - 394 17.0

44 - 17 - 125

® —, not determined.

Table 5
Effect of organic acids on the Dy, ... values (s) of E. coli O157:H7 in 3.5% w/w NaCl
Organic acid concentration (% w/w) pH Acid
Acetic Lactic Citric HCI (prediction)
05 49 -2 - 30.4 51.6
4.8 34.8 - - 50.2
46 - 40.0 - 46.9
10 48 488 - 61.5 50.2
45 - 47.3 - 45.1
2.0 48 42.0 - 148 50.2
44 - 36.0 - 431

# —, not determined.
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Fig. 5. Effect of NaCl concentration on the thermal inactivation of S. enteritidis (@) and E. coli O157:H7 (A) at 64.5°C, pH 4.5 (lines
denote predictions from models derived from the whole datasets and not just the points shown).

3.8 Validation of models in foods different Salmonella serotypes (excluding known
heat-resistant strains) in a range of foods including
Predictions from the thermal inactivation D-value whole egg, egg yolk, egg albumen, beef and milk

models were compared with published thermal in- (Fig. 6). A total of 220 comparisons were made,
activation data from foods. Predictions from the S. comprising 19 publications, and the model predicted
enteritidis model were compared with data for 34 slower inactivation (‘fail safe’) on 70% of occasions.
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Fig. 6. Food validation of S. enteritidis thermal inactivation model using published data.



Table 6
Food validation of S. enteritidis thermal inactivation model using published data — example comparisons
No. of Food Strain Temperature pH NaCl (w/w Observed Predicted Reference
comparisons (°C) agueous D-value D-value
phase) (min) (min)
4 Whole egg S enteritidis 55 (7.8) (0.36)* 7.8-85 4.46 Humphrey (1990)
24 Whole egg various 58 (7.8) (0.36) 0.49-0.86 112 Solowey et al. (1948)
10 Whole egg various 60 (7.8) (0.36) 0.14-2.2 041 Anellis et al. (1954)
16 Whole egg S enteritidis 57.2 (7.8) (0.36) 1.21-2.81 1.64 Shah et al. (1991)
13 Whole egg S enteritidis 60 (7.7) (0.36) 0.21-0.62 0.43 Humphrey et al. (1990)
9 Whole egg S enteritidis 60 (7.8) (0.36) 0.31-0.69 041 Baker (1990)
3 Whole egg S typhimurium 60 (7.8) (0.36) 0.25-0.45 041 Garibaldi et a. (1969)
1 Whole egg S. typhimurium 57.8 55 (0.36) 2.3 1.86 Lategan and Vaughn (1964)
4 Whole egg various 60 (7.8) (0.36) 0.16-0.46 041 Dabbah et al. (19719
6 Egg yolk various 62.2 (6.5) (0.36) 0.14-0.3 0.36 Palumbo et a. (1995)
1 Egg yolk S. typhimurium 59.5 (6.5) (0.36) 0.85 0.85 Jackle et al. (1988)
3 Egg albumen S. typhimurium 56.7 8.0 (0.34) 0.63-0.66 172 Corry and Barnes (1968)
1 Egg albumen S typhimurium 58.5 9.2 (0.34) 0.23 021 Jackle and Schmidt-L orenz (1989)
1 Minced beef S. thompson 60 (6.1) (0.23) 0.46 0.59 Mackey and Derrick (1987)
1 Beef Salmonella spp. 60 5.9 (0.23) 0.9 0.57 Craven and Blankenship (1983)
6 Milk various 62.8 (6.7) (0.19) 0.06-0.1 0.12 Read et a. (1968)
1 Milk S. typhimurium 62.8 (6.7) (0.19) 0.112 0.118 Bradshaw et al. (1987)
8 Milk various 61.5 (6.7) (0.19) 0.039-0.059 0.25 D’Aoust et a. (1987)
4 Milk various 62.5 (6.7) (0.19) 0.21-0.48 0.14 Dabbah et a. (1971b)

® Parentheses indicate estimated values
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Table 7

Food validation of E. coli O157:H7 thermal inactivation model using published data — example comparisons
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Fig. 7. Food validation of E. coli O157:H7 thermal inactivation model using published data.

No. of Food Temperature  pH NaCl Observed  Predicted  Reference
comparisons (°C) (w/w aqueous  D-value D-value

phase) (min) (min)
1 Ground beef 54.5 (5.7)* (0.25) 39.8 21.2 Doyle and Schoeni (1984)
1 Ground beef 64.3 (5.7) (0.25) 0.16 0.23 Doyle and Schoeni (1984)
1 Ground beef 62.8 (57) (0.31) 0.47 0.51 Line et a. (1991)
1 Ground beef 60 (5.7)  (0.26) 0.47 2.07 Ahmed et al. (1995)
1 Ground beef 57.2 (5.7) (0.25) 2.8 7.31 Shipp et al. (1991)
3 Ground beef (acidified)  54° 5.0 (0.25) 9.2-150 219 Abdul-Raouf et al. (1993)
3 Milk 63 (68) (0.2 0.05-0.22 0.39 D’Aoust et a. (1988)
1 Chicken 55 (58) (0.16) 9.74 17.7 Ahmed et al. (1995)
1 Turkey 60 (59) (0.1) 0.58 2.07 Ahmed et al. (1995)
1 Pork sausage 55 (61) 3.09 11.3 18.8 Ahmed et al. (1995)
1 Apple juice 55 44 1.4° 5.0 124 Splittstoesser et al. (1996)
1 Apple juice 58 44 1.4° 1.0 3.84 Splittstoesser et al. (1996)
87" Tryptic soy broth 55 7.3 05 1.0-256 122 Jackson et al. (1996)
4° Tryptic soy broth 55 7.3 05 8.0-22.2 12.2 Murano and Pierson (1993)

® Parentheses indicate estimated values.

® Prediction outside temperature range of model.
° Equivalent a,, to 12° brix.
¢ Different incubation temperatures, holding times and growth phases prior to heating.
¢ Different heat-shock treatments and atmospheres for incubation of agar plates.



C. de W. Blackburn et al. / International Journal of Food Microbiology 38 (1997) 31-44 41

For egg products and beef, 87% of the D-values
were within the 95% confidence interval of predic-
tions from the model (=2X SE of log,, D-vaue) i.e.
there was a difference of less than 2.45-fold between
predicted and observed values. The difference was
greater than four-fold in only 2.7% of comparisons.
For milk, however, there was greater variation, with
only 45% of the 38 comparisons within the 95%
confidence interval and 45% showing a greater than
four-fold difference between predicted and observed
D-values (Table 6).

A tota of 45 comparisons, comprising seven
publications, were made for the E. coli O157:H7
model and on 93% of occasions the model gave fail
safe predictions (Fig. 7). The published data were
within the 95% confidence limits of the E. coli
0157:H7 model for 42% of comparisons i.e. a
difference of less than 2.05-fold compared with the
prediction. Predicted D-values were larger than
observed D-values by more than four-fold for 29%
of comparisons (Table 7).

4. Discussion

Due to its prevalence in cases of saimonellosis, a
strain of S. enteritidis phage type 4 was used to
develop a Salmonella thermal inactivation model.
Some strains of S. senftenberg and S. bedford can be
more heat resistant, but this is not typical of sal-
monellas in general (Baird-Parker et a., 1970). With
the strains used in this study, E. coli O157:H7 was
more heat resistant than S, enteritidis but the con-
verse has also been reported (Doyle and Schoeni,
1984).

The calculated z-values (4.6-7.0 C°) for both
organisms are similar to the range of values (4—6 C°)
that have been reported (D’ Aoust, 1989; Line et d.,
1991; Ahmed et a., 1995). However, results from
the present study showed that the z-value could vary
depending on the conditions, particularly NaCl. The
z-value of Salmonella typhimurium in milk has been
shown to be affected by a,,, increasing from 4°C to
6.8 C° with an increase in solids from 10% to 50%
(Dega et a., 1972). This highlights the potential
inaccuracies of determining a z-value under one set
of conditions and applying it to other conditions.

In general, the heat resistance of bacteria increases
with decreasing water activity. In the present study,

heat resistance of E. coli O157:H7 increased with
increasing NaCl up to 8.5% w/w. A similar effect
has been seen for Listeria monocytogenes at NaCl
concentrations up to 4.5% (Cole et a., 1993). For S.
enteritidis, however, there was a predicted optimum
NaCl concentration for survival of 5-7% w/w and
thermal inactivation data at 19% w/w NaCl provided
further evidence for a predicted optimum. An opti-
mal level of NaCl for heat protection of other
Salmonella serotypes (6—-9%) (Baird-Parker et al.,
1970) and Aeromonas hydrophila (2%) (Stecchini et
al., 1993) has aso been obtained.

The pH of the heating menstruum also affected
thermal inactivation, with low and high pH values
generally decreasing heat resistance. A similar effect
has been observed with the inactivation of Salmonel-
la in liquid whole egg (Anellis et al., 1954) and E.
coli 0157 and S. enteritidis in buffer (Teo et al.,
1996). It has been shown that E. coli is more tolerant
of low pH at non-lethal temperatures than Salmonel-
la (Gauthier and Clément, 1994) and the present
study provides evidence for a similar effect at lethal
temperatures. The thermal inactivation models were
produced using hydrochloric acid as the acidulant
and acetic and lactic acids had either no effect or an
increased lethal effect compared with predictions
from the models. There was evidence, however, that
under certain conditions citric acid had a less lethal
effect. Similar observations have been made for the
differential effect of organic acids on the thermal
inactivation of bacterial spores (McClure, unpub-
lished observations). Citric acid was shown to in-
crease the heat resistance of spoilage yeasts in
concentrated orange juices (Juven et al., 1978) and
Abdul-Raouf et a. (1993) demonstrated that the rate
of therma inactivation of E. coli O157:H7 in
acidified beef durry was dependent on the acidulant
and increased in the order: citric acid, lactic acid and
acetic acid. Citric acid has aso been shown to cause
less sub-lethal injury to S. enteritidis at non-lethal
temperatures than acetic and lactic acids (Alexandrou
et al., 1995).

The kinetics of the thermal inactivation of bacteria
has been a topic of much discussion over the years.
It has been generally accepted that inactivation
follows alog-linear relationship, although deviations,
which are not explained easily by experimenta
factors, have been observed frequently (Cerf, 1977;
Jackson et al., 1996). Fitting the logistic function to
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thermal inactivation data plotted against log time has
been shown to account for some of the deviations
from log-linear kinetics of L. monocytogenes (Cole
et a., 1993). The log-logistic modelling approach
has also been applied to the survival of Yersinia
enterocolitica at sub-optimal pH and temperature
(Little et al., 1994).

The method of enumerating survivors of heat
inactivation experiments can affect the percentage
recovery of heat-injured cells and hence has a
bearing on the calculated heat resistance of the
organism. Anaerobic incubation of agar plates led to
D-values up to twice as great as those from aerobi-
caly incubated plates and similar results have been
obtained for Salmonella (Xavier and Ingham, 1993)
and E. coli O157:H7 (Murano and Pierson, 1993).
Xavier and Ingham (1993) stated that it is unlikely
that anaerobic heating or storage of food after
heating reflect most practical situations, but it may
be important in evaluating the microbiological safety
of lightly heated foods packaged under low-oxygen
conditions.

Published thermal inactivation data for Salmonella
and E. coli O157:H7 in a range of foods were
compared with predictions from the D-value models.
For the S. enteritidis model, 70% of comparisons
showed faster inactivation than the model predicted
(‘fail safe’), which contrasted with 93% for the E.
coli O157:H7 model. This difference may reflect the
use of a relatively more heat-resistant strain of E.
coli O157:H7 and the fact that the S enteritidis
model was compared with more data comprising a
wide range of Salmonella serotypes and strains,
which can have differences in heat resistance of up
to 16-fold (Anellis et al., 1954). The heat resistance
of the E. coli O157:H7 strain together with the
smaller standard error of the model may reflect the
smaller number of comparisons (42%) within the
95% confidence interval of the model compared with
the S. enteritidis model (80%). It would be expected
that the errors associated with published data would
be no smaller, and probably considerably larger, than
the errors associated with the models because of the
additional factors that introduce variability. For most
of the published data no pH, NaCl concentration or
a,, Mmeasurements of the food were given and
estimates had to be made. There is difficulty in
reproducing experimental conditions accurately and
D-values for E. coli O157:H7 differing by up to 3

fold were obtained for replicate analyses (Splitt-
stoesser et a., 1996). The physiologica condition of
the cells can affect their heat resistance and different
temperatures and holding times prior to heating
caused variation in the D-value of E. coli O157:H7
of 26-fold (Jackson et al., 1996).

Comparing the S. enteritidis model with thermal
inactivation data in eggs and beef, only 13% of
comparisons were outside the 95% confidence limits.
Some of these can be explained by the 16-fold
variation in heat-resistance of different strains in
liquid whole egg (Anellis et a., 1954) compared
with the 6-fold variation in D-value that the 95%
confidence interval reflects. Published therma in-
activation data for Salmonella and E. coli O157:H7
in milk compared less well. Many of the data were
generated using a pilot-scale plate pasteuriser unit
and the minimum process temperature and time were
used to obtain predictions from the S. enteritidis and
E. coli O157:H7 models (D’'Aoust et a., 1987).
Exposure to temperatures and times in excess of
these values and any lethality during heating and
cooling, which was slower than commercia units
(D’Aoust et al., 1987), would not be predicted. The
use of models that can take into account the heat
delivered during heating and cooling would reflect
more accurately data generated in process equip-
ment.

Heat resistance data for microorganisms is estab-
lished traditionally in microbiological media at neu-
tral pH and high a,,. In practice, the pH and a,, of
the food will often significantly influence the heat
resistance. The models developed in this study
enable the combined effect of these factors to be
guantified. Other factors, such as strain to strain
variability and differences in cell physiology and
biochemistry, may also influence heat resistance but,
at present, these effects are not easily quantified.
Nevertheless, models that describe the interactions of
factors that are controlled easily would be very
useful in determining the extent to which an existing
heat process should be modified for different foods
or formulations. The use of D-values to describe
thermal inactivation data is widely accepted and
easily applied in practical situations. Non-linear
kinetics are applied less easily and would signifi-
cantly increase the heat process required for larger
reductions in cell numbers. The deviations from
log-linear kinetics in this study were described better



C. de W. Blackburn et al. / International Journal of Food Microbiology 38 (1997) 31-44 43

using the log-logistic approach, but more knowledge
about the apparently more heat resistant fractions of
bacterial populations is required before these data
can be used and applied to heat processes.

Acknowledgements

The authors wish to express their thanks to
Matthew McClements, Anne Harwood-Stamper,
Phyllis Akor, Gary Wood and Alec Gallagher for
invaluable technical assistance, and Dr Martin Cole
for input into the final manuscript. Predictions from
thermal inactivation models are from Food Mi-
croModel Version 1 and are presented with permis-
sion from Food MicroModel Ltd, Randalls Road,
Leatherhead, Surrey KT22 7RY, UK. The financia
support of the UK Ministry of Agriculture, Fisheries
and Food is gratefully acknowledged.

References

Abdul-Raouf, U.M., Beuchat, L.R., Ammar, M.S,, 1993. Survival
and growth of Escherichia coli O157:H7 in ground, roasted
beef as affected by pH, acidulants, and temperature. Appl.
Environ. Microbiol. 59, 2364—2368.

Ahmed, N.M., Conner, D.E., Huffman, D.L., 1995. Heat-resist-
ance of Escherichia coli O157:H7 in meat and poultry as
affected by product composition. J. Food Sci. 60, 606—610.

Alexandrou, O., Blackburn, C. de W., Adams, M.R., 1995.
Capacitance measurement to assess acid-induced injury to
Salmonella enteritidis PT4. Int. J. Food Microbiol. 27, 27—-36.

Anellis, A., Lubas, J., Rayman, M.M., 1954. Heat resistance in
liquid eggs of some strains of the genus Salmonella. Food Res.
19, 377-39%5.

Anon., 1996. Food Chem. News, July 15, pp. 24-25, 45—46.

Baird-Parker, A.C., Boothroyd, M., Jones, E., 1970. The effect of
water activity on the heat resistance of heat sensitive and heat
resistant strains of salmonellae. J. Appl. Bacteriol. 33, 515—
522.

Baker, R.C., 1990. Surviva of Salmonella enteritidis on and in
shelled eggs, liquid eggs, and cooked egg products. Dairy
Food Environ. Sanit. 10, 273-275.

Blackburn, C. de W., 1995. Food MicroModel —predicting the
safety of food. Eur. Food Drink Rev. 52, 55-57.

Bradbury, J., 1996. Food poisoning outbreak reported in Scotland.
Lancet 348, 1504.

Bradshaw, J.G., Pedler, JT., Corwin, J.J., Barnett, JE., Twedt,
R.M., 1987. Thermal resistance of disease associated Sal-
monella typhimurium in milk. J. Food Prot. 50, 95-96.

Cerf, O., 1977. Tailing of survival curves of bacterial spores. J.
Appl. Bacteriol. 42, 1-19.

Cole, M.B., Davies, KW., Munro, G., Holyoak, C.D., Kilshy,

D.C., 1993. A vitalistic model to describe the thermal inactiva-
tion of Listeria monocytogenes. J. Indust. Microbiol. 12, 232—
239.

Cole, M.B., Jones, MV., 1990. A submerged-coil heating ap-
paratus for investigating the thermal inactivation of bacteria
Lett. Appl. Microbiol. 11, 233-235.

Corry, JE.L., Barnes, EM., 1968. The heat resistance of sa-
monellae in egg albumen. Br. Poultry Sci. 9, 253-260.

Craven, S.E., Blankenship, L.C., 1983. Increased heat resistance
of saimonellae in beef with added soy proteins. J. Food Prot.
46, 380-384.

Dabbah, R., Moats, W.A., Edwards, V.M., 1971a. Survivor curves
of selected Salmonella enteritidis serotypes in liquid whole
egg homogenates at 60°C. Poultry Sci. 50, 1772—1776.

Dabbah, R., Moats, WA., Edwards, V.M., 1971b. Heat survivor
curves of food-borne bacteria suspended in commercialy
sterilized whole milk. |. Salmonellae. J. Dairy Sci. 54, 1583—
1588.

D’Aoust, J.-Y. 1989. Salmonella. In: M.P. Doyle (Ed.), Foodborne
Bacterial Pathogens. Marcel Dekker, New York, pp. 327-445.

D'Aoust, J-Y., Emmons, D.B., McKédlar, R., Timbers, G.E.,
Todd, E.C.D., Sewell, A.M., Warburton, DW., 1987. Thermal
inactivation of Salmonella species in fluid milk. J. Food Prot.
50, 494-501.

D’'Aoust, J-Y., Park, C.E., Szabo, R.A., Todd, E.C.D., Emmons,
D.B., McKéllar, R.C., 1988. Therma inactivation of Campylo-
bacter species, Yersinia enterocolitica, and hemorrhagic Es-
cherichia coli O157:H7 in fluid milk. J. Dairy Sci. 71, 3230—
3236.

Dega, C.A., Goepfert, JM., Amundson, C.H., 1972. Hest resist-
ance of salmonellae in concentrated milk. Appl. Microbiol. 23,
415-420.

Doyle, M.P, Schoeni, J.L., 1984. Survival and growth characteris-
tics of Escherichia coli associated with hemorrhagic colitis.
Appl. Environ. Microbiol. 48, 855-856.

Garibaldi, JA., Straka, R.P, ljichi, K., 1969. Heat resistance of
Salmonella in various egg products. Appl. Microbiol. 17,
491-496.

Gauthier, M.J,, Clement, R.L., 1994. Effect of a short period of
starvation in oligotrophic waters on the resistance of enteric
bacterial pathogens to gastric pH conditions. FEMS Microbiol.
Ecol. 14, 275-284.

Geopfert, JM., Iskander, 1.K., Amundson, C.N., 1970. Relation of
the heat resistance of salmonellae to the water activity of the
environment. Appl. Microbiol. 19, 429-433.

Humphrey, T.J.,, 1990. Heat resistance in Salmonella enteritidis
phage type 4: the influence of storage temperature before
heating. J. Appl. Bacteriol. 69, 493—-497.

Humphrey, T.J., Chapman, PA., Rowe, B., Gilbert, R.J., 1990. A
comparative study of the heat resistance of samonellas in
homogenised whole egg, egg yolk or abumen. Epidemiol.
Infect. 104, 237-241.

Jackle, M., Geiges, O., Schmidt-Lorenz, W., 1988. Examination of
the thermal inactivation of akaline phosphatase, apha-amy-
lase, Salmonella typhimurium, Salmonella senftenberg 775W,
Pseudomonas aeruginosa and Saphylococcus aureus in egg
yolk. Mitt. Geb. Lebensm. Hygiene 79, 69-89.

Jackle, M., Schmidt-Lorenz, W., 1989. Thermal inactivation of



44 C. de W. Blackburn et al. / International Journal of Food Microbiology 38 (1997) 31-44

enzymes, Salmonella and other bacteria in chicken egg white.
Mitt. Geb. Lebensm. Hygiene 88, 162—193.

Jackson, T.C., Hardin, M.D., Acuff, G.R., 1996. Heat resistance of
Escherichia coli O157:H7 in a nutrient medium and in ground
beef patties as influenced by storage and holding temperatures.
J. Food Prot. 59, 230-237.

Juven, B.J., Kanner, J., Weisslowicz, H., 1978. Influence of orange
juice composition on the thermal resistance of spoilage yeasts.
J. Food Sci. 43, 1074-1076 & 1080.

Lategan, PM., Vaughn, R.H., 1964. The influence of chemical
additives on the heat resistance of Salmonella typhimurium in
liquid whole egg. J. Food Sci. 29, 339-344.

Line, JE., Fain, J. A.R., Moran, A.B., Martin, L.M., Lechowich,
RV., Carosella, JM., Brown, W.L., 1991. Lethality of heat to
Escherichia coli O157:H7: D-value and z-value determina
tions in ground beef. J. Food Prot. 54, 762—766.

Little, C.L., Adams, M.R., Anderson, W.A., Cole, M.B., 1994.
Application of a log-logistic model to describe the survival of
Yersinia enterocolitica at sub-optimal pH and temperature. Int.
J. Food Microbiol. 22, 63—-71.

Mackey, B.M., Derrick, C.M., 1987. The effect of prior heat shock
on the thermoresistance of Salmonella thompson in foods.
Lett. Appl. Microbiol. 5, 115-118.

McCarthy, M., 1996. Escherichia coli O157 H7 outbreak in USA
traced to apple juice. Lancet 348, 1299.

McClure, PJ., Blackburn, C. de W., Cole, M.B., Curtis, PS,,
Jones, JE., Legan, JD., Ogden, I.D., Peck, MW., Roberts,
T.A., Sutherland, JP, Walker, S.J, 1994. Modelling the
growth, survival and death of microorganisms in foods: the
UK Food Micromodel approach. Int. J. Food Microbiol. 23,
265-275.

Murano, E.A., Pierson, M.D., 1993. Effect of heat shock and
incubation atmosphere on injury and recovery of Escherichia
coli O157:H7. J. Food Prot. 56, 568-572.

Padhye, NV., Doyle, M.P, 1992. Escherichia coli O157:H7:
Epidemiology, pathogenesis, and methods for detection in
food. J. Food Prot. 55, 555-565.

Palumbo, M.S., Beers, SM., Bhaduri, S., Pdlumbo, S.A., 1995.
Thermal resistance of Salmonella spp. and Listeria monocyto-

genes in liquid egg yolk and egg yolk products. J. Food Prot.
58, 960—966.

Read, R.B., Bradshaw, J.G., Dickerson, RW., Peeler, J.T., 1968.
Thermal resistance of salmonellae isolated from dry milk.
Appl. Microbiol. 16, 998—-1001.

Roberts, D., 1991. Sources of infection: food. In: Waites, W.M.,
Arbuthnott, J.P. (Eds), Foodborne Iliness. Edward Arnold,
London, pp. 31-37.

Shah, D.B., Bradshaw, J.G., Peeler, J.T., 1991. Therma resistance
of egg-associated epidemic strains of Salmonella enteritidis. J.
Food Sci. 56, 391-393.

Shipp, D.K., Rehberger, T.G., Hand, LW., 1991. Thermal resist-
ance of Escherichia coli O157:H7 in ground beef patties. In:
1991 Animal Science Research Report, Oklahoma Agricultural
Experimental Station, Stillwater, OK, USA, pp. 92-97.

Solowey, M., Sutton, R.R., Calesnick, E.J.,, 1948. Heat resistance
of Salmonella organisms isolated from spray-dried whole egg
powder. Food Technol. 2, 9-14.

Splittstoesser, D.F., McLellan, M.R., Churey, JJ., 1996. Heat
resistance of Escherichia coli O157:H7 in apple juice. J. Food
Prot. 59, 226—-229.

Stecchini, M.L., Sarais, |., Giomo, A., 1993. Thermal inactivation
of Aeromonas hydrophila as affected by sodium chloride and
ascorbic acid. Appl. Environ. Microbiol. 59, 4166—4170.

Teo, Y.-L., Raynor, T.J, Ellgosyula, K.R., Knabel, S.J., 1996.
Synergistic effect of high temperature and high pH on the
destruction of Salmonella enteritidis and Escherichia coli
0157:H7. J. Food Prot. 59, 1023—1030.

Watanabe, H., Wada, A., Inagaki, Y., Itoh, K., Tamura, K., 1996.
Outbreaks of enterohemorrhagic Escherichia coli 0157 H7
infection by 2 different genotype strains in Japan, 1996.
Lancet 348, 831.

Williams, A.P, Blackburn, C. de W., Gibbs, PA., 1992. Advances
in the use of predictive techniques to improve the safety and
extend the shelf-life of foods. Food Sci. Technol. Today 6,
148-151.

Xavier, 1.J., Ingham, S., 1993. Increased D-values for Salmonella
enteritidis resulting from the use of anaerobic enumeration
methods. Food Microbiol. 10, 223-228.



