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quirements relies on the inactivation rate being log linear.
Previously published data, however, have frequently suggested
that this is not the case (8). The reported deviations from
first-order inactivation have included shouldered death curves
in which the initial death rate is slower and, of greater concern
for the food industry, tailing in which a subpopulation displays
greater heat resistance than the majority population (6).
Tailing deviations are often viewed as a result of experimental difficulties when thermal inactivation assessments are made.
Tailing has been found in a range of microorganisms by using
a variety of experimental techniques (8, 9, 15, 28). In this study
we used a simple experimental approach to determine the
death kinetics of Salmonella enteritidis PT4 over a range of
lethal temperatures. Our objectives were to eliminate artifactual causes of tailing and to investigate the origins of any
remaining deviation from log-linear death.

The heat resistance of a microorganism can be quantified by
determining its time to decimal reduction (D value), the time
that it takes to inactivate 90% of the population at a given
temperature. This value can be derived from a plot of log10
survivors versus elapsed time (20), which is assumed to result
in a straight line. The D value is equal to the reciprocal of the
slope.
Explanations for first-order death remain contentious (16).
Two theoretical approaches were originally described by Madsen and Nyman (25). In the mechanistic concept of these
authors, microbial inactivation is treated as a monomolecular
reaction. Later, it was suggested that within bacteria, one or a
few key target volumes exist, which when subjected to heat
energy render the cells nonviable if sufficient energy is transferred from surrounding water molecules. At any one instant
there are a certain number of neighboring water molecules
possessing sufficient energy to damage a target molecule (7,
16). Much work has focused on the nature of the potential
intracellular targets; proteins, membranes, ribosomes, and nucleic acid material have all been shown to be adversely affected
by heat (2, 3, 24). Alternatively, the vitalistic concept proposes
that in a genetically homogeneous population, phenotypic variation exists such that resistance to a lethal agent is not uniform.
Withell (31) described how a log-normal distribution of resistance could describe both log-linear death kinetics and observed deviations from linearity, depending on the standard
deviation.
Successful use of D values for defining food-processing re-

MATERIALS AND METHODS
Organism. S. enteritidis phage type 4 strain P167807, supplied by the Division
of Enteric Pathogens, Central Public Health Laboratory, London, United Kingdom, was stored frozen in bead vials (Protect; Technical Service Consultants
Ltd., Heywood, Lancashire, United Kingdom) at 270°C and was resuscitated by
growing it to a concentration of 109 CFU ml21 in 10 ml of nutrient broth (NB)
(Unipath UK Ltd., Basingstoke, Hampshire, United Kingdom) at 37°C for 24 h.
Heat challenge protocol. (i) Preparation of cells. Resuscitated cultures were
diluted 10-fold in maximum recovery diluent (MRD) (Unipath UK Ltd.) for
inoculation into prewarmed (to 37°C) NB (100 ml, 500 ml, or 1.5 liters) to
provide initial suspensions containing approximately 1 CFU ml21. All broth
media were incubated statically at 37°C for 18 6 1 h and immediately centrifuged
(6,500 3 g for 15 min at 20°C). A previously determined growth curve obtained
under these conditions had shown that a culture was 4 h into the stationary phase
at this stage.
(ii) Heat challenge. Centrifuged cell pellets were resuspended in NB to give a
volume of 1.5 ml and allowed to stand for 15 min at 37°C. One milliliter of the
resulting concentrate was added to 40 ml of NB kept at the investigation temperature (by using a water bath) in a plugged 100-ml flask. The flask contents
were stirred with a magnetic flea propelled by a custom-made 12-V directcurrent submersible stirrer operating at 60 rpm to minimize vortex formation.
The external water bath level was maintained at the neck of the flask, and
polypropylene spheres were used to reduce evaporation. The temperature was
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The thermal inactivation kinetics of Salmonella enteritidis PT4 between 49 and 60°C were investigated. Using
procedures designed to eliminate methodological artifacts, we found that the death kinetics deviated from the
accepted model of first-order inactivation. When we used high-density stationary-phase populations and
sensitive enumeration, the survivor curves at 60°C were reproducibly biphasic. The decimal reduction time at
60°C (D60°C) of the tail subpopulation was more than four times that of the majority population. This difference
decreased with decreasing temperature; i.e., the survivor curves became more linear, but the proportion of tail
cells remained a constant proportion of the initial population, about 1 in 104 to 105. Z plots (log D versus
temperature) for the two populations showed that the D values coincided at 51°C, indicating that the survivor
curves should be linear at this temperature, and this was confirmed experimentally. Investigations into the
nature of the tails ruled out genotypic differences between the populations and protection due to leakage from
early heat casualties. Heating of cells at 59°C in the presence of 5 or 100 mg of chloramphenicol per ml resulted
in reductions in the levels of tailing. These reductions were greatest at the higher chloramphenicol concentration. Our results indicate that de novo protein synthesis of heat shock proteins is responsible for the
observed tailing. Chemostat-cultured cells heated at 60°C also produced biphasic survivor curves in all but one
instance. Cells with higher growth rates were more heat sensitive, but tailing was comparable with batch
cultures. Starved cells (no dilution input) displayed linear inactivation kinetics, suggesting that during
starvation a rapid heat shock response cannot be initiated.
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together with correlation coefficients (r2) to gauge degrees of linearity in survivor
curves.
Inhibition of protein synthesis by chloramphenicol. A radiolabeled solution of
L-leucine was prepared by using 5 mM unlabeled leucine and 90 mCi of [3,4,53
H(N)]leucine (Sigma Chemical Company Ltd.). A 100-ml 18-h salmonella culture was centrifuged, and the cells were resuspended in 100 ml of fresh medium,
from which three 10-ml volumes were removed. Two of these samples were
treated with chloramphenicol concentrations of 5 and 100 mg ml21. All of the
cultures were incubated for an additional 15 min before 100 ml of the leucine
solution was added. After this addition, 1-ml portions were immediately removed
from each culture and added to 5 ml of iced 10% (wt/vol) trichloroacetic acid
(TCA) (Sigma Chemical Company Ltd.). Additional 1-ml samples were removed
at 10, 20, 30, and 60 min. After 30 min of chilling in TCA, each sample was
filtered through 0.2-mm-pore-size WCN cellulose nitrate membrane filters
(Whatman International Ltd.) and washed three times with 5 ml of 5% (wt/vol)
TCA. The membrane filters were subsequently dried and placed in plastic scintillation vials. Five milliliters of OptiPhase Safe scintillation fluid (Wallac Scintillation Products, Wallac UK, Milton Kenyes, United Kingdom) was added to
each vial, and the radioactivity levels were recorded for 60 s by using a model
1410 scintillation counter (Wallac UK).

RESULTS
Heating system. Our initial investigations were centered on
reproducible techniques to achieve survivor curves that were,
as far as could be determined, free from methodological artifacts that influenced their shape. Mixing of the inoculated
heating menstruum was considered necessary to limit temperature differences throughout the liquid. An initial setup in
which a single-plane shaking bath was used was shown to
produce tailing at 55°C with negligible death at 2 to 3 log10
survivors. This tailing was attributed to the heating menstruum
traveling up the sides of the vessels to a lower-temperature
region and depositing cells. This allowed the cells to survive
and thus allowed recontamination. To avoid this, a low-speed,
submersible, magnetic stirrer that did not produce a visible
vortex was used. The use of this stirrer also eliminated the need
for complicated top drive stirrer systems, which hindered the
removal of samples.
Cooling and resuscitation of sampled cells were also investigated. Ice cooling is often employed (4, 11, 27), as is incorporation of a resuscitation stage prior to dilution and plating
(8). Death may be enhanced by cold shock when heat-injured
cells are artificially cooled by chilling. A comparison of survivor
curves produced by this method and one curve obtained when
samples were dispensed into vessels at room temperature revealed no differences in the survival rate. Similarly, the addition of a resuscitation step in the heating procedure had no
effect on the outcome of survivor curves compared to direct
dilution and plating. For reasons of simplicity, in the heating
protocol used in this study we employed room temperature
cooling and direct dilution and plating.
Cell density variation and death kinetics. Cell populations
of less than 107 CFU ml21 resulted in virtually linear survivor
curves (Fig. 1). Larger populations showed biphasic inactivation, with two distinguishable linear regions. Extrapolation of
the secondary death rate, or tail region, back to time zero
indicated that the more heat-resistant individuals represented
1 in 104 to 105 cells in the total initial population. High initial
cell numbers and sensitive detection methods were therefore
required before significant reproducible tailing was seen (Fig.
1).
D and z value assessment over a temperature range. Measured inactivation of high-density populations at temperatures
between 60 and 55°C at 1°C intervals gave rise to tailed survivor curves in all cases (Fig. 2). Over the whole temperature
range, two distinct linear inactivation rates were detected, and
D values were assigned to these rates (Table 1). In each case,
the more resistant survivors were a relatively constant proportion of the total population, approximately 1 in 104 to 105 cells.
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regulated by a Haake model DC-1 circulator-heater (Fisons Scientific Equipment, Loughborough, Leicestershire, United Kingdom). The heating menstruum
temperature was measured by using a National Accreditation of Measurement
and Sampling (NAMAS)-certified probe and digital indicator (model Pt 100
probe and series 268 indicator; Anville Instruments, Camberley, Surrey, United
Kingdom), and the circulator correction factor was set accordingly to give an
accuracy of 60.05°C.
Heat challenge experiments. (i) Cell density variation and death kinetics.
Resuspended pellets obtained from 1.5-liter cultures were diluted 10-fold in NB
to give concentrations of 1011 to 107 CFU ml21. One milliliter of each dilution
was heat challenged at 60°C for 5 min. This procedure was replicated five times.
(ii) D and z value assessment over a temperature range. Cells recovered from
1.5-liter cultures were heat challenged triplicate at temperatures ranging from 60
to 55°C (in 1°C intervals), as well as at 53, 51, and 49°C. D values were calculated
for linear regions of the mean survivor curve for the data sets obtained at 60 to
55°C, which allowed us to calculate z (the temperature change that produces 1
log change in D value).
(iii) Regrowth of late survivors and subsequent heat challenge. Cells were heat
challenged at 60°C, and undiluted samples were collected during the later stages
of heating (corresponding to a survivor level of ,102 CFU ml21). These samples
were pooled, and 1 ml was used to inoculate 1.5 liters of prewarmed (to 37°C)
NB. The broth was incubated for 18 h prior to harvesting and heat challenge at
60°C.
(iv) Reinoculation of a heating menstruum. Cells were collected from a 100-ml
NB culture and heat challenged at 55°C. Once this was done, a second similarly
prepared cell concentrate was introduced into the same heating menstruum, and
the preparation was sampled like the first culture.
(v) Protein synthesis inhibition during heat challenge. Cells harvested from
1.5-liter 18-h NB cultures were resuspended in NB, treated with chloramphenicol
(Sigma Chemical Company Ltd., Poole, Dorset, United Kingdom) at concentrations of 5 mg ml21 (determined to be the MIC) and 100 mg ml21, and heat
challenged at 59°C in 50 ml of NB containing chloramphenicol at the same
concentrations. At a chloramphenicol concentration of 100 mg ml21, the lowlevel enumeration method was modified to avoid carryover of antibiotic. Lowlevel enumeration was accomplished by adding 1 ml of sampled menstruum to 50
ml of MRD, allowing 30 min for equilibration, and then filtering the preparation
through 0.2-mm-pore-size WCN cellulose nitrate membrane filters (Whatman
International Ltd., Maidstone, Kent, United Kingdom). The membrane filters
were placed on nutrient agar (NA) (Unipath UK Ltd.) for incubation.
To ensure that chloramphenicol remained active at the investigation temperature, 10-ml portions of NB containing chloramphenicol (5 and 100 mg ml21)
were heated at 59°C for 1 h, cooled, and inoculated with 107 CFU of salmonella
per ml prior to incubation at 37°C for 18 h.
Heat challenge of chemostat-cultivated cells. Fermentations were performed
in a 1.5-liter vessel with pH control (pH 6.5 6 0.25), temperature control, (37 6
1°C), an airflow rate of approximately 1.5 liters min21, and a 30-liter growth
medium reservoir (LH Engineering Co. Ltd., Stoke Poges, Buckinghamshire,
United Kingdom). The vessel contents were stirred at 800 rpm, and the medium
input was controlled by a calibrated peristaltic pump (Watson-Marlow, Falmouth, Cornwall, United Kingdom).
Carbon was the limiting nutrient in a synthetic basal medium prepared by
using the salts solutions described by Evans et al. (13); no specified trace elements were included. A filter-sterilized glucose solution was added to the basal
medium after autoclaving to give a final glucose concentration of 0.5 g liter21.
The fermentor was inoculated to give an initial Salmonella suspension containing approximately 104 CFU ml21, and the culture was incubated until the late
log phase (as determined by measuring the A540). At this time, medium was
added at a dilution rate of 0.15 h21 for 24 h, and steady-state growth was verified
by measuring the A540. Approximately 100-ml samples were removed in triplicate
for heat challenge. The heat resistance of cells at 60°C was determined for the
following dilution rates: 0.15, 0.35, 0.6, and 0 h21. The medium input was
increased by 0.5 h21 between dilution rates to maintain a smooth transition in
the growth rate. At a dilution rate of 0.6 h21 the absorbance decreased marginally over a 3-h period, and so this dilution rate was considered the approximate
mmax. Following this final dilution rate experiment, the medium input was
stopped, and the culture was incubated for 12 h prior to the removal of zerodilution samples.
Chemostat samples were centrifuged like the NB batch cultures, and the
pellets were resuspended in NB prior to heat challenge.
Recovery and enumeration procedure. Heating menstruum samples were pipetted from the heat challenge flask periodically. When necessary, 1-ml volumes
were added directly to MRD and further diluted 10-fold before 10 ml was spread
plated onto NA. Neat samples were dispensed into glass universals (at room
temperature) to cool. Depending on the sensitivity required, samples were surface plated onto NA (10- or 100-ml spread plates) or used to produce 1- or 2.5-ml
pour plates. All plates were prepared in duplicate and incubated aerobically at
37°C for 48 h.
To enumerate time-zero populations, representative samples of concentrates
were diluted and plated appropriately prior to heating.
Statistical analysis. Replicate data sets were plotted to obtain mean survivor
curves together with standard deviations. Linear regression lines were fitted
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When analyzed by using complete survivor curves, the death
kinetics revealed a trend toward greater linearity as the temperature decreased; the correlation coefficients ranged from
0.8815 at 60°C to 0.9743 at 55°C (Table 1).
z values for the two death rates were derived from plots of
the log10 D values versus temperature (Fig. 3). The initial
linear inactivation gave a z of 3.32°C, and the tailing kinetics
produced a z of 4.27°C (Table 1). Extrapolation of the regres-

sion fits to lower temperatures revealed convergence at approximately 51°C, indicating that survivor curves at temperatures above 51°C should be tailed and survivor curves at
temperatures below 51°C should be linear. Survivor plots for
53, 51, and 49°C confirmed this. Survival at 53°C displayed
tailing, although at a reduced level compared with higher temperatures; inactivation at 51 and 49°C resulted in an initial
shoulder, which was longer at the lower temperature, followed
by linear death without tailing (Fig. 4).
Investigations into the causes of tailing. Cells recovered
from a 60°C heat-challenged preparation, cultured, and subjected to a second heating displayed no significant difference in
death kinetics compared with the mean data obtained at 60°C.
Freshly prepared cells introduced into a previously inoculated
and enumerated heating menstruum kept at 55°C gave almost
identical death kinetics, and similar levels of tailing were observed. The inclusion of chloramphenicol in the heating menstruum prior to and during heating at 59°C resulted in virtually
identical initial linear death rates for treated and untreated
cultures at both chloramphenicol concentrations used, 5 and
100 mg ml21. Tailing in chloramphenicol-treated populations
occurred at a lower level. In the culture treated with 5 mg ml21,
the tail survivors accounted for about 1 in 105 cells in the initial
population, a value which was approximately 90% less than the
value obtained with untreated cells. In cultures treated with
100 mg ml21, the level was reduced 10-fold further, but tailing
was still present. The calculated tail D values for each data set
revealed an increase in heat sensitivity with increasing chloramphenicol concentration (Table 2). In untreated cultures, the
tailing cells were nearly four times as resistant as the majority

FIG. 2. Mean numbers of survivors and standard deviations for 60°C (a), 59°C (b), 58°C (c), 57°C (d), 56°C (e), and 55°C (f), showing the best-fit lines for initial
and tailing populations. The arrows indicate the limits of detection.
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FIG. 1. Log-linear plot of survivors at 60°C for 10-fold dilutions of a prepared population. Each curve represents the mean from five replicates, and
standard deviations are indicated.
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At temperatures at which tailing was apparent, the biphasic
nature of the survivor curves suggests that two discrete populations were present. A relatively low initial cell density and
high limit of detection can hide a tail subpopulation, as demonstrated in Fig. 1. Stumbo (28) highlighted cell density as a
potential source of experimental artifacts. Combinations of
certain heating media with high cell densities could lead to
flocculation during the course of heating which could lead to
bias in colony counts and reveal tailing in survivor curves. This
was not a factor in this study since wet microscopic mounts of
cell inocula and samples collected from heat challenges over
the range of temperatures showed that no aggregation occurred.
Survivor curves for salmonellae depicting death over 4 to 5
log10 cycles would, according to data presented here, not display tailing or show sporadic deviations only at the very ends of
the survivor curves (10, 17). Minor deviations such as these
have previously been attributed to errors associated with lowlevel survivor enumeration. For this reason, Cerf (6) concluded
that workers should have no confidence in data corresponding
to ,102 survivors ml21 unless experiments were replicated
repeatedly. Replication and the development of a simple low-

FIG. 3. Z plots for initial linear inactivation (E) and tailing inactivation (h)
over a 5°C temperature range at 1°C intervals. The lines of best fit converge at
approximately 51°C; survivors at this temperature should exhibit no tailing.

Temp
(°C)a

Linear D
value
(min)b

Linear D
r2 value

Tail D
value
(min)c

Tail D r2
value

Complete death
kinetics r2
value

60
59
58
57
56
55

0.22
0.38
0.77
1.47
3.62
6.28

0.9863
0.9951
0.9966
0.9994
0.9920
0.9994

0.91
1.49
3.18
3.51
9.14
11.76

0.9970
0.9870
0.9935
0.9715
0.9083
0.9995

0.8815
0.8990
0.8690
0.9306
0.9418
0.9743

a
b
c

Temperature 6 0.05°C.
The z value for the linear D data is 3.32 °C (r2 5 0.9957).
The z value for the tail D data is 4.27 °C (r2 5 0.9720).

of the cells; in the presence of 5 and 100 mg of chloramphenicol
per ml this value decreased to 3 and 2.5, respectively. Chloramphenicol at either concentration was shown to be inhibitory
to the growth of salmonellae after heating at 59°C.
Assessment of the efficiency of chloramphenicol to inhibit
protein synthesis. The ability of chloramphenicol to inhibit
protein synthesis was calculated as a percentage of the radiolabel incorporated into untreated cells. In the presence of 5 mg
of chloramphenicol per ml protein synthesis was reduced by
more than 60%; at 100 mg ml21, protein synthesis was reduced
by nearly 80%. Despite a concentration that was 20 times the
MIC, protein synthesis could not be completely inhibited.
Heat challenge of chemostat-grown cells. Actively growing
chemostat populations growing at a uniform growth rate also
produced biphasic death curves, although the heat resistance
of the linear majority decreased as the dilution rate (growth
rate) increased. The initial linear death rate for cultures with a
growth rate of 0.15 h21 was similar to that of cells cultured
batchwise in NB. The tailing proportion was the same for each
dilution rate, 1 in 104 to 105 cells of the initial population. Cells
allowed to starve (D 5 0) exhibited completely linear death
with greatly increased heat tolerance (Fig. 5).
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DISCUSSION

level enumeration procedure were considered essential elements of the approach adopted in this study.
Methods for determining thermal inactivation kinetics can
be divided into two categories, each having its relative merits
(28). Closed sample methods require periodic sampling of one
or several sample vessels, so each sample must be considered
a separate population. Small volumes have to be employed to
minimize problems with heating and cooling lags, which creates difficulties when low-level enumeration is desirable. With
open systems, these restrictions are eliminated, but new ones
are introduced, the most crucial of which is inoculation of the
heating menstruum and successive sampling.
The flask protocol employed here cannot be performed with
a completely submerged unit. Consequently, there is a possibility that contamination of the flask neck and plug may occur
during inoculation and sampling. These regions are at a significantly lower temperature than the heating menstruum and
could serve as a possible source for underheated contaminants
to reenter the system. Great care therefore must be taken to
minimize the risk of neck contamination via aerosol creation.
Survival of contaminants in this manner should be greatest at
lower temperatures when heat transfer through the neck glass
is at its slowest. Tailing was, however, most pronounced at the
higher temperatures, indicating that this was not a problem
with the method which we employed.
The tailing reported here was quantifiable by D value analysis. This contrasts with some previously published observations that there was little or no change in tail survival levels
after extended periods of heating (15, 26), which were probably
indicative of artifactual effects. Donnelly et al. (11) demonstrated the possibility that these effects occurred with Listeriainoculated milk heated in incompletely submerged capped
tubes. Survivor curves for a range of temperatures showed
initial linear survivor reductions of 3 to 4 log10, followed by
prolonged erratic tailing in which the numbers seldom decreased further and in some cases increased. A second method
in which fully submerged vials were used produced linear
death. Clearly, the method of heat resistance assessment can
have a major influence on the shape of survivor curves obtained, so it is not surprising that the existence of tailing has
not been fully accepted yet.
Investigations into biological reasons for the reported tailing
demonstrated that a simple one-step mutation event occurring

TABLE 1. Calculated D values for linear and tail regions of the
survivor curves shown in Fig. 2 and the corresponding
correlation coefficients for best fits of linear portions,
tail portions, and complete death kinetics
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in a small number of cells during growth could not account for
the different heat sensitivities of the two populations. This
observation agrees with several other previously published reports which suggested that tail survivors are not genetically
distinct (5, 26, 29).
One consequence of thermal injury is a loss of cell membrane integrity and leakage of a variety of intracellular constituents (18). The presence of external solutes can protect against
this outcome and thus possibly delay the onset of injury and
death (2, 19). It follows that initial survivors of heating may
with time gain additional protection from cellular material
released by early casualties, leading to tailing. If this were so,
reinoculation of a previously heated culture ought to give rise
to greater survival in the second batch. This was not the case,
which confirmed the results of Moats et al. (26), who also
observed no difference in survival curves for a single heating
menstruum inoculated twice.
Sublethal habituation induces the synthesis of heat shock
proteins (HSPs) prior to heating and can lead to significantly
increased resistance to temperature and many other adverse
agents (23). Allan et al. (1) were able to demonstrate HSP
induction in Pseudomonas aeruginosa following a temperature
shift from 30 to 45°C that led to the synthesis of at least 17
proteins within approximately 1 min. Thus, it is possible that
during lethal heating, HSP production occurs in a small proportion of cells and results in tailing of survivor curves. This
possibility is supported by the observation that inhibition of de
novo protein synthesis during heating dramatically reduced the
levels of tailing. The fact that some tailing was still evident is
probably due to the failure of chloramphenicol to inhibit protein synthesis completely.
The fact that the tails represented a constant proportion of
the initial population suggests that only this proportion was
already protected by HSPs or capable of exhibiting a rapid heat

shock response (HSR). The requirement for de novo protein
synthesis indicates that if cells were already protected by HSPs,
these proteins were subject to rapid turnover. As the temperature decreased, the heat resistance of the bulk of the population approached that of the tail, suggesting that the majority
of the cells were able to mount an increasingly effective HSR
at a reduced temperature, ultimately resulting in completely
log-linear death kinetics at 51°C. The introduction of a shoulder deviation at and below this temperature suggests that the
inactivation of HSP-protected cells may be the result of injury
accumulation.
Culture age has been reported to affect both heat resistance
and death kinetics (12, 22, 30). Survivor curves obtained for
chemostat-cultured cells confirmed the effect of growth rate on
heat sensitivity, but tailing similar to that observed in batch
cultures was still apparent at all growth rates. This observation
precludes the possibility that differential growth rates in batch
cultures could account for the tailing observed. Starved cells
produced by halting the medium flow displayed linearity and
increased heat resistance at 60°C. This can be explained by the
induction of the starvation stress response (SSR), which allows
bacteria to remain viable during conditions unsatisfactory for
growth (21). However, at 60°C the D value of starved cells was

TABLE 2. D values determined at 59°C in the presence and
absence of chloramphenicol: comparison of initial
and tail inactivation rates
Chloramphenicol
concn
(mg ml21)

Initial
D59°C (s)a

Initial D59°C
r2 value

Tail D59°C
(s)

Tail D59°C
r2 value

0
5b
100

22.80
25.47
25.30

0.9951
0.9948
0.9933

89.13
77.78
63.76

0.9870
0.9333
0.9300

a
b

D59°C, D value at 59°C.
Determined to be the MIC.

FIG. 5. Survivor curves at 60°C for cells cultured in a chemostat (——) at
dilution rates of 0.15 h21 (E), 0.35 h21 (‚), and 0.6 h21 (h). 3, zero dilution;
– – –, 18-h NB batch-cultured cells. Standard deviations are indicated for the
chemostat culture data. The arrows indicate the limits of detection.
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FIG. 4. Survivor curves for cultures grown at 53°C (a), 51°C (b), and 49°C (c), showing that there was no tailing at or below 51°C, the temperature at which Z plots
for the tailing and nontailing populations converge. The arrow indicates the limit of detection.
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one-half that of tailing cells (at 0.42 min), whether the cells
were batch or chemostat derived. Clearly, the induced SSR of
such cells, while providing elevated resistance to a variety of
stresses, does not lead to a state of great thermotolerance. This
is not surprising because the HSR and SSR rely on different
sigma factors for induction (ss and s32, respectively [14, 21])
and SSR cells should be incapable of initiating rapid HSP
synthesis due to their state of “hibernation.”
Our results indicate that the assumption that log-linear thermal death kinetics occur, which generally is made in food
processing, is not always valid and that the deviations sometimes observed in practice should not always be dismissed as
experimental artifacts. In current practice, margins of safety
are generally sufficient for low-level tailing and there is not a
problem, but this could change with the increasing trend toward minimal processing.
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