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Thermal inactivation of nonproteolytic Clostridium botulinum type E spores was investigated in rainbow trout
and whitefish media at 75 to 93°C. Lysozyme was applied in the recovery of spores, yielding biphasic thermal
destruction curves. Approximately 0.1% of the spores were permeable to lysozyme, showing an increased mea-
sured heat resistance. Decimal reduction times for the heat-resistant spore fraction in rainbow trout medium
were 255, 98, and 4.2 min at 75, 85, and 93°C, respectively, and those in whitefish medium were 55 and 7.1 min
at 81 and 90°C, respectively. The z values were 10.4°C in trout medium and 10.1°C in whitefish medium. Com-
mercial hot-smoking processes employed in five Finnish fish-smoking companies provided reduction in the
numbers of spores of nonproteolytic C. botulinum of less than 103. An inoculated-pack study revealed that a
time-temperature combination of 42 min at 85°C (fish surface temperature) with >70% relative humidity (RH)
prevented growth from 106 spores in vacuum-packaged hot-smoked rainbow trout fillets and whole whitefish
stored for 5 weeks at 8°C. In Finland it is recommended that hot-smoked fish be stored at or below 3°C, further
extending product safety. However, heating whitefish for 44 min at 85°C with 10% RH resulted in growth and
toxicity in 5 weeks at 8°C. Moist heat thus enhanced spore thermal inactivation and is essential to an effective
process. The sensory qualities of safely processed and more lightly processed whitefish were similar, while
differences between the sensory qualities of safely processed and lightly processes rainbow trout were observed.

Vacuum-packaged hot-smoked fish products have frequent-
ly been reported to cause type E botulism (4–6, 25). In North-
ern aquatic environments the prevalence of nonproteolytic
Clostridium botulinum type E is high, with heavy contamination
of the Baltic Sea with spores (22). In a recent survey, 20% of
the fish caught in the Baltic Sea and in Finnish freshwaters
carried nonproteolytic C. botulinum type E spores. Moreover,
7% of vacuum-packaged hot-smoked rainbow trout and white-
fish products marketed in Finland contained spores of this
organism (23), indicating the survival of spores during the heat
treatments commonly employed in industrial hot smoking.

Current guidelines developed in Europe (1, 17) include rec-
ommendations regarding the heat processing, formulation, and
storage of refrigerated processed foods of extended durability
(REPFEDs), including vacuum-packaged hot-smoked fish
products. To reduce the risk of botulism presented by nonpro-
teolytic C. botulinum, the recommended heat processes should
reduce the probability of a single spore leading to growth and
toxin production by a factor of 106. Depending on the z value
used, and not taking into account the relative humidity (RH),
time-temperature combinations of 90°C for 10 min, 85°C for 36
to 52 min, and 80°C for 129 to 270 min have been suggested to
reduce the number of spores of nonproteolytic C. botulinum by

a factor of 106 (1, 17). However, in the absence of additional
controlling factors such as chill storage, these heat processes
have since been shown to fail in controlling growth and toxin
production from 106 spores of nonproteolytic C. botulinum
types B, E, and F in meat (19, 30, 40). As the pH of fish prod-
ucts is near neutral and the low NaCl content of vacuum-
packaged hot-smoked fish products is unlikely to contribute to
control of growth and toxin production, the safety of these
products relies upon a combination of heat treatment and
refrigerated storage. Nonproteolytic C. botulinum has been re-
ported to grow and produce toxin at 3.0 to 3.3°C (15, 16, 21,
42). It is thus essential that appropriate combination factors to
be employed in commercial fish smoking be determined.

Lysozyme is known to facilitate the germination of heat-
damaged spores of nonproteolytic C. botulinum (20), thereby
increasing measured spore heat resistance. Biphasic survivor
curves indicate that from 0.1 to 20% of a spore population is
permeable to lysozyme and is more heat resistant than the
nonpermeable fraction (37, 45). Without the addition of ly-
sozyme to the recovery medium, decimal reduction times (D
values) for spores of type E strains of 0.07 to 6.6 min at 82°C,
depending on the heating medium, have been reported (7, 11,
27, 32, 41, 44, 47); with lysozyme, higher D values of 48.3, 12.6,
and 3.17 min at 85, 90, and 95°C, respectively, have been
determined (37).

In the 1960s, efforts towards more effective control of the
risk presented by C. botulinum type E in commercial hot-
smoking processes introduced a time-temperature combina-
tion in commercial hot smoking of 82.2°C for 30 min (10),
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although the process was subsequently shown to fail in ensur-
ing product safety (2, 9). It was later established that this heat
treatment combined with an ambient atmosphere of high RH
in the smoke chamber brought about a reduction of 105 to 106

in the numbers of spores of C. botulinum type E heated in
whitefish chubs (2, 35). However, lysozyme was not used in the
recovery medium of heat-injured spores, and it is likely that in
the presence of lysozyme more spores would have recovered
following the heat treatment and a lower safety margin would
have been identified. A number of other studies on the thermal
destruction of spores of type E strains in fish media have been
conducted without using lysozyme in the recovery medium of
spores (14, 39, 40), but studies employing lysozyme have not
been reported. As lysozyme is present in a number of fish
species (28), it is essential to reevaluate the effect of heat
processing on the survival of nonproteolytic C. botulinum
spores in fish when recovered in the presence of lysozyme. This
is the first time that the thermal inactivation of nonproteolytic
C. botulinum in fish has been investigated with lysozyme in the
recovery medium of heat-injured spores.

Fish hot smoking seems to vary in different countries, as do
the heat-processing procedures and adherence to storage tem-
peratures and shelf lives. In the United States, an in-pack
pasteurization protocol in a water bath for smoked fish has
been identified (14). Such a process was shown to control the
growth and toxin formation from 106 nonproteolytic C. botu-
linum spores at 25°C. However, concerns over poor process
uniformity, temperature abuse, and the growth of the more
heat-resistant strains of proteolytic C. botulinum led to the
recommendation that such products be labeled “Keep refrig-
erated. Store below 3°C.” The implementation of in-pack pas-
teurization procedures in the fish industry would require in-
vestment in additional equipment, such as water baths, and
would change the traditional hot-smoking concept.

The aims of the present study were (i) to evaluate the le-
thality of pasteurization processes employed in commercial fish
hot smoking in Finland with respect to C. botulinum type E; (ii)
to determine the heat resistance parameters (D and z values)
of C. botulinum type E strain Beluga in rainbow trout and
whitefish media with lysozyme in the recovery medium; (iii) to
design hot-smoking processes that will control growth and
toxin production from 106 spores in rainbow trout fillets and
whole whitefish during storage for 5 weeks at 8°C, employing
various combinations of process time, temperature, and RH;
and (iv) to investigate the effects of these processes on the
sensory quality of vacuum-packaged hot-smoked rainbow trout
fillets and whole whitefish products.

MATERIALS AND METHODS

Process evaluation in five Finnish fish processing plants. The hot-smoking
processes employed in five Finnish small-scale fish processing plants in the
production of rainbow trout fillets were evaluated with respect to their lethality
for spores of nonproteolytic C. botulinum type E (Table 1). The temperature at
the fish surface and the internal temperature of the smoke chamber were mon-
itored (DP-158; Envic, Turku, Finland) at 3-min intervals with temperature
probes (Ellab A/S, Roedovre, Denmark). The fish surface temperatures were
measured at a 1-mm depth of the fish. The smoke chamber temperature and RH
were measured at the central part of the smoke chamber. The data on fish
surface temperatures were used to calculate the inactivation ratio (P/t) for each
process time. The equation used was P/t � 10([T � Tref ]/z) (8), where P is the
pasteurization time describing the equivalent process time (minutes) at the

reference temperature Tref (85°C) and t is the process time (minutes) at the
actual temperature T (degrees Celsius). A z value of 7°C (17) was used.

C. botulinum type E spores. The nonproteolytic C. botulinum type E strain
Beluga E was used in thermal death time measurements, while a mixture of three
strains (Beluga E, 211 E, and 250 E) was used in the inoculated-pack studies. The
origins and sources of the strains have been described previously (29). Spores
were produced, enumerated, and checked for toxin production as described
previously (12). Washed spores were suspended in sterile distilled water and
stored at 4°C until use.

Thermal death time of C. botulinum type E in model fish medium. (i) Prepa-
ration of fish medium. An anaerobic fish medium was prepared by a method
described previously (38), with modifications. The medium contained 250 g of
skinless rainbow trout (Oncorhyncus mykiss) or skinless whitefish (Coregonus
lavaretus) bought from a local fishery, 10 g of glucose (BDH Laboratory Supplies,
Poole, Dorset, United Kingdom), 10 g of NaCl (Merck KGaA, Darmstadt,
Germany), 10 g of starch (Merck KGaA), and distilled water to 1,000 g. In brief,
the fish was chopped for 30 s and suspended with an equal volume of distilled
water. The suspension was heated in a water bath at 100°C for 10 min and
blended (Stomacher 400; GWB Ltd., Espoo, Finland) for a further 60 s. After
addition of NaCl, glucose, and starch, the container was weighed and the sus-
pension was cooked for 15 min with continuous stirring. Evaporation was com-
pensated for by addition of sterile water to give 1,000 g, and the medium was
cooled to 50°C. The pH of the medium was adjusted to 6.4 with HCl, and 5-ml
aliquots of the medium were dispensed into metal-capped glass tubes. The tubes
were autoclaved at 121°C for 15 min and stored in anaerobic jars with a gas
generation kit (AnaeroGen; Oxoid, Basingstoke, Hampshire, United Kingdom)
at 4°C until use.

(ii) Inoculation, thermal processing, and cooling of fish medium. Glass tubes
containing 5 ml of fish medium were each inoculated with spores of C. botulinum
type E strain Beluga. Two noninoculated tubes for each heating temperature
served as negative controls. Three noninoculated tubes were used for tempera-
ture monitoring at 30- to 120-s intervals with probes (Ellab A/S) calibrated
against a certified mercury-in-glass thermometer. The temperature was mea-
sured to the nearest 0.5°C. All tubes were placed in a hot water bath set at a
target temperature of 75 to 93°C, and the experiment was started as soon as the
core temperatures of the noninoculated tubes reached the target temperature.
Depending on the target temperature, this took approximately 1 to 2 h. To avoid
the lethal effect of the times to reach the target temperatures, 10 tubes at a time
were inoculated with 106 spores of strain Beluga, and timing was started imme-
diately. The final heating times varied from 0.5 to 450 min. On the basis of the
temperature data obtained for the noninoculated temperature tubes at the target
temperature and collected by a data logger (Envic DP-158), the equivalent times
at the target temperatures were calculated by using the formula 10([T � Tref]/z),
where T is the mean of the actual temperatures measured in the three temper-
ature tubes and Tref is the target temperature (75 to 93°C). A z value of 7°C was
used (17). All experiments were conducted twice.

Two or three replicate tubes were removed from the water bath at each
sampling time. The tubes were placed in a deep ice-water bath with vigorous
shaking to ensure rapid cooling, in order to eliminate spore destruction during
the temperature fall. The tubes were kept in the ice bath until culturing and
enumeration.

TABLE 1. Commercial hot-smoking processes employed in five
fish-smoking plants in the production of vacuum-packaged

hot-smoked rainbow trout in Finland, evaluated for
safety with respect to the thermal destruction

of nonproteolytic C. botulinum

Company Pasteurization
time (min)a

Actual fish surface
temp (°C)b RH (%)b Possible to

control RHc

A 6.0 81.0 (80.3–82.0) NDd Yes
B 5.5 82.8 (82.2–83.4) 80 (77–83) Yes
C 0.03 63.6 (63.1–64.2) 60 (61–63) No
D 0.02 62.3 (61.8–62.8) 60 (58–60) Yes
E 0.01 56.3 (55.4–57.7) 60 (58–59) Yes

a Assuming a Tref of 85°C and a z value of 7°C (16).
b Mean value (approximation of RH to the nearest 5%) measured during the

most effective 10-min period at the end of the heat process (the range is given in
parentheses).

c Yes, the RH inside the smoking chamber is controllable electrically; no, the
RH is not controllable electrically.

d ND, not determined.
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(iii) Culturing and enumeration of C. botulinum. Two replicate tubes (referred
to below as culture tubes) for every heating time were cultured in anaerobic
tryptose-peptone-glucose-yeast extract broth (Difco, Detroit, Mich.) containing
hen egg white lysozyme (625 IU/ml; Sigma Chemical Co., St. Louis, Mo.) by
gently pouring 10 ml of broth on top of the fish medium. The tubes were
incubated in an anaerobic cabinet with an internal atmosphere of 85% N2, 10%
CO2, and 5% H2 (MK III; Don Whitley Scientific Ltd., Shipley, United King-
dom) at 30°C for 90 days and observed for turbidity and gas production daily for
2 weeks and once a week for the following 10 weeks. In addition to the culture
tubes, at every second or third sampling time the spores in one tube were
enumerated by a three-tube most-probable-number (MPN) technique immedi-
ately after the heat treatments. When the C. botulinum count was below the
detection limit, an MPN estimate of 100.18 spores was used, provided that growth
was observed in the corresponding culture tubes. If growth was not observed in
either the culture tubes or the MPN tubes, the quantity was considered to be less
than one spore.

(iv) Determination of D and z values and proportion of heat-resistant spores.
As the thermal destruction curves were biphasic, two regression lines were fitted
to the data points: one was fitted to the log-linear phase of the reduction curve
describing the spore fraction nonpermeable to lysozyme, and the other was fitted
to the tailed phase of the curve describing the fraction permeable to lysozyme.
The D values of each fraction at each temperature were calculated from the
best-fit line by linear regression (Statistix version 1.0; Analytical Software, Tal-
lahassee, Fla.). The percentage of heat-resistant spores at each temperature was
determined as a ratio of the mean spore count at the intercept of the two
regression lines. D values were then plotted on thermal death time (TD) curves,
and z values for the lysozyme-permeable spore fractions in trout and whitefish
were determined.

Inoculated-pack study. (i) Fish samples. Rainbow trout fillets with skin and
whole split whitefish were bought from a local fishery, where the trout were
beheaded and filleted and the whole whitefish were gutted. These forms of the
two fish are most frequently used to produce vacuum-packaged hot-smoked fish
in Finland. The final sample size was typically 500 to 600 g (trout, 530 � 75 g;
whitefish, 600 � 270 g). The average pH of trout was 6.6 (range, 6.4 to 6.9), and
that of whitefish was 7.0 (range, 6.7 to 7.6). The NaCl concentration in both fish
species was �0.5% (wt/vol).

(ii) Inoculation with C. botulinum type E spores. The fish were placed on
aluminum foil trays, with the skin surface of the rainbow trout facing down, and
inoculated with approximately 106 spores per kg, which were evenly spread on
the skinless side of the trout fillets and in the abdominal cavity of the whole
whitefish. The spore mixture consisted of equal concentrations of spores of
C. botulinum type E strains Beluga E, 211 E, and 250 E, with a final inoculation
volume of 0.5 ml per sample.

(iii) Thermal processing of fish samples. The fish samples on the foil trays
were laid on metal racks that were placed in an electrically controlled and heated
smoke chamber equipped with an external smoke generator (Vemag; Kerres
GmbH, Sulzbach/Murr, Germany). The temperature data were monitored and
pasteurization values were calculated as described above. The reference temper-
ature of 85°C corresponded to the mean actual temperatures measured on the
fish surface layer during most of the heat processes (Table 2). The z values of
10.4°C for trout and 10.1°C for whitefish were used as determined in the model

fish media in this study (Table 3). In addition to the temperature data, the
internal RH of the smoke chamber was measured with a humidity probe (Delta
Ohm, AMX 510; Envic).

The heat processes RI to RIV were used for rainbow trout, WI to WIV were
used for whitefish, and RWI and RWII were used for both fish species (Table 2).
The processes varied in temperatures, times, and percent RHs (Table 2). The
processes RWI and RWII represented excessive under- and overprocessing,
respectively, and were used only in the sensory analysis.

(iv) Packaging and storage of fish samples. After thermal processing and
cooling at room temperature for 2 h, the samples on foil trays were vacuum
packaged (Multivac A 300/16 1986; Multivac Verpackungsmaschinen, Wolfert-
schwenden, Germany) in polyamide-polyethylene pouches (Wipak Oy, Nastola,
Finland) with an oxygen permeability of 31 cm3/m2/24 h (23°C, 50% RH) and a
water vapor permeability of 1.6 g/m2/24 h (38°C, 90% RH). The samples were
stored at 8°C for 5 weeks, i.e., 2 weeks beyond the typical commercial shelf life
for vacuum-packaged fish products in Finland.

(v) Sampling procedures. The MPN count of C. botulinum, the presence of
botulinum toxin, and the pH of each product were determined in four equally
treated samples at 1, 3, and 5 weeks after the thermal processing. The NaCl
concentration was measured in six fresh trout fillets and six fresh whitefish.

(vi) Detection of C. botulinum and botulinum toxin. Viable counts of C. bot-
ulinum type E were quantified as described previously (30), with slight modifi-
cations. In brief, 20 1-g pieces from a depth of not more than 1 mm beneath the
surface layer of each trout fillet or whitefish were transferred to tubes containing
10 ml of tryptose-peptone-glucose-yeast extract broth and incubated in an an-
aerobic cabinet (MK III; Don Whitley Scientific Ltd.) at 30°C for 3 days, fol-
lowed by overnight culturing under various conditions. Cells from 1 ml of each
overnight culture were washed with Tris-HCl (0.01 M)–EDTA (0.001 M) buffer
at 37°C for 1 h and suspended in 1 ml of distilled water. One microliter of the
suspension was heated at 99°C for 10 min and used as a template in a PCR with
primers specific to the botulinum neurotoxin type E gene (43), DynaZyme DNA
polymerase (Finnzymes, Espoo, Finland), and a 96-well thermal cycler (MJ
Research, Watertown, Mass.). The sizes of the amplified PCR products were
determined in agarose gels by comparison with standard DNA fragments (DNA

TABLE 2. Heat treatments employed in processing of vacuum-packaged hot-smoked rainbow trout fillets and whole whitefish samples

Study(ies)a Fish Processb Pasteurization
time (min)c

Actual fish surface
temp (°C)d RH (%)d

I Rainbow trout RI 1.5 66.5 (65.3–70.3) 60 (55–61)
I Rainbow trout RII 25 82.4 (81.5–83.6) 25 (24–27)
I Rainbow trout RIII 26 82.9 (81.5–84.2) 70 (56–85)
I Rainbow trout RIV 34 84.0 (80.9–88.3) 75 (67–82)
I Whitefish WI 1.5 67.3 (66.3–70.7) 50 (47–56)
I, S Whitefish WII 42 84.2 (83.2–85.8) 80 (80–86)
I Whitefish WIII 44 83.9 (80.3–87.5) 10 (11–13)
I, S Whitefish WIV 62 86.3 (84.9–87.4) 80 (65–89)
S Both species RWI 0.3 64.9 (62.5–66.5) 50
S Both species RWII 202 92.5 (88.9–95.0) 80

a I, inoculated-pack study; S, sensory evaluation study.
b R, rainbow trout; W, whitefish; RW, both fish species.
c Assuming a Tref of 85°C and z values of 10.4 and 10.1°C for trout and whitefish, respectively, as determined in this study.
d Mean value (approximation of RH to the nearest 5%) measured during the most effective 30-min period at the end of the heat process (the range is given in

parentheses).

TABLE 3. D and z values of C. botulinum type E strain Beluga in
rainbow trout and whitefish media heated at 75 to 93°C

Heating
medium

D values (min) for the following
temp (°C) and fractiona:

z value
(°C)b75 81 85 90 93

NR R NR R NR R NR R NR R

Rainbow trout 4.6 255 NDc ND 2.0 98 ND ND 0.4 4.2 10.4
Whitefish ND ND 1.9 55 ND ND 1.0 7.1 ND ND 10.1

a NR, non-heat resistant fraction; R, heat resistant fraction.
b z values were determined for the heat-resistant fraction.
c ND, not determined.
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molecular weight marker VI; Boehringer, Mannheim, Germany). Quantification
was done by the one-dilution MPN technique with Thomas’ approximation (46)
for 80 1-g tubes. When all tubes were negative in the PCR analysis, the viable
count was determined as less than half of the estimate for a sample yielding one
positive tube out of 80, corresponding to an MPN of �100.8 CFU/kg. In such
cases, a count of 100.8 CFU/kg was used in calculating the mean viable count. The
relationship between the C. botulinum count, the pasteurization values, and the
RH related to the process was evaluated by linear regression analysis (Statistix).
For samples that were positive by PCR, the original fish products were then
tested for the presence of botulinum neurotoxin by the mouse bioassay (33).

(vii) Determination of pH and NaCl concentration. The pH of each sample,
homogenized with distilled water (1:1 [wt/vol]) was determined by using a digital
microprocessor pH 537 measuring device (Wissenschaflich-Technische Werk-
stätten, Weilheim, Germany). The water phase NaCl content was measured by
the method of the International Organization for Standardization (24).

(viii) Sensory evaluation. The sensory quality of uninoculated vacuum-pack-
aged rainbow trout fillets and whole whitefish, both processed by heat processes
WII, WIV, RWI, and RWII (Table 2), was analyzed by a trained 12-member
panel using a profiling method (26). The samples were stored at 3°C and eval-
uated 3 days after processing. Prior to the evaluation, the samples were stored at
room temperature for 2 h. For each of the four heat treatments, approximately
40-g composite samples of fish from two separate packages were presented to the
panelists in a randomized order. The evaluations were carried out in four ses-
sions, in each of which samples processed by the four heat treatments were
offered side by side. Trout and whitefish were assessed in separate sessions, and
the assessments were performed in duplicate.

The sensory profile applied to describe the sensory quality of the fish products
consisted of intensities of flavor and odor (0, weak; 10, strong), juiciness (0, dry;
10, juicy), firmness (0, soft; 10, firm), and degree of cooking (0, undercooked; 5,
cooked to the correct degree; 10, overcooked). The intensities of the attributes
in both species were rated on 11-point category scales, and the means of the
attributes were calculated. The statistical significances of the differences between
samples treated by the four heat processes were tested by using two-way analysis
of variance (Statistix), taking into account the process (four levels) and replicate
tests (two levels).

RESULTS

Process evaluation in five Finnish fish-smoking plants. The
parameters of the hot-smoking processes employed for rain-
bow trout by five Finnish smoked fish companies are shown in
Table 1.

Thermal death time of C. botulinum type E in model fish
media: D and z values and proportion of heat-resistant spores

of Beluga E. Biphasic thermal destruction curves were ob-
tained at each temperature in both fish species (an example is
given in Fig. 1). The z values of 10.4°C in rainbow trout and
10.1°C in whitefish were obtained from the TD curves (Fig. 2;
Table 3). Approximately 0.1% of spores were permeable to
lysozyme and thus were in the heat-resistant fraction. The total
heating times required to prevent growth from 106 spores
within 90 days at 30°C were 149 min at 85°C or 6.2 min at 93°C
in rainbow trout medium and 55 min at 81°C or 8.6 min at 90°C
in whitefish medium (Fig. 3).

Inoculated-pack study. (i) PCR and toxin analyses. In the
vacuum-packaged rainbow trout samples, process RIV alone
completely eliminated C. botulinum type E, with no organism
or toxin detected during the 5-week storage at 8°C (Table 4).
Trout samples processed by RIII were also negative for organ-
isms at weeks 1 and 3, but at week 5 one sample out of four
contained a slightly elevated viable count. Of the samples pro-
cessed by RI and RII, 13 out of 24 samples contained viable C.
botulinum type E, with higher counts at weeks 1 and 3 than at
week 5. None of the trout samples contained toxin (Table 4).

The whitefish samples produced by processes WII and WIV
were all negative for C. botulinum type E and its toxin, whereas
the majority of the samples processed by WI and WIII con-
tained approximately 103 to 104 CFU/kg at weeks 3 and 5
(Table 4). Three samples processed by WI and two samples
processed by WIII were toxic at week 5 (Table 4).

A higher RH significantly enhanced the thermal destruction
of C. botulinum type E spores in both fish species (P � 0.01).
One (2%) out of the 48 samples processed at an RH of �70%
contained viable organisms, while 19 out of 24 samples (79%)
processed at an RH of 50 to 60% and 14 out of 24 samples
(58%) processed at an RH of �30% contained viable organ-
isms (Table 4).

Based on the above data, heat processes RIV, WII, and WIV
were considered to control the growth and toxin production
from spores of nonproteolytic C. botulinum type E by a factor
of 106.

FIG. 1. Thermal destruction of spores of C. botulinum type E strain Beluga in rainbow trout medium heated at 75°C for 450 min. Solid line,
best fit of the spore fraction nonpermeable to lysozyme (non-heat-resistant fraction); dashed line, best fit of the spore fraction permeable to
lysozyme (heat-resistant fraction).
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(ii) Sensory evaluation. Limited variability was observed be-
tween replicate tests, and thus only the effect of the process on
the sensory profiles of each fish species is presented. The
samples treated by processes RWI and RWII, representing
under- and overprocessed products, respectively, differed both
from each other and from samples processed by WII and WIV,
representing safe products (Fig. 4 and 5). In rainbow trout, the
intensities of the attributes in samples produced by RWI were
higher (P � 0.01) than those of the other products (Fig. 4).
Although differences in the degree of cooking were observed,
all trout products included in the sensory evaluation were
perceived to be within 2 points of each other (mean intensity
ratings of between 4.9 and 6.8), and none were perceived to be
overcooked. In the whitefish, differences between products
were minor; only juiciness was higher in samples produced by
RWI than in the other products (P � 0.01) (Fig. 5). Like the

trout, all whitefish products were considered to be appropri-
ately cooked, with mean intensity ratings varying between 4.3
and 5.9.

DISCUSSION

Biphasic thermal destruction curves for spores of nonpro-
teolytic C. botulinum type E heated in fish media were ob-
served with lysozyme in the recovery medium of the heat-
damaged spores. At 75 to 93°C the heat-resistant spore
fraction showed D values of 4.2 to 255 min, whereas those of
the nonresistant spores were 0.4 to 4.6 min at the same tem-
peratures. The D values measured in trout were generally
longer than those measured in whitefish, possibly because of a
higher fat content in the trout or a higher lysozyme concen-
tration in the muscle. Tests in phosphate buffers have revealed

FIG. 2. Comparison of D values obtained for C. botulinum type E strain Beluga spores (heat-resistant [permeable] fraction) in rainbow trout
and whitefish media heated at 75 to 95°C. }, rainbow trout medium (this study); {, whitefish medium (this study); �, phosphate buffer (37).

FIG. 3. Heating times at 75 to 93°C required to prevent growth from 106 spores of C. botulinum type E strain Beluga in rainbow trout and
whitefish media. }, growth observed in rainbow trout medium within 90 days at 30°C, {, no growth observed in rainbow trout medium; F, growth
observed in whitefish medium within 90 days at 30°C, E, no growth observed in whitefish medium; - - - -, 6D heat treatments (i.e., heat treatments
proposed to eliminate 106 nonproteolytic spores) recommended by the Advisory Committee on the Microbiological Safety of Foods (1); – - – - – -,
6D heat treatments recommended by the European Chilled Food Federation (17).
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similar D values for spores of type E strains that are permeable
to lysozyme, i.e., 24.2 to 48.3 min at 85°C (36, 37), 5.0 to 13.5
min at 90°C (3, 37), 3.8 min at 93.3°C (3), and 2.8 min at 95°C
(37), as opposed to 0.07 to 6.6 min at 82°C without lysozyme (7,
11, 27, 32, 44, 47). The heat-resistant spore fraction was esti-
mated to be on the order of 0.1%, while in phosphate buffer
percentages of 0.1 to 1.0% and sometimes up to 20% have
been reported (37). The presence of a heat-resistant spore
fraction may therefore greatly complicate the safe processing
of REPFEDs, potentially substantially extending the required
process times. Therefore, the significance of employing lyso-
zyme in the recovery of spores in inoculated-pack studies
should be stressed.

In previous work with vacuum-packaged smoked salmon, a
heat treatment (total time in the water bath) at 85°C for 85 min
was required to prevent growth from 106 spores of nonproteo-
lytic C. botulinum type E at 25°C for 21 days (14), while heating

at 89°C for 65 min was required to control toxin formation
from 106 spores of nonproteolytic C. botulinum type B in crab-
meat at 27°C for more than 150 days (40), and in tests with crab
analogs (2.1% [wt/vol] NaCl) a heat process at 85°C for 15 to
27 min controlled toxin formation from 3 � 105 spores of
nonproteolytic C. botulinum type E at 10°C for more than 120
days (39). The high measured heat resistance observed in
salmon and crabmeat may be due to the presence of lysozyme
or an enzyme with similar properties. Lysozyme may be natu-
rally present in fresh fish and other seafood (28). To interpret
results from inoculated-pack studies, it is essential that related
determinations of spore heat resistance include tests with ly-
sozyme in the recovery medium. This is especially relevant for
foods, such as fish, that are known to contain lysozyme or
enzymes with similar activity.

The z values of approximately 10°C obtained in the temper-
ature range of 75 to 93°C are on the order of those reported for
spores of type E strains in crabmeat and menhaden surimi
heated at 70 to 85°C (31, 41). Lower z values of around 6 to 7°C
have been reported for other seafoods, in fish (7, 11, 32) and in
phosphate buffers (34, 37). Such z values have been recom-
mended for use in calculating pasteurization values related to
heat processing in the production of REPFEDs at tempera-
tures below 90°C (1, 17). However, this study showed that the
heating medium greatly affects relative spore heat resistance,
and the heat resistance parameters should be determined for
each type of heating medium.

In the inoculation study, heat processes RI and WI (1.5 min
at 85°C, RH of 50 to 60%) were relevant to the commercial
heat treatments currently employed in hot-smoking practices
in Finland. Based on heat resistance data obtained in the
present study, heat treatments RI and WI would achieve an
approximately 10-fold reduction in numbers of spores of non-
proteolytic C. botulinum, leaving a great number of spores in
the product after heating. It is not surprising, therefore, that
processes WI and RI caused little destruction of C. botulinum

FIG. 4. Sensory profiles of vacuum-packed hot-smoked rainbow
trout samples processed by heat treatments RWI }, WII Œ, WIV ‚,
and RWII { (Table 2) and stored at 3°C for 3 days. Asterisks indicate
that differences between products were significant (P � 0.01).

FIG. 5. Sensory profiles of vacuum-packed hot-smoked whitefish
samples processed by heat treatments RWI }, WII Œ, WIV ‚, and
RWII { (Table 2) and stored at 3°C for 3 days. The asterisk indicates
that differences between products were significant (P � 0.01).

TABLE 4. PCR detection of and toxin production by C. botulinum
type E in vacuum-packaged hot-smoked rainbow trout fillets

and whole whitefish stored at 8°C for 1 to 5 weeks

Fish species Process

PCR detection and toxin production
by C. botulinum type Ea at:

1 wk 3 wk 5 wk

Rainbow trout RI 4/4 (2.0) 3/4 (2.4) 2/4 (1.4)
RII 2/4 (2.0) 1/4 (1.4) 1/4 (1.1)
RIII 0/4 (�0.8) 0/4 (�0.8) 1/4 (1.1)
RIV 0/4 (�0.8) 0/4 (�0.8) 0/4 (�0.8)

Whitefish WI 3/4 (2.6) 4/4 (3.8) 3/4 (3.2), T
WII 0/4 (�0.8) 0/4 (�0.8) 0/4 (�0.8)
WIII 2/4 (1.6) 4/4 (4.3) 4/4 (3.0), T
WIV 0/4 (�0.8) 0/4 (�0.8) 0/4 (�0.8)

a Number of positive samples/number of all samples tested (the MPN estimate
[log10 CFU/kilogram] for the C. botulinum type E count is given in parentheses).
T, botulinum toxin was detected in three (process WI) or two (process WIII)
samples. All others were negative for type E toxin.
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type E spores. Moreover, following process WI, there were
high viable counts and subsequent toxin production in white-
fish at 8°C, an inappropriately high storage temperature fre-
quently measured at the retail and consumer levels in Europe
(18).

Processes RIV (34 min at 85°C) and WII and WIV (42 to 44
min at 85°C) ensured product safety with respect to the food-
borne botulism hazard in the inoculated-pack study. A feature
common to all three heat treatments was a high RH, suggest-
ing that a high RH significantly enhances spore thermal de-
struction in both fish species. This supports the earlier findings
on moist heat eliminating more spores than dry heat (2, 35).
Furthermore, in whitefish, WII, with an RH of 80%, resulted in
no growth or toxin production during the whole storage period,
while the similar heat process WIII, with an RH of 10%,
resulted in grossly elevated viable counts and toxigenesis at
week 5. In trout, processes RIII and RIV (26 to 34 min at
85°C) combined with an RH of �70% yielded no growth at
week 3, with process RIII resulting in a minor elevation in the
viable count but not in toxigenesis at week 5. The effect of
moist heat is thus notable and in combination with increased
heating would markedly enhance the thermal processes cur-
rently employed in the fish industry. These observations are
relevant to the safety of vacuum-packaged hot-smoked fish
products, as the control of RH in most smoked fish plants in
Finland is technologically possible without investment in addi-
tional equipment.

In the trout medium, heating at 85°C for 149 min was re-
quired to control growth from 106 spores within 90 days at
30°C, while in trout fillets, heating at 85°C for 34 min was
sufficient to prevent growth from 106 spores within 35 days at
8°C. In whitefish, on the other hand, similar processes were
required to control growth in both tests, i.e., 34 min in white-
fish medium (interpolated from the thermal destruction data)
and 42 min in whole products. Possible explanations for this
inconsistency include the following: (i) product shape, heat,
and smoke transfer may have been more effective in the fillets
than in the whole fish, and (ii) the whole whitefish may also
have provided the heat-damaged spores with better conditions
for germination and growth than the trout fillets, in which all
surfaces were in contact with the plastic film. Smoke has been
reported to lower the NaCl concentration required to inhibit
C. botulinum type E in vacuum-packaged hot-smoked whitefish
stored at 10°C for 42 days (13). In the present study, in order
to simulate the industrial processes as closely as possible,
smoke was used for both fish species, and the smoke may have
penetrated the trout fillets more effectively than the whole
whitefish, thus inhibiting germination and growth from spores
more effectively in trout than in whitefish. The smoke may also
have potentiated the thermal destruction of spores in trout
fillets better than in whole whitefish. Moreover, in a recent
paper on the detection of C. botulinum by PCR combined with
enrichment, hot-smoked whitefish was reported to support
growth of strain Beluga; the optimal enrichment time for
whitefish was 1 day, while those for beef and feces were 3 and
5 days, respectively (29). This may suggest the presence of
appropriate growth-supporting factors for nonproteolytic C.
botulinum type E in whitefish, but further investigation with
other growth media, including different fish species, is war-
ranted.

The sensory evaluation revealed that the safety of vacuum-
packaged hot-smoked whitefish can be ensured without an
impact on sensory quality. Compared to underprocessed prod-
ucts, only the juiciness of whitefish was reduced by the safe
heat processes WII and WIV. The degree of cooking of all
trout and whitefish products was rated as close to optimal. In
trout the differences between the products were somewhat
greater, and the underprocessed trout (RWI) were perceived
to differ from the other products by greater intensity of aroma,
flavor, juiciness, and firmness. These findings may indicate that
a change in consumer preferences towards safer processing of
trout is required. Otherwise, the applicability of these pro-
cesses in the production of vacuum-packaged hot-smoked rain-
bow trout may be limited, and alternative control strategies
such as restriction of shelf life should be considered.

In conclusion, based on the present D values in fish medium,
the thermal processes used in commercial hot-smoking plants
in Finland appeared to achieve less than a 103 reduction in the
numbers of spores of nonproteolytic C. botulinum type E.
Avoidance of foodborne botulism would therefore seem to
depend on a low prevalence of spores in the product or control
factors such as refrigerated storage. In the present study, moist
heat treatments at 85°C for 34 and 42 min provided a safety
factor of 106 with respect to spores of nonproteolytic C. botu-
linum type E for rainbow trout fillets and whole whitefish,
respectively, stored at 8°C for 5 weeks. However, the safety
margin for vacuum-packaged hot-smoked fish products is
highly dependent on appropriate refrigerated storage and will
be further increased by storage below 3°C, as is currently rec-
ommended in Finland.

ACKNOWLEDGMENTS

We are indebted to Kirsi Ristkari, Jouni Hirvonen, and Maria Stark
for their excellent technical assistance and to Eija Hyytiä-Trees, Cen-
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