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ABSTRACT

Effects of combined heating and gamma radiation on Clostridium
sporogenes spores and Salmonella senftenberg were examined. The order in
which irradiation and heat were applied had a profound effect on the
survival of the organisms. Heating of £j. sporogenes spores at 95°C had
very little effect on their sensitivity to subsequent irradiation, but
irradiation of the spores at 0°C increased their sensitivity to subsequent
heat treatment and thus reduced their heat D m values (time required to
inactivate the spores to 10# of their initial number). This radiation-
induced heat sensitivity increased with the increase in radiation dose.
The Z values (change in temperature required for a tenfold change in Dio
values) of the spores were found to increase with the increase in pre-
irradiation dose. Radiation-induced heat sensitivity was found to persist
for at least 35 days in spores irradiated in frozen or freeze-dried states
in distilled water or in phosphate buffer suspensions, and for at least 14
days in a number of food slurries. In phosphate buffer and nutrient broth
suspensions, the radiation-heat synergism decreased with increasing pH of
the media from pH 4.7 to pH 7.5. However, the effect of pH on synergism
was less pronounced in spores suspended in some food slurries.

Preliminary results indicate that pre-irradiation of S.
senftenberg at 0.5 kGy did not change the heat sensitivity of this organism
at 52°C, but when radiation and heat were applied simultaneously,
synergistic inactivation was observed even at 50°C. Practical implications
of these results are discussed.
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1. INTRODUCTION

The use of ionizing radiation in combination with heat as a
potential method of food preservation has been the subject of many studies
(Urbain, 1986; Nickerson et al., 1983; Kiss and Farkas, 1981; Farkas and
Andrassy, 1981; Amoako-Atta et al., 1981; Kaupert et al., 1981; Ahmed et
al., 1981). The main objective of combination processing is to reduce
severity of processing conditions, namely, too high radiation dose or too
severe thermal treatment.

The concept of combination treatment aims at combining the unique
and complementary effects of ionizing radiation and heat. Ionizing
radiation destroys microorganisms without appreciable change in
temperature. Radiation from isotope sources is absorbed instantly,
irrespective of the sample size, and thus, food in small portions as well
as bulk quantities can be processed. No liquid is necessary to distribute
processing energy throughout the mass of the food, as is required in
thermal processes, therefore no loss of nutrients takes place as a result
of purging during treatment.

However, one of the limitations of radiation treatments is that
each product has a dose limit (threshold dose) beyond which off-odor
develops or some other quality of food deteriorates. For example,
threshold doses for muscle foods at refrigeration temperature vary from
~ 1.50 kGy for turkey to ~ 8.75 kGy for bear meat (Sudarmadji and Urbain,
1972). To avoid off-odor, recommended irradiation temperature for
radiation sterilization of muscle foods is -30 ± 10°C (Wierbicki et al.,
1975). High-dose and low-temperature requirements add to the processing
cost. Also nutrient losses increase with increasing radiation dose.

The biggest obstacle to the use of high radiation dose is
regulatory constraints. The Codex Alimentarius Comission general standard
for irradiated foods stipulates that foods should not be irradiated at
doses above 10 kGy (Codex Alimentarius Commission, 1983). This dose is not
adequate for many food applications, especially those intended for ambient
temperature storage. Therefore, it is essential to find ways to achieve
the desired technical end-point within the constraints imposed by the
allowed dose limits. Complementing low-dose radiation with heat treatment
seems to be a promising solution to the problem.

Part of the reason for high-dose requirement when radiation is
the sole processing agent is the high radiation resistance of some spoilage
and pathogenic agents in food, including some vegetative bacteria, spores,
viruses and spoilage enzymes endogenous to the food. Some of these agents
are easily destroyed by mild heat treatment, such as precooking or
blanching. The primary objective of blanching is to reduce the volume of
the food and expel air pockets, which cannot be achieved by irradiation.

Thus in many applications of food irradiation heating is
essential. This report examines the effects of combined heat and radiation
on microorganisms significant to food processing in systems of varying
complexity.
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2. EFFECTS OF COMBINED HEAT AND RADIATION ON MICROORGANISMS
IN SIMPLE MEDIA

Studies on microorganisms in simple systems provide results
relatively quickly and are valuable in generating information on the
effects of lethal agents on the organisms free from the influence of
complex environments, such as those existing in foods. A number of
researchers have observed synergistic lethal action of heat and radiation
(Farkas and Roberts, 1976; Levinson and Hyatt, 1966; Licciardello and
Nickerson, 1963; Briggs and Yazdany, 1974; Gombas and Gomez, 1978), whereas
others have failed to show benefits of such treatments (Webb et al., 1960;
Pallas and Hamdy, 1976; Emborg, 1974).

The experiments reported in the literature involved a variety of
organisms, often investigated under widely different sets of conditions,
which makes comparisons and assessments of the results difficult.
Consequently, we have conducted a series of experiments that provided us
with some insights into the fundamental aspects of combination treatments.
We have chosen Clostridium sporogenes and Salmonella senftenberg as the
test organisms. C_!_ sporogenes is an obligate anaerobic sporeformer with
characteristics similar to those of Clostridium botulinum, except that it
does not produce the deadly neurotoxin. It is a spoilage organism much
more heat-resistant than £. botulinum and has been commonly used in
inoculation-pack studies to evaluate thermal processing of canned foods.
Salmonella senftenberg is a food-borne pathogenic bacterium and is a non-
sporeformer. It is more heat-resistant than any other salmonella serotype
and has been used in several inoculation-pack studies to examine the
efficacy of heat pasteurization of foods.

2.1 SEQUENCE EFFECT

In radiation-heat combination treatments, there are three
possible modes of application, namely, radiation may be applied before,
after, or simultaneously with, the heat treatment. Sequence effects and
other factors influencing the combined effects of heat and radiation were
reported previously (Shamsuzzaman, 1988). It was observed that the order
in which heat and radiation were applied had a pronounced effect on the
survival of spores. The spores that survived an irradiation dose of 5 kGy
at 0°C were much more sensitive to subsequent heating at 95.5°C and 99°C
than the unirradiated spores. About fivefold reduction in the heat decimal
reduction dose values, Di0, at 95.5°C and 99°C was noted compared with
values for unirradiated spores. Heating the spores did not increase their
sensitivity to subsequent radiation treatment. Another significant finding
was that the lowest lethal temperature for irradiated spores was
significantly lower than for unirradiated spores. Effects of simultaneous
application of heat and radiation to C_. sporogenes spores are being
investigated.

In subsequent studies (Shamsuzzaman et al., 1988), the radiation-
induced heat sensitivity was further characterized. Thermal sensitization
of the spores was found to increase with increasing radiation dose.
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Figure 1 is a typical set of thermal inactivation curves as a function of
increasing pre-irradiation dose for 95°C.

2.2 EFFECT OF RADIATION ON Z VALUE

Z value is defined as the change in temperature required for a
tenfold change in Dio value (time). It is an essential parameter in
thermal processes because it allows calculation of the lethal action of
heat at various temperatures attained during actual processing of a food in
terms of the lethal action at a reference temperature. In conventional
thermal sterilization, a Z value of 10°C (18 F) is used for Q. sporogenes
and Q. botulinum. Since radiation followed by heat was found to be more
lethal to £. sporogenes spores than the reverse sequence, it is logical to
consider heating as the final step in possible practical applications of
combination processes if such a sequence does not adversely affect other
quality attributes.

We examined the possible effect of radiation on Z value. It was
found that Z value increased with the increase in pre-irradiation dose
(Figure 2). This effect of radiation on Z value will have to be taken into
consideration in process calculations to properly carry out the thermal
component of the combination processing.

2.3 PERSISTENCE OF RADIATION-INDUCED THERMOSENSITIVE STATE IN SPORES

It was also of practical interest to determine how long the
radiation-induced heat sensitization persists. Spores were irradiated
under various conditions, including suspensions in distilled water or
phosphate buffer, and in the freeze-dried or frozen state. The thermal
sensitivity of such spores, followed for up to 35 days (Figures 3a-3d),
persisted for the entire observation period under all the conditions
tested. These results have very important implications for practical
applications. A long-term persistence of the thermosensitive state would
allow convenient separation of the two steps of combination treatment both
in time and location. This would be especially useful in a situation where
a radiation source and thermal processing facilities were in different
locations.

2.4 COMBINATION TREATMENTS OF VEGETATIVE BACTERIA

Information on the effects of combination treatments on non-
sporeformers has been limited (Ryzner and Drasil, 1981). Therefore, we
have undertaken a study of the effects of low-dose radiation in combination
with heating on this type of bacteria. Understanding the effects of
combination treatments on non-sporeformers is important from the viewpoint
of possible improvements to the existing heat-pasteurization processes.
The heat-sensitive nature or some of the pasteurized foods necessitates
processing within a narrow safety margin that often fails to eliminate
relatively heat-resistant pathogens, such as Salmonella senftenberg and
Listeria monocvtogenes.
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Preliminary results indicate that pre-irradiation of £•
senttenberg at a dose of 0.5 kGy did not change their sensitivity to
subsequent heat treatment at 52°C, suggesting that prior irradiation does
not induce heat sensitivity in all species of microorganisms. When heat
treatment and irradiation were applied simultaneously, however, significant
synergism was observed in £. senftenberg (Figure 4) even at 50°C. Other
non-sporeforming tood-borne pathogens are under investigation.

3. EFFECTS OF COMBINED HEAT AND RADIATION ON MICROORGANISMS IN FOODS

3.1 INFLUENCE OF SUSPENSION MEDIA

Effects of lethal agents on microorganisms are often influenced
by the medium in which microorganisms are suspended. Therefore, it is
important to examine the effects of a given process on a primary target
organism in the foods to be preserved by the process. Since each food with
its specific composition serves as a unique environment, each food has to
be tested separately.

We used a number of commercially processed low-acid (pH > 4.5)
canned products as the suspension media for Q. sporogenes spores to
determine if the radiation-heat synergism observed in simple media, such as
phosphate buffer and nutrient broth, also occurs in these food matrices
(Shamsuzzaman et al., 1988). Aliquots of the canned foods were
artificially contaminated with the spores to examine the sensitivity of the
spores to radiation alone (5.0 k.Gy), heat treatment alone (95°C, 1 h), and
the combination of radiation followed by heat treatment. Radiation-heat
synergism was observed in the food matrices (Table 1). The degree of
synergism observed in different food media differed from that observed in
phosphate buffer, and from food to food among the samples tested. The
physicochemical basis for this variation is unknown at this time. There
are a number of possibilities, e.g., the solid contents of the foods, the
pH, and the water content.

3.2 INFLUENCE OF pH

Some of the foods listed in Table 1 were tested for radiation-
heat synergism as a function of the pH of the food in which the spores were
suspended. For comparison, similar tests were done in phosphate buffer and
nutrient broth at different pH values. The preliminary results sho/ed
that, in the case of the spores inoculated into vegetable puree, nutrient
broth, and phosphate buffer, the degree of synergism tends to decrease with
increased pH. The effect of pH on the degree of synergism was less
pronounced in the case of the spores inoculated into potato soup and
chicken vegetable soup (Shamsuzzaman et al., 1988). More foods with
varying pH values should be tested as suspension media to have more
conclusive evidence of the effects of pri on radiation-heat synergism.
Knowledge of these effects is important from a practical point of view
because pH varies from food to food: fruits and some vegetables have low pH
values, whereas muscle foods have high pH values. Botulinum hazard is
believed to be less serious in low-pH than in high-pH products.
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3.3 PERSISTENCE OF THERMOSENSITIVE STATE OF C. sporogenes

The persistence of the radiation-induced thermosensitive state of
£. sporogenes spores in food media was also examined (Shamsuzzaman et al.,
1988). For this purpose, five different commercially processed sterile
foods were artificially contaminated with the spores, irradiated at 5 kGy
and stored at 2°C for up to 14 days, and the heat survival (95°C, 1 h) of
the spores was determined. The thermosensitive state persisted in all the
foods tested during the entire test period (Figure 5). This demonstrates
that the potential benefit of combination processing can be obtained even
if there is a delay between irradiation and thermal processing.

3.4 SELECTED LITERATURE REPORTS ON COMBINATION PROCESSES

There are many encouraging reports on combination processing of a
variety of foods. Kempe et al. (1959) found that pre-irradiation of ground
beef (12.0-16.7 kGy) resulted in a reduction of the thermal processing time
required to achieve sterility, by fourfold, compared to that required
without irradiation. Q. sporogenes spores were used as the marker to
evaluate the process. Similar observations were made with ground beef
inoculated with Q. botulinum spores (Kempe, 1960).

Incze et al. (1973) found that pre-irradiation (4.5 kGy) of
naturally contaminated Vienna sausage reduced the heat treatment required
to achieve sterility to approximately one-fifth of that required by
conventional thermal processing. Thermal process alone reportedly caused
texture damage to the product. Farkas and Andrassy (1981) combined low-
dose irradiation (5 kGy) and sub-sterilizing heat treatment to produce
sterile canned goose liver in an inoculation-pack study using £. sporogenes
as the marker.

There are also reports on the use of combination treatments for
non-sterile products, e.g., control of insects in dates (Ahmed et al.,
1981), preservation of pear and apple juice (Kaupert et al., 1981) control
of Aspergillus flavus in cocoa beans (Amoako-Atta et al., 1981) and
reduction of bacterial load in paprika (Kiss and Farkas, 1981).
Licciardello (1964) observed an increase in radiation sensitivity of
Salmonella typhimurium as a function of temperature during irradiation (0
to 37.8°C) in whole egg magma and egg yolk.

Thus it appears from the above considerations that the radiation-
heat synergism observed for £. sporogenes spores in simple systems also
occurs in most food media. This fact underlines the great potential of
combination treatments in the food processing industry.

4. FUTURE RESEARCH

The studies described in this report have been limited to only a
few spoilage and pathogenic organisms and a few food items. There is
little information on the effects of combined heat and radiation on
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thermophilic spoirefoirmeirs. These bacteria are much more heat-resistant
than Q. botulinum and Q. sporogenesT as evident from their heat Dio values
(Table 2). Although these organisms have not been linked to food-borne
pathogenesis, they are common spoilage organisms and their presence in the
foods necessitates much higher heat treatment to thermally sterilize foods
than is required to eliminate botulinum. It would be of great practical
interest to determine if these organisms can be heat-sensitized by low-dose
irradiation.

There are some non-sporeforming organisms that are frequently
found in pasteurized or cooked products either because of inadequate
processing or post-process contamination. Notable examples are the
salmonellae, enterococci, £• coli. Staphylococcus aureus, Campylobacter
s_p_p.., Aeromonas hydrophila. and Listeria monocytogenes. Some of these are
pathogenic and are capable of growing even at refrigeration temperature.
Consequently, the shelf life of the products is limited and the products
are often a health hazard. Hazards due to L. monocytogenes have drawn
serious attention because of a number of large food-borne disease outbreaks
in North America in which L. monocytogenes was implicated. Mortality in
these epidemics averaged about 30%. A large number of foods have been
found to be contaminated with L. monocytogenes. These findings underline
the limitations of the existing technology.

Products that are potential candidates for improvements by
combination treatments include ham, sausages, luncheon meats, roasted beef,
and ready-to-eat meals. The current technology of processing and preparing
these foods does not adequately control spoilage and pathogenic organisms.
Consequently, the shelf life of the products is short even under
refrigeration, and some of the products need to be kept frozen. These
limitations compounded by fallible nature of human handling, increase the
risk to consumers. Therefore, combination treatment involving low-dose
radiation and sub-sterilizing heat treatment may alleviate some of the
problems. It must be acknowledged, however, that all products may not lend
themselves to combination processes because radiation-heat synergism may
not be effective in all products. Further, the beneficial effects of
combination treatment with respect to microbial decontamination will have
to be weighed against possible effects of the process on nutritional and
organoleptic qualities of the products.
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TABLE 1

EFFECT OF COMBINEp HEAT AND IRRADIATION TREATMENT1

ON C. sporogenes SPORES IN VARIOUS MEDIA

MEDIA

Chicken broth

Meat spread

Vegetable soup

Chicken vegetable soup

Cream of potato soup

Mushroom soup

Vegetable puree

Nutrient broth

Phosphate buffer

PH

6.30

5.98

5.07

5.81

5.50

6.35

4.70

7.00

7.00

SPORE SURVIV
Combination

1.5(*

6.3(i

7.1(4

5.3(±

4.3(±

1.2(±

3.1(±

1.1(4

1.2(4

0.6)

1.8)

0.9)

2.2)

2.2)

0.2)

1.0)

0.2)

0.3)

X

X

X

X

X

X

X

X

X

AL I

10*

10*

10*

10*

10*

10*

10*

10*

10*

CFU/mL)
Expected
(Additive)

6.7(4

1.1(4

1.2(4

1.3(4

1.3(4

8.3(4

7.0(4

6.7(4

4.6(4

0.3) x 10*

0.3) x 105

0.2) x 105

0.4) x 105

0.3) x 105

1.8) x 10*

2.2) x 10*

1.1) x 10*

1.0) x 10*

Svnprgri sm

(Exp/Comb)

4.5 i

1.7 i

1.7 i

2.4 :

3.0 i

6.9 :

2.2 :

6.1

3.8

t 2.1

b 0.7

t 0.4

t 1.3

t 1.7

t 1.6

t 1.0

i 1.5

t 1.2

o
I

1 Irradiation (5.0 kGy) followed by heating (95.5°C, 1 h)



TABLE 2

COMPARATIVE RESISTANCE OF SOME FOOD-BORNE
SPOILAGE AND PATHOGENIC1 SPOREFORMERS TO RADIATION AND HEAT

Organism

Bacillus
stearothermophilus

Clostridium
thermosaroharolytic.um

C. nigrificans

C. hotulinum (ATB)

C. sporogenes

Typical Food
Affected

Canned peas,
corn, meats,
fish

Canned beans,
peas, pumpkin
spinach, meats

Canned peas,
corn

Canned meats,
fish, peas,
corn

Canned peas,
corn, meats

Spoilage
Characteristics

Flat sour

Gaseous spoilage

Blackening, odor

Putrid odor, gas

Putrid odor, gas

Dio Valu
Radiation He

(kfiy)

1.0b

_

-

3.4-5.9c

2.9-3.8d

es
at (121°C)
(min)a

4.0-5.0

3.0-4.0

2.0-3.0

0.1-0.2

0.1-1.5

Among the organisms listed, only £. hot'ilinum is a food-borne
pathogen.
Stumbo (1973)
Friedman and Grecz (1973)
Grecz et al. (1971)
Shamsuzzaman (1988)
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FIGURE 1: Radiation-Induced Therraosensitive State in Clostridium
sporogenes at Various Radiation Doses
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FIGURE 2: Effect of Pre-iirradiation Dose on the Z Value of £• sporogenes
spores
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a PERSISTENCE OF THERHOSENSITIVE STATE IN SPORES STORED IN
PHOSPHATE BUFFER

10'

10*

c

10'

Spores suspended in phosphate buffer

Control

Heat only (1 h, 95.5'C)

Radiation only (5.2 kGy)

Expected additive ~~---•_.
(no synergism)

Radiation + heat
(observed effect)
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FIGURE 3: Persistence of Radiation-Induced Thermosensitive State in
£. sporogenes Spores Under Various Conditions
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b SPORES STORED IN DISTILLED WATER
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FIGURE 3: (continued)
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c SPORES STORED IN FROZEN BUFFER

10'
Spores frozen in phosphate buffer

Control

10'
Heat only (1 h, 95.5'C-)

Radiation only (5.2 kGy)

Expected additive
(no synergisn)

Radiation + heat
(observed effect)

0 10 20 30

Post-irradiation Storage Time, At Days

continued...

FIGURE 3: (continued)
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d SPORES STORED IN PREEZE-DRIED STATS

Freeze-dried spores
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FIGURE 3: (concluded)
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FIGURE 4: Effect of Temperature During Irradiation on the Survival of Salmonella
senftenberg
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FIGURE 5: Persistence of Radiation-Induced Thermosensitive State of C- sporogenes
Spores in Various Food Media During Post-Irradiation Storage at 2°C
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