
APPLIED MICROBIOLOGY, Jan., 1967, p. 166-177
Copyright © 1967 American Society for Microbiology

Radiation Sterilization of Prototype Military
Foods

II. Cured Ham
ABE ANELLIS, D. BERKOWITZ, C. JARBOE, AND H. M. EL-BISI

Microbiology Branch, Food Division, U.S. Army Natick Laboratories, Natick, Massachusetts

Received for publication 24 August 1966

ABSTRACT

Ten lots of diced cured ham, packed in cans, were inoculated with approximately
106 Clostridium botulinum spores per can. Each lot was seeded with a different
strain (five type A and five type B strains). All cans were irradiated to various
dose levels with Co60. Evidence provided by swelling, toxicity, and recoverable C.
botulinum with 6,350 cans demonstrated that: (i) 4.5 Mrad was more than adequate
as a sterilization dose; (ii) the minimal experimental sterilizing dose (ESD) based
on nonswollen nontoxic endpoints was 2.0 < ESD < 2.5 Mrad, and based on non-
spoiled sterile cans was 3.0 < ESD < 3.5 Mrad (the latter was supported by the
computed theoretical 12D dose); (iii) D values calculated from botulinal survival
data indicated that, as a group, the type A strains were more radioresistant than
type B strains; strains 12885A and 41B, with respective D values of 0.242 and 0.175,
represented the most resistant of each type; (iv) swollen cans did not always con-
tain toxin, nor were toxic cans always swollen; (v) viable C. botulinum can exist
for 6 months at 30 C without producing visible or toxic spoilage at doses of 3.0
Mrad and lower, including, in some instances, 0.0 Mrad; and (vi) a phenomenon
similar to heat activation of spores occurred at sublethal radiation doses.

As was reported elsewhere (3), the U.S. Army
is engaged in a research and development pro-
gram designed to determine the effectiveness of
ionizing radiation for the preservation of foods
and to establish guidelines for prototype radio-
processes which can be adapted for commercial
production. Shelf stable bacon was the first food
to be processed successfully by ionizing energy
(3). Because cured ham offers a microbiologically
hostile environment analogous, in certain
respects, to that of bacon, it appeared logical to
continue with the development of a prototype
radioprocess for ham. Since the initiation of the
irradiation food preservation program, 1,555
samples of hams preserved by radiation have
been examined for botulinal toxin prior to evalua-
tion by consumer taste panels. The samples,
packaged either in various can sizes up to no. 10,
or in flexible pouches, had received doses rang-
ing from 1.0 to 6.0 Mrad. None of these samples
was toxic to mice (Table 1).
A comprehensive study was conducted in 1964

by Osheroff, Slocum, and Decker (32) of out-
breaks of botulism in the USA caused by com-
mercial foods for the period 1906-1963. The only
case of botulism traced to ham in this 57-year

period occurred in 1920, 6 years before canned
cured ham was introduced to the public (21). A
careful examination of the Morbidity and
Mortality Weekly Reports for 1964 and 1965
failed to inc ate ham in botulinal outbreaks
in the USA during these 2 years. Commercial
ham and ham products, therefore, have enjoyed
a botulism-free record for the past 45 years.
Nevertheless, it must be assumed that cured
ham can be contaminated with spores of Clos-
tridium botulinum, and that a successful com-
mercial radioprocess must be capable of destroy-
ing this organism in higher numbers than are

normally found in the product.

MATERIALS AND MErHODS

Test organisms. Ten strains of C. botulinum were

used: 33A, 36A, 62A, 77A, 12885A, 9B, 40B, 41B,
51B, 53B. These strains represent the highest, lowest,
and intermediate radioresistances of 102 strains
screened in a model system (4). The sources of these
organisms, their serotypes, maintenance, and spore

preparations were previously described (4). The only
modifications employed were the substitution of dis-
tilled water for buffer as the spore diluent, and the use
of pork-pea-agar (2) in conjunction with screw-cap
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RADIATION STERILIZATION OF CURED HAM

TABLE 1. Microbiological safety of uninoculated
irradiated ham

No. of containers
Year Irradiation

examined dose (Mrad)
Irradiated Free from

botulinal toxin

1959 4.8 1 1
4.5 6 6

1960 4.5 125 125
3.0 1 1

1961 4.5 167 167
3.0 1 1

Unknown 12 12

1962 4.5 88 88
2.0 1 1
1.0 9 9

1963 4.5 84 84
2.5 117 117

Unknown 1 1

1964 4.5 230 230
2.5 205 205
1.5 16 16
1.0 78 78

1965 6.0 4 4
4.5 86 86
4.0 30 30
3.5 2 2
3.0 47 47
2.5 176 176
2.0 2 2
1.5 14 14
1.0 52 52

tubes (13 by 254 mm) for enumerating the spore sus-
pensions.
Food preparations. The hams used complied with

military specification MIL-H-35094, 2 Nov. 1962, un-

der the following description: cooked, chilled, bone-
less, cured, smoked, Type I, Class I, with a curing salt
content as indicated in Table 2. The hams were cut
into 1Y8-inch (3.5-cm) slices; each slice was cut into
six equal "pie-shaped" wedges, and then was weighed
in quantities of 100 10 g into 300 X 200 C-enamel
metal cans and loosely closed with lids, resulting in a

%-inch (0.6-cm) headspace per can. Sanitary precau-
tions were followed throughout the handling proce-
dure, including prior autoclaving of the cans and lids
for 10 min at S psi.

Inoculation. The filled cans were chilled to 2 to 5 C
and were inoculated by automatic syringe (Filametic
Vial Filler, model A B, National Instrument Co., Inc.,
Baltimore, Md.) with 1.0 ml of a heat-shocked (80 C
for 10 min) and chilled (1 to 2 C) spore suspension.
The suspension, which was spread uniformly over the
surfaces of the meat pieces, traveled freely through
the crevices of the meat and open spaces in the cans.
Each lot consisted of 605 cans seeded with each of the
ten strains; the inoculum levels used are shown in
Table 3. The cans were vacuum-sealed at 25 inches of
mercury and were placed in a 3 to S C room overnight
before irradiation. Temperature monitoring through-
out this handling period indicated that the can con-
tents never exceeded 5 C. Including appropriate con-
trols, a total of 6,350 cans ofham were involved in this
study.

Irradiation. Irradiation was performed with Co6O
at the U.S. Army Natick Laboratories. Twenty repli-
cate cans received dose levels of 0.5 to 2.0 Mrad in
increments of 0.5 Mrad and with a dose variation of
-3%; 100 replicate cans were irradiated in the range
2.5 to 4.5 Mrad, again in steps of 0.5 Mrad, and with
a dose variation of 17%. Identical geometric con-
figurations were used in the source for each lot of
replicate cans. The radiation temperature was con-

TABLE 2. Chemical analysisa of cured ham

4.5 Mrad
0.0 Mrad

Ingredient Not incubated Incubated 6 months at 30 C

Rangeb Median Range Median Range Median

NaNOa, ppm.222 -309 279 128-268 180 70-189 91
NaNO2, ppm 1.7 - 6.0 3.15 2.0-6.9 4.15 0.6-3.8 1.14
NaCl,%. 1.27- 1.89 1.48
Water, %.62 - 68 64.1
Brine,c %.2.01- 2.71 2.26

aAccording to the Official Methods of Analysis, Association of Official Agriculture Chemists, 1965.
b Uninoculated cans. Duplicate determinations were made on 12 individual samples of ham. Each

sample consisted of the entire pooled contents of five replicates 300 X 200 randomly selected uninocu-
lated sealed cans of ham; hence, a total of 60 cans were analyzed.

cPer cent brine =
per cent NaCl

per cent NaCl + per cent water X
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TABLE 3. Inoculum levels of Clostridium at 80 C for 10 min. All inoculated bottles were incu-
botulinum spores in cured ham bated at 30 C for 1 month. The appearance of growth

within this period was confirmed for C. botulinum with
Radiation No. of Total spore the mouse toxicity test described above.Strain dose Spores cans inoculum/ Calculation of radioresistance. The equation of
(Mrad) pc

ose straina Schmidt and Nank (43) was used to compute the

33A 0.0-2.0b 4.9 X 106 20 9.8 X 107 TABLE 4. Effect of Co60 irradiationi on spoilage of
2.5-4.5 100 4.9 X 101 cured ham inoculated with Clostridium

36A 0.0-2.0 1.6 X 105 20 3.2 X 106 botulinum spores
2.5-4.5 100 1.6 X 107 _ _ _-_ _ _ _-__ _ _ _ _ _ _ _ _ _ _

62A 0.0-2.0 6.9 X 106 20 1.4 X 108 No. of cans of ham
2.5-4.5 100 6.9 X 108

77A 0.0-2.0 7.5 X 105 20 1.5 X 107 Strain no. Radiation With
2.5-4.5 100 7.5 X 107 dose (Mrad) dSwollen Wth With

12885A 0.0-2.0 4.8 X 106 20 9.6 X10tToexenboduvina n
2.5-4.5 100 4.8 X10t

9B 0.0-2.0 6.3 X 101 20 1.3 X 10' 33A 0 20 19 16 20
2.5-4.5 100 6.3 X 10S A 0.5 0 0 20 20

40B 0.0-2.0 4.4 X 106 20 8.8 X 107 1.0 20 21 19 17
2.5-4.5 100 4.4 X10i 1.0 20 14 14 15

41B 0.0-2.0 7.3 X 106 20 1.5lX 105 1.5 20 4 14
2.5-4.5 100 7.3 X 102.5910 0 0 1

51B 0.0-2.0 8.1 X 106 20 1.6 X 108 2.~.5a 100 0 0 0
2.5-4.5 100 8.1 X100 3.04.5a 100 0 0 0

53B 0.0-2.0 1.0 X .07 20 2.0 X 101 6 . 2 8 9 2

2.54.5100 1.0 lg 62A 0.0 20 19 911 01

2rol4e5 100 1 X1va 0.5 20 17 17 18
a Accumulated spore inoculum for 10 strains 1.0 20 18 18 19

pergdose:n20ncanilotsg= 1.08 X10i; 100-can lots 1.5 20 0 1 4
perds 20c. lots 2.0 20 0 0 35.36XheRadiationSourcespersonnel.2.54 100 0 0 0baDoses increase in 0.5-Mrad increments. .54.5 100 0 0 0

62A 0.0 20 19 11 16
trolled with a liquid nitrogen device, so that the cen- 0.5 20 14 15 18
ters of the can contents, which were 2 to 5 C at the 1 .0 20 20 20 20
beginning of irradiation, were not permitted to rise 1.5 20 0 1 4
above 24 C. Feffous sulfate dosimretry was conducted 2.0 20 0 0 5
by the Radiation Sources personnel. 2.5 100 0 0 0

Assay for ham spoilage. Irradiated cans of ham were 3.0 100 0 0 1
incubated at 30 C for 6 months. They were examined 3.5-4.5 100 0 0 0
for sweling at weekly intervals during the first month
and monthly thereafter. At the end of the incubation 77A 0.0 20 17 9 20
period, all cans were assayed for toxic spoilage and for 0.5 20 20 20 20
viable C. botulinum. 1.0 20 17 17 16
The entire contents of each can were asepticallyw . 0 10 1 1

transferred to sterile Waring Blendor jars, dluted1:35 2.5 20 0 it0 5
(w/v) with sterile distiled water, and blended for 3 2.5-4.5 100 0 0 0
mm. Samples of homogenate were centrifuged at 2,000
rev/mmn for 30 mm, and one Swiss-Webster white 12885A 0.0 20 18 12 19
mouse (15 to 20 g) per sample was injected intraperi- 0.5 20 20 20 20
toneag y with 0.5 ml of supernatant fluid. Every sample 1.0 20 18 18 19
producing symptoms of mouse intoxication within 4 1.5 20 3 3 5
days of injection was retested on two unprotected 2.0 20 0 0 3
mice; two mice protected with 0.5 ml of botulinal 2.5 100 0 0 0
antitoxin type A, two with antitoxin type B, and two 3.0 100 0 0 1
unprotected mice received 0.5 ml of supernatant fluid 3.5-4.5 100 0 0 0
which had been boiled for 10 mm.
To detect the presence of viable C. botulinum, 5.0 9B 0.0 20 20 15 20

ml of homogenate was inoculated into 50 ml ofair-0. 20 0 18 0
exhausted Wynne's medium (51) contained in a 60-ml 1.0 20 120 12 19
screw-cap bottle. The medium was modified by reduc- 1.5 20 02 02 39
ing the agar content to 0.1% and by incorporating an 2.0 20 0 0 0
additional 0.5% of glucose. An identical bottle was 2.5-. 1000 0 0
inoculated with a 5.0-ml sample which had been heated ____ _________ _____
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TABLE 4-Continued

No. of cans of ham

Srino Radiation WtStrain no. dose (Mrad) With With
Tested Swollen tuin- viable C.toina botulinum

40B 0.0 20 18 14 20
0.5 20 20 20 12
1.0 20 9 20 10
1.5 20 0 1 7
2.0 20 0 0 0

2.5-4.5 100 0 0 0

41B 0.0 20 20 19 20
0.5 20 18 18 18
1.0 20 12 12 13
1.5 20 6 6 6
2.0 20 0 0 0
2.5 100 0 0 1

3.0-4.5 100 0 0 0

51B 0.0 20 19 7 8
0.5 20 3 1 6
1.0 20 0 0 4
1.5 20 0 0 1
2.0 20 0 0 0
2.5 100 0 0 1

3.0-4.5 100 0 0 0

53B 0.0 20 20 16 20
0.5 20 20 20 19
1.0 20 18 18 14
1.5 20 6 6 8
2.0 20 1 1 1

2.5-4.5 100 0 0 0

a Doses increase in 0.5-Mrad increments.

radiation D values (decimal reduction doses) of the
10 test organisms. Partial spoilage data as well as
recovery of C. botulinum from nonspoiled cans were
employed in these computations. It is currently as-
sumed, as propounded by Schmidt (42), that a micro-
biologically safe radioprocess should conform with a
12-log spore reduction of C. botulinum, ostensibly
analogous to the practices followed by the canning
industry for commercial thermally processed foods.
Hence, sterilizing doses for each strain were calculated
by the formula D X 12.

RESULTS

Minimal sterilization dose. Table 4 details the
spoilage data for each of the 10 strains at all
radiation levels, and Table 5 totals the data
among the ten strains. Lots of 1,000 cans per
dose, containing an accumulated spore popula-
tion of 5.4 X 109 (Table 3), and challenged by 3.5
Mrad or higher, were found unswollen, nontoxic,
and sterile. Similar lots, irradiated to 3.0 or 2.5
Mrad, were entirely free from swelling and toxic

TABLE 5. Cumulative spoilage data of irradiated
cured ham inoculated with Clostridium

botulinum spores

No. of cans of ham
Radia- Total spore
tion population With With
dose (poUoled 10 botu- viable C.(Mrad) strains) Tested Swollen" linal boia-

toxinb linumC

0 0 100 74 0 0
0 1.1 X 109 200 188 128 183.
0.5 1.1 X 109 200 172 169 171
1.0 1.1 X 109 200 143 154 151
1.5 1.1 X 109 200 40 42 64~
2.0 1.1 X 109 200 5 5 21
2.5 5.4 X 109 1,000 0 0 3
3.0 5.4 X 109 1,000 0 0 2
3.5 5.4 X 109 1,000 0 0 0
4.0 5.4 X 109 1,000 0 0 0
4.5 5.4 X 109 1,000 0 0 0

aD = 0.165; 12D = 1.98.
b D = 0.165; 12D = 1.98.
C D = 0.212; 12D = 2.54.

spoilage. However, of 1,000 cans exposed to 3.0
Mrad, only two cans contained inert but re-
coverable spores (strains 62A and 12885A), and,
among the 1,000 cans subjected to 2.5 Mrad, just
three cans harbored dormant C. botulinum (strains
33A, 41B and 51B).
The 200-can lot of ham, which had a total

spore load of 1.1 x 109 and received 2.0 Mrad,
contained only five swollen toxic cans, and
had viable botulinal organisms. An additional 16
cans were unswollen and nontoxic, but had dor-
mant recoverable C. botulinum. Doses below 2.0
Mrad gave increasing amounts of spoilage with
decreasing radiation doses.

Unirradiated inoculated controls did not
manifest 100% visible or toxic spoilage; further-
more, some of the 200 cans actually became sterile
after 6 months of incubation (Table 5). The
overall spoilage pattern was 94% swollen and
64% toxic cans, and 91.5% had recoverable C.
botulinum. Apparently strain 51B spores were the
least capable of producing spoilage in the ham
environment, yet they produced a relatively long
surviving "tail" with increasing dosage (Table
4). Of the 100 unirradiated uninoculated con-
trols, 74% visibly spoiled, but no toxin or viable
C. botulinum could be found. The spoilage, of
course, was caused by indigenous nonbotulinal
organisms which, in many instances (26%), were
inhibited by the curing salts.
The minimal experimental sterilizing dose

(ESD), as based on the three criteria of spoilage,
are indicated in Table 6. Using both visible and
toxic spoilage, sterility was obtained with 2.0

169VoL-. 15, 1967



TABLE 6. Experimental sterilizing dose (ESD) based on different criteria of spoilage by Clostridium
botulinium in irradiated cured ham

Minimal radiation sterilization dose (Mrad) to eliminate
Strain no.

Swelling Botulinal toxin Viable C. botulinum

33A............. 2.0 < ESD < 2.5 2.0 < ESD < 2.5 2.5 < ESD < 3.0
36A............. 1.0 < ESD < 1.5 1.0 < ESD < 1.5 2.0 < ESD < 2.5
62A............. 1.0 < ESD < 1.5 1.5 < ESD < 2.0 3.0 < ESD < 3.5
77A............. 1.5 < ESD < 2.0 1.5 < ESD < 2.0 2.0 < ESD < 2.5
12885A............. 1.5 < ESD < 2.0 1.5 < ESD < 2.0 3.0 < ESD < 3.5
9B............. 1.0 < ESD < 1.5 1.0 < ESD < 1.5 1.5 < ESD < 2.0
40B............. 1.0 < ESD < 1.5 1.5 < ESD < 2.0 1.5 < ESD < 2.0
41B............. 1.5 < ESD < 2.0 1.5 < ESD < 2.0 2.5 < ESD < 3.0
51B............. 0.5 < ESD < 1.0 0.5 < ESD < 1.0 2.5 < ESD < 3.0
53B............. 2.0 < ESD < 2.5 2.0 < ESD < 2.5 2.0 < ESD < 2.5

TABLE 7. Relative radioresistance of
Clostridium botulinum in cured ham

Avg radiation D values based on

Strain no.

Swelling Botulinal Viable C.Swelling toxin botulinum

33A........ 0.213 0.213 0.235
36A........ 0.143 0.143 0.218
62A........ 0.071 0.072 0.214
77A........ 0.207 0.207 0.240
12885A....... 0.175 0.175 0.242
9B........ 0.142 0.108 0.171
40B........ 0.143 0.189 0.143
41B........ 0.139 0.139 0.175
51B........ 0.065 0.061 0.166
53B........ 0.194 0.194 0.164

< ESD < 2.5 Mrad with the inactivation of
strains 33A, and 53B; but to attain nonspoiled
ham free from C. botulinum required the in-
activation of strains 62A and 12885A with 3.0 <
ESD < 3.5 Mrad.

Radioresistance of C. botulinum. Information
in Table 4 was used to compute D values for the
three types of spoilage produced by each botulinal
strain. In general, visible and toxic spoilage
resulted in similar D values, and viable data gave
the highest D values. Table 7 lists the average
relative radioresistances of the 10 test strains.
Based on survival D values, the type A strains as
a group appeared to be of higher radioresistance
than the type B group. Strains 12885A and 77A
were the most resistant, followed closely by 33A,
whereas 36A and 62A were of lower but of com-
parable resistance. Among the type B strains, the
least sensitive organisms were 41B and 9B, fol-
lowed by 51B and 53B, which were of identical
resistance, with 40B of least tolerance.

In two cases (41B and 53B), visible spoilage D
values were higher than recovery D values, and

in three situations (40B, 41B, and 53B) toxic
spoilage D values were higher than survival D
values. Theoretical 12D estimates generally
agreed with the ESD values (Table 8). The highest
12D dose was 2.90 Mrad (corresponding with
strain 12885A), which was somewhat below 3.0
< ESD < 3.5. In comparison, the 12D dose for
the accumulated spoilage data (Table 5) was 1.98
Mrad for both visible and toxic spoilage, and
2.54 Mrad on the basis of viable C. botulinum.

Effect ofsublethal doses on spoilage. Irradiation
of ham to 0.5 Mrad resulted in a markedly in-
creased rate of spoilage over unirradiated controls
during the first week of incubation (Fig. 1). A
dose of 1.0 Mrad also caused a significant in-
crease in spoilage over the controls but to a lesser
degree than with 0.5 Mrad. Even 1.5 Mrad pro-
duced more rapid swelling in cans containing
strains 33A and 77A than with the controls, but
to a still lesser extent than with 1.0 Mrad. This
dose-spoilage response was observed with most
strains up to 1 month of incubation, after which
the unirradiated samples equaled or surpassed
the irradiated spoilage pattern. Ham infected
with strain 51B did not show this phenomenon at
any dose level.

DISCUSSION
Recently, doubts have been voiced concerning

the validity of applying the 12D concept for the
establishment of a safe prototype radioprocess
(15, 17). Moreover, Dyer et al. (14) found that a
radioprocess for crabmeat, based on D values
derived from survival curves which "tailed,"
gave a process lower than one based on experi-
mentally determined doses. Table 8 also indicates
that the 12D doses of some strains (62A, 12885A,
41B, 51B, and 53B) are lower than their respec-
tive ESD values.
The method for computing the radiation D

value can greatly affect the radioprocess. Not
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RADIATION STERILIZATION OF CURED HAM

TABLE 8. Minimal radiation sterilization doses for cured ham inoculated with Clostridium botulinum spores

Computed avg 12Db dose based on

Strain no. Total spores per dose Experimental sterilizing S ing |dose (ESD)a Botulinal Viable C.
Swelling toxin botsuiisum

Mrad Mrad Mrad Mirad
33A............. 4.9 X 108 2.5 < ESD < 3.0 2.56 2.56 2.82
36A............. 3.2 X 106 2.0 < ESD < 2.5 1.72 2.62 2.62
62A............. 6.9 X 108 3.0 < ESD < 3.5 0.85 0.86 2.57
77A............. 7.5 X 107 2.0 < ESD < 2.5 2.48 2.48 2.88
12885A............ 4.8 X 107 3.0 < ESD < 3.5 2.10 2.10 2.90
9B .......... 1.3 X 108 1.5 < ESD < 2.0 1.70 1.30 2.05
40B............. 8.8 X 107 1.5 < ESD < 2.0 1.72 2.27 1.72
41B............. 7.3 X 108 2.5 < ESD < 3.0 1.67 1.67 2.10
51B............. 8.1 X 108 2.5 < ESD < 3.0 0.78 0.73 1.99
53B............. 1.0 X 109 2.0 < ESD < 2.5 2.33 2.33 1.97

a Flat, nontoxic sterile cans.
b Decimation through 12-log cycles of initial spore load by the equation D X 12.
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FIG. 1. Effect of sublethal radiation doses on swelling of cans of cured ham inoculated with Clostridium botu-
linum. Results represent 4 weeks ofincubation at 30 C. Missing time bars indicate no increase in number ofswollen
cans over previous time period.

only does the computed minimal sterilizing dose
depend directly upon the method of calculation,
but a change in the relative radioresistances of the
botulinal strains may occur (in preparation).

If the computed average 12D dose is accepted
as a valid criterion for a safe prototype radio-
process, then canned cured ham can be sterilized

with a dose of 2.90 Mrad (Table 8). The maximal
ESD of ham challenged by a total population of
5.4 X 109 botulinal spores is somewhere between
3.0 and 3.5 Mrad (Table 6), and fully meets the
rigorous safety requirement of the mandatory
absence of viable C. botulinum in unspoiled food
product. On the basis of spoilage data, both 3.0
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TABLE 9. Incidence of indigenous putrefactive anaerobic spores in meat products

No. of spores/g of meat
Referencea Meat product

LOW Usual HighLow Usual High

Trimmings, fresh
Pork trimmings, fresh
Beef
Fresh
Knuckle (inside and outside round)

Beef, raw
In cartons
In cans

Surface
Core

Beef, processed (Fo = 0.01)
Rind pig carcass at inspection end of

slaughter line
Chicken, raw, uneviscerated
Ham

Entire 14 lb
Pasteurized (150 F)

Pork trimmings
fresh
cured
processed (165 F, 3 to 4 hr)

Pork trimmingsd
Fresh
Cured
Canned
Not processed
Processed

Not incubated
Incubated

Ham, irradiated (0.3 to 0.5 Mrad)
Chicken, rawd
Beef, rawd
Pork, rawd
Chicken, rawg
Meat canned

1944-47
1949
1950-51
1952

Luncheon meat canned
1949-52

Pork trimmingsd
Fresh
Cured

Meats, cured, canned

<3

<0.006

<0.0006

<0.005
<0.01
0

0

<105

<0.1
<0.1
<0.1

0

0

0

0

0

<1
<0.33
<0.33
<0.33

0

0

1.5

6.5
0.007-0.06

0.007-0.06

0.005-0.05
0.012-0.07

0
4

0.4
12c

0.1-1
0.1-1
0.1-1

2.06
4.10

1.33

0.70
1.32

1-2
3.03
3.03
2.50

40% of 380;
5% of 337'

0.9% of 218'
0% of 138'

6.4% of 156'

2.1
4.1
0.1

42
51

1.4

1.4

0.13
0.12
0
40

<200b

2.5
24
30

46
109.9

9.3

4.52
9.30
10
11
69e

115f
21h

46
110

and 2.5 Mrad are sterilizing doses, with a very
small fraction of the cans (0.25%) containing
inert but recoverable C. botulinum (Table 5).

It is probable that a 3.0- or even a 2.5-Mrad
commercial radioprocess would be a micro-
biologically safe process. It must be remembered
that our experiments imposed an extremely un-

realistic spore burden upon the radioprocess.
Table 1 shows that 717 samples of radiation-
preserved uninoculated cured hams were free

from botulinal toxin with doses of 3.0 Mrad
down to 1.0 Mrad, and were consumed by test
panels. It must also be borne in mind that cured
canned meats have never received the minimal
prescribed thermal botulinal "cook" (Fo = 2.78).
Instead, they are given a sublethal Fo of only 0.1
to 0.6 (18, 20, 24, 37) with a median value of 0.2
(20). Yet, these thermally underprocessed foods
have a perfect public safety record (32). The
reasons for this enviable health record are at least

5

6

7

8
9

11

A

13
B
C

20

D

24
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TABLE 9-Continued

No. of spores/g of meat
Referencea Meat product

Ilow Usual High

25 Ham, pasteurized, canned
Sound <3
Flipper 3-30
Swollen <3 1-10 10

26 Meats for over 20 years <0.1 40
34 Pork trimmings

Fresh <3 51
Cured <3 51

Pork luncheon meat <0.18 <2
Beef, fresh <0.1 6.5

38 Trimmings, fresh 1.5 42
Pork trimmings - <3 51

41 Ham, raw 0.01 0.04 0.086
48 Luncheon meat, raw 0.63 1
50 Pork trimmings

Fresh <0.18 51
Cured <0.18 43

Pork luncheon meat, canned <0.18 - 4
Beef trimmings, fresh <0.23 1.8 46

E Meats <0.3 0.99 10
F Rind pig carcass at inspection end of - 2'

slaughter line

a Numbers refer to references in the Literature Cited section. Letters represent the following: (A)
V. Conquest, unpublished data; (B) R. A. Greenberg, B. 0. Bladel, and R. S. Kittaka, Bacteriol. Proc.,
p. 1-2, 1965; (C) R. A. Greenberg and R. B. Tompkin, unpublished data; (D) L. A. Harriman et al.,
unpublished data; (E) A. R. Miller, personal communication; (F) D. C. Wilson, personal communication.

Total anaerobic spores.
Includes clostridia, bacilli, cocci.

d Samples were tested for C. botulinum spores, but none was found.
e Only one sample of 624.
f Only one sample of 656.
g Samples tested for C. botulinum; one type C spore found.
h Only one sample of 1,078.
'Per cent positive of number of samples tested. Number of putrefactive anaerobic spores not given
Total anaerobic spores. One C. sporogenes and one C. perfringens in a total of 12 factories.

twofold: (i) a very low natural level of total
mesophilic clostridial spores in raw meats (5-9,
11, 13, 20, 24-26, 34, 38, 41, 48, 50) which has
steadily been decreasing with improved sanitary
practices over the years (20, 38), and (ii) the
presence of curing salts which inhibit germina-
tion, subsequent outgrowth, or toxin production
of the apparently heat-injured spores (1, 10, 11,
19, 21, 27, 29-31, 33-36, 38, 39, 44-49). [An
excellent review of the technical literature on the
effect of curing agents on microflora from the
earliest times up to about 1952 was published by
Jensen (26).]
Numerous laboratories have surveyed meats

and meat products for mesophilic putrefactive
anaerobic (PA) spores; some included a search
for C. botulinum. Greenberg et al. (19a) recently
completed an extensive 12-month survey for these

organisms in raw beef, chicken, and pork in seven
representative areas in the USA and Canada.
They analyzed 2,358 meat samples (1 lb each)
and isolated 19,727 clostridial colonies, obtaining
an average of 2.8 spores per g of meat, with a
range of < 0.33 to 115; 31.3% of the samples
contained < 1 spore per g, and 76.8% had < 3
spores per g. Of these isolates, only one was
characterized as C. botulinum (type C), yielding a
ratio ofPA spores to botulinal spores of 20,000: 1.

Table 9 summarizes the findings of the known
surveys on the incidence of clostridial spores in
meats and meat products. The data clearly
indicate that indigenous mesophilic anaerobic
spores occur in very small numbers, and, among
these, the presence of C. botulinum is a relatively
rare event.
Under the conditions of the experiment, a

radiosterilizing dose must inactivate 10 strains
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totaling in excess of 109 botulinal spores (Table
5). Assuming a maximal natural PA spore con-
tamination level of 200/g (Table 9), a 100-g can
of ham could contain a maximum of 20,000 PA
spores, and, hence, may harbor about one C.
botulinum spore (19a), or an accumulated popula-
tion of 103 spores per dose. The ESD, therefore,
represents an excess of at least six log cycles of
destruction. If interpreted in terms of the 12D
probabilistic safety criterion (15, 17, 42), the
experimental pack of 1,000 cans per dose would
be equivalent to, and would qualify the safety of,
at least 109 commercial uninoculated cans; thus,
the probability hazard-level is less than 10-9.
The suppressive qualities of curing salts in

commercial thermally processed hams have been
noted many times Some evidence exists that these
ingredients also exhibit inhibitory properties for
bacteria in irradiated meats. Krabbenhoft et al.
(29) found that ground beef containing 106 C.
botulinum spores per g of meat could not be
sterilized by 3.5 Mrad of y rays in the absence of
curing compounds. The spores were destroyed,
however, with 2.0 Mrad in the presence of 1,000
ppm of NaNO3 and 2.5% NaCl, and at 2.5 Mrad
in the presence of 200 ppm of NaNO2 and 2.5%
NaCl. Use of these salts individually, together
with radiation, was ineffective. The studies by
Anellis et al. (3, 4) indicated that the spores of
several strains of C. botulinum (33A, 36A,
12885A, 9B, 41B, 53B) have a smaller radiation
D value in mildly heated cured bacon (3) than in
phosphate buffer, pH 7.0 (4). Greenberg et al.
(18) determined radiation D values of botulinal
spores in thermally processed cured ham, and
concluded that resistance was "considerably be-
low those typically found in uncured food sub-
strates." Kempe and Graikoski (27) also reported
inhibition of C. botulinum by the curing salts in
canned pork luncheon meat, whether the inocu-
lated meat was or was not irradiated.
There is some reason to believe that irradiated,

nonsterile, cured ham may be equivalent in safety
to commercial heat-processed nonsterile cured
ham. For example, Hansen (22) and Hansen and
Warnoe (23) investigated the combined effect of
mild heat and low dose radiation on uninoculated
cured ham in 1,200 cans. They applied either of
two thermoprocesses: one with an Fo = 0.0003
(to 75 C central ham temperature), and the second
too low to have a meaningful Fo value (to 65 C
central temperature). Each of the two thermo-
processes was evaluated when applied in pre- and
postcombination with Co6° radiation to 0.2, 0.3,
and 0.6 Mrad. They reported 100% "commercial
sterility" with a dose of 0.6 Mrad, and 97% with
0.3 Mrad, with either heat treatment in either

order. A 0.2-Mrad dose yielded 86% sterility if
the hams were preheated, and 64% if postheated
to 75 C. Knudsen (28), too, successfully obtained
"commercial sterility" of cured ham with doses of
0.4 to 0.5 Mrad by heating the meat to a center
temperature of only 65 or 75 C.
Greenberg et al. (18) heat-processed ham in-

fected with C. botulinum spores (173 and 2,670/
g) to Fo = 0.2, and irradiated other samples of
identically inoculated ham to 0.5 to 3.5 Mrad in
1.0-Mrad increments. Their spoilage data, re-
gardless of spore load, indicated that radiation
doses above 0.5 Mrad "induce the same stability
(and safety) in cured meats as do the nonsteriliz-
ing thermal processes employed for decades by
industry." Riemann (37) also investigated the
possibility of developing a radioprocess for cured
ham which would be equivalent, microbiolo-
gically, to that of a commercial thermal process.
Using spores of putrefactive anaerobe PA3679, he
found that a radiation dose of 0.55 Mrad was
equivalent to an Fo = 0.6 in lethality. More
importantly, about 10% of the spores surviving
the heat treatment were able to grow out in the
cured ham on prolonged incubation, whereas
only 0.013% of the survivors of a 1.0-Mrad dose
were capable of growth under identical condi-
tions. He concluded "that the main difference
between the results of heat processing and irradia-
tion is that dormancy is more pronounced after
the latter treatment." Hansen and Warnoe (23),
too, experienced a "degree of sterility a little
higher [with 0.6-Mrad radiation] than that ob-
tained by the norman heat processings [Fo =
0.2 to 0.6] used in current practice" for cured
hams.

Scott (45) suggested that neither the curing
ingredients per se, nor the pH of the ham are
inhibitory, but, rather, inhibition is produced by
the water activity (a,) produced primarily by the
NaCl, which can cause bacteriostasis. He found
that liquid media with a, = 0.95, which ap-
parently prevails in Australian hams, were
marginal for the growth of some strains of C.
botulinum types A and B, but were ineffective for
other strains.

In our studies, cans of cured ham containing
C. botulinum spores, irradiated with certain sub-
lethal doses (0.5 to 1.5 Mrad), clearly evidenced
an acceleration in visible spoilage over those of the
unirradiated controls (Fig. 1). Cann et al. (12)
observed a similar phenomenon with the rate of
toxin production in vacuum-packed fish contain-
ing type E botulinal spores when irradiated with
0.3 Mrad. Although the data of Greenberg et al.
with ham and curing salts (18), and of Krabben-
hoft et al. with beef and curing salts (29) showed
spoilage only on final rather than early storage
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time, their results, too, indicated, but to a very
limited extent, an enhanced susceptibility of
the meats to swelling and toxin production with
lower radiation doses.
The phenomenon may be attributed to one or

more of the following factors: (i) a decrease in the
indigenous microbial flora by radiation, thus
reducing the competitive microenvironment for
the germination and outgrowth of C. botulinum
spores; (ii) a significant lowering of the nitrite-
nitrate concentration by radiation, thus decreas-
ing the bacteriological stability of the ham; and
(iii) a true radiation activation of spores in
specific substrates, analogous to heat activation.
Cann et al. (12) suggested that the effect might

be due to the first possibility. If true, increased
spoilage with certain sublethal doses could be
expected in all food products. Thus far, the effect
was not observed at any radiation level in chicken
or pork inoculated with botulinal spores and
handled in a manner identical to the present
study with cured ham (unpublished data).
Erdman and Watts (16) reported that irradia-

tion of ham caused a reduction ,of nitrate to
nitrite, followed by a decrease of the nitrite
content with storage time. Bulman and Ayres
(10), too, observed a decrease of nitrite with
time. Kempe and Graikoski (27) thought that
a change in the concentration of these salts might
shorten the microbiological stability of the cured
meat. Results in Table 2 indicate a decrease in
nitrate content when ham was irradiated to 4.5
Mrad and an additional decline after 6 months
of storage at 30 C. The nitrite level may not have
increased significantly with radiation to 4.5 Mrad,
but it apparently was lower after the 6-month
storage period. Additional randomly selected
cans of ham, in replicates of 10, were irradiated
in our laboratory from 0 to 4.5 Mrad in incre-
ments of 0.5 Mrad and were assayed for nitrate
and nitrite concentrations without storage. The
data did not show a reduction of either chemical
at any dose level. The information in the literature
is insufficient to indicate the effect of a decrease in
nitrate-nitrite content in cured meats on the
microbiological stability of ham. Further study
of this factor is warranted.

Support for the possibility of a true radiation
activation of spores occurring with sublethal
doses was reported by Roberts and Ingram (40).
They apparently observed an increase in counts
of an unheated aqueous suspension of C. bifer-
mentans spores when irradiated with very low
doses. In the case of the accelerated botulinal
spoilage of cured ham, one must not overlook the
possibility of a concurrent ionic germination
effect with radiation. The possibility of such an
occurrence is now under investigation.
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