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Gamma Radiation Sensitivity of Listeria monocytogenes
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ABSTRACT

Seven strains of Listeria monocytogenes were irradiated in
culture media or in mechanically deboned chicken meat. The
survivor plots were quadratic curves when cultures were in the
log phase of growth or when they were irradiated in chicken
meat; cultures in the senescent phase of growth showed linear
responses to irradiation. Cultures from cells surviving an irradia-
tion dose of 1.5 kGy were no more radiation resistant that those
which had had no previous exposure to irradiation. Cultures
centrifuged and resuspended in water were more sensitive to
radiation than those resuspended in solutions containing organic
materials. These studies indicated that a dose of 2 kGy was suf-
ficient to destroy 1 x 10* cells of L. monocytogenes.

The small gram positive rod named Listeria (18), the
causative agent of an epizoonosis in laboratory animals,
was first described in 1926 by Murray et al. (12). It since
has been shown to cause infection in a number of animals
as well as in humans. The organism can be isolated from
infected animals but also has been isolated from asympto-
matic cattle, goats, and sheep; from these the organism may
be shed into the milk. Such may have been the case in a
recent outbreak involving newborn infants whose mothers
had consumed a soft cheese made from raw or improperly
processed cows milk (10). L. monocytogenes has been shown
to be capable of growing readily in milk (/3) but it has also
been isolated from vegetation in cornfields or other culti-
vated fields, from feces of deer and birds, forest soils (16,17},
and oat silage (8). One epidemic of listeriosis was traced to
cole slaw made from cabbage fertilized with the manure
from infected sheep (/4).

The organism is apparently destroyed by normal pas-
teurization procedures (2) although a recent report (7)
indicated that milk, apparently properly pasteurized, was
the vehicle for the infection in an outbreak in Massachu-
setts. Another report (6) showed that L. monocytogenes might
survive pasteurization if the bacteria were inside leukocytes.
The significance of these related reports was discussed by
Donnelly (5).

The character and composition of most raw agricultural
products would be adversely affected by heat pasteuriza-
tion; a possible alternative procedure for destruction of

harmful organisms in such products, with minimal effect on
their physical properties, would be to irradiate either with
ultraviolet rays as reported by Yousef and Marth (/9), or by
low dose gamma radiation which has recently been approved
for certain agricultural products (4). The objective of the
present study was to determine the feasibility of gamma
radiation for eliminating the organism from meat and poultry.

MATERIALS AND METHODS

Culture media

The BNT medium was a mixture of 0.4% nutrient broth
(Difco) and 1.5% trypticase soy broth with glucose (BBL). The
medium was buffered at a pH of 6.4-6.6 with 0.026 M KH,PO,
and 0.028 M NaH,PO4-7 H,0. BT medium was similarly buff-
ered and consisted of trypticase soy broth with glucose.

~ Chicken meat

Chicken meat was purchased from a local manufacturer of
poultry products and consisted of homogenized, mechanically
deboned chicken meat (MDCM) without additives. The meat was
90% ribs and 10% backs with a proximate composition of 63.1%
H,0, 25.7% fat, and 11.4% protein; it was radiation sterilized at
42 kGy in aluminum cans (208 x 107) of 70 g capacity and was
kept frozen at a temperature of -10°C. When needed, cans of meat
were thawed at room temperature overnight.

Cultures

The organisms used in these studies were seven strains of L.
monocytogenes (V1, Rml, Rmll, Murray B, Scott A, V97, and
ATCC 7644). All cultures were incubated at 35°C. Stock cultures
were maintained on plate count agar (Difco) slants; transfers were
made to tubes of BNT medium which were used to inoculate the
experimental media. Cultures in the log phase of growth were
prepared by inoculating pre-warmed tubes of BNT with 1% of an
18 h culture and incubating for 1.5, 2.5, or 5.0 h.

Irradiation

A '¥Cs source providing a dose rate of 0.125 kGy/min was
used for the irradiation. The cultures grown in the organic media
were placed in 2 ml quantities into 100 X 13 mm glass screw cap
tubes with caps tightly secured. The MDCM in 5 g amounts was
placed into 40 ml sterile centrifuge tubes; 0.1 ml of culture was
added and mixed in with a sterile wood applicator stick. All cultures
in media or in MDCM were kept at a temperature of 2-4°C prior
to and during irradiation. The gas phase of liquid nitrogen was
used for maintaining temperature during irradiation.



Enumeration of cultures

Following irradiation the cultures were diluted with sterile
water at a temperature of 4-7°C. The MDCM samples in the
centrifuge tubes were diluted with 20 ml water and were vigor-
ously mixed with caps secured. A spiral plater (Spiral Systems,
Inc.) was used to determine cell populations in the culture media.
For the cultures irradiated in MDCM a standard pour plating
method was employed. Plate count agar (Difco) was used with
both methods of plating; incubation of the plates was for 2 d at
35°C. Plating was done in duplicate and in most cases plates from
two dilutions were enumerated. Irradiation D values were calcu-
lated by dividing the applied dose (in kGy) by the difference
between the counts (log, ) of the doses. For example the D value
for the first irradiation interval (0-0.50 kGy) was calculated by
dividing 0.50 by the difference between the original counts and
the counts after irradiation. The reciprocals of the slopes of linear
regressions were also used to calculate D values.

Statistical evaluation

The statistical program SAS/STAT (SAS Institute, Cary, NC)
was used to determine the significance of the regressions of the
irradiation survival plots of the Listeria cultures. The graphics
program SIGMAPLOT (Jandel Scientific, Corte Madera, CA) was
used to obtain the best fit for the curves. Analysis-of-variance of
the linear, quadratic, and cubic functions were evaluated; a sig-
nificant statistical trend was one where the probability for obtain-
ing an F value greater than that observed was between 0.01-0.05;
a highly significant statistical trend was one where the probability
was less than 0.01.

RESULTS AND DISCUSSION

The results from irradiating L. monocytogenes in BNT
medium (Table 1) indicated that survivor curves might not
be linear although the deviation from linearity was not
statistically significant. Non-linearity was suggested by the
differences in D values obtained from the first and the last
portions of the curve. The seven strains of L. monocyto-
genes had an average D value of 0.27 kGy when the D
values were calculated from the dose interval 0-0.50 kGy,
while the average D value from the interval 1.00-2.00 kGy
was 0.38 kGy. Calculations from linear regression slopes
gave an average D value of 0.33 kGy (r = 0.996) for the L.
monocytogenes strains. The increased radiation resistance
at the higher doses was more pronounced and was statisti-
cally significant for the cultures irradiated in MDCM (Table
2). The average D value for the 0-0.50 kGy dose interval
was 0.27 kGy, the same as that for irradiated cultures in
BNT medium, but the D value calculated from the 1.00-
2.00 kGy doses was 0.77 kGy. D values calculated from
linear regression slopes of the MDCM samples gave an
average value of 0.45 kGy (r = 0.981). Increased radiation
resistance in proteinaceous products was reported by Grecz
(9) for spores of Clostridium botulinum in pork pea broth
and canned chicken. A tailing of irradiation survival curves
indicating increased radiation resistance at higher doses was

TABLE 1. Irradiation destruction of Listeria monocytogenes in BNT medium’.

Log CFU/ml D value (kGy)
Strain Control 0.50° 1.0 2.0 0-0.50° 1.0-2.0 0-2.0
v7 9.85 7.89 6.37 3.90 0.26 0.40 0.34
Rml 10.76 8.54 6.86 3.96. 0.22 0.34 0.29
RmlII 9.79 7.71 5.94 2.75 0.24 0.31 0.28
Murray B -10.42 8.48 7.11 4.46 0.26 0.38 0.34
Scott A 10.33 8.79 7.13 4.23 0.32 0.34 0.33
V97 9.88 8.34 7.12 4.72 0.32 0.42 0.39
ATCC 7644 9.69 181 5.89 3.84 0.30 0.49 ' 0.34
Mean 10.10 8.22 6.63 3.98 0.27 0.35 0.33
Std dev 0.40 0.42 0.56 0.63 0.04 0.09 0.04

!See text for composition of BNT medium.
*Dose in kGy.

*D values calculated by the formula: dose (kGy)/(log surviving population dose a - log surviving population dose b).

TABLE 2. Irradiation destruction of Listeria monocytogenes in chicken meat.

Log CFU/ml . D value (kGy)
Strain Control 0.50 1.0 2.0 0-0.50 1.0-2.0 0-2.0
V7 8.78 7.08 6.64 5.02 0.29 0.62 0.53
RmlI 8.95 7.18 6.10 4.45 0.28 0.61 0.44
Rmlil 8.76 7.40 6.26 5.01 0.37 0.80 0.53
Murray B 8.94 6.48 5.36 4.11 0.20 0.80 0.41
Scott A 7.42 5.90 5.36 3.67 0.20 0.59 0.42
V97 8.87 7.08 6.88 4.81 0.28 0.93 0.49
ATCC 7644 8.50 6.51 4.78 3.81 0.25 103 0.43
Mean 8.60 6.80 591 4.41 0.27 0.77 0.46
Std dev 0.54 0.52 0.76 0.56 0.06 0.17 0.05

See table 1 for explanation of data.



reported by Anellis et al. (/) for spores of C. botulinum
irradiated at 30 kGy or higher.

Silverman (15) described three types of radiation sur-
vival curves exhibited by bacteria. These were: type 1, a
convex curve where the radiation resistance decreases with
dose; type 3, a concave curve with increasing resistance at
higher doses; and type 2, a linear, exponential response.
Our results indicating non-linearity of irradiation survival
curves was substantiated by analysis-of-variance of the
regression plots of the cultures irradiated in MDCM. Survi-
vor plots of strains V7, Rmll, and Murray B had highly
significant quadratic trends while those from strains V7,
Rml, Murray B, V97, and ATCC 7644 also had highly
significant cubic trends. Most of the regression of the sur-
vivor plots, however, could be accounted for by a linear fit
(r = .95 or greater). The curves for the averages of the
seven strains in BNT medium and in MDCM are shown in
Fig. 1. The best fit for both curves were convex quadratic
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Figure 1. Effect of irradiation on L. monocytogenes (survival
curves: averges of 7 strains; V7, RMI, RMII, Murray B, Scott A,
V97, and ATCC 7644) in either a rich organic medium (BNT) or
in mechanically deboned chicken meat.
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Figure 2. Effect of irradiation on cells in early and late growth
stages. [rradiation was in BNT mediun with plating in plate count
agar incubated at 35 C.

functions. This type of non-linear survivor curve could
conceivably be the result of culture inhomogeneity with
cells in differing stages of growth exhibiting different resis-
tances to irradiation. This was investigated with the results
in Fig. 2. Each point in this graph represents 8 separate
determinations of cell numbers. The survivor plots for the
fully grown cultures (both the 5 and 18 h cultures showed
the same number of cfu/ml) were linear with no significant
quadratic or higher component, whereas the rapidly grow-
ing cells (which would be expected be more homogeneous
in growth stage) exhibited convex survival curves with
highly significant quadratic trends. Thus the cells in the
logarithmic phase of growth exhibited concave irradiation
destruction curves (type 1) of Silverman while older cul-
tures had type 2 curves. When linear regression lines were
fitted to the data, the calculated D values were 0.82 kGy for
the 1.5 and 2.5 h cultures (r = 0.992), while the value for
the 5 and 18 h cultures was 0.61 kGy (r = 0.999).

The possibility of cells becoming resistant to radiation
was studied by selecting colonies from the highest radiation
dose (i.e. from the “tail” of the curves), growing them in
BNT medium and subjecting them to further irradiation.
The resulting cultures were no more radiation resistant than
the parent culture (data not shown). When the process was
repeated, again selecting colonies from the “tail” of the
previously irradiated cultures (i.e. from the 1.50 kGy dose)
and again irradiating (Fig. 3), no significant differences in
the regression lines were noted. These results indicate that
the observed non-linearity of the Listeria irradiation sur-
vival curves is probably not the result of differing radiation
sensitivities of the cells within the populations, although
low mutation rates of the irradiated cells may have pre-
cluded selection of true mutant cells.

The effect of menstruum on radiation sensitivity was
studied by growing the V7 strain of L. monocytogenes in
BT medium, centrifuging the cells and resuspending them
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Figure 3. Effect of irradiation on cultures of L. monocytogenes

selected from colonies on plates of cells exposed to a dose of 1.5
kGy.



in water, buffer (0.026 M KH,PO, and 0.028 M Na,HPO 7
H,0), the original supernatant, or in freshly made BT
medium (Fig. 4). At the 1.0 kGy dose the log cfu/ml for the
control culture (not centrifuged) was 7.48 (the non-irradi-
ated control was 9.07) while the cells resuspended in the
supernatant and in new medium had counts of 5.82 and
5.70, respectively. The centrifuging step resulted in decreased
counts of CFU caused perhaps by death of some cells during
the process or by clumping. Resuspending in water before
irradiation resulted in plate counts below the detection level
while resuspending in buffer gave counts that were barely
detectable. Radiation sensitivity of bacteria is known to be
strongly influenced by the amount of available water in the
system (3,9); irradiation of water produces free radicals (/5)
which exert a damaging “indirect” effect on cellular con-
stituents. Free radicals can be scavenged by organic mole-
cules particularly those containing sulfhydryl groups. This
may have been responsible for the observed increase in
radiation resistance of Listeria when the cells were resus-
pended in either the supernatant fluid or in fresh media.
Increased radiation resistance of clostridia in meat products
has been reported (1,9).
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Figure 4. L. monocytogenes strain V7 grown 12 h at 35 °C in BNT
medium, centrifuged at 3000 X g and resuspended to original
volume: I—control culture not centrifuged; 2—cells resuspended
in H,0 (counts from 1.00 kGy irradiation were below detection
levels); 3—cells resuspended in buffer; 4—cells resuspended in
supernatant; 5—cells resuspended in fresh medium.

Our results suggest that gamma radiation would be
effective in reducing or eliminating Listeria from meat at
doses less than 10 kGy; such doses of radiation are consid-
ered to be “low”. An applied dose of 2.0 kGy would be
sufficient to destroy 4 log,, of Listeria.

ACKNOWLEDGMENTS

The authors wish to express their appreciation 10 S. A. Ackerman for
the proximate analyses.

REFERENCES

1. Anellis, A., N. Grecz, and D. Berkowitz. 1965. Survival of Clostrid-
ium botulinum spores. Appl. Microbiol. 13:397-401.

2. Bradshaw, J. G., J. T. Peeler, J. J. Corwin, J. M. Hunt, J. T. Tiemey,
E. P. Larkin, and R. M. Twedt. 1985. Thermal resistance of Listeria
monaocytogenes in milk. J. Food Prot. 48:743-745.

3. Bruns, M. A, and R. B. Maxcy. 1979. Effect of irradiation tempera-
ture and drying on survival of highly radiation-resistant bacteria in
complex menstrua. J. Food Science 44:1743-1746.

4. Code of Federal Regulations, Part I. April 1, 1987. Irradiation in the
production, processing, and handling of foods. National Archives and
Records Administration, Washington, DC.

5. Donnelly, C. W. 1988. Listeria and U.S. Dairy products: The issue in
perspective. Dairy and Food Sanitation 8:297-299.

6. Doyle, M. P, K. A. Glass, J. T. Beery, G. A. Garcia, D. J. Pollard,
and R. D. Schultz. Survival of Listeria monocytogenes in milk during
high-temperature, short-time pasteurization. Appl. Environ. Microbiol.
53:1433-1438.

7. Fleming, D. W,, S. L. Cochi, K. L. MacDonald, J. Brondum, P. S.
Hayes, B. D. Plikaytis, M. B. Holmes, A. Audurier, C. V. Broome,
and A. L. Reingold. 1985. Pasteurized milk as vehicle of infection in
an outbreak of listeriosis. N. Engl. J. Med. 312:404-407.

8. Gray, M. L. 1960. Isolation of Listeria monocytogenes from oat si-
lage. Science 132:1767-1768.

9. Grecz, N. 1965. Biophysical aspects of clostridia. J. Appl. Bacteriol.
28:17-35.

10. James, S. M., S. L. Fannin, B. A. Agree, B. Hall, E. Parker, J. Vogt,
G. Run, J. Williams, L. Lieb, C. Salminen, T. Prendergast, S. B.
Werner, and J. Chin. 1985. Listeriosis outbreak associated with
Mexican-style cheese-California. Morbid. Mortal. Weekly Rep. 34:357-
359.

11. Ma, K., and R. B. Maxcy. 1981. Factors influencing radiation resis-
tance of vegetative bacteria and spores associated with radappertiza-
tion of meat. J. Food Science, 46:612-616.

12. Murray, E. G. D, R. A. Webb, and M. B. R. Swann. 1926. A disease
of rabbits characterized by large mononuclear leucocytes, caused by
a hitherto undescribed bacillus Bacterium monocytogenes. Can. J.
Pathol. Bacteriol. 29:407-439.

13. Rosenow, E. L, and E. H. Marth. 1987. Growth of Listeria monocy-
togenes in skim, whole, and chocolate milk, and in whipping cream
during incubation at 4, 8, 13, 21, and 35°C. J. Food Prot. 50:452-459.

14. Schlech, W. F,, P. M. Lavigne, R. A. Bortolussi, A. C. Allen, E. V.
Haldane, A. J. Wort, A. W. Hightower, S. E. Johnson, S. H. King, E.
S. Nicholls, and C. V. Broome. 1983. Epidemic listeriosis--evidence
for transmission by food. New Engl. J. Med. 308:203-206.

15. Silverman, G. J., and A. J. Sinskey. 1977. Sterilization by ionizing
irradiation. /n S. S. Block (ed.), Disinfection, Sterilization and Pres-
ervation. Lea and Febiger, Philadelphia, PA.

16. Weis, J., and H. P. R. Seeliger. 1975. Incidence of Listeria monocy-
togenes in nature. Appl. Microb. 30:29-32.

17. Welsheimer, H. J. 1968. Isolation of Listeria monocytogenes from
vegetation. J. Bacteriol. 95:300-303.

18. Welsheimer, H. J. 1981. /n M. Starr, H. Stolp, H. G. Truper, A. Ba-
lows, and H. G. Schlegel (eds.), The Procaryotes, Springer-Verlag,
NY. :

19. Yousef, A. E., and E. H. Marth. 1987. Inactivation of Listeria mon-
ocytogenes by UV uradiation. Paper #410, Proc. Inst. Food Technol.,
Las Vegas, NV.



