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SUMMARY 

The ionizing radiation resistances of six Salmonella species were examined. The experimental variables were 
the suspending medium, the presence or absence of air, and the temperature during the irradiation process. S. 
typhimurium ATCC 14028, S. enteritidis ATCC 9186, S. newport ATCC 6962, S. dublin ATCC 15480, S. 
anatum ATCC 9270, and S. arizonae ATCC 29933 were suspended in phosphate buffer (0.1 M, pH 7.0), brain 
heart infusion broth (BHI) or mechanically deboned chicken and exposed to gamma radiation from cesi- 
um-137 at 0.12 kGy per min. The radiation resistance of the Salmonella increased approximately two-fold 
when assayed in sterile mechanically deboned chicken rather than in buffer or BHI. The average radiation 
(0.30 to 1.20 kGy) D-value for all six Salmonella strains was 0.56 kGy in mechanically deboned chicken. S. 
enteritidis was significantly more resistant to ionizing radiation than the other five strains of Salmonella tested 
on mechanically deboned chicken. The temperature of irradiation but not the presence or absence of air 
significantly influenced the survival of S. typhimurium and S. enteritidis in mechanically deboned chicken. 
Treatment of chicken meat with ionizing radiation would be an effective means for control of Salmonella 
contamination. 

INTRODUCTION 

The Food Safety and Inspection Services (FSIS) 
of the U.S. Department of Agriculture has pet- 
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PA 19118, U.S.A. 

itioned the Food and Drug Administration for ap- 
proval of irradiation pasteurization of retail pack- 
aged, frozen or fresh, uncooked poultry products. 
The petition lists the following as possible sources 
of ionizing radiation: cobalt-60, cesium-137, elec- 
tron beam accelerators, and X-ray generators. The 
poultry products are to be irradiated in air-perme- 
able packaging to an absorbed dose of 1.50-3.00 
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kGy to decrease the potential of food-borne illness 
from such food-borne pathogens as Salmonella, 
Campylobacter and Yersinia. This radiation dose 
range was chosen because higher doses might elim- 
inate the normal microbial flora from the products 
and thereby increase the opportunity for Clostridi~ 
um botulinum to grow and produce toxin. Air per- 
meable packaging was required in an additional ef- 
fort to prevent the growth of C. botulinum. 

A number of  previous investigators have exam- 
ined the effects of ionizing radiation on Salmonella 
associated with poultry. Mulder et al. [9] examined 
chilled and deep-frozen broiler carcasses and found 
2 to 1400 colony forming units of Salmonella per 
100 g of skin. Recently, FSIS has indicated that as 
many as 30% of the poultry carcasses processed in 
the  U.S.A. may be contaminated with Salmonella. 
The contamination levels are not thought to be 
greatly different from those found by Mulder et al. 
[9] in the Netherlands, who reported that irradia- 

tion to a total dose of 2.5 kGy was highlY effective 
in destroying the Sahnonella. However, a radiation 
dose of 2.5 kGy might not destroy all the Salm~ 
onella in poultry carcasses since 7.0 kGy was neces- 
sary to destroy Salmonella panama present on poul- 
try carcasses [7]. 

Mechanically deboned poultry meat is frequently 
shipped long distances to be further processed into 
foods. This product would seem to be particularly 
well suited for irradiation pasteurization, yet very 
little data exist on the effects of ionizing radiation 
on its microbial flora. This product is usually ship- 
ped to the processor in 20 to 40 pound lots which 
would be expected to be anaerobic a centimeter or 
more from the surface of the meat. The purpose of 
this study was to establish the response of six com- 
mon food-borne Salmonella to ionizing radiation in 
commercial mechanically deboned chicken meat 
under various conditions. 

MATERIALS AND METHODS 

Organisms and growth conditions 
Salmonella enteritidis ATCC 9186, S. newport 

ATCC 6962, S. dublin ATCC 15480, S. anatum 

ATCC 9270, S. arizonae ATCC 29933, and S. typhi~ 
murium ATCC 14028 were used in these studies. 
Each strain was maintained and cloned on Difco 
Laboratories Tryptic Soy Agar (TSA) with incuba- 
tion at 35~ Culture purities and identities were 
verified with Gram stains and API 20 E strips. One 
milliliter from an overnight (15-18 h) culture of  the 
organism in Baltimore Biological Laboratories 
Trypticase Soy Broth (TSB), incubated at 35~ was 
used to inoculate 100 ml of TSB or Difco Laborato- 
ries Brain Heart Infusion Broth (BHI) in 500-ml 
baffled shake flasks. The flasks were then shaken 
(150 rpm) on a gyratory shaker for 16 h at 35~ 
This culture was used directly as an inoculum for 
those studies involving potassium phosphate buffer 
(pH 7.0, 0.15 M) or BHI broth. A 10-fold concen- 
trated inoculum was prepared for studies involving 
mechanically deboned chicken meat by growth of 
the appropriate Salmonella species as described 
above in TSB and pelleting of the cells by centrifu- 
gation a n d  resuspension in one-tenth volume of 
0.1% peptone (Difco). 

Phosphate buffer and brain heart infusion broth stud~ 

ies 
Inocula of 0.1 ml of the appropriate salmonellae 

strain were used for 5.0 ml o f p H  7.0, 0.15 M potas- 
sium phosphate buffer or BHI broth contained in 
10.0 ml screw cap culture tubes. Three replicate 
tubes were prepared for each treatment. To provide 
a comparison to results obtained with mechanically 
deboned meat, experiments were conducted with S. 
enteritidis 9186 and S. typhimurium 14028 in which 
5.0 ml amounts of inoculated buffer or BHI broth 
were heat-sealed in Stomacher | 400 polyethylene 
bags either containing air or in vacuo. These bags 
were then vacuum packed in American Can Com- 
pany Freshtuff bags (oxygen transmission 0 .60.8  
cc/100 sq in/24 h @ 37.8~ and 90% R.H.). 

Mechanically deboned chicken meat studies 
Mechanically deboned chicken meat was ob- 

tained from a commercial manufacturer of poultry 
frankfurters. The meat was received in two com- 
mercial 18 kg lots and consisted of approximately 
90% rib and 10% back meat. The proximate analy- 



sis of this product was 63.1% moisture, 25.7% fat, 
and 11.4% protein. The chicken meat, subdivided 
into 50.0 4- 0.05 g lots, was first vacuum sealed in 
Stomacher | 400 polyethylene bags, and then vacu- 
um sealed in American Can Company Freshstuff 
bags. These replicate samples of the mechanically 
deboned chicken meat were then stored at -20~  
until used. The frozen chicken meat samples were 
further cooled to - 40~  and then irradiated at the 
same temperature with gamma radiation to an ab- 
sorbed dose of 42 kGy. This treatment effectively 
eliminated any natural microbial flora from the 
product as confirmed by plate count. The radiation- 
sterilized chicken was stored at -20~  until used. 

The radiation-sterilized mechanically deboned 
chicken was inoculated with approximately 109 
Salmonella cells per gram of  chicken meat. The in- 
oculated meat was then mixed thoroughly with a 
Stomacher | 400 for 90 S and aseptically divided into 
5.0 + 0.05 g samples which were packaged in Stom- 
acher | bags. The Stomacher | 400 bags (polyethy- 
lene) were heat sealed with air in the bag or in vacuo 
at - 1.0 bar. All bags were then vacuum packaged 
in American Can Company Freshtuff bags. Three 
replicate inoculated samples were irradiated at each 
dose. The gamma radiation doses used for the sur- 
vival studies in chicken meat were 0, 0.30, 0.60, 
0.90, 1.20, 1.50, 1.80, 2.70 and 3.60 kGy. All s ix  
strains were tested over the dose range of  0 to 1.50 
kGy; S. enteritidis and S. typhimurium were tested 
to a maximum dose of  3.6 kGy. 

Irradiation 
Samples were irradiated in a self-contained cesi- 

um-137 gamma radiation source (140 708 Ci) pro- 
ducing a dose rate of  0.12 kGy per rain. The dosim- 
etry and dose distribution for this radiation source 
were described by Shieh et al. [12]. Routine dosim- 
etry was conducted with ferrous sulfate/cupric sul- 
fate dosimeters [4]. The samples were brought to the 
desired temperature before irradiation and this tem- 
perature was maintained + 2~ during irradiation 
by the injection of the gas phase from liquid nitro- 
gen. The samples were placed in a uniform portion 
of the radiation field and arranged to minimize any 
differences in the radiation dose. The mean devia- 
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tion of the absorbed dose from the target dose was 
0.038 kGy with a standard error of 0.018 kGy. 

Microbiological assay 
The samples were assayed for colony forming 

units (CFU) by standard pour plate procedures 
with serial dilutions in 0.1% Difco Bacto peptone. 
The pour plates were prepared using TSA and in- 
cubated for 24 h at 35~ All studies were perform- 
ed with three replicate samples for each treatment 
and three plate counts at the appropriate dilution 
giving 30 to 300 colony forming units (CFU) per 
Petri plate for each replicate sample. Bacterial colo- 
nies on pour plates were counted using a New Brun- 
swick Scientific Biotrans | II automated colony 
counter. Results are reported as the logarithm of  
the surviving fraction of CFU (log N/No). 

Mathematical analysis 
For each experiment, the average (N) of the CFU 

values for the three plate counts obtained for each 
replicate sample was determined and divided by the 
average of the three zero dose CFU values (No) to 
give a value for survivors (N/No). The log-survivor 
values (loglo of N/No) were used in the determina- 
tion of  the slope of the regression of  the data by 
least squares analysis using the REG procedure of 
the SAS system for linear regression [1]. The No 
values were not used in the computation of the re- 
gressions to eliminate possible shoulder effects. At 
least four radiation dose levels were used in the cal- 
culation of each regression. Each D-value in Tables 
1, 3, and 5 was determined from the regression of  all 
values on one or more experiments, the D-value be- 
ing the negative reciprocal of  the slope of the indi- 
vidual regression of  log-survivor against radiation 
dose. The slopes of the regressions were compared 
by analysis of covariance using the General Linear 
Model procedure of  the SAS system for linear mod- 
els [1]. 

RESULTS 

Phosphate buffer 
The survival of S. dublin in pH 7.0 phosphate 
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Table 1 

Effect of suspending medium, phosphate buffer, pH 7.0 or brain heart infusion broth, on the gamma radiation D-values" of six strains of 
Salmonella 

Strain Medium 

Phosphate buffer Brain heart infusion 
N b D(kGy) • SE N b D(kGy) • SE 

S. anatum 9 0.116 0.004 36 0.288 0.032 
S. arizonae 39 0.184 0.024 18 0.244 0.023 
S. dublin 18 0.267 0.013 18 0.341 0.011 
S. enteritidis 45 0.172 0.022 18 0.264 0.016 
S. newport 15 0.152 0.012 17 0.212 0.017 
S. typhimurium 132 0.199 0.013 18 0.220 0.016 

D-values calculated from least squares regression analysis of all determinations in range of 0.10 to 1.20 kGy. 
b N represents the number of individual values used to compute the regression. 

buffer was greater  than  any o ther  s train (Table  1); 

however ,  only four  compar i sons  o f  regression 

slopes revealed significant (P  > 0.05) differences 

(Table  2). The regressions o f  log o f  the survivors  

agains t  dose were significantly different when the 

regression for S. enteritidis was c o m p a r e d  with tha t  

o f  S. arizonae. Significant differences between re- 

gressions were also found  for S. newport and S. en~ 

teritidis, S. typhimurium and  S. enteritidis, and S. 

typhimurium and S. newport. Regress ion  values for  

S. enteritidis cells suspended in buffer in the pres- 

Table 2 

Heterogeneity of slopes of regressions from which the D-values 
for the survival of Salmonella in phosphate buffer were comput- 
ed. (Probability of obtaining a value greater than F when each 
slope is compared to each other slope) 

Strain 1 2 3 4 5 6 

1 X 0.6607 0.9482 0.3146 0.4655 0.9538 
2 X 0.4404 0.0024 0.8139 0.3537 
3 X 0.0963 0.4671 0.8353 
4 X 0.0001 0.0019 
5 X 0.0037 
6 X 

Strains: # 1 ~ S. ana tum,  # 2 = S. ar izonae,  # 3 = S. dublin, 
#4 = S. enteritidis, #5 = S. newport, #6 = S. typhimurium. 

ence o f  air  c o m p a r e d  with those ob ta ined  in the 

absence o f  air  were significantly different  (P  > 

0.002). S. enteritidis was more  res is tant  to the effects 

o f  ioniz ing r ad ia t ion  in the presence o f  air. A simi- 

lar  result  (P  > 0.02) was ob ta ined  with S. typhimu- 

rium i r r ad ia ted  in phospha te  buffer in the presence 

and  absence o f  air,  bu t  only  when the compar i son  

was made  with results f rom a single exper iment .  As 

was the case with S. enteritidis, the S. typhimurium 

cells i r r ad ia ted  in the presence o f  air  were more  re- 

s is tant  to the radia t ion .  

Brain heart infusion broth 

As expected,  the r ad ia t ion  resistance o f  the SaL  

monella species was greater  in more  complex  sus- 

pend ing  med ia  than  in phospha t e  buffer (Tables 1 

and 3). In  phospha t e  buffer and  BHI  bro th ,  S. du~ 

blin had  the greatest  D-value.  The  D-va lue  for  S. 

dublin in BHI  b r o t h  was significantly (P < 0.05) 

different f rom tha t  of  S. enteritidis, S. newport and  

S. typhimurium (Table  3). The  D-va lue  o f  S. enter~ 

itidis was significantly different f romt  tha t  o f  S. ty- 

phimurium only.  

Mechanically  deboned chicken 

Because it is u n k n o w n  wha t  effect the no rma l  mi-  

crobia l  f lora o f  this p roduc t  might  have on the sur- 



Table 3 

Heterogeneity of slopes of regressions from which the D-values 
for the survival of Salmonella in brain heart infusion broth were 
computed. (Probability of obtaining a value greater than F when 
each slope is compared to each other slope) 

Strain 1 2 3 4 5 6 
1 X 0.4352 0.3032 0.7184 0.0913 0.1433 
2 X 0.0067 0.5086 0.2557 0.3933 
3 X 0.0012 0.0001 0.0001 
4 X 0.0411 0.0759 
5 X 0.7237 
6 X 

Strains: #1 = S. anatum, # 2  = S. arizonae, #3  = S. dublin, 
# 4  = S. enteritidis, #5  = S. newport, # 6  = S. typhimurium. 

vival of a S a l m o n e l l a  species following ionizing ra- 

dia t ion t reatment ,  it was decided that  the 

compet i t ion  factor should be el iminated in initial 

studies. Extensive data  indicate that  poul t ry  prod- 

ucts that  are rad ia t ion  sterilized (42 kGy)  in vacuo 

at - 3 0 ~  or lower are no t  significantly altered 

chemically or toxicologically [14]. This method was 

therefore chosen to provide sterile poul t ry  meat  for 

the study. Subsequent  studies will then compare  re- 

sults obta ined  with similar non-steri le samples from 

the same lot of  mechanical ly deboned meat. 
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The measured D-value for S. en ter i t id i s  was con- 

siderably greater than that  of  the other four SaI~ 

mone l l a  strains (Table 4) when irradiated in me- 

chanically deboned chicken. The tendency to 

increased radia t ion resistance of salmonellae when 

suspended in more complex media  is also evident. 

Compar i sons  of the regressions from the average 

values from Table  4 indicated that  S.  en ter i t id i s  was 

significantly different f rom S. ar i zonae ,  S.  newpor t ,  

and S. t y p h i m u r i u m  but  no t  f rom S. a n a t u m ,  or S. 

dubl in  (Table 5). The D-value of S. a r i zonae  was 

significantly different only from S. enter i t id is ,  and 

the D-value of S. n e w p o r t  was significantly different 

only from that  of S. en ter i t id i s  and  S. t y p h i m u r i u m  

(Table 5). 

D-values for S.  t y p h i m u r i u m  and  S. en ter i t id i s  in 

mechanical ly deboned  chicken were computed  over 

dose ranges of 0.3 to 1.2 kG y  and  0.3 to 2.7 kGy.  

Significant (P > 0.012 for S. en ter i t id i s  and  P > 

0.026 for S. t y p h i m u r i u m )  decreases in the comput-  

ed D-values were found  when the range was extend- 

ed to include 2.7 kG y  radia t ion  doses. (The bacte- 

rial suspensions were also exposed to doses of 3.6 

kGy,  but  m a n y  had few and  some no survivors and  

thus were excluded from the computa t ions . )  The re- 

sults for S. t y p h i m u r i u m  are i l lustrated in Fig. 1. 

Al though several experiments (Table 4) indicated 

greater lethality of ioniz ing-radia t ion in the pres- 

Table 4 

Effects of air or vacuum on the survival of Salmonella irradiated in mechanically deboned chicken 

Atmosphere Air Vacuum Air and vacuum 

Strain D-value D-value D-value 
N D(kGy) • SE N D(kGy) • SE N D(kGy) • SE 

S. anatum ~ 24 0.542 0.187 24 0.500 0.133 48 0.520 0.114 
S. arizonae" 12 0.421 0.024 12 0.470 0.050 24 0.444 0.057 
S. dublin a 12 0.467 0.028 12 0.618 0.051 24 0.532 0.107 
S. enteritidis" 24 0.772 0.154 24 0.774 0.078 48 0.773 0.095 
S. enteritidis b 33 0.534 0.036 33 0.592 0.021 66 0.561 0.095 
S. newport 24 0.436 0.147 12 0.374 0.016 35 0.378 0.030 
S. typhimurium" 36 0.533 0.031 36 0.497 0.058 72 0.514 0.034 
S. typhimurium b 51 0.387 0.010 48 0.394 0.020 99 0.390 0.010 

a Survival D-values computed from the regression values from 0.30 to 1.20 kGy. 
b The second set of values for S. enteritidis and S. typhimurium represent regression values for 0.30 to 2.70 kGy. 
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Table 5 

Heterogeneity of slopes of regressions from which the D-values 
for the survival of Salmonella irradiated to an absorbed dose of 
0.30 to 1.20 kGy in mechanically deboned chicken meat (air and 
vacuum packaged) were computed. (Probability of obtaining a 
value greater than F when each slope is compared to each other 
slope) 

Strain 1 2 3 4 5 6 
1 X 0.6607 0.9482 0.3146 0.4655 0.9538 
2 X 0.4404 0.0024 0.8139 0.3537 
3 X 0.0963 0.4671 0.8353 
4 X 0.0001 0.0019 
5 X 0.0037 
6 X 

Strains: #1 = S.  a n a t u m ,  # 2  = S.  a r i z o n a e ,  #3 = S.  dublin, 
#4 = S. enteritidis, #5 = S. newport, #6 = S. typhimurium. 

ence o f  air,  s tat is t ical  analysis  did  no t  conf i rm tha t  

the observa t ions  were significant in mos t  cases. Ex- 

cept ions  were the D-va lues  for  S. dublin in vacuum 

packed  and  aerobica l ly  packed  mechanica l ly  de- 

0 
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-1 
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-3 
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-40 -20 0 20 

Temp ~ 
Fig. 2. The effect of irradiation temperature on the survival of S. 
typhimurium (~) land S. enteritidis (O) at an absorbed dose of 

1.80 kGy in mechanically deboned chicken meat. 
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Fig. 1. Survivor (N/No) plots for S. typhimurium with associated 
95% confidence limits plotted between 0.30 and 1.20 kGy ~ 
and 0.30 and 2.70 kGy ( ) in mechanically deboned chicken 

meat. 

boned  chicken which were significantly different (P  

> 0.01). The  regressions were significantly different 

at  the P > 0.02 level in one s tudy o f S .  typhimurium.  

The response o f  S. enteritidis and  S. typhirnurium 

to i r r ad ia t ion  t empera tu re  at  an abso rbed  dose o f  

1.80 k G y  in mechanica l ly  deboned  chicken is illus- 

t ra ted  in Fig.  2. Both  organisms  were s t rongly  p ro-  

tected aga ins t  i r r ad ia t ion  by t empera tu res  be low 

- 20~ The much  greater  resistance o f  S. enteritidis 

to ioniz ing r ad ia t ion  c o m p a r e d  to tha t  o f  S. typhi-  

mur ium is also evident.  

D I S C U S S I O N  

Because H202  is fo rmed  dur ing  i r r ad ia t ion  in the 

presence o f  oxygen [16] ioniz ing r ad ia t ion  might  

have increased le thal i ty  for bac te r ia  in its presence. 

Several au thor s  have repor ted  tha t  bacter ia l  sensi- 

t ivi ty to ioniz ing rad ia t ion  could  be reduced by  

e l iminat ing  oxygen f rom the suspending  medium;  

the species s tudied included Escherichia coli, Bacil~ 



lus anthracis, and  Staphylococcus aureus [3,5,10,13, 

15,17]. I t  has  been demons t r a t ed  repea ted ly  [2,6] 

tha t  molecu la r  d a m a g e  o f  D N A  or  nucleic acids is 

oxygen dependent .  However ,  Pseudomonas genicu- 

tara and  Bacillus thermoacidurans spores  were 

equal ly  sensitive to ionizing r ad ia t ion  whether  or  

no t  oxygen was present  [10]. In  con t ras t  with the 

D-va lue  o f  0.56 k G y  for S. typhimurium r epor ted  by 

Previ te  et al. [11], we observed a D-va lue  o f  0.22 

k G y  for S. typhimurium i r r ad ia t ed  in B H I  bro th .  

The  S. typhimurium D-va lue  r epor t ed  here for  the 

range 0.3 to 1.2 k G y  o f  0.514 k G y  is very s imilar  to 

the values o f  0.52-0.68 k G y  repor ted  by Previ te  et 

al. [11] for  five different  s t rains  o f  this o rgan i sm ir- 

r ad i a t ed  at  4~ in au toc laved  chicken. The  shift in 

the c o m p u t e d  value tha t  occur red  when values were 

included for  doses o f  1.5 and  2.7 k G y  was signif- 

icant  (P > 0.026), and  the da t a  has an appa ren t  

shift  (Fig.  1). However ,  the Previ te  et al. [11] com- 

pu t a t i on  was made  f rom da t a  tha t  inc luded 5.0 

kGy.  The  au thors  conc lude  f rom the shift in com- 

pu ted  D-va lues  with increased r ad ia t ion  dose range 

tha t  one should  use care  in ex t rapo la t ing  D-va lue  

de te rmina t ions  to cover  doses great ly  in excess of  

tha t  exper imenta l ly  evaluated .  F o r  example ,  the 12 

D value for  S. enteritidis using a D-va lue  o f  0.773 

k G y  would  be 9.28 kGy;  whereas,  the 12 D value  

c o m p u t e d  using a D-va lue  o f  0.561 would  be 6.75 

kGy .  The cur ren t  results  indicate  tha t  the m i n i m u m  

rad ia t ion  dose o f  1.5 k G y  p r o p o s e d  by FSIS  would  

p roduce  roughly  a 2.8-decimal  reduc t ion  and  the 

m a x i m u m  dose o f  3.0 k G y  a 5.3 dec imal  reduc t ion  

o f  S. enteritidis in mechanica l ly  deboned  chicken.  

M u l d e r  [7] es t imated  tha t  a dose  o f  7.0 k G y  would  

be requi red  to ensure the absence o f  Salmonella 

panama f rom deep-f rozen  broi ler  carcasses.  Our  ob-  

se rva t ion  tha t  sharp ly  increased survival  occurred  

when the mea t  samples  were i r r ad ia ted  in the frozen 

state requires  fur ther  invest igat ion,  bu t  the work  o f  

M u l d e r  [8] indica ted  tha t  fo l lowing a r ad ia t ion  dose 

o f  2.5 k G y  tha t  the few remain ing  viable  Salmonella 

on pou l t ry  carcasses died when the carcass  was 

s tored  at  - 1 8 ~  Since the numbers  r epor ted  by  

M u l d e r  et al. [9] d id  no t  exceed 14 Salmonella per  

g r am of  skin this dose  should  be entirely adequa te  

for  con t ro l  o f  this pa thogen .  
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