Loss of crystal violet binding activity in
stationary phase Yersinia enterocolitica
following gamma irradiation
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lonizing radiation can eliminate virulent Yersinia enterocolitica from meat. It is possible, however
unlikely, that a small number of Y. enterocolitica could survive the pasteurization process. The
virulence of Y. enterocolitica /s dependent upon the presence of a 70kb plasmid. The effect of low-
dose ionizing radiation on the plasmid-associated virulence trait of crystal violet binding was investi-
gated. Y. enterocolitica strains which carried the virulence plasmid were suspended in Butterfield's
Phosphate Buffer or raw ground pork and irradiated to a dose of 1-0 or 1-25 kGy, respectively. Loss of
crystal violet binding increased 10-fold following exposure to ionizing radiation, regardless of the sus-
pending medium. Polymerase chain reaction analysis of Y. enterocolitica isolates that did not bind
crystal violet following irradiation indicated that loss of the virulence plasmid, as opposed to mutation
of a single plasmid-encoded gene, was the major mechanism for elimination of the crystal violet

binding trait.

Introduction

Yersinia enterocolitica causes foodborne illness
in humans (Doyle and Cliver 1990, Kapperud
1991). Yersiniosis affects an estimated 96 000 in-
dividuals annually in the United States. Ninety
percent of those cases are the result of food-
borne transmission (Mead et al. 1999). Yersinia
enterocolitica can be isolated from beef, poultry,
lamb and ready-to-eat meat products (Hanna et
al. 1976, Myers et al. 1982, Brocklehurst et al.
1983, Schiemann 1987, Mattila and Frost 1988,
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Kwaga and Olson 1991, Toora et al. 1994). It is
considered the most important bacterial food-
borne pathogen by the pork production and
processing industry in the United States
(Davies 1997). Like Listeria monocytogenes,Y. en-
terocolitica is capable of growth at refrigeration
temperatures and in high salt environments
(Sutherland and Bayliss 1994). Because of those
characteristics, Y. enterocolitica is of particular
concern as a foodborne pathogen.

Ionizing radiation can eliminate Y. enterocoli-
tica from meat products (Tarkowski et al. 1984,
Grant and Patterson 1991, Kamat et al. 1997,
Shenoy et al. 1998). However, because exposure
to low-dose ionizing radiation is a pasteuriza-
tion as opposed to a sterilization process, it is
possible that a small number of pathogenic bac-
teria could survive the treatment. While it is
theoretically possible that exposure to ionizing
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radiation could produce a virulent organism
from a non-virulent parent, no such incident
has been documented (Anonymous 1994). Con-
versely, treatment of food-borne pathogens
with ionizing radiation leads to a loss of viru-
lence (Ingram and Farkas 1977, Anonymous
1994; Naidu et al. 1998). The mechanisms by
which foodborne pathogens are attenuated by
ionizing radiation have not been extensively
studied.

Exposure to ultraviolet radiation, antibiotics
that inhibit the enzyme DNA gyrase, or expo-
sure to genotoxic chemicals induce the loss of
plasmids in bacteria and fungi (Danilevskaya
and Gregarov 1980, Cejka et al. 1982, Cansado
et al. 1989, Nakamura 1990). Many foodborne
pathogens carry plasmids that contribute to
their virulence, including Escherichia coli, Sal-
monella spp., and Shigella spp. (Sansonetti et al.
1983, Kawahara et al. 1988, Barrow and Lovell
1988, Sasakawa et al. 1992). Virulence of Yersinia
spp. is dependent on the presence of structu-
rally related plasmids (Cornelis et al. 1998),
Loss of the virulence plasmid, or mutation of
plasmid encoded virulence genes, leads to
attenuation of Y. enterocolitica strains (Darwin
and Miller 1999). Because of the extensive
structural characterization of the Y. enterocoliti-
ca virulence plasmid, and the phenotypes asso-
ciated with it, it is a model system in which
to study ionizing radiation-induced attenua-
tion of foodborne pathogens. Plasmid loss
may vrepresent one mechanism by which
foodborne pathogens are attenuated following
irradiation.

In this work, the effect of ionizing radiation
on the maintenance of Y enterocoliticas plas-
mid-linked virulence trait of crystal violet
(CV) binding (Bhaduri et al. 1987) was investi-
gated. The following questions were addressed:
(1) to what extent did exposure to ionizing ra-
diation affect the virulence plasmid associated
trait of CV binding? (2) was the loss of the
CV binding trait due to mutation of a plasmid-
encoded gene or loss of the large virulence
plasmid? (3) was there a difference in the
radiation resistance of the two Y. enterocolitica
strains used? (4) could the results obtained
using an in vitro buffer system be translated
to Y enterocolitica suspended in a meat
product?

Materials and Methods

Strains

Two virulence plasmid-bearing strains of
Y. enterocolitica (YEP™) were utilized. YEP"
strain 51871 (serotype O:8) was obtained from
the American Type Culture Collection (ATCC,
Manassas, Virginia, USA). Strain GER P* (ser-
otype 0:3) was obtained from S. W. Weagant
(U. S. Food and Drug Administration, Bothell,
WA, USA). The strains were propagated on
brain—heart infusion agar (BHIA) (Difco La-
boratories, Detroit, Mississippi, USA) at 27°C
and maintained at 2°C until ready for use.
Strain identity was confirmed with gram-nega-
tive 1dentification (GNI) cards using the Vitek
Automicrobic System (bioMerieux Vitek, Inc.,
Hazelwood, Missouri, USA).

Presence or absence of the virulence plasmid
was verified by CV binding assay, plasmid DNA
isolation, and polymerase chain reaction (see
below). The YEP" strains were routinely re-
isolated and tested for the crystal violet bind-
ing phenotype to maintain the spontaneous
CV binding loss rate below 1%. The plasmid-
less derivatives of each strain, 51872 (ATCC,
Manassas, VA, USA) and GERP™ (Bhaduri et
al. 1988), were used as controls throughout the
course of the study.

Stationary phase YEP* cultures were used
for determination of D,. Stationary phase bac-
terial cells, as opposed to actively growing bac-
teria, are more resistant to the effects of
lonizing radiation (Kelner et al. 1955, Thayer
and Boyd 1993). Therefore, both the radiation-
resistance and loss of CV were quantified using
YEP" in their most radiation-resistant state.

Meat

Centre-cut pork chops were purchased from a
local market and ground to approximately
3-2mm diameter. The ground pork was then ali-
quoted (100g) into No. 400 Stomacher bags
(Tekmar, Inc., Cincinnati, Ohio, USA) and va-
cuum packed to 0-23 mmHg using a Multi-Vac
A300 Vacuum-Packager (Kansas City, Mis-
souri, USA). In order to eliminate contaminat-
g micro-organisms, the meat was then
sterilized using the protocol of Thayer et al.
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(1995) by irradiating to a dose of 42kGy
(—30°C). The meat was then stored at —70°C
until ready for use.

Gamma irradiation

A Lockheed Georgia Company self-contained
%Cs irradiator was used for all exposures.
The radiation source consisted of 23 individu-
ally sealed source pencils placed in an annular
array. The 22-9x63-5cm cylindrical sample
chamber was located central to the array
when placed in the operating position. Yersinia
enterocolitica-inoculated samples were placed
vertically in the sample chamber to insure
uniformity of dose. The dose rate was
0-103 kGy min ~*. The temperature during irra-
diation was maintained at 4+1:0°C by the gas
phase from a liquid nitrogen source, which was
introduced directly into the top of the sample
chamber. The temperature was monitored
using two thermocouples placed in close proxi-
mity to the samples. The dose delivered was ver-
ified using 5mm alanine pellet dosimeters,
which were then measured using a Bruker
EMS 104 EPR Analyzer.

D, is the gamma radiation dose required to
reduce the number of viable micro-organisms
by 90%. The radiation doses used for D, deter-
mination were 0-2, 0-4, 06, 0-8 and 1: 0 kGy for
YEP" suspended in BPB and 0-25, 0-5, 0-75,
1-25kGy when raw ground pork was the sus-
pending medium. Higher radiation doses were
used for D, determination in raw ground pork
due to the higher radiation resistance of micro-
organisms when suspended in meat as opposed
to buffer. The non-irradiated control values
were not used for determination of D,.

D,

The YEP” strains were cultured independently
in 100 m] brain-heart infusion medium (Difco
Laboratories) in baffled 500 m1 Erlenmeyer cul-
ture flasks at 27°C (150 rpm) for 18 h. The bac-
teria were then sedimented by centrifugation
and resuspended in a 10-fold reduced volume
of Butterfields Phosphate Buffer (BPB) ob-
tained from Applied Research Institute (New-
town, Conneticut, USA). For determination of
D, in BPB, the resuspended YEP" strains were
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aliquoted (5 ml) into sterile borosilicate glass
tubes and maintained on ice until ready for ir-
radiation. When ground pork was the suspend-
ing medium, the concentrate was diluted 1/10
into 100 g sterile ground pork and mixed for
90s in a Stomacher Mixer (Tekmar, Inc., Cin-
cinnati, Ohio, USA). The inoculated meat was
then aliquoted (5g) into No. 400 Stomacher
bags, vacuum-packaged, and refrigerated until
ready for irradiation. Following irradiation,
the meat samples were diluted 1/10 in sterile
BPB and mixed by stomaching for 90s. The re-
suspended YEP" strains were then serially di-
luted in sterile BPB and surface plated to
BHIA. The plates were incubated approxi-
mately 24h at 37°C and the number of colony
forming units (cfu) per plate determined. Fol-
lowing enumeration of cfu/plate, the rate of
CV binding was also determined. The average
(N) cfu/plate of the irradiated samples at each
dose were divided by the average cfu/plate of
the zero dose (N,) to produce a survivor ratio
(N/N,). Each experiment was conducted inde-
pendently three times.

Crystal violet binding assay

The procedure outlined by Bhaduri et al. (1987)
was used. Only colonies that clearly failed to
bind the dye were scored as CV™ clones, lead-
ing to a possible under-estimation of the pheno-
type loss rate. Y. enterocolitica CV™~ colonies
obtained following the 1-0kGy dose were ran-
domly selected, re-isolated, and re-tested for
the phenotype.

PCR amplification of plasmid encoded and
chromosomal DNA

Multiplex PCR using DNA primers to the viru-
lence plasmid encoded regulatory gene virF
and the chromosome encoded ail gene (Bha-
duri et al. 1998) was used to verify the presence
of plasmid encoded DNA sequences and con-
firm Y. enterocolitica identity. Following PCR,
the amplified DNA fragments were separated
via agarose gel electrophoresis, visualized with
ethidium bromide and UV transillumination
at 302nm (Bhaduri et al. 1980) and photo-
graphed for maintenance as a permanent
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record. Amplified DNA fragments and requi-
site controls are shown in Fig. 1.

Statistical analysis

Statistical analysis was completed using SAS/
STAT Version 6.12 (SAS Institute, Inc., Cary
North Carolina, USA) and Sigma Plot Version
5.0 (SPSS, Inc., Chicago, Illinois, USA). Popula-
tion reduction data were analysed by analysis
of variance using the general linear model pro-
cedure of the SAS statistical package (Freund
et al. 1986, SAS Institute 1987). Comparison
of regressions was performed by analysis of
covariance (Thayer et al. 1995).

Results

Survival curves for strains ATCC 51871 and
GERP" suspended in BPB are shown in Fig. 2.
The D, obtained for strain ATCC 51871
was 0-17+0-09kGy (Fig. 2(a)) as opposed to
0-19+0-05kGy for strain GERP™ (Fig. 2(b)).
Analysis of covariance (n=3, a=0-05) indi-
cated no difference in D, between the two
YEP" strains when suspended in BPB. The D,
obtained for ATCC 51871 was 0-:21 +0-07kGy
(Fig. 3(a)), as opposed to 0-19+0-07kGy for
GERP" (Fig. 3(b)), when the strains were sus-
pended in raw ground pork (RGP). Analysis of
covariance (n=3, & =0-05) indicated no differ-
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ence in D, between the two YEP™ strains when
suspended in RGP.

The percentage of YEP™ colonies that failed
to bind CV following irradiation in BPB is
shown in Fig. 4. The rate of CV~ colonies for
the untreated controls was 0-274+0-02% for
ATCC 51871(Fig. 4(a)). The CV ™ rate increased
with dose to 5:62+0-99% at the 1-0kGy dose.
The increase became statistically significant
at the 0-6 kGy dose as determined by Students
t test (n=3, 0. =0-05). The rate of CV ™ colonies
for GERP* (Fig. 4(a)) was 0-324+0:04% in the
untreated controls versus 3-38+0-77% at the
1-0 kGy dose. The increase became statistically
significant at a dose of 0-4kGy (n=3, a=0-05).
The combined (pooled) data set for both strains
is also shown in Fig. 4(a). The increase in CV~
became significant at 0-4 kGy for the combined
data set.

The percentage of YEP™ colonies that failed
to bind CV following irradiation in RGP is
shown in Fig. 4(b). The rate of CV ™ colonies for
the untreated controls was 0:53+0'17% for
ATCC 51871 and increased with dose starting
at 0-5kGy (Fig. 4(b)). The increase became sta-
tistically significant at the 0-5kGy dose as de-
termined by Students t-test. The rate of CV~
colonies for GERP* was 0-46 4 0:26% in the un-
treated controls versus 0-8240-63% at the
1-25kGy dose (Fig. 4(b)). The increase became
statistically significant at a dose of 0-5kGy.
Pooled data is shown in Fig. 4(b). The increase
in CV~ became significant at 0-5 kGy. Analysis

- 1000 bp.
=700 bp.
— 525 bp.

~ 400 bp.
- 300 bp.

=200bp. Al

- 100 bp.
- S0 bp.

18 24 PANM

Figure 1. Multiplex PCR analysis of CV ™~ clones. Margins, 50-1000 bp ladder marker. Lanes 1-24, Ccv~
clones showing the loss or presence of 591bp (virF) of 170 bp (ail) PCR products. Lane P,.YEP* strain showing
the amplification of 170bp (ail) and 591 (air F) PCR products. Lane A, Phage A control for the PCR assay. Lane
N, PCR reaction mix and primer control with no template.
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Figure 2. Radiation Resistance of ¥, enterocoliti-
ca in BPB. Pooled regression curve (solid line) with
95% confidence intervals (dashed lines) for strain
ATCC 51871 (a) and strain GERP™ (b).

of covariance (n=3, a=0-05) indicated no dif-
ference in the dose dependent rate of CV loss
between the two YEP" strains regardless of
the suspending medium.

Y. enterocolitica colonies that did not bind CV
following a radiation exposure of 1-0 kGy, from
both pork and BPB, were isolated and tested
for presence of the virulence plasmid. At-
tempts to visualize purified plasmid DNA fol-
lowing agarose gel electrophoresis yielded
negative results (data not shown). PCR results
from samples of 24 CV™ clones are shown in
Fig.1 (Lanes 1-24).The primer pair for the plas-
mid-encoded virF gene failed to amplify the
591bp virF DNA product in each of the 24
CV™ clones tested. The 591bp virF DNA was
amplified in the positive control (GERP")
strain (Fig. 1, Lane P). However, each plasmid-
less CV ™ isolate, including the positive contro}
(GERP*) strain, amplified a 170 bp product to
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Figure 3. Radiation Resistance of ¥, enterocoliti-
¢q in pork, Pooled regression curve (solid line) with
95% confidence intervals (dashed lines) for strain
ATCC 51871 (a) and strain GERP* (h).

confirm to the presence of the chromosomal
ail gene, identifying them as pathogenic Y en-
terocolitica (Fig. 1, Lanes 1-24, P). This indi-
cated that plasmid loss, as opposed to mutation
of a single plasmid encoded gene responsible
for the CV phenotype, was the primary me-
chanism for the loss of CVactivity in the ¥ en-
terocolitica irradiated to a dose of 1-0kQGy.

Discussion

Radiation induced loss of CV binding activity
increased, in a doge-dependent manner, in both
of the YEP" strains tested regardless of the
suspending medium. The major mechanism by
which CV binding was lost, at a radiation dose
required to reduce the viable population by five
log (10) in number, was through loss of the viru-
lence plasmid. The D, for the YEP* strains, in
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Figure 4. Rates of ionizing radiation-induced
CV', Rate of CV™ in Y. enterocolitica ATCC 51871 (m)
and GERP' (&) and combined ATCC 51871 and
GERP"* (m) following treatment with ionizing radia-
tion when suspended in BPB (A) or raw ground pork
(B). Standard error bars (n=3) are included on each
column.

both liquid and pork suspensions, were consis-
tent with those obtained in other studies (Tar-
kowski et al. 1984, Grant and Patterson 1991,
Kamat et al. 1997, Shenoy et al. 1998).

No differences in D, or loss of CV binding ac-
tivity were observed between the two YEP™ ser-
otypes regardless of the suspending medium.
Statistically significant increases in the rate
of CV binding loss were observed starting at
the 0-4kGy and 0-6 kGy doses in strains GER
P* and ATCC 51871, respectively. This is in con-
trast to results of Shenoy et al. (1998) that indi-
cated no decrease of virulence of plasmid-
bearing Y. enterocolitica following gamma irra-
diation. In that work six Y. enterocolitica
colonies were tested for the presence of chro-
mosome and plasmid encoded virulence factors

at each radiation dose. In this study approxi-
mately 25,000 Y. enterocolitica colonies were
screened for the CV binding phenotype. The
differences in results obtained between the siu-
dies are due to the number of surviving colo-
nies screened and the endpoints tested.

Gamma radiation disrupts cell membrane
associated DNA complexes required for plas-
mid partitioning and active sites for the DNA
repair process (Watkins 1980, Khare et al.
1982). Gamma radiation induces DNA strand-
breaks, transition mutations, transversion mu-
tations, frameshift mutations, and deletions
(Glickman et al. 1980, Raha and Hutchison
1991, Sargentini and Smith 1994, Wijker et al.
1996). Mudgett et al. (1990) observed that gam-
ma radiation induced mutagenesis in E. coli
started when post-irradiation survival reached
1-5%, or a dose of 0-6 kGy. Wijker et al. (1996)
recommended a gamma radiation dose of
0-25 kGy, which decreased survival to 2%, for
proper selection and characterization of mu-
tants in E. coli strain EC919. CV loss occurred
at a radiation dose which produced a two
log(10) reduction in viable organism, consis-
tent with radiation doses required for induc-
tion of mutation and membrane damage in
other studies.

Previous molecular and phenotypic charac-
terization of Y. enterocolitica which carry the
virulence plasmid, in addition to characteriza-
tion of Y. enterocoliticds radiation sensitivity
(D,~0-18kGy), make it an ideal model system
for study of ionizing radiation-induced attenua-
tion of foodborne pathogens. Raw pork can be
irradiated to a dose of 175 kGy without loss of
sensory attributes (Grant and Patterson 1991).
Yet Salmonella spp., many of which carry viru-
lence plasmids, have D, up to 0-51kGy when
suspended in pork (Thayer et al. 1995). There-
fore, the 2-55kQGy radiation dose required to
produce a five log(10) reduction of viable Salmo-
nella in pork, would be detrimental to porks
sensorial qualities. In products such as pork,
for which lower radiation doses are appropri-
ate, attenuation, as opposed to elimination of
higher D, foodborne pathogens, might play a
greater role in consumer health protection. Un-
fortunately, at present, no easy-to-use func-
tional screening assay exists for quantitation
of virulence plasmid loss in Salmonella spp.
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At least 29 plasmid-encoded genes required
for assembly of the Y, enterocolitica type 111 se-
cretion channel have been identified and char-
acterized at the molecular level (Cornelis et al.
1998). At least 12 other genes required for Yop's
protein translocation and host immune sup-
pression have been mapped to the large viru-
lence plasmid (Cornelis et al. 1998). Future
work will include DNA sequence analysis of
plasmid encoded genes required for virulence
in Y, enterocolitica that survive a radiation dose
sufficient to reduce the viable population by five
log (10). Mutational analysis, combined with
virulence studies using Y. enterocolitca that sur-
vived the irradiation process, will help eluci-
date the mechanisms by which foodborne
pathogens are attenuated following treatment
with low-dose ionizing radiation. In addition,
CV binding loss rate in actively growing
Y. enterocolitica will also be determined.

Acknowledgements

We would like to thank L. Melenski, K. Striny,
J. Romano, and B. Cottrell for technical assis-
tance, Dr John Philips for assistance with sta-
tistical analysis and Dr Brendon Niemira and
Dr John Novak for manuscript review.

References

Anonymous. (1994) In Safety and nutritional adequacy
of irradiated food. World Health Organization.
Geneva. SUL

Barrow, P. A. and Lovell, M. A. (1988) The associa-
tion between a large virulence plasmid and viru-
lence in a strain of Salmonella pullorum. J. Gen.
Microbiol. 134, 2307-2316.

Bhaduri, S., Kasai, T, Schlessinger, D. and Raskas,
H. J. (1980) pMB9 plasmids bearing the Salmonel-
la typhimurium his operon and gnd gene. Gene 8,
239-2563.

Bhaduri, S., Conway, L. K. and Lachica, R. V. (1987)
Assay of crystal violet binding for rapid identifi-
cation of virulent plasmid-bearing clones of Yersi-
nia enterocolitica. J. Clin. Microbiol. 25, 1039-1042.

Bhaduri, S., Turner-Jones, C. and Conway, L. (1988)
Stability of the virulence plasmid in Yersinia enter-
ocolitica at elevated temperatures. Food Microbiol.
5, 231-233.

Bhaduri, S. and Cottrell, B. (1998) A simplified sam-
ple preparation from various foods for PCR detec-

Radiation-induced plasmid loss in Y. enterocolitica

tion of pathogenic Yersinia enterolitica: a possible
model for other food pathogens. Mol. Cell. Probes
12, 79-83.

Brocklehurst, T. F, Zaman-Wong, C. M. and Lund,
B. M. (1987) A note on the microbiology of retail
packs of prepared salad vegetables. J Appl. Bac-
teriol. 63, 409—415.

Cansado, J., Longo, E., Agrelo, D. and Villa, T. G.
(1989) Curing of the killer character of Saccharo-
myces cerevisiae with acridine orange. FEMS
Microbiol. Lett. 53, 233-237.

Cejka, K., Holubova, I. and Hubacek, J. (1982) Curing
effect of clorobiocin on Escherichia coli plasmids,
Mol Gen. Genet. 186, 153-155.

Cornelis, G. R., Boland, A., Boyd, A. P, Geuijin, C,,
Iriarte, M., Neyt, C., Sory, M. and Stanier, L
(1998) The virulence plasmid of Yersinia, an
antihost genome. Microbiol. Mol. Biol. Rev. 62,
1315-1352.

Danilevskaya, O. N. and Gregarov, A. I. (1980) Curing
of Escherichia coli K12 plasmids by coumermycin.
Mol. Gen. Genet. 178, 233-235.

Darwin, A. J. and Miller, V. L. (1999) Identification
of Yersinia enterocolitica genes affecting survival
in an animal host using signature-tagged trans-
poson mutagenesis. Mol. Microbiol. 32, 51-62.

Davies, P. (1997) Food safety and its impact on do-
mestic and export markets. Swine Health and
Production. 5, 13-20.

Doyle, M. P. and Cliver, D. O. (1990) Yersinia enteroco-
litica, In Food-Borne Diseases. (Ed. Cliver, D. 0)
p. 231-237. San Diego, CA, Academic Press, Inc.

Freund, R. J., Little, R. C. and Spector, P. C. (1986)
SAS System for Linear Models, SAS Institute,
Inc., Cary, NC.

Glickman, B.W.,, Rietveld, K. and Aaron, C. S. (1980)
y-Ray induced mutational spectrum in the lacl
gene of Escherichia coli. Mutat. Res. 69, 1-12.

Grant, L. R. and Patterson, M. F. (1991) Effect of irra-
diation and modified atmosphere packaging on
the microbiological and sensory quality of pork
stored at refrigeration temperatures. Int. J. Food
Sci. Tech. 26, 507-519.

Hanna, M. O, Zink, D. L., Carpenter, Z. L. and Van-
derzant, C. (1976) Yersinia enterocolitica-like or-
ganisms from vacuum-packaged beef and lamb.
J. Food Sci. 4, 1254-1256.

Ingram, M. and Farkas, J. (1977) Microbiology of
foods pasteurized by ionizing radiation. Acta Ali-
mentaria 6,123-185.

Kamat, A. S., Khare, S., Doctor, T. and Nair, P. M.
(1997) Control of Yersinia enterocolitica in raw
pork and pork products by o-irradiation. Int. J
Food Microbiol. 36, 69-76.

Kapperud, G. (1991) Yersinia enterocolitica in food
hygiene. Int. J. Food Microbiol. 12, 53-66.

Kawahara, K., Haraguchi, Y., Terakado, N. and Dan-
bara, H. (1988) Evidence of correlation between
50-kilobase plasmid of Salmonella choleraesuis
and its virulence. Microb. Pathog. 4, 155-163.

R7021-07



C. H. Sommers and S. Bhaduri

Kelner, A., Bellamy, W., Stapleton, G. and Zelle, M.
(1955) Symposium on radiation effects on cells
and bacteria. Bacteriol. Rev. 19, 22-44,

Khare, 8., Jayakumar, A., Trevvedi, A., Kesevan, P.
and Presad, R. (1982) Radiation effects on mem-
branes. Radiat. Res. 90, 233-243.

Kwaga, J. K. and Olson, J. O. (1991) Laboratory inves-
tigation of virulence among strains of Yersinia en-
terocolitica and related species from pigs and pork
products. Can. J. Microbiol. 38, 92-97.

Mattila, T. and Frost, A. J. (1988) The growth of
potential food poisoning organisms on chicken
and pork muscle surfaces. . Appl. Bacteriol. 65,
455—461.

Mudgett, J. S.,, Manzella, J. M. and Taylor, W. D.
(1990) Homologous recombination and mutagen-
esis of gamma-irradiated plasmid coli host cells.
Radiat. Res. 124, 57-61.

Mead, P. 8., Slutsker, L., Dietz, V., McCaig, L. F, Bre-
see, d. 3., Shapiro, C., Griffin, P. M. and Tauxe, R.V.
(1999) Food-related illness and death in the Uni-
ted States. Emerging Inf Dis. 5, 607-625.

Myers, B. R., Marshall, R. T, Edmonson, J. E. and
Stringer, W. C. (1982) Isolation of pectinolytic
Aeromona hydrophila and Yersinio enterocolitica
from vacuum-packaged pork. J Food Proi. 45,
33-337.

Naidu, M., Chander, R. and Nair, P. M. (1998)
Effect of gamma irradiation on chemical and bio-
logical properties of lipopolysaccharide from Sal-
monella typhimurium. Indian J Exp. Biol. 36,
588-592.

Nakamura, 8. (1990) Curing effects of chlorination,
ozone, and UV treatments on plasmid DNAS,
Nippon Koshu Eiseir Zasshi 87, T45-751.

Raha, M. and Hutchison, F (1991) Deletions induced
by gamma rays in the genome of Escherichia coli.
J. Mol. Biol. 220, 193-198.

Sansonetti, P., D’Hauteville, H., Esobichon, €. and
Pourcel, C. (1983) Molecular comparison of viru.
lence plasmids in Shigella and enteroinvasive
Escherichia coli. Ann. Microbiol. 134A, 295-318.

Sargentini, N. J. and Smith, K. C. (1994) DNA se-
quence analysis of y-radiation (anoxic) induced
and spontaneous lacI® mutations in Escherichia
coli K-12. Mutat. Res. 309, 147-163.

Sasakawa, C., Buysswe, J. M. and Watanabe, H.
(1992) The large virulence plasmid of Shigella.
Curr. Top. Microbiol. Immunol. 180, 21-44.

Schiemann, D. A. (1994) Yersinia enterocolitica in
milk and dairy products. J Dairy Sci. 70, 383-391.

Shenoy, K., Murano, E. and Olson, D. (1998) Survival
of heat-shocked Yersinia enterocolitica after irra-
diation in ground pork. Int. J. Food Microbiol. 39,
133-137.

Sutherland, J. P. and Bayliss, A. J. (1994) Predictive
modelling of growth of Yersinia enterocolitica: the
effects of temperature, pH, and sodium chloride.
Int. J Food Microbiol. 21, 197-215.

Tarkowski, J. A., Stoffe, S. C. C., Beamer, R. R. and
Kempelmacher, E. H. (1984) Low dose gamma ir-
radiation of raw meat II. Bacteriological effects
on samples from butcheries. Int. J. Food Microbiol.
1, 26-31.

Thayer, D.W. and Boyd, G. (1993) Elimination of Es-
cherichia coli O157:H7 in meats by gamma irradia-
tion. App. Environ. Microbiol. 59, 1030-1034.

Thayer, D. W., Boyd, G., Fox, J. B., Lakritz, L. and
Hampson, J.W. (1995) Variations in radiation sen-
sitivity of foodborne pathogens associated with
the suspending meat. J; Food Sci. 60, 63-67.

Toora, S., Budu-Amoake, E., Ablett, R. F. and Smith,
d. (1994) Isolation of Yersinia enterocolitica from
ready-to-eat foods by a simple two step procedure.
Food Microbiol. 11, 369-374.

Watkins, D. K. (1980) Stimulation of DNA synthesis
in bacterial DNA-membrane complexes after low
doses of ionizing radiation. Int. J Radiat. Biol
Relat. Chem. Med. 88, 247-256.

Wijker, C. A., Lafleur, M., van Steeg, H., Mohn, G. R.
and Retel, J. (1996) y-Radiation-induced mutation
spectrum in the episomal lacl gene of Escherichia
coli under oxic conditions. Mutat. Res. 349,
229-239.

R7021-08



