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Listeria innocua M1 was developed as a thermal processing indicator organism for L. monocytogenes by
selection of a rifampin- and streptomycin-resistant mutant. z,, values were 5.6 and 5.8°C, and D g-c, values
were 3.8 and 4.9 s for L. monocytogenes and L. innocua, respectively, in skim milk. The advantages of easy
selection, similar heat resistance, and nonpathogenicity make L. innocua M1 appropriate for challenge studies
designed to evaluate process lethality with respect to L. monocytogenes.

Foodborne illness outbreaks due to Listeria monocyto-
genes have been associated with coleslaw (23), whole milk
(12), and cheese (3, 19); other foods have been implicated in
sporadic listeriosis (16, 25, 31). Thus, control of L. monocy-
togenes has public health and economic importance. The
control of L. monocytogenes in foods is challenging because
of its ability to grow at refrigeration temperatures (2, 8, 13,
17, 22, 30) and its relative heat resistance. L. monocytogenes
is as heat resistant as or more heat resistant than many other
vegetative bacteria of concern in food. D’Aoust et al. (6, 7)
and Farber (11) determined that L. monocytogenes was as
heat resistant as Salmonella seftenberg 775W, a strain
recognized for its extreme thermal resistance in raw milk.
Schoeni et al. (24) reported that a five-strain composite of L.
monocytogenes was about four times more resistant than
salmonellae in ground beef roast.

The fate of L. monocytogenes in thermal processes has
been determined by monitoring its survival in food under
simulated process conditions. While it would be advanta-
geous to monitor L. monocytogenes under actual process
conditions, it is generally undesirable to risk working with
pathogens under such conditions. Often, biological indica-
tors (BI) are used in challenge studies to evaluate processes
because they are nonpathogenic and typically more resistant
than the pathogen, providing the processor with a margin of
safety (21). For example, the canning industry uses Clostrid-
ium sporogenes PA 3679 as a BI of process adequacy with
respect to Clostridium botulinum.

Biological indicators are used to verify the adequacy of a
thermal process in the presence of many known and un-
known factors in a food system. To be useful, the BI must
have thermal resistance equal to or greater than that of the
target organism and be carefully calibrated under controlled
laboratory conditions in the product in which it is going to be
used. Use of a BI to evaluate pasteurization-type processes
has been limited or has not occurred because a specific target
organism of concern is not identified and/or because the
nonsterile nature of the food has made selection and enu-
meration of the BI impossible or impractical.

Availability of a BI to use in lieu of L. monocytogenes
could help to enhance food safety. Foegeding and Stanley
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(14) identified L. innocua ATCC 33091 as an appropriate BI
for evaluation of process lethality with respect to L. mono-
cytogenes in milk. They transformed the proposed BI with
pGK12 (18) to confer resistance to erythromycin and chlor-
amphenicol and facilitate enumeration. The transformed BI
was 1.5 to 3.0 times more heat resistant than L. monocyto-
genes between 56 and 66°C. Foegeding and Stanley (14)
proposed that this strain be used as a BI of thermal process
lethality with respect to L. monocytogenes but cautioned
that it would not be appropriate to use a genetically engi-
neered organism which depends upon plasmid-encoded
traits in a commercial processing plant.

The objective of this research was to improve upon the
concept of a BI for L. monocytogenes by avoiding use of a
plasmid through selection of spontaneous antibiotic-resistant
mutants. The effectiveness of the L. innocua mutants as a BI
for L. monocytogenes was evaluated by comparing its heat
resistance with that of L. monocytogenes.

(A preliminary report of this work has been presented
[T. M. Fairchild and P. M. Foegeding, Abstr. Annu. Meet.
Am. Soc. Microbiol. 1991, P18, p. 43].)

Streptomycin-resistant (Str*) and rifampin-resistant (Rif)
mutants of L. innocua ATCC 33091 (American Type Culture
Collection, Rockville, Md.) were generated by selective
enrichment using a modification of the gradient plate tech-
nique of Szybalski (29). L. innocua was sequentially plated
on Tryptose phosphate agar (TPA; Difco) containing in-
creasing concentrations of streptomycin (S-6501; Sigma, St.
Louis, Mo.) to a maximum of 2,000 mg of streptomycin per
liter. The process was repeated by transferring Str* mutants
to TPA with increasing concentrations of rifampin (R-3501;
Sigma) to a maximum of 500 mg/liter. Five mutant strains
(designated M1 through M5) were selected for evaluation.
Stock cultures of L. innocua ATCC 33091 and mutants were
maintained in brain heart infusion (BHI) broth (Difco) plus
20% glycerol and stored at —20°C. Cultures for all experi-
ments were transferred twice in BHI and incubated for 18 to
24 h at 35°C. Initially, several antibiotic concentrations and
rifampin-streptomycin ratios were tested for their effects on
enumeration of the mutants (data not shown), and this
resulted in the choice of TPA with 50 mg of rifampin per liter
and 250 mg of streptomycin per liter (TPA+) as the selective
medium.

Colony size, generation time, verification of phenotype
and nonpathogenicity, and recovery on TPA+ were used to
select mutants for further evaluation. Generation times were
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determined by using BHI cultures (18 h) diluted in BHI to
10° CFU/ml and incubated at 35°C with agitation. Generation
times were determined from the straight-line portions of
plots of log optical density (660 nm) versus time. Hydrolysis
of esculin, catalase activity, nitrate reduction, methyl red
and Voges-Proskauer reactions, and acid production from
maltose, mannitol, rhamnose, and xylose were determined
by methods outlined in the 6th edition of the FDA Bacteri-
ological Analytical Manual (20). Nonpathogenicity was doc-
umented by the procedure of Stelma et al. (27), as applied by
Conner et al. (5), by using intraperitoneal injection into
immunocompromised female white mice. Recovery of L.
innocua mutants on TPA and TPA+ incubated for 7 days at
35°C was compared. A two-tailed ¢ test (a = 0.05) was used
as the criterion for significant difference.

The efficacies of the selective media for the recovery of
heat-injured cells were compared with that of a nonselective
medium. Thermal treatments were applied to capillary tubes
filled with 50 pl of a 35°C overnight culture in sterile skim
milk as described by Foegeding and Leasor (13). Tubes were
heated for 35 s at 66.4°C and then spread plated in triplicate
on TPA, Trypticase soy agar (TSA), TSA with 0.6% yeast
extract (TSAYE; Difco), TSA with 50 mg of rifampin per
liter and 250 mg of streptomycin per liter (TSA+), TSA+
with 0.6% yeast extract (TSAYE+), and TSA with 4.0%
NaCl (TSAS). Colonies were enumerated after incubation
for 7 days at 35°C.

A two-tailed ¢ test of independent L. innocua M1 and M2
cultures enumerated in BHI and on TPA and TPA+ indi-
cated no significant difference (o« = 0.05) in enumeration
between the two media. These two mutants maintained
colony sizes similar to that of the parent strain. The gener-
ation times at 35°C for L. innocua ATCC 33091, M1, and M2
were 36, 43, and 59 min, respectively. Accordingly, L.
innocua M1 was selected as the potential biological indicator
organism for L. monocytogenes.

L. innocua M1 was verified to be nonpathogenic. L.
innocua ATCC 33091 and M1 hydrolyzed esculin, produced
acid from rhamnose and maltose but not mannitol or xylose,
and were catalase, methyl red, and Voges-Proskauer posi-
tive.

The thermal resistance of L. innocua M1 was compared
with that of L. monocytogenes F5069 (obtained from C. W.
Donnelly, University of Vermont) in raw and sterilized skim
milk by the method of Stern and Proctor (28) as modified by
Fairchild (10). Thermal resistance studies were conducted in
a split-plot design. The dependent variable, the D value, was
determined for four Listeria-treatment combinations (L.
monocytogenes in sterile milk, L. innocua M1 in sterile milk,
L. innocua M1 in sterile milk recovered on selective me-
dium, and L. innocua M1 in raw milk recovered on selective
medium) at five temperatures (approximately 62, 64, 66, 68,
and 70°C). Temperature was considered the whole plot, and
Listeria-treatment combinations were considered the sub-
plot. The experiment was replicated three times. Capillary
tubes filled with 50 pl of an overnight culture in sterile skim
milk or a 1:10 dilution of this culture in raw milk were
exposed to the test temperature. A thermocouple sealed in a
capillary tube served to record the time-temperature profile
of each treatment. After exposure to the selected time-
temperature treatment, capillary tubes were aseptically
crushed and diluted in 0.1% peptone (Difco) water and
spread plated. D values for each trial were determined as the
negative slope™' of the best-fit line of the survivor curve.
The z,, values were determined as the negative slope™! of
the best-fit line of the decimal reduction-time curve. Log D
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TABLE 1. Recovery of heat-injured L. innocua M1 on selective
and nonselective media

Mean recovery
(log CFU/ml)?

Treatment,
recovery media

No injury, all®.......ooiiiiiiiiiiiiiiiiiieieiieeeeeeeeneenes 8.19
Heat injury®

2 Treatments with identical symbols are not significantly different (P =
0.05).

® The noninjured population was not heated and was recovered equally on
all of the media listed.

< Injury was inflicted by heating cells in skim milk for 30 s at 66°C.

values from the thermal resistance studies were subjected to
analysis of variance in a general linear model program (SAS
Institute, Cary, N.C.). Hypothesis tests were constructed to
detect significant differences due to replication, temperature,
and Listeria-treatment combination.

Initial thermal resistance studies indicated that TPA+
caused a l-order-of-magnitude reduction in detectable sur-
vivors at the longest heating times for each temperature
compared with TPA (data not shown). This was attributed to
the inability of TPA + to recover heat-injured L. innocua M1
fully. Heat-injured L. monocytogenes cells do not recover
on media containing 4 to 8% NaCl (1, 15, 26). Table 1 shows
the relative recovery of heat-injured L. innocua M1 on TPA,
TSA, TSAYE, TSA+, TSAYE+, and TSAS. The heat
treatment resulted in approximately a 2-order-of-magnitude
reduction in the population compared with unheated cells
enumerated on TSA. Recovery on TSAS indicated that
99.95% of the cells were injured and recoverable on TSA.
Recovery of 99.8% of the injured cells on TSA+ and
TSAYE+ was not significantly different from that on TPA,
suggesting that D values determined on TSA+, TSAYE+,
and TPA would be similar.

TSA+ was tested for the ability to select against endoge-
nous organisms in temperature-abused raw skim milk and
found to select against approximately 10° to 10* CFU/ml
(data not shown). Thus, TSA+ was considered an accept-
able recovery medium.

Thermal resistance studies were conducted to (i) compare
the resistance of L. innocua M1 with that of L. monocyto-
genes F5069, (ii) evaluate the effect of TSA+ on the D value,
and (iii) evaluate the utility of the BI organism in raw milk.
Average decimal reduction times for the different treatments
are shown in Table 2. The thermal resistance of L. innocua
M1 was compared with that of L. monocytogenes F5069
(Table 2, columns 2 and 3) because this strain of L. mono-
cytogenes is recognized as one of the most heat-resistant
strains in liquid whole egg (13), milk (8, 9), and phosphate
buffer (14). Sterile skim milk was used as the heating
menstruum to allow comparison on nonselective media. L.
innocua M1 exhibited heat resistance equivalent to that of L.
monocytogenes at each temperature; D values for L. in-
nocua M1 and L. monocytogenes ranged from 38.5 s at
61.8°C to 1.4 s at 69.5°C. The z,, values of 5.5 and 5.6°C, for
L. monocytogenes and L. innocua M1, respectively, were
similar. Thermal resistance curves were subjected to a test
of homogeneity of slopes by regressing the log D value on
temperature in a general linear model program (SAS). There
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TABLE 2. Decimal reduction times of Listeria spp. in sterile milk and raw milk recovered on TPA and TSA+

Avg? (SE) decimal reduction time (s) of:

Heating temp
(o3 L. monocytogenes,
sterile milkc, TPA?

L. innocua M1,
sterile milk, TPA

L. innocua M1,
raw milk, TSA+

L. innocua M1,
sterile milk, TSA+

61.8 38.5 (2.8) 38.4 (3.0) 38.1 (3.7) 49.5 (5.9)
63.7-63.8 15.3 (1.9) 20.7 (1.3) 18.1 (0.7) 18.3 (0.6)
65.6-65.8 7.6 (0.5) 8.4 (1.7) 9.4 (2.5) 7.6 (1.0)
67.3-67.7 3.5(0.8) 5.1(0.3) 4.6 (0.4) 5.4 (1.2)
69.3-69.7 1.4 (0.0) 1.4 (0.2) 1.3 (0.0) 1.3 (0.2)

z, value (°C) 5.5 5.6 5.6 5.1

“ Temperature range over triplicate trials.
® Averages of triplicate trials are reported.
< Heating menstruum.

¢ Recovery medium.

was no significant difference (P = 0.05) between the z,
values for L. innocua M1 and L. monocytogenes F5069.

D values for L. innocua M1 determined on TSA+ and
TPA were essentially the same (Table 2, columns 3 and 4),
ranging from 38.4 s at 61.8°C to 1.3 s at 69.5°C. The z,, value
was 5.6°C in each case. Thus, the selective medium had no
effect on the D value.

To evaluate the effectiveness of L. innocua M1 as a BI, it
was tested in raw skim milk with an endogenous microbial
population of 10° to 10* CFU/ml. Decimal reduction times
for L. innocua M1 in sterile skim milk were compared with
those in raw skim milk (Table 2, columns 4 and 5). D values
at 61.8 to 69.7°C ranged from 38.1 to 1.3 s, respectively, for
L. innocua M1 in sterile skim milk and from 49.5 to 1.3 s,
respectively, in raw milk. The z, values were 5.6 and 5.1°C
for L. innocua M1 in sterile milk and raw milk, respectively.
The test for homogeneity of slopes indicated no significant
difference (P = 0.05) between the zj, values of L. innocua
M1 heat treated in raw or skim milk. Populations of endog-
enous organisms recovered from uninoculated raw milk
plated on TSA + were <100 CFU/ml, indicating they did not
interfere in determination of the D value of L. innocua M1.

The D4 value for L. monocytogenes F5069 in skim milk
was similar to that reported by Foegeding and Stanley (14);
the z,, value of 5.5°C differed from their z,, value of 5.2°C
(14). This may reflect the different temperature ranges stud-
ied. Shoulders were not observed on the survivor curves for
L. monocytogenes as they were by Foegeding and Stanley
(14). The Dgg g-c values determined by Bradshaw et al. (4)
for three strains of L. monocytogenes ranged from 2.8 to 4.0
s in raw milk and 6.2 to 9.1 s in sterile milk; our Dg; soc
values for L. monocytogenes F5069 and L. innocua M1 in
sterile milk were slightly lower (3.5 to 5.1 s). This may be
attributed to strain and recovery medium differences. While
Bradshaw et al. (4) reported larger D values in sterile milk
than in raw milk, this study indicated there was no significant
difference. However, Bradshaw et al. (4) estimated D values
in sterile milk by a colony count procedure while D values in
raw milk were estimated by a statistical procedure using a
selective enrichment broth.

To be a useful BI, L. innocua must be at least as heat
resistant as L. monocytogenes. D values for L. innocua M1
were not significantly different from those of L. monocyto-
genes F5069 in skim milk between 62 and 70°C. L. innocua
M1 was recovered from raw milk by direct enumeration on a
medium containing rifampin and streptomycin without inter-
ference when the background populations were up to 10*
times larger than the L. innocua M1 population. Further-

more, the selective recovery medium did not affect the D
value compared with recovery on the nonselective medium,
TPA. The antibiotic resistance of L. innocua M1 is the result
of a chromosomal mutation and is stable in nutrient broth
without the selective pressure of antibiotics. Plasmid-en-
coded antibiotic resistance probably would not be stable
without selective pressure. Genetically engineered microor-
ganisms require approval for use in commercial applications.
L. innocua M1 was generated from a natural mutation;
therefore, it is not a genetically engineered microorganism.
Mutation did not impart pathogenicity. Thus, L. innocua M1
is proposed as a BI for evaluation of pasteurization process
lethality with respect to L. monocytogenes. Application of
this BI will permit evaluation of a process in situ rather than
in a laboratory simulation.

L. innocua M1 would be useful for estimation of the fate of
L. monocytogenes in foods processed over the temperature
range of 61 to 70°C and probably outside this range (14). The
ease with which L. innocua M1 can be cultured and recov-
ered makes it applicable to challenge studies requiring large
inocula. It currently is being used in raw skim milk to
evaluate the effects of continuous-flow processing on ther-
mal inactivation. Since the antibiotic resistance of L. in-
nocua M1 would differentiate it from environmental L.
innocua strains, it should not interfere with the use of
naturally occurring L. innocua strains as indicators of envi-
ronmental contaminants.
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