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ABSTRACT

A central composite second-order response surface design was employed to determine the in� uences of added sodium
chloride (0.8 to 3.6%), sodium diacetate (0 to 0.2%), potassium lactate syrup (0.25 to 9.25%), and � nished-product moisture
(45.5 to 83.5%) on the predicted growth rate of Listeria monocytogenes in cured ready-to-eat (RTE) meat products. Increased
amounts of both sodium diacetate (P , 0.11) and potassium lactate (P , 0.001) resulted in signi� cant reductions in the
growth rate constants of L. monocytogenes. Increased � nished-productmoisture (P , 0.11) signi� cantly increased growth rate
constants. The in� uence of sodium chloride was not statistically signi� cant. The second-order statistical factor for lactate was
signi� cant (P , 0.01), but all two-way interactions were not. In general, predicted growth rates exceeded actual growth rates
obtained from inoculation studies of four cured RTE meat products (wieners, smoked-cooked ham, light bologna, and cotto
salami). The � nal model will be useful to food technologists in determining formulations that will result in � nished cured
RTE meat products in which L. monocytogenes is not likely to grow.

Listeria monocytogenes has become a signi� cant food-
borne pathogen in recent years because of its ability to
cause foodborne infections that can lead to headache, fever,
chills, and diarrhea; severe cases can lead to septicemia,
meningitis, and abortion. Approximately 20 to 30% of hu-
man listeriosis cases result in death for susceptible individ-
uals (14, 17, 21). An outbreak of listeriosis in 1998 that
caused approximately 100 illnesses and 21 deaths was
traced to the postprocess contamination of packaged wie-
ners at a large commercial plant (8). Although the risk of
severe listeriosis exists for susceptible individuals, the oc-
currence of L. monocytogenes in processed meat products
is relatively low. The Food Safety Inspection Service (2)
recently released a survey that reported that the incidence
of L. monocytogenes in small-diameter sausages was 1.8 to
4.1% of samples taken between 1993 and 1999. The inci-
dence of L. monocytogenes in sliced ham and pork was
found to be 4.2 to 5.7% of samples taken during the same
period. However, because of the high mortality rate of lis-
teriosis, formulation-based and other processing-based mea-
sures to retard or prevent the potential growth of L. mon-
ocytogenes in refrigerated cured ready-to-eat (RTE) meat
products should be considered. These measures include ir-
radiation (11, 25), ultra-high-pressure processing (16), post-
packaging pasteurization, and/or the addition of antimicro-
bial compounds.
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The properties of a number of known natural bacteri-
cidal compounds have been studied and summarized (24).
These compounds include organic acids, bacteriocins, phe-
nolic compounds, plant extracts, and synthetic peptides (4,
5, 7, 15). Two compounds showing promising results are
acetate and lactate and their derivatives (6, 18). Combina-
tions of lactate and diacetate have also been shown to ex-
hibit anti-listerial activity (20). Blom et al. (6) found that
the combination of 2.5% lactate and 0.25% acetate pre-
vented the growth of L. monocytogenes in servelat sausage
while maintaining the sensory acceptability of the sausage.
Thus, the addition of suf� cient amounts of lactate and di-
acetate can result in an RTE meat product that will not
support the growth of L. monocytogenes.

A model allowing the estimation of sodium diacetate
and lactate amounts that are suf� cient to provide a barrier
for potential L. monocytogenes growth would be of great
value to manufacturers of RTE meat products. This tech-
nique should encompass wide ranges of � nished-product
variables, including product moisture and NaCl content,
since the amount of diacetate and lactate needed may
change with � uctuations of these variables. Product devel-
opers could then use this model to modify product formulas
by adding speci� c amounts of lactate salts and sodium di-
acetate to limit the growth of L. monocytogenes.

This study was designed to predict the growth of L.
monocytogenes using a response surface method (RSM) for
cured RTE meat products made with a wide range of NaCl,
sodium diacetate, potassium lactate, and product moisture
contents that are commonly observed in cured meat prod-
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TABLE 1. Design matrix of the central composite design for modeling the growth of L. monocytogenes in cured meats

Run Salta
Sodium

diacetatea

Potassium
lactate
syrupa

Product
moisturea % saltb

% sodium
diacetateb

%
potassium

lactate
syrupb,c

% product
moistureb

1
2
3
4
5
6
7
8
9

10

1
21
21

1
21

1
1

21
0
0

21
1

21
1

21
1

21
1
0
0

21
21

1
1

21
21

1
1
0
0

21
21
21
21

1
1
1
1
0
0

2.90
1.50
1.50
2.90
1.50
2.90
2.90
1.50
2.20
2.20

0.05
0.15
0.05
0.15
0.05
0.15
0.05
0.15
0.10
0.10

2.5
2.5
7.0
7.0
2.5
2.5
7.0
7.0
4.75
4.75

55.0
55.0
55.0
55.0
74.0
74.0
74.0
74.0
64.5
64.5

11
12
13
14
15
16
17
18
19
20

21
1
1

21
1

21
21

1
0
0

21
1

21
1

21
1

21
1
0
0

21
21

1
1

21
21

1
1
0
0

21
21
21
21

1
1
1
1
0
0

1.50
2.90
2.90
1.50
2.90
1.50
1.50
2.90
2.20
2.20

0.05
0.15
0.05
0.15
0.05
0.15
0.05
0.15
0.10
0.10

2.5
2.5
7.0
7.0
2.5
2.5
7.0
7.0
4.75
4.75

55.0
55.0
55.0
55.0
74.0
74.0
74.0
74.0
64.5
64.5

21
22
23
24
25
26
27
28
29
30

22
2
0
0
0
0
0
0
0
0

0
0

22
2
0
0
0
0
0
0

0
0
0
0

22
2
0
0
0
0

0
0
0
0
0
0

22
2
0
0

0.80
3.60
2.20
2.20
2.20
2.20
2.20
2.20
2.20
2.20

0.10
0.10
0
0.20
0.10
0.10
0.10
0.10
0.10
0.10

4.75
4.75
4.75
4.75
0.25
9.25
4.75
4.75
4.75
4.75

64.5
64.5
64.5
64.5
64.5
64.5
45.5
83.5
64.5
64.5

a Statistical design coef� cients.
b Ingredients were added as percentages of total formula weight. Finished-product moisture was calculated with a linear computer

program (What’s Best!, Lindo Systems).
c Potassium lactate syrup contained 60% lactate by weight.

ucts. The data from the individual treatments were used in
the development of a simple mathematical model capable
of predicting the growth or stasis of L. monocytogenes in
commercial cured meat products. More complex sigmoid
growth models do exist (modi� ed Gompertz and logistic
models (13)) that can more precisely model bacterial
growth in broth systems; however, they are not well suited
to modeling bacterial growth in applied product experi-
ments, since the products are not usually sampled at suf� -
cient time intervals. In some instances, growth is immediate
and no lag time is noted. In situations in which growth is
diminished, the lag time is in� nite. This simpler kinetic
model may lose some precision in characterizing microbial
growth rates in some instances, but in this applied situation,
it seemed to be more appropriate. This model can facilitate
the determination of the appropriate amounts of potassium
lactate and sodium diacetate to add to a wide variety of
cured meat products to obtain a sensory-acceptable product
that will not support the growth of L. monocytogenes.

MATERIALS AND METHODS

Sample preparation. A central composite design, complete
with star points and six replicates of the center point, was used
for this study. The factors and levels used are reported in Table
1. The 30 products (runs) required for the experiment were for-
mulated by using a variety of raw material sources, including pork
trimmings (42% lean), trimmed turkey breast halves, and four-
muscle ham (including the semimembranosus, semitendinosus,
adductor, and gluteus medius muscles) purchased from commer-
cial sources. All meats were ground at 0.634 cm immediately prior
to use. Each product also contained sodium erythrobate (317
ppm), modi� ed starch (1%; Firmtex, National Starch, Bridgewater,
N.J.), sodium nitrite (97 ppm), carrageenan (0.35%; Gelcarin PS
3262, FMC Corporation, Princeton, N.J.), sodium tripolyphos-
phate (0.276%), and water (amounts varied depending on the de-
sired � nished-product moisture content). Potassium lactate (Pur-
asal P/HQ60, PURAC America, Blair, Nebr.), and sodium diace-
tate (Macco Organiques, Inc., Valley� eld, Quebec, Canada) were
used in various amounts according to the protocol.

The 30 separate products were formulated with a linear pro-
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TABLE 2. Growth rates of L. monocytogenes obtained from this
study

Run % salta
% sodium
diacetatea

%
potassium

lactate
syrupa,b

% product
moisturea

L. mono-
cytogenes

growth rate
(wk21)

1
2
3
4
5
6
7
8
9

10

2.90
1.50
1.50
2.90
1.50
2.90
2.90
1.50
2.20
2.20

0.05
0.15
0.05
0.15
0.05
0.15
0.05
0.15
0.10
0.10

2.5
2.5
7.0
7.0
2.5
2.5
7.0
7.0
4.75
4.75

55.0
55.0
55.0
55.0
74.0
74.0
74.0
74.0
64.5
64.5

0.0035
0

0.0024
0

0.0991
0.0069

0
0
0
0

11
12
13
14
15
16
17
18
19
20

1.50
2.90
2.90
1.50
2.90
1.50
1.50
2.90
2.20
2.20

0.05
0.15
0.05
0.15
0.05
0.15
0.05
0.15
0.10
0.10

2.5
2.5
7.0
7.0
2.5
2.5
7.0
7.0
4.75
4.75

55.0
55.0
55.0
55.0
74.0
74.0
74.0
74.0
64.5
64.5

0.018
0
0
0

0.023
0
0
0
0
0

21
22
23
24
25
26
27
28
29
30

0.80
3.60
2.20
2.20
2.20
2.20
2.20
2.20
2.20
2.20

0.10
0.10

0
0.20
0.10
0.10
0.10
0.10
0.10
0.10

4.75
4.75
4.75
4.75
0.25
9.25
4.75
4.75
4.75
4.75

64.5
64.5
64.5
64.5
64.5
64.5
45.5
83.5
64.5
64.5

0.0069
0

0.0126
0

0.1338
0
0

0.032
0
0

a Ingredients were added as percentages of total formula weight.
Finished-product moisture was calculated with a linear computer
program (What’s Best!, Lindo Systems).

b Potassium lactate syrup contained 60% lactate by weight.

TABLE 4. Regression coef�cients for predicting the growth of L.
monocytogenes in cured meat products

Factor
Regression
coef� cient

Constant
A: salt
B: diacetate
C: potassium lactate syrup
D: product moisture
CCa

0.07979
20.00595
20.13692
20.03490

0.00074
0.00286

a CC denotes a second-order term for lactate syrup.

TABLE 3. Analysis of variance for growth rate constants of L.
monocytogenesa

Source df
Sum of
squares

F
ratio

Proba-
bility

A: salt
B: diacetate
C: potassium lactate syrup
D: product moisture
CCb

Total error

1
1
1
1
1

24

0.00041583
0.00112477
0.00720027
0.00119145
0.00605346
0.0100738

1.0
2.7

17.2
2.8

14.4

0.33
0.11
0.0004
0.105
0.0009

a The model was condensed by eliminating all nonsigni� cant (P
. 0.05) two-way interactions and second-order terms. r2 5 0.61;
standard error of estimate 5 0.02. Lack of � t could not be tested
because all center points in the data set had growth rate constants
of zero.

b CC denotes a second-order source of lactate syrup.

TABLE 5. Performance factors calculated for the control vali-
dation products containing no diacetate or lactatea

Treatment

Predicted
growth

rate
(wk21)

Observed
growth

rate
(wk21)

Log(pre-
dicted/

observed)
Absolute

value

Light bologna
Wieners
Smoked/cooked ham
Cotto salami
Mean
Bias factorb

Accuracy factorc

0.112
0.108
0.121
0.113

0.182
0.033
0.067
0.176

20.21
0.51
0.26

20.19
0.09
1.24

0.21
0.51
0.26
0.19
0.29

1.97

a Ross (19).
b Antilog10 0.09.
c Antilog10 0.29.

gram (What’s Best!, Lindo Systems, Inc., Chicago, Ill.) to deter-
mine the proper amount of water to include to obtain the formu-
lation set points shown in Table 1. These products required
mixtures of the various meats listed above. All meats, all dry
ingredients, and water were blended under vacuum for 30 min at
45 rpm with a 220-kg Keebler mixer (Keebler Engineering, Inc.,
Chicago, Ill.). The meat batters were subsequently stuffed into
nonpermeable casings (4.6 cm in diameter) and cooked in water
tanks for 1 h at 498C, 1 h at 608C, and ca. 2 h at 858C until the
products reached an internal temperature of 748C. The products
were chilled in 48C water and subsequently chilled in a 08C cooler
so that the internal temperature of the products was ,48C within
8 h of cooking.

After chilling, the products were stripped of their casings and
sliced into 25-g slices; four slices were placed into pouches (Cur-
lon Grade 863, nylon structure with polyethylene seal and PVDC
barrier, oxygen transmission rate ,1.0 cm3/645 cm2/24 h at 238C
and 0% relative humidity, moisture vapor transmission rate ,0.5
g/645 cm2/24 h at 388C and 90% relative humidity; Curwood,
Oshkosh, Wis.).

Samples used for validation of the model consisted of four
varieties of cured meat products (wieners, ham, light bologna, and
cotto salami) manufactured using three different formulations of
potassium lactate and sodium diacetate. A formulation of 0% po-
tassium lactate solids and 0% sodium diacetate was used for treat-
ment 1, a formulation of 1.5% potassium lactate solids and 0.15%
sodium diacetate was used for treatment 2, and a formulation of
2.5% potassium lactate solids and 0.15% sodium diacetate was
used for treatment 3.
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FIGURE 1. Simple regression of observed
versus predicted L. monocytogenes counts
for all of the data derived in the study. r2

5 76.4; standard error of estimate 5 1.08
log10 CFU/g. Inner lines represent the
95% con�dence limit for the mean; outer
lines represent the 95% con�dence limit
for prediction.

FIGURE 2. Plot of L. monocytogenes
growth on slices of light bologna inocu-
lated with a � ve-strain L. monocytogenes
cocktail over 18 weeks of storage at 48C.
Controls contain no potassium lactate or
sodium diacetate. T2 contains 1.5% potas-
sium lactate solids and 0.15% sodium di-
acetate. T3 contains 2.5% potassium lac-
tate solids and 0.15% sodium diacetate.

Chemical analysis. Samples for each treatment were sub-
mitted for analysis of moisture, protein, fat, and ash; these anal-
yses were conducted using AOAC methods 950.46, 992.15,
991.36, and 920.153, respectively (3). NaCl was assayed as chlo-
ride ions by a titrimetric method (1). Sodium lactate and sodium
diacetate were analyzed by blending 5 g of ground meat with 30
ml of distilled water using a polytron for 30 s; the mixture was
subsequently centrifuged (20 min at 2,500 rpm) and � ltered
through Whatman no. 1 � lter paper into a clean 50-ml disposable
centrifuge tube. An aliquot of � ltrate was subsequently � ltered a
second time with a 0.2-mm membrane � lter and transferred to an
autoinjector vial. The � ltrate was analyzed directly by using a
high-performanceliquid chromatograph (Perkin Elmer Series 200)
with a � ow rate of 0.6 ml/min, an injection of 20 ml, a 220-nm
detector, and a run time of 20 to 30 min. The sodium lactate
content was converted to potassium lactate with the appropriate
conversion factor.

Microbiological methods: bacterial strains and growth
conditions. Three L. monocytogenes isolates from foodborne out-
breaks (LCDC 861, F2399, and NFPA 83) and two environmental
isolates (MAD 225 and MAD 328) were used in a � ve-strain
cocktail throughout this study. Strains were grown aerobically
(without shaking) in 10 ml of brain heart infusion broth (Difco
Laboratories, Detroit, Mich.) for 24 h at 258C, allowing the cul-
tures to reach the late stationary phase. Culture (0.1 ml) was se-
rially transferred to 10 ml of fresh brain heart infusion broth and
the incubation was repeated.

Microbiological methods: inoculum preparation and pro-
cedure. The inoculum was prepared by transferring 0.2 ml of each
strain into 99 ml of Butter� eld’s phosphate buffer (BPB; Weber
Scienti� c, Hamilton, N.J.). Serial dilutions were made in BPB to
achieve the desired inoculum level. For RSM samples, the desired
inoculum level was 1,000 CFU/g. The inoculum (100 ml total)
was applied to the surface of 100 g of cured meat (four slices).
Three 25-ml aliquots were placed between slices, and one was
placed on the surface of the top slice. For validation studies, the
desired inoculum level was 1 to 100 CFU/g. The inoculum (100
ml total) was applied to the surface of 100 g of cured meat (four
slices or four links) in the manner described above for sliced
meats, with one 25-ml deposit per link for wieners. All RSM sam-
ples were inoculated with the same inoculum on the same day;
all validation samples were prepared and inoculated on separate
days. The pouches containing the meat were immediatelyvacuum-
sealed (Multivac C1400) and stored at 48C for up to 18 weeks.
The inoculum level was determined by enumerating the BPB on
modi� ed Oxford (MOX) agar spread plates (Oxoid, Ontario, Can-
ada) and dividing the CFU per milliliter by 100 g.

Evaluation and enumeration of L. monocytogenes: RSM
samples. Three samples of each treatment were analyzed every
other week for L. monocytogenes by appropriately diluting the
samples in BPB, direct plating them onto MOX agar, and incu-
bating the plates for 48 h at 308C. Colonies producing a black
precipitate, indicative of Listeria spp., were considered L. mono-
cytogenes colonies.



J. Food Prot., Vol. 65, No. 4 MODELING L. MONOCYTOGENES GROWTH IN CURED RTE MEAT PRODUCTS 655

FIGURE 3. Plot of L. monocytogenes
growth on slices of cotto salami inoculated
with a � ve-strain L. monocytogenes cock-
tail over 18 weeks of storage at 48C. Con-
trols contain no potassium lactate or so-
dium diacetate. T2 contains 1.5% potassi-
um lactate solids and 0.15% sodium di-
acetate. T3 contains 2.5% potassium
lactate solids and 0.15% sodium diacetate.

FIGURE 4. Plot of L. monocytogenes
growth on slices of smoked-cookedham in-
oculated with a � ve-strain L. monocyto-
genes cocktail over 18 weeks of storage at
48C. Controls contain no potassium lactate
or sodium diacetate. T2 contains 1.5% po-
tassium lactate solids and 0.15% sodium
diacetate. T3 contains 2.5% potassium lac-
tate solids and 0.15% sodium diacetate.

Evaluation and enumeration of L. monocytogenes: vali-
dation samples. Three samples for each treatment were analyzed
biweekly for L. monocytogenes as described above with the fol-
lowing exception: the large sample size required a dilution in BPB
of 1:2 and then direct plating onto 0.1 ml of MOX agar, resulting
in a minimum detection limit of 20 CFU/g. In the event that a
sample yielded no colonies on a selective agar plate but did test
positive for the presence of viable L. monocytogenes, the sample
was recorded as positive by a modi� ed U.S. Department of Ag-
riculture cultural enrichment method (see below), but it was re-
corded as log10 1.3 (20 CFU/g) for calculation purposes.

A modi� ed U.S. Department of Agriculture cultural method
was employed to determine the presence of L. monocytogenes
below the minimum detection limit of MOX agar (20 CFU/g). All
of the contents of the sample product (100 g) were added to 500
ml of UVM modi� ed listeria enrichment broth (Difco) and incu-
bated for 24 h at 308C. A 0.1-ml portion of this primary enrich-
ment was transferred to 10 ml of Fraser broth (Difco) containing
0.1 ml of Fraser broth supplement (Difco) and incubated for 24
to 48 h at 358C. A loop of this secondary enrichment was then

streaked onto MOX agar and incubated for 24 to 48 h at 358C.
Colonies producing a black precipitate, indicative of Listeria spp.,
were considered positive for L. monocytogenes.

Experimental design and data analysis. A rotatable cube
central composite RSM design was used for this four-factor ex-
periment. The design consisted of 16 factorial treatments aug-
mented with eight star points and six center points, for a total of
30 treatments (Table 1). The radius for the star points was cal-
culated as 2n/4, where n is the number of variables in the model
(9). The response variable, the L. monocytogenesgrowth rate con-
stant (k), was estimated for each treatment with nonlinear regres-
sion (Marquardt algorithm) and the simple kinetic equation

L. monocytogenes count 5 Initial count 1 Span(1 2 e2kt)

where Initial count is the number of inoculated organisms (log10

CFU/g), Span is the span in counts from the initial count to the
maximum count observed (log10 CFU/g), k is the growth rate
constant (per week), and t is time (in weeks). In this study, the
initial L. monocytogenes count was 4.0 log10 CFU/g and the max-
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FIGURE 5. Plot of L. monocytogenes
growth on wieners inoculated with a � ve-
strain L. monocytogenes cocktail over 18
weeks of storage at 48C. Controls contain
no potassium lactate or sodium diacetate.
T2 contains 1.5% potassium lactate solids
and 0.15% sodium diacetate. T3 contains
2.5% potassium lactate solids and 0.15%
sodium diacetate.

imum observed count was 8 log10 CFU/g; thus, the span was set
to 4 log10 CFU/g. This treatment of the data also simpli� ed the
analysis and allowed a practical application of the model. Since
this model was used only to model L. monocytogenes growth, any
negative growth rate constants were set to 0 for the analysis of
RSM data. Both the calculation of the growth rate constants and
the statistical analysis of the central composite design were carried
out with STATGRAPHICSPlus, version 4 (Manugistics, Inc.,
Rockville, Md.). All main effects (salt, sodium diacetate, potas-
sium lactate, and product moisture) were left in the model even
if P . 0.10, since they were the factors of concern at the outset
of the experiment. Insigni� cant (P . 0.10) two-way interactions
and second-order terms were removed from the model. The � nal
model represented the in� uence of the main effects and signi� cant
second-order terms. Lag time was not considered in this model
primarily because sampling (every 2 weeks) was not frequent
enough to de� ne a precise lag time. Omitting lag time provided
a more simpli� ed model that we deemed more useful than one
including lag time. This simple kinetic model was chosen over
others, including some sigmoid growth models (such as the lo-
gistic and modi� ed Gompertz models) commonly used by food
microbiologists, for several reasons, including considerationof the
food product being tested, the logistics of the experiment, and the
desire to use the results to aid in the formulation of a wide range
of meat products. The sigmoid growth models may be more ap-
propriate when the frequency of sampling permits the precise es-
timation of lag time (such as in broth tests), but in this type of
study, the precise estimation of lag time is not possible. In addi-
tion, the sigmoid models were not useful in accurately calculating
lag values, maximal growth rates, or maximum cell numbers when
bacteriostatic conditions existed. The complex nature of the data
obtained from the sigmoid functions would have made the anal-
ysis and the use of the data more dif� cult.

The L. monocytogenes growth model was subsequently val-
idated by comparison with data generated from inoculationstudies
of commercial cured meat products including turkey-porkwieners,
cotto salami, smoked-cooked ham, and light bologna (pork and
chicken). Comparisons of the predicted L. monocytogenes growth
rates with the actual growth rates were evaluated by using the bias
factor (10(Slog(predicted count/observed count)/n)) and the accuracy factor
(10(S z log(predicted count/observed count) z /n)) of Ross (19). These perfor-
mance factors were calculated only for control products because

they could not be calculated for products exhibiting zero predicted
or observed listeria growth. Bias factors indicate whether, on av-
erage, the actual values lie above or below the line of equivalence
and by how much. That is, bias factors greater than 1 indicate
that on average the predicted values exceed the observed values,
whereas bias factors less than 1 indicate that on average the ob-
served values exceed the predicted values. Accuracy factors eval-
uate how much the observed values deviate from the predicted
values and are roughly equivalent to a 50% con� dence interval
(19).

RESULTS AND DISCUSSION

Product formulations. The meat blocks for the vari-
ous treatments contained combinations of pork trimmings
(42% lean) and ham muscles. Products formulated to con-
tain 55% � nished-product moisture contained a pork/ham
ratio of about 1:1. Treatments formulated to contain 74%
moisture contained a pork/ham ratio of approximately 0.17.
The treatment formulated to contain 83.5% moisture re-
quired the addition of trimmed turkey breast halves to
achieve the compositional target. The analytical values for
salt, lactate, diacetate, and � nished-product moisture were
compared with the target values (Table 1) and were not
found to be different; consequently, no adjustments were
made to the coef� cients for the analysis of the data.

Analysis of variance. The growth rate data obtained
from the nonlinear regressions are presented in Table 2
along with the design coef� cients for each run (treatment).
Note that the growth rate constants ranged from 0 to
0.1338, and the rate constants for the center point runs were
all 0. Thus, total error, rather than pure error, was used as
the test term in an analysis of variance (Table 3). Conse-
quently, the lack of � t could not be calculated. The analysis
of variance indicated that the use of potassium lactate syrup
signi� cantly in� uenced the rate of L. monocytogenes
growth (Table 3). Finished-product moisture and sodium
diacetate content also in� uenced the L. monocytogenes
growth rate, but not as much as potassium lactate did (P 5
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0.105, 0.11, and 0.0004, respectively). The regression co-
ef� cients associated with these main effects also indicated
that the use of increasing amounts of sodium diacetate and
potassium lactate syrup resulted in a decrease in L. mono-
cytogenes growth rate constants, whereas the use of increas-
ing amounts of � nished-product moisture increased L. mon-
ocytogenes growth rate constants (Table 4). Although not a
signi� cant factor in this study (P . 0.30), sodium chloride
also had a negative correlation coef� cient. Shelef and Yang
(23) noted that in their study, at the concentrations typically
used in food, NaCl did not affect the growth of L. mono-
cytogenes.

Interactions were not signi� cant (P . 0.2), except for
that of sodium diacetate and potassium lactate syrup, which
was signi� cant at P , 0.10. However, inclusion of this
interaction in the � nal model did not improve the � t sig-
ni� cantly, so it was not used.

These results are consistent with what was expected
with regard to the use of these ingredients as antimicrobial
agents in cured RTE meat products. Sodium diacetate has
been shown to suppress the growth of L. monocytogenes
(22). Sodium lactate has been shown to reduce the rate of
L. monocytogenes growth, especially in combination with
sodium acetate (6). Increased amounts of � nished-product
moisture increased the potential for L. monocytogenes
growth (Table 4). Shelef and Yang (23) have suggested that
there is a complex interaction between water activity and
product moisture content and that lactate may be less ef-
fective in products with higher moisture levels.

The � nal regression equation predicting the growth of
L. monocytogenes in cured RTE meat products stored at
48C is as follows:

Predicted L. monocytogenes growth rate

5 0.07979 2 0.00595· [NaCI(%)]

2 0.13692· [Diacetate (%)]

2 0.03490· [Potassium lactate syrup (%)]

1 0.00074· [Product moisture (%)]

21 0.00286· [Potassium lactate syrup (%)]

Validation of model. We used predictive model per-
formance factors (19) and a simple linear regression anal-
ysis to evaluate the model generated in this study. Statistical
validation of microbial growth models for food products is
complex. In contrast to broth systems, the biological vari-
ability, the analytical variation, the inoculation level, and
other complicating factors of food systems make it dif� cult
to fully evaluate how well predictions obtained from ex-
perimental data � t actual product data. For example, Heis-
zler et al. (10) demonstrated that interactions between end
point cooking temperature and smoke density could affect
microbial growth on frankfurters. The products used for
validation of this model differed with regard to amount and
type of smoke deposited, physical size, and a host of other
attributes, including meat particle size, presence of added
� avorings, and product proximate composition. The model
derived for this study was veri� ed for accuracy by com-

parison with actual L. monocytogenes growth data from in-
dependent challenge tests conducted with similar storage
conditions for four different commercial RTE meat prod-
ucts made in the Oscar Mayer Division Research Pilot
Plant. Furthermore, inoculation levels used in the validation
samples were 3 log10 CFU/g lower than those used in the
original RSM experiment.

It was dif� cult to apply the performance factors (bias
factor and accuracy factor) of Ross (19) to our data, since
we were deliberately striving to attain low to no growth.
We could not calculate the performance factors when either
actual or predicted growth rates equaled zero. Others (12)
have also encountered this dif� culty. The use of generation
time resulted in the same problem, since the counts at the
end of the storage time were the same as the initial counts,
and generation time could not be calculated. Our goal was
to use data derived from a separate experiment (the RSM
experiment) and apply it to cured products that differed
drastically in composition. Consequently, performance fac-
tors were calculated and evaluated for control products
(those containing neither lactate nor diacetate); the results
are displayed in Table 5. A bias factor of 1.24 indicated
that on average the predicted L. monocytogenes growth ex-
ceeded the observed values by about 24% (19). The accu-
racy factor, a measure of average deviation between ob-
served and predicted values, was 1.97, indicating that the
scatter of the data was about twice as extensive as that of
the predicted values (19). The accuracy factor of data in
perfect agreement would be 1. Good agreement (r2 5 76;
standard error of estimate 5 1.08 log10 CFU/g) was ob-
served when all growth data were combined and the ob-
served values versus the predicted values were plotted (Fig.
1).

Graphs of the predicted versus the observed L. mono-
cytogenes counts for all validation samples are shown in
Figures 2 through 5. For all validation products, control
samples (containing 0% potassium lactate and 0% sodium
diacetate) allowed proliferation of the L. monocytogenes in-
oculum over the 18-week test period. Predicted L. mono-
cytogenes counts for control samples of all products agree
relatively closely with the observed values except that the
observed L. monocytogenes growth exceeded the predicted
growth at 2, 4, and 6 weeks by 0.45, 0.31, and 0.28 log10

CFU/g, respectively, for light bologna. The difference was
.2.5 log10 CFU/g after 8 weeks and diminished to 0.64
log10 CFU/g after 18 weeks of storage (Fig. 2). Observed
Listeria growth � uctuated around predicted growth for cotto
salami (Fig. 3) until after 12 weeks, at which time the dif-
ference exceeded 1.77 log10 CFU/g. The wieners exhibited
an inconsistent growth pattern over the testing period for
control samples, which may be attributable to factors not
incorporated into this study (e.g., smoke density [see above];
Fig. 5). However, L. monocytogenes levels did increase
from 1.3 log10 CFU/g (,20 CFU/g) to 6 log10 CFU/g over
the test period (Fig. 5).

The growth of L. monocytogenes was drastically re-
duced in each product with the addition of potassium lactate
and sodium diacetate (Figs. 2 through 5). Treatment 2
(1.5% potassium lactate and 0.15% sodium diacetate) and
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treatment 3 (2.5% potassium lactate and 0.15% sodium di-
acetate) limited the growth of L. monocytogenes in all prod-
ucts throughout the 18-week testing period in the validation
study (Figs. 2 through 5). Even though there were sporadic
increases in plate counts for some treatments, there were
no increases in CFU per gram from the time of the inoc-
ulation of the products to the end of the study (18 weeks).

CONCLUSIONS

The goal of this project was to provide a useful model
for determining the target amounts of sodium diacetate and
potassium lactate for cured meat product formulations to
inhibit the growth of L. monocytogenes. Such calculations
also require knowledge of the � nished-product NaCl and
moisture contents to provide a model robust enough to cov-
er a multitude of cured meat products. The model studied
here has been validated and has been found to be useful
for determining the proper sodium diacetate and potassium
lactate amounts. However, it must be recognized that the
results presented here are speci� c to particular products de-
signed for this study and for the L. monocytogenes strains
used. Testing in other environments and with Listeria spp.
from other sources may result in different maximum growth
rates. Application of this model to formulations that are
outside the model’s limits is inappropriate. This model (i)
illustrates that L. monocytogenes is capable of growing in
cured meat products and (ii) demonstrates that the listeria
growth rate can be diminished if appropriate amounts of
lactate and diacetate are added to these products.
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