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ABSTRACT
Salmonella spp. surface transfer patterns/models between ready-to-eat (RTE) deli meat and a typical meat slicer are
presented. A five-strain cocktail of Salmonella spp. was inoculated directly onto the rim of a round slicer blade at an
initial level of ca. 4, 5, 6, 7 or 8 log CFU/blade (ca. 3, 4, 5, 6 or 7 log CFU/cm2 of the blade edge area). Thereafter, a
RTE deli meat (ham) was sliced to a thickness of 1.5 - 2.0 mm. In another cross-contamination scenario, a clean blade
was initially used to slice ham, which was pre-surface-inoculated with the Salmonella cocktail (ca. 2, 3, 4, 5, 6 or 7 log
CFU/cm2 with a total area of 100 cm2), followed by slicing of an un-inoculated ham. The log CFU of Salmonella per
ham slice was determined and empirical models were developed. The models, follow the decreasing Power law, predict
the surface cross-contamination of Salmonella spp. (at any initial level) for sliced deli meat (ham) and will provide a
useful tool in developing RTE meat risk assessments. Surface transfer patterns of three foodborne pathogens, i.e. Listeria monocytogenes, E. coli O157:H7 and Salmonella predicted by models are also presented.
Keywords: Salmonella, Surface Transfer, Cross-Contamination, Modeling, Slicing

1. Introduction
Salmonella is the commonly reported etiologic agent that
causes bacterial foodborne disease outbreaks in the United
States. Serotypes of Salmonella that have been implicated
in causing salmonellosis were S. Typhimurium, S. Heidelberg, S. enteriditis, S. Montevideo and others. It is
estimated that 1.4 million cases of salmonellosis occur in
the US annually. The cost in the US associated with
salmonellosis was estimated to be more than $2.9 billion
[1]. Among the reported outbreaks of salmonellosis with
known food vehicles, most were caused by the consumption of contaminated animal products in which poultry
and poultry products are the frequent sources [2]. In the
most recent report [3], Salmonella was found the leading
cause of estimated hospitalizations and deaths, responsible for about 28 percent of deaths and 35 percent of
*
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hospitalizations due to known pathogens transmitted by
food. In addition to poultry products, foods that have
been implicated in salmonellosis out-breaks included ice
cream [4], roast beef [5], ground beef [6], fermented
sausage [7], peanut butter and spread [8,9], pistachios
and pistachio products [9], vegetable sprouts [10], salad
vegetables [11], almonds [12], coconut, chocolate, sauces
and salad dressing, and cream-filled desserts and toppings
[13], salami and ready-to-eat sausages [14]. The incidence of salmonellosis appears to be rising both in the
US and in other industrialized nations [13]. Surveillance
reports in European countries have indicated that 9% and
15% of human salmonellosis cases in Demark and the
Netherlands, respectively, were associated with the consumption of contaminated pork [15]. In addition to pork,
beef products have also be identified as food vehicles in
outbreaks of salmonellosis [1]. Since there is a high
possibility that Salmonella spp. can become established
on environmental surfaces of beef and pork processing
facilities, cross-contamination of Salmonella onto beef
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and pork products is highly possible. Further, added food
ingredients may become a contamination source in RTE
meat products which involved a recent salmonella outbreak and recalls of salami and RTE sausages [14].
Surface cross-contamination of foodborne pathogens
on food products during processing or preparation has
become a major concern to consumers and food manufacturers. Although risk assessment and analyses have
been applied to monitor and to reduce the hazards, knowledge gaps related to surface cross-contamination at
different processing stages need to be addressed for risk
assessments [16]. Research that describe, simulate and
model potential pathogen contamination may provide
significant insight to enhance risk analyses, to ascertain
the importance of equipment sanitation, and to improve
equipment design. den Aantrekker et al. [17] reviewed
the models for cross-contamination and recontamination
of food products via three routes of contamination, i.e.,
equipment, air, and hands. They concluded that transfer
rates for different recontamination scenarios and routes
were needed to properly quantify the risk in a quantitative microbial risk assessment.
Mathematical models to predict the transfer of food
pathogens between RTE meat and the slicer blade assist
in assessing the risk of cross-contamination during slicing. The surface transfer models for Listeria monocytogenes during slicing were published by Aarnisalo et al.
[18], Sheen [19], Sheen and Hwang [20]. Furthermore, E.
coli O157:H7 transfer models were reported by PérezRodríguez et al. [21] and Sheen and Hwang [22]. Salmonella is another potential contaminant in the environment and in food ingredients. When the slicing equipment/operation involves multiple products, cross-contamination of Salmonella in RTE meats becomes highly
possible if RTE products include other ingredients which
may be Salmonella-contaminated [14]. It is important to
understand the surface transfer patterns of different pathogens to improve food safety. The objectives of this
study were to examine the transfer of Salmonella from a
meat slicer to a ready-to-eat meat product and develop
mathematical models to describe the transfer phenomenon.

2. Materials and Methods
2.1. Salmonella spp. Strains
A cocktail of five strains of Salmonella spp. including S.
Copenhagen 8457 (pork isolate, FSIS), S. Typhimurium
DT104, H3380 (clinical isolate, CDC), S. enteritidis
H4386 (clinical isolate, CDC), S. Typhimurium FSIS 026
(beef isolate, FSIS), and S. Heidelberg 8456 (pork isolate,
FSIS), was used in this study. A loopful of each strain
was transferred from a stock culture stored at −80˚C into
Copyright © 2011 SciRes.
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10 ml of Brian Heart Infusion broth (BHI, Becton, Dickinson and Company, Sparks, MD) and incubated at 37˚C
for 6 h. A loopful of each culture was then separately
transferred into 10 ml of BHI broth and incubated at
37˚C for 24 h. Each strain was plated on Rappaport
plates (Difco Lab, Sparks, Maryland) to determine the
cell counts and adjusted to obtain equal cell concentration in the cocktail with 0.1% peptone water if needed.
One ml of cell suspension from each strain was combined, and the mixture was further diluted with sterile
0.1% peptone water to the targeted level of Salmonella
which was then applied to the blade or meat surface for
transfer studies.

2.2. Delicatessen Slicer
A retail-scale, gravity-fed (45˚ angle) mechanical slicer
(Model 3500, Globe Food Equipment Co., Dayton, OH)
was used for ham slicing. The slicer was equipped with a
305 mm (12") diameter hollow ground knife (round
blade) and operated at 300 revolutions per minute (rpm).
The meat holding section was equipped with a 1.36 kg (3
lb) stainless steel end weight to deliver a consistent cut
weight.

2.3. Ham Slicing and Microbial Inoculation
A RTE ham, from a local manufacturer, was used in the
surface transfer experiment. The product contained 70% 72% moisture, 18% - 20% protein, 1% - 2% carbohydrate, 2% salt and 2% - 3% fat. The average crosscut
surface was about 150 mm × 90 mm (rectangular with
round corners) and the whole ham weighed about 5 kg.
The package-sealed ham was kept at 3˚C - 4˚C until used.
The Salmonella spp. cocktail was evenly spread on each
side of the blade’s sharp rim area. Ten drops, (total 10 ×
10 μl/drop), were spread in 3 - 5 mm width and separated
approximately 36˚ apart along the round blade edge. The
same procedure was repeated for the other side of blade
and the total area of blade edge inoculation was about 10
cm2 on each side. The inoculated blade was placed in a
laminar airflow laboratory hood for approximately 20 30 min to allow for the drying of the inoculum and the
slicer was then assembled. Ham was cut 1.5 - 2.0 mm in
thickness and about 12 - 15 g in weight per slice. Each
sliced sample was collected directly into a stomacher bag
(Spiral Biotech, Norwood, MA) for Salmonella enumeration. Ham slices were individually weighed, mixed
with an equal amount of 0.1% peptone water, and then
stomached for 2 min (Bag Mixer, Model 400, St. Nom,
France). Sample dilutions (50 l to 1 ml) were spreadplated in duplicate onto Rappaport agar plates and incubated at 37˚C for 24 h.
A 10 cm2 area on the blade (both sides), blade protecttion cover, ham holding device, and liquid/waste receivFNS
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ing cup were swabbed with a cotton-tip before inoculating the blade with Salmonella. The swab was placed in 9
ml of peptone water, vortexed for 10 sec, and then 1.0 ml
of the sample was spread-plated onto duplicate Rappaport agar plates, and incubated for 24 h at 37˚C. This is
to ensure the whole slicer was free of Salmonella before
each experimental run. After each experiment, the slicer
unit was disassembled and all of the removable parts
were soaked in BacDown Detergent Disinfectant (Decon
Labs, Inc., Bryn Mawr, PA) diluted 1:10 with warm tap
water for at least 1.0 h at room temperature and then
manually scrubbed and rinsed with hot water. The slicer
surface were cleaned with 70% ethanol and air dried. The
blade was further autoclaved (121˚C and 30 min) to destroy all Salmonella after every use.
To study the transfer of contaminated meat to a clean
blade and then to an un-inoculated ham, a slab of ham
(30 mm thick) was inoculated with Salmonella (20 × 10
µl, total count of 8, 7, 6, 5, or 4 log CFU per slab) on
four sides, except top and bottom surfaces. The 20 × 10
µl was spread on the four sides of the ham slab using a
bent plastic rod spreader in an area of about 100 cm2.
This ensured that most of the Salmonella cells were
transferred to the blade surface, compared to inoculation
on all surface (six sides) including top and bottom, and
maximized the transfer for the subsequent slicing of the
un-contaminated ham [20].

2.4. Sampling Size of Sliced Ham
The sample size, i.e., number of slices collected, was
determined by the initial Salmonella inoculation level. At
3 or 4 log CFU initial level the transfer result showed
zero count at less than 70 - 80 slices. At higher inoculation levels, 6 log CFU and higher, about 200 - 250 slices
were collected. Due to the large sample size, the ham
slices collected from the first to the fortieth slice were all
analyzed for Salmonella, then every 5th slice was analyzed, i.e., 45th, 50th, 55th, to the 100th, and then every
10th slice was tested. Each experiment was repeated
three times.

2.5. Model Development and Statistical Analyses
TableCurve 2D version 5.01 (Systat Software Inc., Richmond, CA) software was used to derive the empirical
models, where the Salmonella count per ham slice was
the dependent variable vs. slice sequence number as the
independent variable. Due to the lack of clear understanding and the complexity of microbial surface transfer
mechanism, it was difficult to predict or select the model
type, which may properly describe the transfer pattern.
TableCurve 2D screened hundreds of equations for fitting the experimental data with regression analyses, and
Copyright © 2011 SciRes.

the results reported all selected models in an order of
either F-statistic or coefficients of determination (R2)
from high to low order. Model selection criteria in this
study were F-statistic, t-test of each coefficient for parameter, simplicity and R2. A “best-fit” model was selected to further fulfill the following criteria: 1) decaying
transfer counts and approaching zero for large slice
number; 2) no singularity and divergence in prediction; 3)
a simple model with fewer coefficients and parameters; 4)
P > |t| (< 0.001) for all coefficients; 5) highly significant
F-statistic results [i.e., P > F (<0.0001)]; 6) r2 higher than
0.6 (used as a reference in model selection).

3. Results and Discussion
3.1. Surface Transfer of Salmonella from
Inoculated Blade to Ham
The Salmonella counts recovered from the first few
slices were 1 - 2 logs higher than the immediately following data points (Figures 1(a)-1(c)), but approximately 2 - 3 logs less than the level of inoculum on the
blade. The number of cells recovered from samples showed a continuously decreasing pattern (with some fluctuations) as the slicing progressed. The 8-log CFU (7.8 ±
0.2) contamination level may require testing of several
hundred slices to visibly demonstrate the whole decreasing trend. Figures 1(b) and 1(c) show the 7 log
CFU (6.8 ± 0.2) and 5 log CFU (4.8 ± 0.3) per blade
contamination transfer results, respectively, which indicated a transfer pattern of an initial high Salmonella
transfer followed by a sharp decrease, then, a slight increase (Figure 1(c)), and decrease again as the slicing
proceeded. When a 4-log CFU level per blade inoculation was tested, the transfer counts showed a decreasing
trend but with a random pattern in which a few slices
with zero count (not detected) were observed before the
25th slice. There was no model suitable to describe this
kind of experimental surface transfer trend, so only few
surface transfer reports (with experimental data) for low
level foodborne pathogen cross-contamination are available in the literature. Lin and others [23] investigated the
cross-contamination of L. monocytogenes between processing equipment and deli meats (turkey, salami and bologna) with 1, 2, and 3 log CFU per blade inoculation
and observed a similar low and random transfer result.
They also confirmed positive and negative results by
enrichments, and a 3-log CFU per blade inoculation showed that L. monocytogenes was positive in 12/200 (6%),
7/200 (3.5%), and 1/200 (0.5%) for turkey, salami and
bologna samples, respectively.
A typical 2 - 3 log cell count reduction was observed
at the initial transfer of sliced ham at high level inocula
(≥5 log CFU) cases. When this pattern applied to low
FNS
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richment test, which may detect the very low count, was
not performed, since the results will not facilitate the
transfer model development.

3.2. Models for Direct Blade Inoculation
The equation, which satisfies the model selection criteria,
for surface transfer by direct blade inoculation at several
inoculation levels is the Power equation and is shown
below:
Y  A X B

(a)

(b)

(1)

where Y is the log CFU count of the Salmonella per ham
slice and X is the slice number (an integer) in one slicing
series. A and B are constants derived from the regression
analysis. Table 1 lists the A and B values for three different levels of inoculation on the blade edge (rim).
The model selection criteria mentioned previously
were carefully examined and fulfilled. The R2 values
ranged from 0.81 to 0.90 for low (5 log CFU) to high (8
log CFU) inoculation levels. The models predict that Y
values approach zero at large X value without singularity.
Figures 1(a)-1(c) also show a slight oscillation transfer
pattern (in microbial counts) when slicing proceeds,
which is similar to those observed in the surface transfer
of Listeria [19,20] and E. coli [22]. A round blade operated at a certain rpm could contribute to this kind of microbial surface transfer results. The reason why the cells
recovered from the first few slices were always 2 - 3 logs
below the inoculum level on the blade was not clear, but
it was probably caused by the adhesion of Salmonella
onto the blade/food surface and/or death during slicing
(shear stress impact—a harsh environmental condition).
Table 1. Coefficients A and B in Equation (1) for 1) directblade inoculation to ham case and 2) contaminated-ham to
blade to ham case of the Salmonella spp. surface transfer
model.
A

B

F-statistic

R2

8 log CFU

5.538

−0.318

449.68

0.90

7 log CFU

4.646

−0.298

192.09

0.84

5 log CFU

3.154

−0.190

122.14

0.81

8 log CFU

4.862

−0.150

137.72

0.68

7 log CFU

4.447

−0.155

200.63

0.78

6 log CFU

4.100

−0.140

179.67

0.77

5 log CFU

3.419

−0.155

105.12

0.65

Case/Level
Case 1:

(c)

Figure 1. Salmonella surface transfer during slicing (contaminated blade to ham) at three different log CFU levels.
(a) Salmonella at 8 log CFU level; (b) Salmonella at 7 log
CFU level; (c) Salmonella at 5 log CFU level.

level inocula (≤4 log CFU), the surface transferred Salmonella may be reduced to 0 - 2 log CFU per sliced ham,
which renders difficult to attain the meaningful cell enumeration counts for model development purposes. An enCopyright © 2011 SciRes.

Case 2:
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3.3. Transfer of Salmonella from Inoculated
Ham to Non-Contaminated Ham via
Clean Blade
Ham surfaces pre-inoculated with Salmonella levels of 8,
7, 6, 5 and 4 log CFU were used to examine the cross
surface transfer via a clean blade and model development.
The results showed that the initial transfer (first slice) of
Salmonella cells were about 0.5 log CFU/slice lower
compared with those from the direct blade contamination
at the same Salmonella inoculation level. It is reasonable
to assume that only a portion of Salmonella cells attached
to the blade, blade cover, and other slicer surfaces (e.g.,
meat holding plate) through the contaminated ham slicing. However, a significant amount of Salmonella transferred to the blade/slicer surface was observed based on
the transfer results of Salmonella counts (Figure 2(a) to
2(d)). The results showed a similar decreasing pattern of
Salmonella transferred onto the sliced ham in this scenario compared with the direct blade inoculation. The

decreasing rate was slower and the cross-contamination
lasts longer (more contaminated ham slices observed).
With high inoculation levels at 8 (7.8 ± 0.2), 7 (6.8 ± 0.2)
and 6 (5.8 ± 0.2) log CFU, a near-constant decreasing
transfer was observed on the first 25 - 30 slices. Cells of
Salmonella may loosely attach on the contaminated ham
surface, which easily transferred to the blade, and other
slicer surfaces, then to the un-contaminated ham surface.
Another possibility to cause the Salmonella more
“transferable” was that a thin-film of ham residuals might
have coated on the slicer surface (including blade) during
the blade contamination procedure. When the attachment
between Salmonella and ham was not as strong as
between Salmonella and metal blade surface, the transfer
became more feasible and a higher potential of crosscontamination might have occurred. The transfer results
of 4 log CFU Salmonella inoculation showed a random
mode (in all three replicates). There was no satisfactory
model found to represent this type of transfer pattern.

(a)

(b)

(c)

(d)

Figure 2. Salmonella surface transfer during slicing (inoculated ham to blade to ham) at four different log CFU levels. (a)
Salmonella at 8 log CFU level; (b) Salmonella at 7 log CFU level; (c) Salmonella at 6 log CFU level; (d) Salmonella at 5 log
CFU level.
Copyright © 2011 SciRes.
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3.4. Models for Transfer of Salmonella from
Inoculated Ham to Non-Contaminated
Ham via Clean Blade
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Contaminated ham-blade-clean ham:
A = 1.119n0.713

R2 = 0.978

B = −0.151

(4)
(5)

The decaying Power equation, which satisfies the model
selection criteria for surface transfer, is the same as Equation (1). Figures 2(a)-2(d) show the number of cells
recovered from the slices at different levels of initial inoculum (8 to 5 log CFU) of Salmonella. The model coefficients (A and B) are shown in Table 1 with regression
F-statistic and R2 values. When the model was used to
predict an initial transfer count of the first slice (X = 1) at
each level, the results were lower than the experimental
data. For example, the predicted initial slice shows 4.86,
4.45, 4.10 and 3.42 for 8, 7, 6, and 5 log CFU levels,
respectively. The observed data (X = 1) were 4.20, 4.10,
3.62 and 3.15 log CFU, which were about 0.3 - 0.7 log
CFU below the estimated values. Although the models
slightly over or under estimate the transfer counts, the
application is to predict the potential cross-contamination
in a longer process/operation time frame (i.e. at higher X
value), which can be attained by using these models.
The general model, Equation (1), developed to describe the surface transfer of Salmonella on ham during
slicing may be used to predict the possibility of Salmonella occurrence when approaching a large number of
slices, e.g., 1000. By inserting 1000, 2000, and 5000 into
Equation 1 of 5 log CFU, the Y value will be 1.20, 1.08,
and 0.94 log CFU, respectively. The smaller the predicted
number, the lower possibility the pathogen could exist.
The predicted number may be further combined with a
probability concept or model, if developed and not covered in this study, to estimate the potential risk of crosscontamination in a continuous process operation. Since
there are other parameters in mechanical slicing (e.g.,
shear and surface roughness), which may impact microbial
surface transfer at low food pathogen levels, the possible
correlations between a potential distribution function and
the model predicted data require more in-depth research to
establish.

By incorporating A (Equation (2)) and B (Equation (3))
into Equation (1), the transfer model for direct blade inoculation becomes:

3.5. Transfer Models as Inoculation Level (n)
Dependent

3.7. Models and Predictions for the Microbial
Surface Transfer—L. monocytogenes,
E. coli O157:H7 and Salmonella

The values of coefficient A and B in Table 1 indicate
that a simple relationship may exist between those coefficients and inoculation level (n). For both surface transfer scenarios in cross-contamination, the dependency of
transfer count, Y, on inoculation level, n, was derived
using the Microsoft Excel spreadsheet program and is
shown below:
Direct blade inoculation:
R2 = 0.989
(2)
A = 0.301n1.446
B = −0.051n + 0.061 R2 = 0.974
(3)
Copyright © 2011 SciRes.





Y  0.301  n1.446  X 

0.051n  0.061

(6)

And, A (Equation (4)) and B (Equation (5)) into Equation (1), for the contaminated ham-blade-clean ham,

Y  1.119  n 0.713  X 

0.151

(7)

Using the non-linear regression procedures available
in SAS® System [24] to examine Equations (6) and (7),
the results showed both types of models satisfied the criteria (5) with the F-statistic result P > F (<0.0001). This
result agreed with the finding by Montville and Schaffner
[25] who studied the cross contamination between surfaces as influenced by inoculum size and concluded that
the inoculum size and the amount of bacteria transferred
must both be considered to accurately determine bacterial
transfer rates.

3.6. Model Prediction Comparisons
Figures 1(a)-1(c) show the transfer predicting curves of
direct blade inoculation using Equation (1) and Equation
(6) at 8 to 5 log CFU levels, respectively. The two predictions agree well at the beginning, then, Equation (6)
tends to have 0.1 log CFU predicted values difference
(higher or lower) compared with those from Equation (1).
Figures 2(a)-2(d) show the predicted surface transfer
data for the contaminated ham to blade to ham case with
Equation (1) and Equation (7) at 8 to 5 log CFU levels,
respectively. The simulation comparisons between models, Equation (1) vs. Equation (6), and Equation (1) vs.
Equation (7), showed similar results at different assigned
levels of cross-contamination. Therefore, Equation 6 and
Equation (7) can be applied to any Salmonella level of surface transfer during ham slicing.

The available surface transfer models for food pathogens
during slicing showed that L. monocytogenes (Lm) follows the exponentially decaying trend, which is similar
to the first-order kinetic reaction model in both directblade-inoculation to meat and inoculated-meat to blade to
meat cases [19]. However, the models for E. coli O157:
H7 (Ec) were a power equation and an exponential equation for direct-blade-inoculation to meat transfer and inoculated-meat to blade to meat transfer case, respectively
FNS
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[22]. In this study, Salmonella (Sal) surface transfers
were governed by the decaying Power law. The surface
transfer complexities and other factors may have different degree of influence during slicing and/or surface shearrelated operations. The models that describe the surface
cross-contamination could be microbial and process dependent. Figures 3 and 4 showed the surface transfer
predictions and comparison for contaminated blade to
RTE meat using the published models and the currently
developed models for L. monocytogenes (Sheen) [19], E.
coli O157:H7 (Sheen and Hwang) [22] and Salmonella.
It is clearly demonstrated that the transfer patterns are
different among those three foodborne pathogens. Figures 5 and 6 further demonstrated the surface transfers
(contaminated meat to blade to meat) were foodborne pathogen and contamination level dependent.
When a slicing rate is known, the models may be converted to a time-dependent function using a similar ma-

Figure 5. Transfer predictions using models with inoculation level at 7 log CFU for Lm, Ec and Salmonella (Inoulated RTE meat to blade to RTE meat).

Figure 6. Transfer predictions using models with inoculation level at 4 log CFU for Lm, Ec and Salmonella (Inoulated RTE meat to blade to RTE meat).
Figure 3. Transfer predictions using models with inoculation level at 7 log CFU for Lm, Ec and Salmonella (contaminated blade to RTE meat).

thematical procedure reported by Sheen and Hwang [20].
Also, the models were presented in microbial counts per
ham slice; a simple conversion may yield the results in
microbial counts per gram or per cm2 with weight and
surface area of sliced ham available which are 12 g and
270 cm2 (15 cm × 9 cm × 2 side) in the current study,
respectively.

4. Conclusions

Figure 4. Transfer predictions using models with inoculation level at 4 log CFU for Lm, Ec and Salmonella (contaminated blade to RTE meat).
Copyright © 2011 SciRes.

The surface transfer of Salmonella cells from slicer to
ham (RTE deli meat) during slicing operation was simulated and modeled for two cross-contamination routes.
The transfer was found to be significantly affected by the
microbial inoculation level and contamination route. In
general, the higher the initial contamination levels of
Salmonella on the blade, the larger the number of ham
slices that were contaminated with Salmonella during
slicing. Salmonella cells that were introduced onto the
blade by ham resulted in a longer time cross-contamination than cells that were inoculated directly onto the blade.
FNS
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The surface transfer pattern can be described using the
Power law model, which is a function of inoculation
level (n) and slicing number index (X). By using the models, surface transfers at any cross-contamination levels
may be estimated or predicted. Surface transfer patterns
of three foodborne pathogen were also presented. Although they all showed decreasing trends, however, the
describing models were different and important for predictions. The empirical models may also provide a useful
tool in the development of foodborne pathogen risk assessment for RTE deli meat.
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