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Abstract: The viability of multistrain cocktails of genetically marked strains of Listeria monocytogenes and Shiga toxin-
producing Escherichia coli (STEC) were separately monitored on slices of one brand of a commercially produced bresaola
(ca. pH 6.7 and a, 0.899) during extended storage at refrigeration and abusive temperatures. Two slices (ca. 8 g each; ca.
10.2 cm wide, ca. 11 cm long) of bresaola were layered horizontally within a nylon-polyethylene bag. The outer surface
of each slice was inoculated (50 pL total; ca. 3.5 log colony-forming units [CFU]/package) with a rifampicin-resistant
(100 pg/mL) cocktail of either L. monocytogenes (5 strains) or STEC (8 strains). Bags were vacuum-sealed and then stored
at 4°C or 10°C for 180 or 90 d, respectively. In each of 5 trials, 3 bags were analyzed for pathogen presence at each sampling
interval via the US Department of Agriculture—Agricultural Research Service package rinse method. In general, levels of L.
monocytogenes and STEC decreased by 3.0 and 2.4 log CFU/package, respectively, after 180 d when bresaola was stored
at 4°C. When bresaola was stored at 10°C for 90 d, levels of L. monocytogenes and STEC decreased by 2.4 and 3.1 log
CFU/package, respectively. Thus, the sliced bresaola evaluated herein did not provide a favorable environment for either
persistence or outgrowth of surface-inoculated cells of L. monocytogenes or STEC.
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tastes, and textures (Spiker, 2014; Gerrard, 2021).
Bresaola (or brisaola) is one example of a specialty/
niche meat that has experienced an increase in popular-
ity in the US (Strange, 2013). This ready-to-eat (RTE),
whole-muscle, salted, and aged (2 to 3 months) beef
product originates from Northern Italy (Ruhlman and
Polcyn, 2013; Volpi, 2022). Bresaola is commonly
made with lean beef, typically the eye of round (di
Cantoni, 2010). It has a very aromatic, yet delicate, fla-
vor, which is attributable to the mixture of salt, sugar,
curing salt, and dry-spice blend, with the latter contain-
ing a mixture of spices, such as black pepper, juniper

Introduction

Over the past decade, the art of preparing and assem-
bling artisanal meat products (i.e., charcuterie) has
become very popular, both within Europe where it
originated and now in the United States as well, par-
ticularly among individuals seeking a more social,
indulgent, and extraordinary eating experience (Denis,
2018; Nelson, 2018; Gerrard, 2021). Charcuterie typ-
ically includes various pork products such as salami,
prosciutto, and soppressata, but of late it may also

include other species of meat and other types of food
like paté, cheese, crackers, fruits, nuts, and dips to col-
lectively deliver a wide array of distinctive flavors,
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berries, cinnamon, cloves, and bay leaves, applied to
the outer surface of the raw meat (Braghieri et al.,
2009; di Cantoni, 2010; Ruhlman and Polcyn, 2013;
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Picone et al., 2019). The resulting product is then dry-
cured under specific conditions of temperature and rela-
tive humidity for 60 to 120 d until an average weight loss
of ca. 40% is achieved (Paleari et al., 2003; Volpi, 2022).
The final product is washed and dried before being vac-
uum packaged as either whole or sliced for subsequent
sale in the refrigerated meats section at retail (Paleari et al.,
2003). Bresaola has been produced and consumed for
centuries, both across Italy and worldwide, without pos-
ing a serious public health risk. Regardless, very little
information has been published on the presence or fate
of foodborne pathogens on bresaola, and such data are
especially lacking for bresaola produced in the US.

Bresaola and related dry-cured red meat products
such as cecina de Ledn, Biindnerfleisch, and pastirma,
lack a thermal lethality step during manufacture to
enhance safety. As for other dry-cured, whole-muscle
RTE meat products, the quality and safety attributes of
bresaola rely solely on a decrease in water activity
(ay,) during its salting/curing and drying/maturation steps
(di Cantoni, 2010). The formulation and process for pre-
paring bresaola and the physical-chemical composition
of the resulting product (e.g., a neutral to slightly acidic
pH [ca. pH 6.0 to pH 6.7] and somewhat high a,, [ca. a,,
0.90 to a,, 0.96]) (Frustoli et al., 2007; Koutsoumanis and
Angelidis, 2007) would suggest that cells of bacterial
pathogens such as Listeria monocytogenes and Shiga
toxin-producing Escherichia coli (STEC) may find such
conditions favorable for their (out)growth or survival
(Farber et al., 2007; Porto-Fett et al., 2010; Mataragas
et al., 2015; Ducic et al., 2016; Balamurugan et al.,
2017; Omer et al., 2018). Moreover, the association of
STEC with raw beef, as well as the likelihood for surface
contamination with L. monocytogenes during slicing,
assembling, and/or packaging of bresaola, could also
pose a public health concern. The psychrotrophic nature
of L. monocytogenes, the extended shelf life (e.g., 90 to
180 d at 4°C) of bresaola, and its consumption without
further cooking/processing may exacerbate concerns
related to product safety. Thus, we monitored the viabil-
ity of L. monocytogenes or STEC that were surface ino-
culated onto slices of a single brand of a commercial
all-beef bresaola during extended storage at 4°C and
10°C to access the safety of this product.

Materials and Methods

Bacterial strains

Pre-sliced commercially produced bresaola was
surface inoculated (see below) with either a multistrain
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cocktail of 8 rifampicin-resistant strains of STEC
(100 pg rifampicin/mL; TCI America, Portland, OR)
or a multistrain cocktail of 5 rifampicin-resistant strains
of L. monocytogenes (100 pg rifampicin/mL) (Table 1).
The multistrain cocktails of L. monocytogenes or STEC
were prepared by combining approximately equal
volumes of an overnight-grown, stationary-phase cell
suspension of each isolate of either L. monocytogenes
or STEC. Each cocktail was then diluted separately as
needed in 0.1% peptone water (Difco, BD, Franklin
Lakes, NJ) to achieve a target level of ca. 4.0 log
colony-forming units (CFU)/mL. These strains of
STEC and L. monocytogenes were confirmed, cultured,
and/or maintained as described previously (Porto et al.,
2002; Luchansky et al., 2008).

Inoculation of bresaola slices

Multiple packages (113 g each, ca. 14 slices per
package) from different production lots of a single
brand of sliced bresaola (ingredients from label: beef,
sea salt, cultured Swiss chard, sugar, natural flavor,
pepper, and spices) were purchased from a local super-
market. In addition to the ingredients, the only other
information on the label was “To enjoy peak freshness,
use within 3 to 4 d once opened.” Two slices (ca. 8 g
each; ca. 10.2 cm wide, ca. 11 cm long) of bresaola
were aseptically transferred from the original package
and layered horizontally into a nylon-polyethylene bag
(3 mil standard barrier, 12.7 by 17.8 cm, O, transmis-
sion rate of 0.26 cm?/100 in?/24 h at 90% relative
humidity at 38°C with a moisture vapor transmission
rate of 0.31 g of H,O per 100 in? per 24 h at 22.8°C;
PrimeSource, Kansas City, MO). The outer surface
of each slice was either inoculated (50 pL total; ca.
3.5 log CFU/package) with the 5-strain cocktail of
rifampicin-resistant cells of L. monocytogenes or the
8-strain cocktail of rifampicin-resistant cells of
STEC. Bags were vacuum-sealed to 950 mBar with
a Multivac A300/16 vacuum-packaging unit (Sepp
Haggenmiiller KG, Wolfertschwenden, Germany)
and then stored at 4°C or 10°C for 180 or 90 d,
respectively.

Microbiological analyses

The US Department of Agriculture—Agricultural
Research Service (USDA-ARS) package rinse method
(Luchansky et al., 2002) was used to recover cells of
STEC or L. monocytogenes that were separately inocu-
lated onto slices of bresaola. In brief, packages stored at
4°C were analyzed on days 0, 7, 14, 21, 28, 35, 42, 60,
90, 120, 150, and 180, whereas packages stored at 10°C
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Table 1. Strains of Listeria monocytogenes and Shiga toxin-producing Escherichia coli (STEC) used in this study.

Bacterial

strain Strain designation Source Serotypes

L. monocytogenes MFS-2 Environmental isolate from a pork processing plant 1/2a
H7776 Frankfurter isolate 4b
ScottA Clinical isolate 4b
LM-101M Beef and pork sausage isolate 4b
F6854 Turkey frankfurter isolate 1/2a

STEC H30 Isolate from an infant with diarrhea 026:H11
CDC 96-3285 Human stool isolate 045:H2
CDC 90-3128 Human stool isolate 0103:H2
ATCC BAA-2326 Human stool isolate 0104:H4
JB1-95 Clinical isolate O111:H-
CDC 97-3068 Human stool isolate O121:H19
83-75 Human stool isolate 0145:NM
USDA-FSIS 011-82 Meat isolate O157:H7

were analyzed on days 0, 5, 10, 15, 20, 25, 30, 45, 60, 75,
and 90. The outer surface of each package was disin-
fected with a paper towel moistened with 70% ethanol
before the package was opened with the aid of alco-
hol-sterilized scissors. Next, 25 mL of 0.1% sterile
peptone water were added to each bag and the contents
were manually massaged for ca. 2 min. Portions of the
resulting rinsate, with and without prior dilution in 0.1%
peptone water, were plated onto sorbitol-MacConkey
(SMAC; Difco) or modified Oxford (MOX; Difco) agar
plates containing rifampicin (100 pg/mL) to recover sur-
viving cells of STEC or L. monocytogenes, respectively.
Plates were incubated at 37°C for 24 h (SMAC) or 48 h
(MOX) before colonies typical for each pathogen were
enumerated and expressed as log CFU/package. When
pathogen levels decreased to below the detection limit
(<1.35 log CFU/package) by direct plating, pathogen
presence was determined via enrichment as previously
described (Hinkens et al., 1996; Cook, 1999).

For enumeration of the aerobic plate count (APC)
and lactic acid bacteria (LAB) levels on slices of non-
inoculated bresaola, portions of the resulting rinsate,
diluted in 0.1% peptone water, were spread plated onto
Brain Heart Infusion (BHI; Difco) and de Man,
Rogosa, and Sharpe (MRS; Difco) agar plates, respec-
tively. The BHI plates were incubated at 37°C for 24 h,
whereas the MRS plates were incubated anaerobically
within an anaerobic chamber (10.24% carbon dioxide,
5.11% hydrogen, and balance nitrogen; Whitley
DG250; Don Whitley Scientific, West Yorkshire,
UK) at 37°C for 48 h. The APC and LAB levels,
expressed as log CFU/package, were enumerated on
days 0, 90, and 180 or on days 0, 45, and 90 of storage
at 4°C or 10°C, respectively.
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Chemical analyses

Proximate chemical analyses were conducted on a
single ca. 225-g composite representative sample of
the single brand of bresaola (prior to inoculation) from
each of 4 of the 5 trials/batches that was subsequently
inoculated with a target pathogen (Table 2). For com-
parison purposes, proximate chemical analyses were
also conducted on a single ca. 225-g composite repre-
sentative sample of noninoculated bresaola from one
additional commercial brand of bresaola (ingredients
from label: beef, sea salt, cultured celery powder, sugar,
natural flavor, pepper, spices) (Table 2). Analyses were
conducted by a commercial testing laboratory using

Table 2. Proximate composition of two brands of pre-
sliced, commercially-produced bresaola.

Analyses Bresaola’(Brand A)  Bresaola’(Brand B)
Ash (%) 6.88+1.01 6.23
Carbohydrates (%) 0.41+0.55 <0.1
Fat (%) 2.16+0.43 1.36
Moisture (%) 53.71+3.29 61.4
Protein (%) 37.61+1.73 3237
Salt (%) 5.13+£0.68 4.64
Nitrite (ppm) <5.0+0.0 <5.0
Acidity (%; as lactic acid) 0.94+0.53 0.94
pH 6.65+0.48 6.56
Water activity (ay) 0.899+0.027 0.929

*Data are the results from analyses of a single ca. 225-gram composite
representative sample of non-inoculated bresaola from four of the five
trials/batches purchased at retail (Brand A) (N=4, n=1).

YData are the results from analyses of a single ca. 225-gram composite
representative sample of non-inoculated bresaola from one additional
commercial brand of bresaola (Brand B) (N=1, n=1).
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methods described and approved by the Association of
Official Analytical Chemists (AOAC, 2012).

Statistical analyses

In each of 5 trials, 3 samples of sliced bresaola (i.e.,
2 slices of bresaola per sample) that were purchased at
retail and subsequently inoculated with L. monocyto-
genes or STEC were analyzed for viable cells of each
pathogen cocktail at various sampling times during
refrigerated storage. For each storage temperature (4°C
and 10°C), log CFU values were analyzed using a
Pathogen x Storage Days two-way analysis of variance
(ANOVA). Heterogeneity of log CFU variability among
storage days and nonzero correlation among log CFU
values observed at different storage days were in-
corporated into the ANOVA models by specifying a
heterogeneous compound symmetric covariance struc-
ture in the SAS PROC MIXED REPEATED statement
(SAS v9.4, SAS/STAT v15.2, PROC MIXED, 2021;
SAS Institute, Inc., Cary, NC). Pairwise comparisons
among storage days means were obtained by specifying
SLICE=pathogen in the LSMEANS Pathogen*Days
statement, with the option ADJUST=SIDAK to ensure
experiment-wise o =0.05 and using the PDMIX800
macro (Saxton, 1998). Comparison of log CFU for L.
monocytogenes versus STEC at each storage day was
accomplished by specifying SLICE=day in the
LSMEANS Pathogen*Days statement.

Results and Discussion

In addition to bresaola from Italy, examples of
other whole-muscle, dry-cured beef products include
cecina de Leon from Northwest Spain, charqui from
South America, carne-de-sol from Brazil, Bilindner-
fleisch from Switzerland, biltong from South Africa,
fenalar from Norway, and pastirma (also known as pas-
turma or basturma) from Armenia and Turkey (Garcia
etal., 1995; Ingham et al., 2006; Ishihara and Madruga,
2013; Jones et al., 2017). Bresaola is frequently con-
sumed as part of antipasto or artisanal meat trays and
as a topping on salads and specialty breads. Among
the ca. 200 types of cooked, salted, and/or smoked
meats available at retail, bresaola is the only delicates-
sen-type beef product from Italy that carries a Protected
Geographical Indication certification and, as such, is
highly saleable for various cultures and religions
(ItalianFOOD, 2019; European Commission, 2021).
Both the popularity and production of bresaola have
increased gradually and quantifiably over the past 2
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decades across Italy and worldwide: in 2020 almost
13,000 tons were manufactured by the 16 certified
Italian producers, with attendant sales of about
$450M euros (TtalianFOOD, 2021). In contrast to the
high demand for bresaola, there is a general lack of
information in the scientific literature about the safety
of this product. Whereas the recipe and process for
manufacturing bresaola may be sufficient to appreci-
ably lower the risk of illness from foodborne pathogens
contributed by the raw materials/ingredients, the like-
lihood for postprocess (cross) contamination, and
especially during slicing or assembly of charcuterie
trays, as well as its extended storage period, may allow
for pathogen presence and, in turn, persistence or
proliferation.

For the purpose of this study, a single brand of beef
bresaola purchased at one location of a single food
retailer was analyzed for microbial load and chemical
composition and then subsequently inoculated with
STEC or L. monocytogenes. Proximate chemical analy-
ses (Table 2) established that the product tested herein
(i.e., Brand A) was somewhat lean (ca. 2.2% fat), with
an intermediate a,, (ca. a,, 0.90) and moisture level
(ca. 53.2%), a relatively higher salt content (5.1%),
and a somewhat neutral pH (ca. pH 6.7). As delineated
in Table 2, we evaluated one additional brand of com-
mercial bresaola: the chemical composition of this sec-
ond brand of bresaola (i.e., Brand B) was similar in
composition to the brand herein that was inoculated
with the target pathogens. By comparison, Frustoli
et al. (2007) reported that 23 samples of commercial
bresaola displayed an average pH, a,,, moisture, and
salt level of ca. pH 6.0, a,, 0.93, 56.7%, and 3.9%,
respectively.

Microbiological analyses of the sliced bresaola
purchased for the present study revealed high initial
levels (ca. 8.8 log CFU/package) of APC and LAB
(data not shown). After storage at 4°C (180 d) or 10°C
(90 d), levels of APC increased to ca. 9.8 or 9.2 log
CFU/package, respectively, whereas levels of LAB
remained relatively unchanged (i.e., ca. 9.0 log CFU/
package) (data not shown). Similar results were
observed in other studies wherein initial levels of
indigenous LAB and APC associated with bresaola
ranged from ca. 7.0 to 8.1 log CFU/g, whereas after
90 d of storage at temperatures ranging from 4°C to
21°C, levels of indigenous LAB and APC remained
relatively unchanged or increased by only 0.1 to 0.9
log CFU/g (Frustoli et al., 2007; Dalzini et al.,
2014). Note: for each of 3 of the 5 trials conducted,
3 samples of bresaola (i.e., 3 slices of bresaola per sam-
ple) purchased at retail were analyzed for naturally
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occurring cells of L. monocytogenes or STEC by direct
plating (detection limit of <1.35 log CFU/sample) or
by enrichment: all samples tested negative (data
not shown).

L. monocytogenes and STEC can persist in dried
cured meat products at >a,, 0.92 (i.e., the water activity
level optimum for their growth) during extended stor-
age due to the elaboration of cellular responses
allowing for their survival at relatively low a,, levels
(Beuchat et al., 2013; Ly et al., 2019). Our results dem-
onstrated that slices of bresaola (a,, 0.899; Table 2) did
not provide a favorable environment for outgrowth of
surface-inoculated cells of L. monocytogenes or STEC
during extended storage at refrigeration or slightly abu-
sive storage temperatures (Figures 1 and 2). The longer
the time of storage at 4°C or 10°C, the greater (P <
0.05) the inactivation of L. monocytogenes or STEC
on sliced bresaola. In addition, no significant (P>
0.05) differences between inactivation of L. monocyto-
genes and STEC were observed after 180 d of storage at
4°C on bresaola, whereas less inactivation (P < 0.05)
of L. monocytogenes cells was observed compared to
STEC cells after 90 d of storage at 10°C. More specifi-
cally, when bresaola was stored for 180 d at 4°C, L.
monocytogenes numbers decreased by >3.0 log
CFU/package (Figure 1), whereas when stored at 10°C
for 90 d, pathogen numbers decreased by ca. 2.4 log
CFU/package (Figure 2). Likewise, STEC numbers
decreased by ca. 2.4 or >3.1 log CFU/package when
stored at 4°C or 10°C for 180 or 90 d, respectively
(Figures 1 and 2). These findings may be attributed
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to the collective effects of a lower water activity (ca.
a,, 0.899) acting in concert with the intrinsic antimicro-
bial properties of the curing salts and spices used in the
formulation and the somewhat elevated levels (and
types) of indigenous LAB and APC and associated sec-
ondary metabolites.

Various studies estimated the prevalence of STEC
in raw beef at 1.1% to 16.8% at levels ranging from
<0.52 to 4.03 log CFU/g (Doyle and Schoeni, 1987;
Samadpour et al., 2002; Cagney et al., 2004; Carney
et al., 2006). Similarly, the prevalence of L. monocyto-
genes in raw beef has been estimated at 0.8% to 28% at
levels ranging from <0.3 to 10 to 100 MPN/g
(Skovgaard and Morgen, 1988; Inoue et al., 2000;
Persavento et al., 2009; Jang et al., 2021). From a food
safety perspective, it is significant that research on bre-
saola and related whole-muscle dried beef products
such as cecina de Leon, pastirma, and charqui have
established that drying and curing alone are sufficient
to deliver a ca. 2.5 to 4.0-log reduction in levels of
STEC, Salmonella spp., and L. monocytogenes (Ingham
et al., 2006; Burnham et al., 2008; Menéndez et al.,
2015; Watson et al., 2021). Germane to the focus of
the present study, Frustoli et al. (2007) reported that
(inoculated) commercial (sliced) beef bresaola (ca. pH
5.6 and a,, 0.94) stored for 90 d at 4°C, 8°C, 15°C, or
21°C did not support outgrowth of L. monocytogenes:
pathogen numbers were reduced from ca. 1.4 log
CFU/g to ca. 0.3 log CFU/g in bresaola stored at 4°C
and to below detection (<0.18 log CFU/g) in bresaola
stored at 8°C, 15°C, or 21°C. Likewise, Miraglia et al.
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Figure 1. Recovery of Shiga toxin-producing Escherichia coli (STEC) and L. monocytogenes (log colony-forming units [CFU]/package) inoculated
onto slices of bresaola during extended storage at 4°C. For a given storage day, means for surviving levels of Listeria monocytogenes and STEC with different
lowercase letters are significantly (P < 0.05) different. Error bars represent the standard deviation of the mean (N = 5 trials, n = 3 samples per trial). Dotted line

denotes the detection limit (<1.35 log CFU/package) by direct plating.
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Figure 2. Recovery of Shiga toxin-producing Escherichia coli (STEC) and Listeria monocytogenes (log colony-forming units [CFU]/package) inocu-
lated onto slices of bresaola during extended storage at 10°C. For a given storage day, means for surviving levels of L. monocytogenes and STEC with different
lowercase letters are significantly (P < 0.05) different. Error bars represent the standard deviation of the mean (N = 5 trials, n = 3 samples per trial). Dotted line

denotes the detection limit (<1.35 log CFU/package) by direct plating.

(2009) reported that pieces or slices of “bresaola della
Valtellina IGP” stored at 5°C, 10°C, 15°C, or 20°C
for up to 127 d did not support (out)growth of L. mono-
cytogenes. Also, Dalzini et al. (2014) reported that slices
of bresaola (ca. pH 5.6 and a, 0.92) prepared from cured
turkey breast and stored for 7 d at 5°C and then for 83 d
at 8°C resulted in reductions of ca. 0.7 to >1.2 log CFU/
g in levels of L. monocytogenes. As another example,
using whole-muscle bresaola produced in the laboratory
for research purposes, Watson et al. (2021) monitored
the fate of surface-inoculated cells of E. coli O157:
H7, Salmonella spp., and L. monocytogenes and re-
ported that a >5.0 log CFU/cm? reduction in levels of
all 3 pathogens was achieved during curing and drying.
Lastly, Finazzi et al. (2006) evaluated the behavior of
Salmonella and E. coli O157:H7 on the surface of bre-
saola during aging for 35 d and reported reductions of ca.
5.0 and 4.0 log CFU/cm?, respectively. Our results com-
pare favorably with the abovementioned studies, vali-
dating that proper storage of dry-cured meats such as
bresaola does not support viability or outgrowth of cells
of STEC or L. monocytogenes that may be present on the
surface of such products as a result of postprocess con-
tamination in general or from slicing or improper/exten-
sive handling specifically (Ingham et al., 2004; Finazzi
et al., 2006; Frustoli et al., 2007; Miraglia et al., 2009;
Dalzini et al., 2014; Watson et al., 2021).

The fact that humans have been preserving meats
such as bresaola by drying/curing and salting for hun-
dreds of years, coupled with the absence of recalls
and illnesses attributed to bresaola in the US, serves
as a testament to its overall wholesomeness. Ex-
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cluding the present study, few if any data have been
published to quantify the fate of pathogens on commer-
cially prepared slices of bresaola during extended stor-
age. The primary focus of the present study was to
quantify the fate of L. monocytogenes and STEC on
the outer surfaces of bresaola slices to simulate what
would occur for contaminated slices in direct contact
with the packaging material. It would be of keen inter-
est for a future study to determine if viability of the
abovementioned target pathogens would differ appre-
ciably within the microenvironment created between
slices of bresaola that are stacked within vacuum-
sealed packages of retail bresaola compared with oth-
erwise similar slices entirely in direct contact with the
packing material. Regardless, it remains possible for
process deviations or postprocess contamination of
bresaola to occur which, in turn, may allow for harmful
bacteria to remain in contact with the finished product.
Even if that were to occur, our data establish that bre-
saola would not support outgrowth or persistence of
STEC or L. monocytogenes.
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