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Abstract: This study was conducted to assess, for the first time, the survival of the pathogenic bacteria
Listeria monocytogenes, Salmonella spp., Escherichia coli O157:H7, and Staphylococcus aureus during the
ripening of protected designation of origin (PDO) Pecorino Romano cheese. A total of twenty-four
cheese-making trials (twelve from raw milk and twelve from thermized milk) were performed under
the protocol specified by PDO requirements. Sheep cheese milk was first inoculated before processing
with approximately 106 colony-forming unit (CFU) mL−1 of each considered pathogen and the
experiment was repeated six times for each selected pathogen. Cheese composition and pathogens
count were then evaluated in inoculated raw milk, thermized milk, and cheese after 1, 90, and 150 days
of ripening. pH, moisture, water activity, and salt content of cheese were within the range of the
commercial PDO Pecorino Romano cheese. All the cheeses made from raw and thermized milk were
microbiologically safe after 90 days and 1 day from their production, respectively. In conclusion,
when Pecorino Romano cheese is produced under PDO specifications, from raw or thermized milk,
a combination of factors including the speed and extent of curd acidification in the first phase of the
production, together with an intense salting and a long ripening time, preclude the possibility of
growth and survival of L. monocytogenes, Salmonella spp., and E. coli O157:H7. Only S. aureus can be
still detectable at such low levels that it does not pose a risk to consumers.

Keywords: cheese safety; foodborne pathogens; sheep milk; Listeria monocytogenes; Salmonella spp.;
Escherichia coli O157:H7; Staphylococcus aureus; raw milk; thermization

1. Introduction

Consumer demand for unpasteurized milk cheeses is constantly increasing because of their more
intense flavor and varied aroma than those of pasteurized milk cheeses [1–3]. However, especially when
made from unpasteurized milk, cheese can hold a risk for the consumer, because of the possible presence
of some pathogenic bacteria such as Listeria monocytogenes, Salmonella spp., Staphylococcus aureus,
Campylobacter spp., Brucella spp., and pathogenic Escherichia coli [3–5]. Based on a data collection
of dairy products-associated outbreaks in the United States from 1993 to 2006, Langer et al. [6]
determined that outbreaks attributed to the consumption of unpasteurized dairy products were
approximately 150 times more frequent, based on the unit of consumption than those related to
pasteurized milk or pasteurized milk products. Likewise, Costard et al. [7] reported that in the United
States, from 2009 to 2014, the consumption of unpasteurized dairy products caused 840 times more
disease and 45 times more hospitalizations than that of pasteurized products.
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Among the pathogenic agents, L. monocytogenes, Salmonella spp., Shiga toxin-producing E. coli
(STEC) as the serotype O157:H7 and enterotoxin-producing S. aureus are the most involved in
foodborne outbreaks related to the consumption of raw milk cheese in industrialized countries [3,5].
These foodborne pathogens usually cause disease with acute symptoms restricted to the gastrointestinal
tract such as diarrhea, abdominal cramps, nausea, vomiting, and limited in time and severity [8].
However, in some cases, they can cause serious diseases such as hemolytic uremic syndrome and
thrombotic thrombocytopenic purpura associated to E. coli O157:H7 or meningitis and septicemia
caused by L. monocytogenes, with a significant mortality rate in vulnerable groups such as infants,
elderly, and immunocompromised adults [9,10].

These pathogenic bacteria can originate in raw milk by direct excretion from animals infected
udder, by fecal contamination or from the farm environment more generally [5,11]. The foodborne
pathogens can reach cheeses via contaminated milk or through the dairy plants environment and the
processing equipment [4]. A recent survey shows how L. monocytogenes was first detected in a newly
established cheese-making facility just nine months after the starting of the production [12]. Moreover,
some pathogens like L. monocytogenes and S. aureus can colonize abiotic surfaces by forming biofilms,
that make the bacteria immune to the action of antimicrobial agents [13,14]. Thus, they can persist for a
long time in the manufacturing environment, where these microorganisms could be a potential cause of
cross-contamination of the dairy products. Workers can also be an important source of contamination
as a result of improper handling and some of them could be asymptomatic carriers of S. aureus [15,16].

The growth and survival of microbial pathogens during cheese-making is hindered by several
factors such as milk heat treatments, curd cooking, rate of curd acidification by starter cultures,
final product pH, salt addition, and competition with the native microflora present in milk [17].
Despite these hurdles, foodborne pathogens can express an adaptive response to different sublethal
stresses, essential for their survival in harsher environments. Moreover, pathogenic bacteria adapted
to a sublethal stress may exhibit cross-protection with enhanced resistance to different stresses [18–20].
Several challenge studies have shown that some foodborne pathogens are able to survive during the
manufacturing and ripening of different kinds of cheese made from raw milk [9,21–23]. Some authors
especially report that L. monocytogenes, Salmonella spp., and E. coli O157:H7 remained detectable after
selective enrichment even for more than 200 days of ripening [24–26].

However, no studies have investigated the behavior of foodborne pathogens during the production
and ripening of Pecorino Romano cheese. Pecorino Romano is an Italian protected designation of
origin (PDO) semi-cooked hard cheese, which must be made exclusively from raw or thermized whole
sheep milk, according to the PDO specifications [27]. PDO Pecorino Romano cheese is the most popular
ovine cheese produced in Italy and it has a very important role from the economic point of view.
Indeed, Pecorino Romano is one of the most exported Italian cheeses in the world [28]. The United
States, with an export quota of around 13,000 tons in 2019, is the leading export destination, where this
cheese is mainly used as an ingredient in the food industry [29].

Typically Pecorino Romano cheese has about 32% of moisture, a water activity (aw) value of
around 0.85, and a pH value between 5.07 and 5.31. This cheese usually has a high salt content that
ranges from 4.5% to 8.3%. The minimum ripening period is 150 days for the table cheese, while grating
cheese requires 240 days [28].

Although unpasteurized milk cheeses are commonly consumed in a large number of countries,
some of them, the United States primarily, have doubts about the safety of these products. For instance,
the Food and Drug Administration (FDA) is frequently evaluating whether to propose more restrictive
requirements on the sale of unpasteurized milk cheeses, like Pecorino Romano cheese [30,31].
Despite the healthiness of this product, also indirectly attested from the lack of foodborne infection or
intoxication episodes bound to the consumption of this cheese, experimental studies are important to
investigate the fate of pathogenic bacteria during Pecorino Romano cheese manufacturing and ripening.
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The main objective of this work was to investigate the survival of L. monocytogenes, Salmonella spp.,
E. coli O157:H7, and S. aureus, during the ripening of PDO Pecorino Romano cheese made from raw or
thermized milk.

2. Materials and Methods

2.1. Experimental Design

Experimental productions of Pecorino Romano cheese were carried out according to PDO
specifications, using cheese-making facilities of Agris Sardegna (Olmedo, Italy). Although PDO
Pecorino Romano cheese is now exclusively produced from thermized milk, PDO specifications do not
exclude the use of raw milk. Therefore, we performed two series of experimental cheese-makings,
from raw milk (RM) and thermized milk (TM). Each series consisted of twelve cheese batches,
three replicates for each selected pathogen. On the same day two experimental cheese-makings were
performed starting from a single batch of raw whole sheep milk inoculated with a given pathogenic
microorganism, the first one from raw milk and the second one after thermization of the same
sheep milk.

2.2. Bacterial Strains and Inoculum Preparation

Seven strains of L. monocytogenes, two of Salmonella spp., three of E. coli O157:H7, and five of
S. aureus were used (Table 1). We have chosen both reference and wild strains, the latter were isolated
from milk and dairy products. Each inoculum was prepared from a culture containing different strains
(reference and wild strains) of the same species.

Table 1. Pathogen strains used in Pecorino Romano cheese-making trials.

Microorganism Strain a Collection b

Listeria monocytogenes ATCC 15313 ATCC 1

ATCC 19114 ATCC 1

ATCC 9525 ATCC 1

ATCC 153/3 ATCC 1

2 IZSLER 2

90 IZSLER 2

V7 IZSLER 2

Staphylococcus aureus ATCC 14458 ATCC 1

ATCC 25923 ATCC 1

401 IZS 2

466 IZS 2

64494 IZS 2

Salmonella spp. Typhimurium ATCC 6994 ATCC 1

Enteritidis 670 IZSLER 2

Escherichia coli O157:H7 ATCC 43984 ATCC 1

47 IZLER 2

719 IZLER 2

a Strain designation provided by collection. b Collection: ATCC, American Type Culture Collection, USA; IZSLER,
Istituto Zooprofilattico Sperimentale della Lombardia e dell’Emilia Romagna, Italy; IZS, Istituto Zooprofilattico
Sperimentale della Sardegna, Italy. 1 Reference strains. 2 Wild strains isolated from milk and dairy products.

Inoculum preparation included several steps. Briefly, all strains were conserved in Microbank
beads (Biolife, Milan, Italy) at −18 ◦C. For each experiment, the strains were previously reactivated
in brain heart infusion broth (Biolife, Milan, Italy). The pre-inoculation preparation included serial
passages on trypticase soy broth (TSB, Oxoid, Thermo Fisher Scientific, Basingstoke, UK). Two milliliters
of each strain culture were inoculated on 35 mL of TSB and incubated overnight at 37 ◦C under
continuous stirring. Then, for each species (L. monocytogenes, Salmonella spp., E. coli O157:H7 and
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S. aureus), subcultures have been combined in equal quantity and centrifuged at 6000 rpm for 10 min.
Subsequently, the supernatant was discarded and the pellet was resuspended in physiological saline
solution (NaCl 0.85%, pH 7). The optical density at 600 nm (Perkin Elmer Lambda 25 UV/VIS
Spectrophotometer, Perkin Elmer, Waltham, MA, USA) was determined and counts were confirmed by
serial decimal dilution and inoculation in the following selective agar media: Agar Listeria according to
Ottaviani and Agosti (ALOA, Biolife, Milan, Italy) plates for L. monocytogenes; Baird Parker plates with
Rabbit Plasma Fibrinogen supplement (RPF, Biolife, Milan, Italy) plates for S. aureus; cefixime tellurite
sorbitol MacConkey agar plates (CT-SMAC, Biolife, Milan, Italy) for E. coli O157:H7; xylose lysine
deoxycholate agar plate (XLD, Microbiol, Uta, Italy) for Salmonella spp. The agar plates were incubated
at 37 ◦C for 24 h.

2.3. Cheese Production and Sampling

Each time, 700 L of raw whole bulk sheep milk collected from the “Bonassai” experimental farm
of Agris Sardegna, were used. The milk was previously inoculated, under gentle stirring, with a
multi-strain bacterial suspension of the same pathogenic microorganism to get a final concentration of
approximately 106 CFU mL−1 and then was split into two 350 L aliquots, for RM and TM cheese-makings.
In TM trials, milk was subsequently heated to 65 ◦C, without resting at the set temperature and quickly
cooled down to coagulation temperature (38 ◦C). Then, the manufacturing process (RM and TM)
followed the same procedure reported in Figure 1. Two vats were used alternately, one for RM trial
and one for TM trial, in order to eliminate any vat variation. A thermophilic freeze-dried starter
culture (FD-DVS CO-02, CHR Hansen, Hoersholm, Denmark) including Streptococcus thermophilus and
Lactobacillus delbrueckii subsp. bulgaricus was added at a concentration of 106 CFU mL−1.

Three cheese wheels of approximately 25 kg at 1 day were obtained from each cheese-making,
for a total of 36 RM and 36 TM cheeses wheels. After molding, cheeses were subjected to drainage in
hot room at 36 ◦C until reaching pH 5.20–5.30 and then at 20 ◦C up to 18–24 h. Dry salting and ripening
were conducted in controlled conditions (10–12 ◦C and 78–85% relative humidity). In particular,
cheeses were dry salted after 48 h (first application) from the manufacture. Later, during the first 90 days
of ripening, cheeses were salted three more times, respectively after 12, 26, and 56 days. After 90 days,
at the end of the salting, cheeses were washed, dried, and aged for two more months, for a total of
5 months of ripening. The cheese was sampled after 1, 90, and 150 days for physico-chemical analysis
while inoculated raw milk, thermized milk, and cheese were sampled to enumerate pathogenic bacteria.

2.4. Physico-Chemical Analysis

All physico-chemical analysis were performed in duplicate. Samples of curd and cheese were
analyzed for pH (pH-meter Basic 20+, Crison Instruments S.A., Alella, Spain). The following
parameters were determined for the cheese samples: moisture (ISO 5534:2004) [32]; sodium chloride,
determined by potentiometric titration with AgNO3 (ISO 5943:2006) [33] (automatic titrator, model DL55,
Mettler-Toledo GmbH, Schwerzenbach, Switzerland); water activity (aw), determined at 25 ◦C
(Aw Sprint instrument, Axair Ltd., Novasina Division, Lachen, Switzerland).

2.5. Microbiological Analysis

Aliquots of 25 mL or g for qualitative detection and 10 mL or g for quantitative detection were
taken from each sample and used to prepare a suspension with appropriate diluents. The following
parameters have been then researched:

(a) Listeria monocytogenes. Detection and enumeration were performed according to ISO 11290-1:2017
and ISO 11290-2:2017, respectively [34,35]. For detection, samples were mixed with Fraser broth
base (Oxoid, Thermo Fisher Scientific, Basingstoke, UK), homogenized 90 s in a Stomacher
Lab Blender 400 (International PBI S.p.A., Milan, Italy), and incubated for 24 h at 30 ◦C
(primary enrichment). Subsequently, 100 µL of primary enrichment were transferred to
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10 mL of Fraser broth supplemented by Fraser selective supplement (Oxoid, Thermo Fisher
Scientific, Basingstoke, UK), which were incubated for 24 h at 37 ◦C (secondary enrichment).
From primary and secondary enrichments, aliquots of 100 µL were streaked onto selective
differential medium plates: Agar Listeria according to Ottaviani and Agosti (ALOA, Biolife,
Milan, Italy) and Listeria selective agar (Oxford formulation, Oxoid, Thermo Fisher Scientific,
Basingstoke, UK) and incubated for up to 24–48 h at 37 ◦C. All isolates with typical L. monocytogenes
characteristics were subjected to morphological and biochemical proofs as confirmatory tests.

For the enumeration of L. monocytogenes ten-fold serial dilutions were made and aliquots of 100 µL
were plated in duplicate on the surface of ALOA agar plates which were incubated for 48 h at 37 ◦C.
Presumptive L. monocytogenes colonies were counted after confirmatory tests.

(b) Staphylococcus aureus. Detection and enumeration were performed according to ISO
6888-2:2004 [36]. Samples were weighed and mixed with buffered peptone water (BPW, Microbiol,
Uta, Italy), ten-fold serial dilutions were prepared and aliquots of 100 µL were plated in duplicate
on Baird Parker plates with Rabbit Plasma Fibrinogen supplement (RPF, Biolife, Milan, Italy)
and incubated for 24–48 h at 37 ◦C.

(c) Escherichia coli O157:H7. The detection was performed according to ISO 16654:2001/A1:2017 and
four successive stages were necessitated [37].

(1) Enrichment of the test portion homogenized in modified tryptone soya broth containing
novobiocin (mTSB + N, Biolife, Milan, Italy) with incubation at 41.5 ◦C for 6 h and
subsequently for a further 12 h to 18 h.

(2) Separation and concentration of microorganisms by means of immunomagnetic particles
coated with antibodies to E. coli O157:H7.

(3) Isolation by subculture of the immunomagnetic particles with adhering bacteria onto
cefixime tellurite sorbitol MacConkey agar (CT-SMAC, Biolife, Milan, Italy) and sorbitol
MacConkey agar (SMAC, Biolife, Milan, Italy) incubated at 37 ◦C for 24 h.

(4) Confirmation of typical colonies.

E. coli O157:H7 count was determined by ten-fold serial dilutions and direct plating (100 µL in
duplicate) on CT-SMAC agar plates incubated at 37 ◦C for 24 h. Typical E. coli O157:H7 colonies were
subjected to confirmatory tests and were then enumerated.

(d) Salmonella spp. The detection was performed according to ISO method 6579-1:2017 [38].
The method required the following successive stages. A pre-enrichment in buffered peptone water
(BPW, Microbiol, Uta, Italy) at 37 ◦C for 24 h. A selective enrichment in Rappaport-Vassiliadis with
soy broth (RVS, Oxoid, Basingstoke, UK) and Müller-Kauffmann tetrathionate-novobiocin broth
(MKTTn, Microbiol, Uta, Italy) for 24 h at 41.5 and 37 ◦C, respectively. Aliquots of the selective
broths were streaked onto two selective isolation agar media, xylose lysine deoxycholate agar
(XLD, Microbiol, Uta, Italy) and Salmonella detection and identification agar (SMID, BioMérieux,
Marcy L’Etoile, France). The agar plates were incubated at 37 ◦C for 24 h. Confirmation of suspect
colonies was carried out by biochemical and serological testing.

For the enumeration of Salmonella spp. ten-fold serial dilutions were prepared and aliquots of
100 µL were double plated on XLD agar plates which were incubated at 37 ◦C for 24 h. Presumptive
Salmonella spp. colonies were subjected to confirmatory tests and were then counted.
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Figure 1. Experimental flow diagram of protected designation of origin (PDO) Pecorino Romano cheese
production. RH = relative humidity.
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2.6. Statistical Analysis

Microbial loads were log transformed and expressed as means and standard deviation (SD).
The means and SD of physico-chemical parameters were determined from twelve cheese-makings for
each experimental series (RM and TM). Analysis of variance was carried out using Minitab statistical
package release 16 (Minitab Inc., State College, PA, USA). The general linear model procedure was
used to verify the effects of the two studied factors “milk heat treatment” (2 levels) and “ripening time”
(3 levels) on the microbial loads and physico-chemical parameters, as far as their interaction is concerned.
The comparison between means was performed using Tukey’s significant difference test (p < 0.05).
Data were also analyzed by the Pearson correlation to measure the degree of the linear relationship.

3. Results and Discussion

3.1. Physico-Chemical Properties of Cheese

Figure 2 and Table 2 show the pH values in RM and TM cheese-making trials at different
time. The pH values differed significantly between RM and TM (p < 0.05) in various step of cheese
manufacturing process. As shown in Figure 2, after molding was completed, RM curd had a higher pH
than TM curd (6.4 vs. 6.2, respectively; p < 0.05). This difference suggests a slight delay in the starter
culture acidification activity in the early stage of RM cheese-making. This time lag could be due to
the bacteriostatic activity of milk proteins such as lactoferrin, lactoperoxidase, and immunoglobulins
since it normally decreases with milk heat treatments [39]. We cannot exclude that the competition of
the starter culture with the native microflora of raw milk may also be involved in this delay of the
acidification process. During drainage in hot room at 36 ◦C, a difference in pH values between RM
and TM cheese-making was kept, however, this gap became less evident after two hours of drainage.
Moreover, the lower SD in TM acidification curve shown in Figure 2 suggests a more regular and
repeatable trend of the acidification process during TM cheese-making compared to RM one.
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Figure 2. Acidification profiles of Pecorino Romano cheese produced from raw (RM), and thermized
milk (TM). Twelve replicates for each cheese-making technology. Error bars indicate standard deviations.
Different letters at the same time point indicate significant differences (p < 0.05).
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Table 2. Physico-chemical parameters of Pecorino Romano cheese at different ripening times, obtained
from raw (RM) and thermized milk (TM). Values are given as means ± standard deviation.

Ripening Time Day 1 Day 90 Day 150 Significance

Thermal
Treatment RM TM RM TM RM TM T R T × R

Parameters
pH 5.3 ± 0.1 a 5.21 ± 0.03 a 5.3 ± 0.1 a 5.0 ± 0.1 b 5.3 ± 0.1 a 5.0 ± 0.1 b ** ** **

Moisture (%) 42 ± 1 a 42 ± 1 a 32 ± 1 bc 32.5 ± 0.3 b 32 ± 2 bc 31.2 ± 0.4 c NS *** *
Aw 0.970 ± 0.005 b 0.983 ± 0.002 a 0.89 ± 0.01 c 0.880 ± 0.005 cd 0.880 ± 0.02 cd 0.873 ± 0.004 d NS *** ***

NaCl/DM (%) 0.15 ± 0.01 c 0.21 ± 0.01 c 6.3 ± 0.2 b 7.2 ± 0.3 a 6.4 ± 0.2 b 7.3 ± 0.2 a *** *** ***

Values in the same line with different superscript letters differ significantly (Tukey’s test, p < 0.05). DM = dry matter;
Aw = water activity; RM = cheese from raw milk; TM = cheese from thermized milk; T = thermal treatment;
R = ripening time. NS, p > 0.05; * p < 0.05; ** p < 0.01; *** p < 0.001.

As shown in Table 2, the pH values in RM and TM cheeses were significantly affected by the
milk thermization treatment (p < 0.01) and ripening time (p < 0.01), furthermore the interaction
between these factors was significant (p < 0.01). Despite the slight delay in the acidification process,
after 1 day, RM and TM cheeses were not statistically different for pH values (5.3 and 5.21, respectively).
On the contrary, after 90 and 150 days of ripening, RM and TM cheeses differed significantly for
pH values (p < 0.01). In particular, pH in RM cheeses remained substantially unchanged during
ripening (around 5.3), while pH in TM cheeses showed a slight decrease, reaching an average pH value
of 5.0 at 150 days. The evolution of pH during cheese ripening is due to several factors involved in the
metabolism of the main components of the cheese: hydrolysis of the residual lactose, which involves
a decrease in pH, and degradation of proteins that, instead, leads to an increase in pH value [40,41].
Pecorino Romano cheese is characterized by modest proteolysis due to the intense salting that limits
the activity of the proteolytic enzymes. On the other hands, lipolysis is more accentuated mainly
because of the use of exogenous lipases contained in the lamb paste rennet, used for milk coagulation.
These enzymes catalyze the biochemical process of triglyceride hydrolysis resulting in the release of
short-chain fatty acids that can contribute to a decrease in the pH during ripening [28,42]. Finally,
it is important to point out that the pH values found both for RM and TM cheeses are in the range of
variation found in commercial PDO Pecorino Romano cheese [28].

In Table 2 we report also the remaining physico-chemical properties of RM and TM cheese,
at different time of ripening. The milk thermization treatment did not significantly affect the moisture
content, which instead was significantly influenced by ripening time and its interaction with heat
treatment (respectively, p < 0.001 and p < 0.05). No significant differences were found between RM and
TM cheese at each observed ripening time. The major changes in moisture occur in the first 90 days
of ripening in both TM and RM cheeses, while the decrease from 90 up to 150 days was statistically
significant only in TM cheese (p < 0.05). Moisture content was approximately 42% in cheese after 1 day
and 31–32% in cheese after 90 and 150 days of ripening, according to Addis et al. [28,42].

As reported for moisture content, also the aw values were significantly affected by the ripening time
and its interaction with heat treatment (p < 0.001) (Table 2). The aw, significantly differed in RM and
TM 1 day cheeses, and dropped significantly from approximately 0.98–0.97 (TM and RM, respectively)
up to 0.89–0.88 at the end of the salting process (90 days), then slightly decreased tendentially (p > 0.05)
at 150 days. The aw values at the end of ripening (150 days) were higher than those reported by
Addis et al. [28]. However, these authors referred to longer aged Pecorino Romano cheese (7–8 months).

At the end of the salting process (90 days), the NaCl on dry matter (DM) content was significantly
lower in RM cheeses (6.3%) compared to TM cheeses (7.2%). Salt content slightly increased, up to the
end of ripening (6.4% and 7.3%, respectively in RM and TM cheeses). This difference in NaCl content
between RM and TM cheeses could be due to the intrinsic variability of the dry salting technique.
However, NaCl values are comparable to those of commercial Pecorino Romano cheese, which is
characterized by high and variable salt content [28].

These results showed that the experimental cheeses met the typical requirements of PDO Pecorino
Romano cheese. Moreover, the different cheese-making technology (RM and TM) seems to affect only
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in part the characteristics of the product at the end of the ripening period, which substantially has the
same peculiarities of the Pecorino Romano cheese available on the market.

3.2. Pathogenic Bacteria Counts in RM Cheese-Making Trials

The pathogens counts in raw milk are given in Table 3. Pathogenic bacteria levels in raw milk
pointed out the accuracy of the technique used for the inoculum preparation. Indeed, all the counts
were around 6 log10 CFU mL−1, as established from the experimental protocol. Table 4 shows the
pathogens counts in cheese at different ripening stages. A reduction in bacterial loads was observed
for all pathogens in 1-day old cheese. L. monocytogenes and Salmonella spp. showed the major
reduction, with a decrease of about 4 log10. The number of viable E. coli O157:H7 decreased by about
2.5 log10, while S. aureus counts showed a reduction by about 0.5 log10. The behavior of the pathogenic
bacteria was likely in part attributed to the number of viable cells lost with the whey separation
and partly to the combined effect of various hurdles occurring during the first phase of Pecorino
Romano cheese manufacturing, such as competition with the starter culture, acidification, and curd
cooking [17,43]. Conversely, other studies showed an increase in pathogens counts during the early
stages of cheese-making in different unpasteurized milk cheeses. Bellio et al. [21] reported a growth of
2 log cycle in E. coli O157:H7 levels during the first 24 h of PDO Fontina cheese production, despite a
curd cooking phase at 48 ◦C. Similar findings were also given by other authors in Cacioricotta, Cheddar,
and Gouda cheeses [9,24]. Chatelard-Chauvin et al. [26] found that L. monocytogenes increased by
about 3.5 log10 in Cantal cheese at 24 h. An increase in Salmonella spp. populations over 1 log10 was
observed in Gouda and Cheddar cheeses in the first 24 h of manufacturing [25,44]. In our study,
S. aureus fell slightly, however, some authors observed a growth in S. aureus counts in the early stages
of cheese production [45,46]. These authors considered that the increase in pathogenic bacteria counts
during the early stages of cheese-making could be due both to an actual bacterial growth and to the
entrapment of pathogens cells within the curd, during curd contraction and whey separation. In our
study, the reduction in pathogens population levels during the early stages of cheese manufacturing
might be related not only to the aforementioned hurdles to bacteria growth and survival but also to a
protracted curd breaking (about 6 min) into extremely fine grains (3–5 mm). This is a typical feature of
Pecorino Romano cheese-making technology which could lead to a higher level of pathogens viable
cells lost in the cheese whey.

All tested pathogens, despite a reduction, were still present in 1-day old cheese in relevant bacterial
loads. However, it must be pointed out that in the present study, high inoculum levels were used,
which are difficult to find in practice, to simulate the worst-case scenario of contamination. Overall,
our results are in agreement with other studies that indicate the ability of the pathogenic bacteria to
overcome the obstacles of the first phase of cheese-making, first of all, acidification, probably owing to
an acid tolerance response (ATR) widely reported in the literature [18–20].

Table 3. Results of pathogens counts (log10 CFU mL−1) in sheep milk before and after thermization.
Values are given as means ± standard deviation. Escherichia coli O157:H7: ATCC 43984, 47, 719.
Salmonella spp.: Typhimurium ATCC 6994, Enteritidis 670. Listeria monocytogenes: ATCC 15313,
ATCC 19114, ATCC 9525, ATCC 153/3, 2, 90, V7. Staphylococcus aureus: ATCC 14458, ATCC 25923, 401,
466, 64494.

Pathogens Raw Milk Thermized Milk Significance

E. coli O157:H7 6.1 ± 0.1 a 2.6 ± 0.5 b ***
Salmonella spp. 6.5 ± 0.4 a 3.3 ± 0.4 b ***

L. monocytogenes 6.01 ± 0.02 a 3.6 ± 0.3 b ***
S. aureus 6.5 ± 0.1 a 3.7 ± 0.5 b ***

Values in the same line with different superscript letters differ significantly (Tukey’s test, p < 0.05). *** p < 0.001.
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Table 4. Results of pathogens counts (log10 CFU g−1) in Pecorino Romano cheese at different ripening
times, obtained from raw (RM), and thermized milk (TM). Values are given as means ± standard
deviation. Escherichia coli O157:H7: ATCC 43984, 47, 719. Salmonella spp.: Typhimurium ATCC 6994,
Enteritidis 670. Listeria monocytogenes: ATCC 15313, ATCC 19114, ATCC 9525, ATCC 153/3, 2, 90, V7.
Staphylococcus aureus: ATCC 14458, ATCC 25923, 401, 466, 64494.

Ripening Time Day 1 Day 90 Day 150 Significance

Thermal Treatment RM TM RM TM RM TM T R T × R

Pathogens
E. coli O157:H7 3.5 ± 0.1 a 0 b 0 b 0 b 0 b 0 b *** *** ***
Salmonella spp. 2.3 ± 0.3 a 0 b 0 b 0 b 0 b 0 b *** *** ***

L. monocytogenes 2.01 ± 0.02 a 0 b 0 b 0 b 0 b 0 b *** *** ***
S. aureus 5.9 ± 0.3 a <1 b <1 b <1 b <1 b <1 b *** *** ***

Values with different superscript letters differ significantly (Tukey’s test, p < 0.05). RM = cheese from raw milk;
TM = cheese from thermized milk; T = thermal treatment; R = ripening time. *** p < 0.001.

Table 4 also shows the pathogens counts at the end of salting (90 days) and the end of the
ripening period (150 days). At the experimental conditions, all inoculated pathogens except S. aureus,
were not detectable after 90 days, even after selective enrichment. This result was confirmed in
150-days old cheese. S. aureus counts were below the detection limit for direct plating enumeration
method (<1 log10 CFU g−1), both in cheese at 90 and 150 days of ripening. In the early phase of
cheese-making (24 h), the pathogenic bacteria were subjected to initial stress because of the curd
cooking and fast acidification. Afterwards, in the first 90 days of ripening, a significant correlation
was found between microbial loads and aw, moisture and NaCl content. In particular, all the studied
pathogens exhibited a strong positive correlation with moisture (E. coli O157:H7, R2 = 0.987, p < 0.001;
L. monocytogenes, R2 = 0.982, p < 0.001; Salmonella spp., R2 = 0.987, p < 0.001; S. aureus, R2 = 0.993,
p < 0.001) and aw (E. coli O157:H7, R2 = 0.971, p < 0.001; L. monocytogenes, R2 = 0.982, p < 0.001;
Salmonella spp., R2 = 0.971, p < 0.001; S. aureus, R2 = 0.948, p < 0.001). Conversely, a strong negative
correlation was found between microbial count and salt content (E. coli O157:H7, R2 = −0.998,
p < 0.001; L. monocytogenes, R2 = −0.997, p < 0.001; Salmonella spp., R2 = −0.987, p < 0.001; S. aureus,
R2 = −0.996, p < 0.001).

Several studies show the ability of pathogenic bacteria to survive in cheeses even beyond 90 days of
ripening. Nevertheless, none of these had similar physico-chemical properties to those of PDO Pecorino
Romano cheese (pH ≤ 5.4; moisture ~32%; aw < 0.90; NaCl 4–8%), together with a long ripening
period. Ioanna et al. [9] reported that E. coli O157:H7, when inoculated in milk at 2 log10 CFU mL−1,
survived in 90 days-old Cacioricotta cheese with a bacterial load greater than 4 log10 CFU g−1.
Similar findings were observed in Fontina cheese at 80 days of ripening [21]. In Cheddar and Gouda
cheeses, E. coli O157:H7 was detectable after an enrichment procedure for up to around 300 days,
with an initial raw milk inoculation of about 20 CFU mL−1, which was far lower than that used in
the present study [24]. E. coli O157:H7 appears to be one of the pathogens having the greatest ability
to overcome environmental stresses and it is also infectious at very low doses (5–50 viable cells) [47].
Therefore, proving its complete inactivation is relevant. Viable cells of Salmonella spp. were detectable
in Gouda cheese for more than 200 days [25]. However, in Feta and Tulum cheese, with a salt content
close to that of Pecorino Romano cheese, Salmonella spp. was no more found after 20 and 90 days,
respectively [48,49]. L. monocytogenes was detectable for more than 250 days in Cantal cheese [26].
In agreement with our study, Wusimanjiang et al. [50] observed that L. monocytogenes, when inoculated
in milk at 3 log10 CFU mL−1, reached undetectable levels after 28–35 days of ripening in a cheese with
a salt content similar to that of Pecorino Romano cheese (4–10% on DM basis).

According to Regulation (EC) No 2073/2005, Pecorino Romano cheese, already at 90 days,
belongs to ready-to-eat foods that do not support the growth of L. monocytogenes, since its aw value
is less than 0.92. For these products, the Regulation establishes a tolerance for L. monocytogenes up
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to 100 CFU g−1 [51]. The cheeses we obtained were Listeria-free at 90 days, despite the high initial
inoculum in cheese milk.

S. aureus, unlike the other pathogens, was still present in high population levels in 1-day old cheese.
Since S. aureus is halotolerant, it could find the proper environment to survive or even grow during or
after the salting process, as some authors have already reported [52,53]. However, according to the
growth limits of S. aureus stated by Valero et al. [54], the conditions of ripening and the characteristics
of Pecorino Romano cheese: ripening temperature (10–12 ◦C), constant low pH (~5.3), and decreasing
of aw from 0.97 to 0.89 in the first 90 days of ripening, were enough severe to prevent proliferation and
also to reduce the survival of S. aureus as shown by the results (<1 log10 CFU g−1). These findings were
in agreement with those observed by Pexara et al. [45] in Feta cheese with a salt content close to that of
Pecorino Romano cheese.

Unlike the other bacteria tested in this study, the pathogenicity of S. aureus is due to the possible
production of different enterotoxins in contaminated food. A level above 105 CFU mL−1 or g−1 of S. aureus
can produce an infective enterotoxins concentration of about 1 µg [55]. Therefore, Regulation (EC)
No 2073/2005 sets the limit in cheeses for coagulase-positive staphylococci (including S. aureus)
at 105 CFU g−1 [51]. Above this limit, the presence of staphylococcal enterotoxins is expected, and there
is a need to perform assays for enterotoxins detection, which must be absent in 25 g. However,
staphylococcal enterotoxins production seems to be strongly limited in cheeses by the antagonistic
effect of lactic acid bacteria. Microbial competition together with unfavorable environmental
conditions, such as low pH, limits the growth of S. aureus and strongly downregulate virulence
genes expression [52,53,56]. In particular, a rapid acidification in the first 6 h of cheese-making,
as reported in our study (Figure 2), seems to be critical for S. aureus growth and enterotoxins
production [46]. Furthermore, in our work, we simulated a worst-case contamination scenarios
by employing unrealistically high starting S. aureus levels and despite this, the cheese-making
conditions prevented the proliferation of S. aureus. Future studies will be carried out to examine the
presence of staphylococcal enterotoxins in Pecorino Romano cheese produced from milk contaminated
with S. aureus.

3.3. Pathogenic Bacteria Counts in TM Cheese-Making Trials

In Table 3 are reported the pathogens counts in milk (before and after thermization). Thermization is
a sub-pasteurization heat treatment usually performed at 57–68 ◦C for 10–20 s to reduce the number
of spoilage bacteria, with minimum collateral heat damage to milk components and thus provide
a suitable environment for the growth of the added starter cultures [57]. Unlike the pasteurization,
the thermization process is not able to ensure the complete inactivation of pathogenic microorganisms
but, especially if they are present in high initial levels, it can only reduce their number, as confirmed by
the pathogens counts in thermized milk shown in Table 3. In our study, we used a batch thermization at
65 ◦C, without resting at the set temperature. All the pathogens showed a reduction of around 3 log10

after thermization, starting from a bacterial count of about 6 log10 CFU mL−1 (Table 3). These rates
of thermal inactivation are close to those reported by other authors, although a comparison with the
time-temperature conditions reported in our work is not easy [58,59]. These studies highlight the
heterogeneity in thermal resistance not only in different microbial groups but also between different
strains of the same species. In particular, different strains of E. coli and S. aureus showed varying
degrees of heat resistance, while L. monocytogenes and Salmonella spp. strains displayed a more uniform
thermal susceptibility [59]. Hence, it is important to underline that a multi-strain inoculum should be
used to represent the behavior of a given pathogen, as done in our work. The data reported in Table 3
show that counts levels in thermized milk did not differ significantly among the four pathogenic
microorganisms, which indicate similar thermal tolerance under the conditions applied in the present
study. However, we cannot exclude that some of the strains used in our study were more susceptible
toward heat than others.
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After 1 day from the production, L. monocytogenes, E. coli O157:H7, and Salmonella spp.
dropped below the detection limit and were no longer detectable up to 150 days, even after an
enrichment procedure, as shown in Table 4. S. aureus counts were also below the detection limit for
the direct plating enumeration method (<1 log10 CFU g−1) from 1 day up to the end of the ripening
period. As already reported for RM trials, it was not possible to assess exactly the amount of the
pathogens decrease related to the bacteria loss through the whey separation compared to the pathogens
counts reduction due to the several environmental hurdles during the first stage of cheese-making.
The latter may have a greater impact on TM trials, especially as a consequence of milk thermization,
a second less severe thermal stress (curd cooking), and the faster and more intense acidification. In fact,
after molding, the curd had a lower average pH value in TM trials (6.24) compared to RM trials
(6.41). This difference was kept during the drainage process (Figure 2). Besides, as reported in Table 4,
the microbial counts in RM and TM cheeses were significantly affected by milk thermization treatment
(p < 0.001), as well as ripening time (p < 0.001). Furthermore, the interaction between these factors was
also significant for pathogens counts (p < 0.001).

The introduction of the thermization in Pecorino Romano cheese-making is a further obstacle
to the possible growth and survival of pathogens. In addition to other hurdles (curd cooking and
acidification), it makes the cheese microbiologically safe before the salting process. In the case of RM
cheeses, it is instead necessary to wait until the end of the salting process (90 days) to consider safety of
the product. In any case, this happens 60 days before the mandatory minimum period for marketing
PDO Pecorino Romano cheese (150 days).

Hence, our study shows that the production process of Pecorino Romano cheese both from
raw and thermized milk is enough restrictive for the survival of the pathogens we have examined,
except for S. aureus which may be still present in such low levels that it does not represent a hazard to
the consumers. Currently, thermization is practiced by all producers of PDO Pecorino Romano cheese
since this treatment has the advantage in standardizing the microbiological properties of the cheese
milk by reducing the total microbial count and containing the undesirable bacteria, to obtain a constant
quality of the product. This is a key element for a product aimed at an international market, such as
Pecorino Romano cheese.

4. Conclusions

Cheeses made from unpasteurized milk are known to pose a health risk to the consumers.
According to PDO specifications, Pecorino Romano cheese can be produced from raw or thermized
whole sheep milk. In this study, Pecorino Romano cheese was produced from unpasteurized (raw and
thermized) milk inoculated with L. monocytogenes, Salmonella spp., E. coli O157:H7, or S. aureus, in high
initial loads (106 CFU mL−1). The results demonstrated that the cheese-making process may ensure
the microbiological safety of this cheese after the minimum ripening period (150 days) established by
the PDO specifications. In particular, the obtained cheese was free from microbiological hazard after
90 days and 1 day, when manufactured from raw and thermized milk, respectively. These results could
encourage cheese manufacturers to diversify Pecorino Romano cheese by using raw milk, which is
currently almost not used, for its production, to provide the market with a product having a more
intense flavor than that made from thermized milk. This is the first preliminary work to evaluate the
survival of selected pathogenic bacteria during Pecorino Romano cheese ripening. Further studies are
necessary to investigate the behavior of the pathogens in the early stages of manufacturing in order
to understand more in depth on how their survival is hampered by different factors. The eventual
production of staphylococcal enterotoxins will also be tested in subsequent investigations.
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