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ABSTRACT

The robustness of the starter culture during cheese
fermentation is enhanced by the presence of a rich
consortium of microbes. Natural starters are consortia
of microbes undoubtedly richer than selected starters.
Among natural starters, natural whey starters (NWS)
are the most common cultures currently used to pro-
duce different varieties of cheeses. Undefined NWS are
typically used for Italian cooked, long-ripened, extra-
hard, raw milk cheeses, such as Parmigiano Reggiano
and Grana Padano. Together with raw milk microbiota,
NWS are responsible for most cheese characteristics.
The microbial ecology of these 2 cheese varieties is
based on a complex interaction among starter lactic
acid bacteria (SLAB) and nonstarter lactic acid bacte-
ria (NSLAB), which are characterized by their different
abilities to grow in a changing substrate. This review
aims to summarize the latest findings on Parmigiano
Reggiano and Grana Padano to better understand the
dynamics of SLAB, which mainly arise from NWS, and
NSLAB, which mainly arise from raw milk, and their
possible role in determining the characteristics of these
cheeses. The review is presented in 4 main sections.
The first summarizes the main microbiological and
chemical properties of the ripened cheese as determined
by cheese-making process variables, as these variables
may affect microbial growth. The second describes
the microbiota of raw milk as affected by specific milk
treatments, from milking to the filling of the cheese
milk vat. The third describes the microbiota of NWS,
and the fourth reviews the knowledge available on mi-
crobial dynamics from curd to ripened cheese. As the
dynamics and functionality of complex undefined NWS
is one of the most important areas of focus in current
food microbiology research, this review may serve as
a good starting point for implementing future studies
on microbial diversity and functionality of undefined
cheese starter cultures.
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INTRODUCTION

In the early twentieth century, the industrialization
and commercialization of fermented food necessitated
the need to turn traditional fermentation processes into
controlled and rationalized food processing. Moreover,
the food and beverage industry is rediscovering fer-
mentation as a crucial step in product innovation (Hu-
genholtz, 2013). With this aim, fermentation research
in food microbiology has focused on the isolation and
phenotypic characterization of microbes originating
from natural sources, such as spontaneous fermenta-
tion. This approach has delivered defined single and
mixed-strain cultures suitable for industrial applica-
tions (Kutahya and Smid, 2012). However, the produc-
tion of selected dairy starter cultures has been met with
several obstacles, such as limitations in carbon and
nitrogen source availability, salt stress during brining,
temperature fluctuations, pH changes, and phage pre-
dation during cheese fermentation (Kutahya and Smid,
2012). Sensitivity to those factors can be essential for
proper flavor formation. The robustness of the starter
culture during cheese fermentation is enhanced by the
presence of a rich consortium of microbes. Diversity in
the starter culture is determined by different pheno-
typic characteristics linked to the coexistence of differ-
ent genomic lineages of microbes. The genetic diversity
present in wild strains includes a variety of features
that are relevant to the improvement of starter cultures
(Smid and Hugenholtz, 2010), and this diversity is se-
lectively propagated as a result of adaptation by the
microbes to dynamic environments.

For these reasons, the study of the dynamics and
functionality of complex undefined starter cultures is
one of the most important areas of focus in current food
microbiology research. The dynamics of the biochemical
activities, growth, survival, and death of microorgan-
isms in fermented foods are the result of interactions
between microbes and their microenvironment. This
microenvironment exists in an unsteady state due to
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chemical and physical changes partly resulting from
the microbes’ own metabolic activities, which can be
further manipulated by the sequence of operations in
the food technology industry.

The fundamentals of the microbial ecology of long-
ripened cheese produced from raw milk using undefined
whey starter cultures are based on complex interac-
tions among starter lactic acid bacteria (SLAB) and
nonstarter lactic acid bacteria (NSLAB), which are
characterized by their different abilities to grow in a
changing substrate. The various steps of cheese-making
induce heat-related, acidic, osmotic, and oxidative
stresses on microorganisms and are responsible for
alterations in heat load, pH, water activity (a,,), and
redox potential gradients in the matrix (Beresford et
al., 2001). As a consequence, SLAB viability is reduced
within a few hours or a few days from the start of the
cheese-making process, at which point a sizable fraction
of the starter cells undergo autolysis, releasing their
enzymes into the matrix. In contrast, NSLAB, which
are able to grow using energy sources other than lactose
and are more resistant to environmental stresses, grow
slowly and become the dominant microflora of the rip-
ened cheese. The ratio between SLAB and NSLAB is
modulated by the type of culture added to the cheese
milk, the cheese-making conditions, and the duration of
cheese ripening.

Grana Padano (GP) and Parmigiano Reggiano (PR))
cheeses are typical extra-hard, cooked Italian Protected
Designation of Origin (PDO) cheeses characterized by
a very long ripening period (a minimum of 9 and 12
mo for GP and PR, respectively) of up to 20 to 24 mo
and often more than 30 mo in the case of gold-label PR
cheese.

This long ripening period is common to other minor
Italian cheeses produced in the mountainous areas of
northern Italy, such as Bagoss from Bagolino (Brescia)
and Nostrano Valtrompia PDO (Mucchetti and Nevi-
ani, 2006). Several other Italian cheeses such as Asiago
d’Allevo, Montasio, Pecorino Romano, and Fiore Sardo
PDO are ripened for 1 yr or more (Gobbetti, 2004),
although the typical ripening time for these cheeses is
substantially less.

More famous long-ripened cheeses from FEurope
such as Swiss cheeses, Emmental, Gruyere, Sbrinz,
Hobelkase, and Comté are usually ripened for 6 to
48 mo (Depouilly et al., 2004; Harbutt, 2009; Turgay
et al., 2011). Some other cheese varieties such as the
Scandinavian Vasterbottenost, Prastost, Herrgardsost,
Danbo, or Jarlsberg cheeses or the Low Countries’ Pos-
tel and Leisde Kaas, or some varieties of old Edam and
old Gouda cheese are ripened up to 36 mo (Harbutt,
2009). West Country Farmhouse Cheddar PDO cheese,
produced in the United Kingdom, is aged for a mini-
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mum of 9 mo, with extra mature or vintage varieties
being aged for more than 18 mo.

Natural starters, particularly natural whey starters
(NWS), are the most common undefined cultures cur-
rently used to produce different varieties of cheeses,
including PR, GP, Provolone Valpadana, Mozzarella
di Bufala Campana, and Pecorino Romano cheeses in
Italy and Comté and Gruyere cheeses in France and
Switzerland.

Parmigiano Reggiano and GP cheeses are unmatched
among world cheeses, and this review aims to summa-
rize the latest findings on these 2 varieties to better un-
derstand the dynamics of SLAB and NSLAB and their
role in determining the characteristics of these cheeses.
This knowledge may serve as a good starting point for
implementing future studies on microbial diversity and
functionality of undefined cheese starter cultures.

PARMIGIANO REGGIANO AND GRANA PADANO:
MAJOR CHARACTERISTICS
AND CHEESE-MAKING TECHNOLOGY

Chemical Composition of Ripened Cheeses

Parmigiano Reggiano and GP cheeses have many
common characteristics and some distinct properties.
Although the similarities between these cheeses are de-
fined by their similar cheese-making technologies, the
differences are largely determined by the methods of
milk collection, milk management before coagulation,
and by the ripening conditions.

The moisture content of PR and GP cheeses ranges
from 28 to 35% and varies according to ripening time;
the ratio of fat to protein in PR and GP is quite vari-
able and may be 0.94 £ 0.02 according to cheese milk
characteristics. It is notable that PR and GP cheeses
are lactose- and galactose-free, and the lactic acid con-
tent is approximately 1.5%. Both isomers of lactic acid
are present, with an L-to-D ratio of approximately 1.1
(Careri et al., 1996; De Dea Lindner et al., 2008).

Some minor carbohydrates, such as glycosaminogly-
cans, have been found in PR at levels of 1.5 to 3.0 mg/
kg (Coppa et al., 2012). Citric acid was found at levels
ranging from 8 to 93 mg/100 g, with an average value
of 50 mg/100 g in PR (Careri et al., 1996; Coppola et
al., 2000; De Dea Lindner et al., 2008). Organic acids
derived from bacterial fermentation, such as acetic and
propionic acid, are also present in low levels, usually
<100 and 0.5 mg/100 g, respectively, in PR (Tosi et al.,
2008). A threshold of 2 mg of propionic acid/100 g of
cheese was proposed by Bacci et al. (2002) as a marker
for evidence of a defect in PR cheese. In contrast,
butyric acid can be generated during fermentation or
lipolysis, and its threshold for nondefective PR, cheeses
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can be as high as 120 mg/100 g, even though this level
is usually <50 mg/100 g (Tosi et al., 2008; Malacarne
et al., 2009). The overall mineral content of PR and GP
cheeses is 4.0 to 4.5% and is characterized by the pres-
ence of added NaCl at a level of approximately 1.5%.

Long ripening times allow for extensive proteolysis of
casein molecules by the synergistic actions of plasmin,
cathepsins, and SLAB and NSLAB proteases and pep-
tidases. The contribution of rennet to casein proteolysis
during ripening of PR and GP cheeses is controversial
and likely depends on chymosin and pepsin inactivation
by the heat load applied during cheese-making (Muc-
chetti and Neviani, 2006).

The traditional indices of proteolysis, based on the
ratio between nitrogen fractions and total nitrogen,
are largely used to quantify proteolysis in PR and GP
cheeses. These indices show that more than one-third of
cheese proteins are hydrolyzed to a large extent due to
interactions among the above-cited enzymatic systems
and the long ripening times.

Free amino acids (FAA), the products of microbial
peptidases, represent more than 15% of the total pro-
tein content of PR and GP cheeses and increase with
ripening time. Specific ratios among some FAA or their
derivatives to total FAA are used as quality markers to
distinguish grated PR and GP cheeses from imitation
products (Resmini et al., 1985; Pellegrino and Hogen-
boom, 2007; Cattaneo et al., 2008). The amino acid
pyroglutamic acid (pGlu) occurs in both PR and GP
cheeses and increases during ripening; alone or together
with certain peptides, this amino acid was proposed
as a possible marker of ripening time (Panari, 1985;
Careri et al., 1996; Mucchetti et al., 2000; Masotti et
al., 2010).

Advances in proteomics have made available much
information on the specific peptides present in ripened
cheeses, allowing for the identification of peptides that
are more resistant to further proteolysis (Sforza et al.,
2012). These advances have also led to a greater under-
standing of the accumulation of nonproteolytic amino-
acyl derivatives, such as N-y-glutamyl, N-pyroglutamyl,
and N-lactoyl amino acids, which are involved in the
development of the pleasant flavor of aged cheese
(Sforza et al., 2009; Sgarbi et al., 2013a).

Free fatty acids are relatively abundant (up to 3.5
g/100 g) in PR and GP ripened cheeses, occurring
mainly in the outer part of the cheese wheel (Malacarne
et al., 2009). Butyric acid and short-chain fatty acids
(SCFA) represent up to 7.1% of total FFA for both PR
and GP cheeses (Malacarne et al., 2009; Prandini et al.,
2009), a proportion lower than that present in milk fat;
SCFA contribute to piquant taste of cheeses. Piquant
taste, however, is not characteristic for PR and GP
cheeses, according to the low level of SCFA, and for this
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reason lipolysis is usually recognized as a noncharacter-
istic occurrence in Italian hard cooked cheese varieties,
despite of the abundance of the total amount of FFA.

Microbiological Characteristics of Ripened Cheese

Until the latter half of the 1990s, long-ripened Italian
hard cooked cheeses were largely considered to be free
of viable lactic acid bacteria (LAB) after the first 6
mo of ripening, with the exception of the presence of
pediococci (Bottazzi, 1993; Neviani and Carini, 1994).
Despite the long ripening times, both PR and GP
cheeses harbor a viable microflora at the end of ripen-
ing, mainly composed of NSLAB originating from the
raw milk. The LAB counts from 6 GP cheeses aged 13
mo were, on average, 4.53 log cfu/g in de Man, Rogosa
and Sharpe (MRS) agar and 4.82 log cfu/g in cheese
agar medium (CAM; Santarelli et al., 2013a). Grana
Padano cheese aged 9 mo from the Trentino region
(Trentino Grana) showed LAB counts in MRS up to
6.6 log cfu/g and counts of <5 log cfu/g by 18 mo of
ripening (Monfredini et al., 2012). The LAB counts of
230-d-ripened Comté cheese, for which the curd was
cooked at 56°C for 25 min, were comparable (Depouilly
et al., 2004).

Rossi et al. (2012) analyzed Trentino Grana cheese
and found LAB counts of approximately 4.5 log cfu/g
in 10-mo-old cheeses cultured in MRS and 6 log cfu/g
in 18-mo-old cheeses. Enterococci, which are not usually
detected in the advanced stages of hard cooked cheese
ripening, were the dominant microflora in these same
samples, demonstrating a trend similar to that observed
for LAB in MRS (Rossi et al., 2012). Coppola et al.
(1997) showed that LAB were able to grow on MRS at
28°C at levels of approximately 10" and 10* cfu/g for
PR cheeses aged 12 and 24 mo, respectively. Counts of
cultivable microflora can be as high as 10° cfu/g for PR
cheeses aged 12 mo, with these counts decreasing to 10°
cfu/g within 24 mo of ripening (Gatti et al., 2008a).
Large variability was observed as a function of the me-
dium used to cultivate the microflora, with the highest
values observed when CAM was utilized (Neviani et al.,
2009). A microscopy-based count of viable cells present
in PR cheese samples aged 12 to 20 mo using a LIVE/
DEAD BacLight Viability Kit (Molecular Probes Inc.,
Eugene, OR) showed values similar to those measured
using CAM but that were approximately 1 log unit low-
er than the total count (De Dea Lindner et al., 2008).
These findings suggest that a large number of dead cells
are not lysed or autolysed during ripening, even though
it is known that lysis of LAB starter cells starts within
a few days of cheese-making.

Microbial counts in cheese differ according to the spa-
tial coordinates of the samples taken from the cheese
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wheel. Although the external zone of PR cheese aged 12
to 20 mo was characterized by values lower than those
of the inner zone (De Dea Lindner et al., 2008), counts
for GP cheese aged 9 or 18 mo were higher for the ex-
ternal zones compared with the inner zone (Monfredini
et al., 2012).

The number of microbes present in ripened cheeses
is the result of 2 primary factors: the ability of the
microbes (1) to survive the heat and acid stress during
the first steps of cheese-making and (2) to grow using
energy sources other than milk carbohydrates during
the time of ripening, despite the decreasing a,, value.

The species most frequently found in ripened cheeses
were Lactobacillus rhamnosus, Lactobacillus casei,
Lactobacillus paracasei, Lactobacillus harbinensis, and
Pediococcus acidilactici (Gala et al., 2008; Gatti et al.,
2008a; Monfredini et al., 2012; Solieri et al., 2012).
Starter LAB were also occasionally detected and,
among these, Lactobacillus delbrueckii ssp. bulgaricus
was isolated from GP aged 9 mo (Monfredini et al.,
2012), whereas Lactobacillus helveticus, Lactobacillus
delbrueckii ssp. lactis, and Lactobacillus fermentum
were detected but not isolated in PR cheese aged 12
mo (Gala et al., 2008; Solieri et al., 2012). Lactobacil-
lus buchneri and Lactobacillus parabuchneri were also
detected (Gala et al., 2008).

The prevalence of mesophilic lactobacilli and the no-
table absence of thermophilic SLAB is a common trait
of hard cooked, long-ripened cheeses produced with
a thermophilic starter, such as Gruyere and Comté
(Depouilly et al., 2004; Casey et al., 2006). However,
when the heat stress is lowered, it is possible to recover
thermophilic SLAB in aged cheeses. Starter LAB were
found in 240-d-ripened Pecorino Romano cheeses in
which the curd was cooked only to 48°C (Mangia et
al., 2011). Streptococcus thermophilus and Streptococcus
macedonicus were isolated from Provolone del Monaco,
a pasta filata cheese, after 9 mo of ripening (Aponte et
al., 2008).

Sheehan et al. (2007) showed the influence of differ-
ent curd cooking temperatures (47, 50, and 53°C) on
the growth rate of Lb. helveticus, Strep. thermophilus,
and NSLAB, confirming that Strep. thermophilus is less
resistant to heat than Lb. helveticus.

Rossi et al. (2012), in contrast to Monfredini et
al. (2012), reported the presence, in Trentino Grana
cheese, of species commonly found in raw milk but
never detected as viable cells in hard cooked Italian
cheeses at a similar stage of ripening and under simi-
lar heat stress conditions. Among the “unusual” LAB,
Strep. thermophilus was cited, whereas among non-LAB
genera, several species belonging to coagulase-negative
staphylococci were listed. Even though the potential
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reasons for the presence of these bacteria as viable cells
after at least 10 mo of ripening were not discussed by
the authors (Rossi et al., 2012), Staphylococcus spp.
were also isolated from Provolone del Monaco cheese
aged 9 mo (Aponte et al., 2008).

It is possible to discriminate between the effect of
heat stress and the effect of the time of ripening by
comparing the microflora present in Cheddar cheese
with the microflora in cooked cheeses. Cheddar cheese,
a long-ripened, uncooked hard cheese, is obtained by
the addition of a mesophilic SLAB (mainly lactococci),
sometimes integrated with a mesophilic NSLAB lac-
tobacilli as an adjunct culture (Crow et al., 2001).
The highest temperature reached by the Cheddar
cheese curd grains during heating is 38 to 39°C for ap-
proximately 35 min (Lawrence et al., 2004). Nonstarter
LAB (such as Lb. paracasei, Lb. rhamnosus, Pediococ-
cus, Lactobacillus brevis, Lb. fermentum, Lactobacillus
plantarum, and Lb. coryneformis ssp. coryneformis)
replicate to approximately 10° cfu/g within the first 3
mo of ripening and remain at approximately this level
for 18 mo of ripening (Crow et al., 2001). Thus, the
absence of heat stress may be responsible for the higher
NSLAB amount.

Non-LAB microflora of ripened hard, cooked cheeses
occur in low quantities and are usually associated with
alternative genera or species. Pathogenic bacteria such
as Listeria monocytogenes, Salmonella spp., Staphy-
lococcus aureus, and FEscherichia coli O157:H7 were
absent from both PR and GP cheeses, even when ex-
perimentally added to raw milk during a challenge test
(Panari et al., 2001, 2004; Mucchetti, 2005).

Cheese-Making Technologies and Their
Relationship with Compositional Changes
from Curd to Ripened Cheese

Since the formation of the European agreement
on cheese denominations in 1951 in Stresa, Italy,
both PR and GP cheeses have been commonly called
“Grana” cheeses. The name “Grana” originates from
the typical granular structure of the cheeses resulting
from the cheese-making conditions. This structure re-
sults from the early cutting of soft coagulum and the
rapid cooking of the cheese curd grains (lezzi et al.,
2012). The correct management of these 2 operations
contributes to a habitat that facilitates the growth
of the whey starter and the raw milk microflora,
determining the absolute moisture content and the
physical structure in which the microorganism micro-
colonies can grow. However, cheese milk microflora
are potentially different for PR and GP milks because
of the different management of the temperature of
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milk collection and milk holding before coagulation,
as described below.

Milk Collection and Management Before Coagulation

Parmigiano Reggiano milk is collected twice a day
at a temperature >18°C, as stated by the production
rules, but only the milk from the evening milking is
partly skimmed by spontaneous flotation of milk fat
globules at a temperature of approximately 16 to 18°C
(CRPA, 2007). Up to 10% of the whole milk from the
morning milking can be stored at a temperature >10°C
and then mixed with that of the following evening to
be partially skimmed. In this way, the cheese-maker can
better regulate the fat content of cheese milk, avoiding
a cheese with a fat content that is too high and at
the same time reducing the risk of losing the typical
granular structure.

Grana Padano milk can be collected twice a day, but
more often, when it is stored at a farm at a tempera-
ture >8°C, it is collected once a day. The production
standard commits dairies to skimming all the milk by
spontaneous flotation at a temperature ranging from 8
to 20°C (the more frequent case) or to skimming only
the evening milk. These choices can have a noticeable
influence on the outcome of Trentino Grana cheese
(Franciosi et al., 2011b; Endrizzi et al., 2012). Further-
more, most GP dairies add up to 25 mg/kg of lysozyme
to their vat milk, whereas PR cheese is produced with-
out any additives.

Addition of NWS to Cheese Milk

Whey starter is added to cheese milk at approxi-
mately 2.7 to 3.5%; the actual quantity is traditionally
determined by a formula that considers the increase in
titratable acidity of the cheese milk given by the ad-
dition of the whey starter (Quadri, 1949). As a conse-
quence, the acidity of the whey starter is a fundamental
variable, determining the amount of starter and the
amount of microbial cells added to the milk. Approxi-
mately 90% of more than 3,000 samples of whey starter
used for PR production showed acidity values ranging
from 28 to 33°SH (Soxhlet-Henkel degrees)/50 mL. The
acidity of more than half of the samples was in the
range of 29 to 31.5°SH/50 mL, and these cultures pre-
sented the highest LAB counts. A positive correlation
between LAB count and the ability to acidify milk was
also shown (Tosi et al., 2006).

Whey starter addition increases milk acidity by a
factor of 0.7 to 0.9°SH/50 mL, reducing cheese milk
pH to 6.39 &+ 0.04 (data from Consorzio del Formaggio
Parmigiano Reggiano), favoring calf rennet activity.
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Milk Renneting, Coagulum Cutting,
Cooking of Cheese Curd Grains,
and Final Sedimentation Under Hot Whey

The management of cheese-making technology, from
the moment of rennet addition to the submersion of
cooked cheese curd under hot whey (Figure 1), is cru-
cial to the development of PR and GP cheeses because
these steps determine the heat stress exerted on the
microorganisms and the amount of readily available
energy and nutritional sources (lactose, nonprotein
nitrogen, minerals, vitamins) for the microorganisms
resistant to heat stress. These sources are related to the
modulation of the amount of residual whey fraction in
the cheese curd.

To accelerate whey syneresis, cheese curd grains with
a small size and a distribution that is not too large must
be obtained (Iezzi et al., 2012). This goal is achieved by
cutting the coagulum when its consistency is very soft;
the ratio between the hardening time and the gelation
time of the para-k-casein network is approximately 0.2
(G. Mucchetti, unpublished data). The curd grains are
fast-cooked to 53 to 56°C, which reduces their size by a
factor of approximately 1.6 (Tezzi et al., 2012), and the
grains then settle on the bottom of the vat, where they
lie under hot whey for 40 to 70 min. During this time,
the curd grains fuse together and continue to drain off
whey.

Whey syneresis during this step of cheese-making
is described by changes in the composition of the GP
curd from the moment of the cutting to its extraction
from the vat (Mucchetti et al., 2012). The data show
that cooking of curd grains causes a sharp increase in
the total solids content of the curd from 21.6 to 37.5%
and that submerging the curd under hot whey further
contributes to whey drainage, increasing the total sol-
ids to 55.5%. These findings are consistent with those
described by Ferri et al. (1992) and Tedeschi et al.
(1993) for PR cheese curds and by Lopez et al. (2005)
for Emmental cheese.

The decrease in the lactose content to 1.5% during
this step of GP cheese-making is mainly due to the
selective concentration of total solids, not to lactic
acid fermentation, as indicated by the small increase
in lactic acid and galactose contents. Similar findings
were described by De Dea Lindner et al. (2008) and
previously by Mora et al. (1984) for PR, cheese-making.

Temperature Gradient of the Molded Curd

Extraction of the cooked cheese curd from the vat de-
termines the beginning temperature gradient within the
molded curd, which increases by up to 15°C within 7 h
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Figure 1. Flow sheet for Parmesan Reggiano (PR) and Grana Padano (GP) cheese-making. *Only for PR cheese; **only for GP cheese.

from molding (Mora et al., 1984; Giraffa et al., 1998b).
This behavior was previously described for Swiss-type
cheeses (Steffen et al., 1993). The parameters affecting
the convective cooling of the cheese and temperature
gradient formation were discussed by Ercolini et al.
(2005) and Iezzi et al. (2011), who proposed different
models for predicting temperature gradients.

The curd cooking temperature, room temperature,
and size of the wheel are the main variables affecting
the rate of the curd cooling and the heat-load gradient
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occurring within the wheel. Consequently, these factors
affect the heat stress exerted on the LAB, other bac-
teria, and enzymes from the milk, rennet, and micro-
organisms. The temperature gradient generated by the
unsteady cooling of the cooked molded curd first affects
the rate of lactic acid fermentation, while galactose fer-
mentation occurs more slowly in the inner zones, which
is subjected to the highest heat stress; however, within
48 h of molding, all lactose and galactose is fermented
(Mora et al., 1984; Addeo et al., 1997). Cheeses with a
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lower content of galactose are considered defective (Pel-
legrino et al., 1995; Santarelli et al., 2013b). The effects
of the heat load gradient are also related to different
characteristics of the ripened cheese, according to the
distance of the zone of sampling from the wheel surface
(Pellegrino et al., 1997; Malacarne et al., 2009).

The heat load gradient is believed to be respon-
sible for the inactivation of rennet enzymes, which are
known to contribute to casein proteolysis. When casein
breakdown occurs more quickly, the work of microbial
peptidases becomes easier. Rennet enzymes, plasmin,
and cathepsin are nonmicrobial proteases involved in
cheese ripening. Rennet inactivation is a key factor in
addressing overall cheese proteolysis. However, studies
on the residual activity of chymosin present in cheese
extracts has yielded controversial results: Bansal et al.
(2009) found that PR cheese extracts were able to hy-
drolyze synthetic substrates such as the heptapeptide
Pro-Thr-Glu-Phe-[NO,-Phe]-Arg-Leu, which is usually
used to test rennet activity. Rampilli et al. (1998) did
not measure rennet activity in GP extracts. In contrast,
measuring the increase in the amount of ag-CN 24-199
peptide in GP or PR cheeses as a marker of rennet ac-
tivity did not provide definitive results. Gaiaschi et al.
(2000) showed an increase in ag-CN 24-199 peptide, re-
sulting from the cleavage of the Phe23-Phe24 bond that
is usually acted upon by chymosin during GP ripening.
Finally, Sheehan et al. (2007) showed the occurrence
of this peptide in cheeses obtained by curds cooked at
53°C. However, the ag;-CN 24-199 peptide may also be
produced by cathepsin D or by a protease produced by
Lb. helveticus (McSweeney et al., 1995; Gagnaire et al.,
2001). The counter peptide ag;-CN 1-23 is hydrolyzed
by many bacterial proteinases and peptidases both by
thermophilic and mesophilic LAB (Kunij et al., 1996;
Caira et al., 2003). Heat stress, in contrast, is respon-
sible for the activation of plasminogen into plasmin and
thus favors typical casein breakdown (Delacroix-Buchet
and Fournier, 1992; Somers and Kelly, 2002; Pecorari
et al., 2009).

Molding lasts for approximately 2 to 3 d, during
which the curd is placed in a plastic mold with a linen
cloth on the first day to facilitate whey drainage. On
the following day(s), a finely pierced steel mold is used.

NWS Preparation

Cheese curd cooking conditions determine the heat
gradient that affects the whey starter preparation, al-
though the cheese-maker can modify the cooling rate of
the whey. The amount of culture necessary to produce
GP and PR cheeses mainly depends on the size of the
dairy. In 2012, the numbers of dairies producing GP
and PR cheeses were 152 and 376, respectively. The
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average GP and PR dairy uses 47 and 14 t of milk
daily, respectively, resulting in a mean availability of
whey starter culture of 1,400 and 400 L/d.

The traditional containers used to produce these cul-
tures have a capacity of up to 70 L and are progressively
substituted by larger containers that are often equipped
with systems to control the fermentation temperature
(CRPA, 2010). Whey is drawn up by self-priming
pumps minutes after the sedimentation process of the
cooked curd has ended and is subsequently delivered
to the fermenters. Many dairies prefer to speed-cool
the hot whey from the cooking temperature to 51 to
48°C, with the aim of reducing heat stress and favoring
the presence of Strep. thermophilus, in addition to the
thermophilic homofermentative lactobacilli. Cooling
can be allowed to occur spontaneously and regulated
by natural convection or can be driven by the cheese-
maker according to defined temperature gradients.

With the aim of improving biodiversity, the whey
starter may be obtained from a mixture of two or more
cultures made with different heat gradients. In this way,
the resulting culture may better adapt to different milk
qualities, unintended variations in the technological
parameters of cheese-making, or the presence of phage.

Cheese Brining and Ripening

Both PR and GP cheeses are salted by brining for a
length of time that depends on the size of the cheese,
usually by dipping the wheels into saturated brines at
room temperature for a period of 18 to 25 d (CRPA,
2007). The overall uptake of NaCl is approximately 1.5
g/100 g of cheese, and the diffusion process of NaCl
from the rind toward the inner zones is very slow. The
distribution of NaCl across the wheel is not perfectly
homogeneous during the first year of ripening (Resmini
et al., 1974; Tosi et al., 2008; Malacarne et al., 2009).

The addition of NaCl, together with the low-molec-
ular-weight products of casein proteolysis, lowers the
average a, value of PR cheese to 0.95 within 150 d
(Coppola et al., 2000). A survey on a,, values of GP
cheeses ripened from 5 to >24 mo showed values ranging
from 0.935 to 0.875 (L. Pellegrino, Department of Food,
Environmental and Nutritional Sciences, University of
Milan, Italy; personal communication). Analyses of a,,
on these same samples of the fraction corresponding to
the underrind zone showed values from 0.915 to 0.845.

The decrease of a, in PR and GP cheeses is sub-
stantially greater than that measured for Irish Cheddar
cheese within 270 d of ripening, in which the a, was
reduced from 0.964 to 0.956 (Hickey et al., 2013). The
main differences between Cheddar cheese and PR and
GP cheeses are related to the usually higher moisture
content of Cheddar cheese and to the lower number of
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low-molecular-weight proteolysis products in Cheddar
cheese (1.8 g of FAA/100 g of cheese versus more than
4.5 g/100 g for GP or PR cheeses). Monfredini et al.
(2012) showed a difference in a, values between the
underrind zone of Trentino Grana aged 9 mo and the
inner zone ranging from 0.908 to 0.936, confirming pre-
vious findings by Pellegrino et al. (1997) that showed
a progressive increase in a,, values as the distance from
the rind increased. In the same paper, Pellegrino et al.
(1997) showed that FAA content was higher near the
surface than at the center of the wheel. In the zone
directly under the rind, the FAA content was the low-
est, likely due to the low a,, values caused by the high
total solids and NaCl content, which is able to modify
the structure of 3-casein and thus limit proteolysis (Fox
and Walley, 1971).

Typically, both PR and GP cheeses are ripened in
large warehouses with temperature and relative humid-
ity (RH) control to drive moisture loss and create a
difference between the air RH and cheese surface a,,.
Moisture evaporation during ripening contributes to
lower a,, values and facilitates microbial dynamics and
enzymatic activities. The moisture content of PR and
GP cheeses can decrease during ripening to values of 28
to 30% (Tosi et al., 2008).

The standard of production for GP cheeses establish-
es a temperature range between 15 and 22°C, whereas
that for PR does not define a temperature range, only
specifying that in summer the temperature cannot be
lower than 16°C. Typically, the temperature of PR
warehouses varies from 10 to 20°C, with the most com-
mon temperatures being 14 to 16.5°C; meanwhile, RH
values range from 70 to 84% (Guidetti et al., 1995).

MICROBIOTA OF RAW MILK

Microbiota of Raw Whole Milk
for PR and GP Cheeses

The microbiota of raw milk is first influenced by
specific aspects of the farm environment, including the
teat surface, air, dust, stable conditions, and milking
parlor environment, which are responsible for milk con-
tamination.

Raats et al. (2011) showed that the microbial com-
munity in milk farm samples differed significantly from
that of dairy plant samples; the authors found that psy-
chrotolerant communities, mainly Pseudomonadales,
present in farm samples can proliferate during milk
storage at refrigeration temperature. Pseudomonas spp.
and pseudomonad counts can be related to the cleaning
and sanitation procedures of milking equipment and to
water quality (Leriche and Fayolle, 2012). Parameters
used to clean milking equipment were strongly related
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to milk-derived psychrotrophic and coliform bacteria
(Bava et al., 2011).

The isolation frequencies of the different species of
lactobacilli in raw milk are quite different, with L.
paracasei being the most frequently identified species
(Vacheyrou et al., 2011). However, LAB are typically
not a dominant species of raw milk microbiota.

Counts of raw milk spores of lactate-fermenting Clos-
tridium spp. (butyric clostridia) are typically signifi-
cantly low, ranging from 50 to 1.7 x 10” cfu/L (Ingham
et al., 1998). Fontana et al. (2002) reported counts
slightly higher, with values up to 1.3 x 10* spore/L for
cow milk. Spore counts in milk collected in Lombardia
(a region of northern Italy) from 2000 to 2012 showed
mean values of less than 4 x 10% spore/L (IZSLER,
2013). Despite their low values compared with stan-
dard plate counts, the presence of butyric clostridia in
milk is an important issue for cheese quality, as these
bacteria are responsible for the reported late-blowing
defect (Carini et al., 1985). It has been well established
that Clostridium tyrobutyricum spores are the causative
agent of the late-blowing defect in cheese (Klijn et al.,
1995; Su and Ingham, 2000); more recently, Clostridium
butyricum, Clostridium sporogenes, and Clostridium bei-
jerinkij have also been found to be responsible for the
same cheese defect (Cocolin et al., 2004; Le Bourhis et
al., 2005; Garde et al., 2011, 2012).

The microbiota of raw whole milk may further change
following its arrival at the dairy as a function of the
different conditions (i.e., time and temperature) of stor-
age of the milk at the farm and its collection from the
farm to the dairy. These factors are determined by the
European Regulation CE No 853/2004, on the hygiene
of foodstuffs, and by the specific standard for PR and
GP cheeses, as specified above.

Microbiota of Raw Skim Milk
After Spontaneous Creaming

All milk used for GP cheese production and approxi-
mately half of that used for PR cheese production is
subjected to a rest period of approximately 6 to 12 h
to allow for partial spontaneous fat creaming to occur.
During this time, the microbiota can change, depend-
ing on the equilibrium between 2 contrasting factors:
the interaction among microbial cells and the milk fat
globule membrane and the growth rate of bacteria.

The density of microbial cells is typically higher than
that of skim milk, and as a consequence, these cells
tend to sediment on the bottom of the milk container;
typically, however, cream has a microbial count signifi-
cantly higher than that of part skim milk or the original
whole milk (Mucchetti and Neviani, 2006; Carminati et
al., 2008; Franciosi et al., 2011a).
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Active mechanisms involving bacterial adhesion to
milk fat globule membrane can be involved, in which
glycosylated membrane proteins such as mucins or lac-
tadherins (Lopez, 2011) can bind to bacteria (Sando et
al., 2009; Guri et al., 2012). Additionally, various cell
surface proteins and polysaccharides enable the adhe-
sion of bacteria to interfaces. Effects due to the physical
entrapment of bacteria within clusters of floating milk
fat globules are also possible.

The temperature of milk is crucial, mainly because
the temperature affects the microbial growth rate. Fran-
ciosi et al. (2011b) showed a general decrease in the mi-
croflora of skim milk after the milk was allowed to rest
overnight at both ambient temperature and 12°C. The
unique exceptions to this decrease were the numbers
of psychrotropic bacteria and enterococci, which were
slightly higher after skimming at ambient temperature.
The microbial counts in cream were higher than ex-
pected, as it was hypothesized that the microbial cells
would be entrapped by the cream; this finding suggests
that microbial growth is higher in cream than in skim
milk. This trend was also shown by Battistotti and
Rebecchi (1998). Carminati et al. (2008) showed the
ability of raw milk LAB bacteria to grow both in skim
milk and in cream kept at 15 or 20°C for 16 h, with the
highest values obtained for cream. Panari et al. (2007)
found that microbial counts in skim milk are higher in
the summer if the milk temperature is not controlled.

Pathogens can grow during spontaneous creaming of
milk accordingly to milk temperature. At 8 and 15°C,
no growth of Listeria monocytogenes, Salmonella spp.,
E. coli O157:H7, or Staphylococcus aureus occurred
within 16 h, and the increased counts in the cream were
due to the entrainment of the bacteria during cream
separation. In contrast, these pathogens were able to
grow at 20 and 25°C in both the partially skimmed raw
milk and in the cream, and Staph. aureus produced
staphylococcal enterotoxin only in the cream separated
at 25°C (Carminati et al., 2008).

Spore counts of lactate-fermenting Clostridium spp.
were significantly reduced up to 96% by spontaneous
creaming (Panari et al., 2007), with an efficacy compa-
rable to that when spores were separated by centrifuga-
tion at 9,000 x ¢ for 30 s (Su and Ingham, 2000).

Microbiota of Vat Cheese Milk

The microbiota of vat cheese milk consists of both
the microflora of the raw milk and that of the NWS.
although in GP cheese-making, all of the milk is par-
tially skimmed, in PR cheese-making, the milk from the
morning milking is currently added to the vat without
any fat separation. Therefore, the raw milk microbiota
consists of both the microbiota from the evening milk-
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ing and the morning whole milk. In PR cheese-making,
vat cheese milk contains the amount of thiocyanate
(SCN7) naturally present in the morning milk, and
the oxidation of this compound by the lactoperoxidase
(LP)-H,0, system is responsible for gram-negative
bactericidal effects and for gram-positive bacteriostatic
effects. The activity of the LP-SCN -H,0O, system is
temperature-dependent, and the effects on the bacteria
are stopped when all of the thiocyanate is oxidized (4 h
at 30°C; Bjorck et al., 1975). It is possible that in GP
milk, the LP-SCN"-H,0, system is active only during
the spontaneous milk skimming step.

To date, most GP dairies continue to add approxi-
mately 25 mg/kg of lysozyme to milk. The effect of
lysozyme on raw milk and the whey starter microbiota
is complex, particularly considering the biodiversity of
the microbiota of the vat cheese milk (Carini et al.,
1985). Different strains belonging to Lb. helveticus, the
main species in NWS, show different sensibilities to
lysozyme. This strain-specific resistance is thought to
be due to the presence of an 11.5-kb plasmid (Veaux et
al., 1991) acquired during strain adaptation and not by
selection of spontanecous mutants (Neviani et al., 1991).
Resistance of lactococci and lactobacilli to lysozyme (35
mg/kg) was demonstrated by Kozakova et al. (2005).

MICROBIOTA OF NWS, AN UNDEFINED
STARTER CULTURE

The NWS used to produce GP and PR cheeses are
undefined cultures that are traditionally prepared by
retaining some of the whey drained from the cheese vat
at the end of cheese-making. The temperature of curd
cooking, the management of the gradient temperature
during whey fermentation, and the increase in acidity
each lead to the selection of a characteristic microbiota
mainly consisting of thermophilic, aciduric, and mod-
erately heat-resistant LAB (Rossetti et al., 2009; Gatti
et al., 2011). Changing one or more of these parameters
can lead to NWS with different characteristics (Santar-
elli et al., 2008). However, this modality of preparation
also warrants the survival of different biotypes that are
useful for the development of the ecosystem itself: a
mixture of strains of the same species facilitates the
development of a natural starter with a poorly defined
composition but with a strong ability to self-adapt to
variable technological performances, as required by
nonstandardized cheese-making operations.

NWS Counts

Enumeration of LAB in GP and PR NWS has tra-
ditionally been performed by plate counts on different
agars and media and more recently also by epifluores-
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cence microscopy (Bottari et al., 2006, 2010; Fornasari
et al., 2006; Gatti et al., 2006). By comparing culture-
independent (i.e., microscopy) and culture-dependent
(i.e., plate count) enumerations, it is clear that bac-
terial viability in NWS cannot be evaluated only as
LAB capacity to form colonies on MRS or whey agar
medium. The number of total cells, and in particular
viable cells, was often higher (up to 1 log unit) than
the number of colony-forming units. Questions remain
about such microbial populations that are viable but
not cultivable, which often represent the majority of the
culture. Because these bacteria are not able to growth
in whey medium and cannot be isolated, the role of
this population in the whey culture during cheese curd
fermentation is not currently known.

To recover underestimated viable Strep. thermophilus
from GP NWS, a revitalization step coupled with a
modified M17 medium was used by Fornasari et al.
(2006), who demonstrated the limitations related to
the enumeration of streptococci using traditional M17
plating media.

The NWS of GP and PR showed a large distribu-
tion of LAB counts, ranging from ~7.7 to 9.9 log cfu/
mL (Table 1). This variability appears to be dairy- or
season-dependent and is not linked to cheese variety.
Unusually low counts of <7.0 log cfu/mL were observed
by Rossi et al. (2012) for Trentino Grana NWS.

NWS LAB Species

Dominant LAB species of GP and PR NWS, such as
Lb. helveticus and Lb. delbrueckii ssp. lactis, are ther-
mophilic and homofermentative. Heterofermentative
Lb. fermentum and Strep. thermophilus are also often
found in NWS but at low frequencies and numbers
(Zago et al., 2007a; Rossetti et al., 2008; Bottari et al.,
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2010, 2013; Cremonesi et al., 2011; Monfredini et al.,
2012; Pogaci¢ et al., 2013; Santarelli et al., 2013a).

Techniques such as length heterogeneity (LH)-PCR
and its correlated database were used to identify and
semi-quantify the most abundant species, whereas fluo-
rescence in situ hybridization (FISH) is a useful indi-
cator of Lb. helveticus and Strep. thermophilus viability
(Bottari et al., 2006, 2010). These approaches demon-
strated that Lb. helveticus was consistently found in the
highest percentage in all NWS (for both GP and PR
cheeses). Lactobacillus delbrueckii ssp. lactis was also
commonly found but occurred in different percentages,
whereas Lb. fermentum and Strep. thermophilus were
only occasionally found in low percentages, with Strep.
thermophilus occurring more frequently in GP NWS
compared with PR NWS. The origin and the effect of
the presence, or absence, of these different species, and
the differences in the abundance of these species, have
not yet been studied and therefore are not currently
known.

Lactobacillus delbrueckii ssp. bulgaricus was found in
NWS until the 2000s (Bottazzi et al., 2000; Coppola et
al., 2000), but more recently, this species is no longer
identified as a member of the microbiota of PR or GP
NWS. Mesophilic species have been recovered in NWS
at a low frequency, although the numbers of these mi-
crobes is consistently at least 3 or 4 log lower than that
of thermophilic species.

Lactobacillus  rhamnosus, a facultatively hetero-
fermentative mesophilic LAB, is the most frequently
identified mesophilic LAB species in PR and GP NWS
(Coppola et al., 2000; Neviani et al., 2009; Pogagi¢ et
al., 2013). Among the species less frequently identified,
Lb. paracasei (Neviani et al., 2009; Rossi et al., 2012),
Enterococcus faecium, and several species uncommon
for the given environment such as Lactobacillus san-

Table 1. Thermophilic lactic acid bacteria (LAB) evaluated in natural whey starters

Cultivable LAB' (log cfu/mL)

Viable cells No. of
Cheese type in MRS in WAM (log cells/mL) samples Reference
Parmigiano Reggiano 8.34 (average) ND? ND 15 Coppola et al., 2000
Parmigiano Reggiano ND 8.38-9.04 ND 6 Gatti et al., 2003
Parmigiano Reggiano 7.00 8.50 9.50 1 De Dea Lindner et al., 2008
Parmigiano Reggiano ND 8.03-8.77 9.15-9.50 18 Bottari et al., 2010
Parmigiano Reggiano ND 7.70-8.98 8.52-9.97 18 Santarelli et al., 2013b
Parmigiano Reggiano 8.60 (average) ND ND 3,362 Tosi et al., 2006
Grana Padano ND 8.60-9.4 ND 6 Andrighetto et al., 2004
Grana Padano ND 8.15-9.29 8.97-9.32 8 Fornasari et al., 2006
Grana Padano ND 8.39-9.29 8.91-9.23 23 Gatti et al., 2006
Grana Padano ND 8.58-9.90 ND 24 Rossetti et al., 2008
Grana Padano ND 8.00-8.20 8.90-9.20 6 Santarelli et al., 2013a
Grana Trentino ND 5.00-7.00 5 Rossi et al., 2012
Experimental Grana 8 ND ND 1 Zago et al., 2007

'MRS = de Man, Rogosa, and Sharpe medium; WAM = whey agar medium.

*Not determined.
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franciscensis, Sphingomonas sp., and Staphylococcus
epidermidis were identified only in Grana Trentino
NWS by sequencing denaturing gradient gel electro-
phoresis-PCR bands (Rossi et al., 2012). It would be
interesting to understand whether the identification
of these unusual species is due to true microbiological
differences among NWS or to the different detection
limits of the methods used.

Denaturing gradient gel electrophoresis, which was
used by Andrighetto et al. (2004), does not allow for
the amplification of bands corresponding to Lb. del-
brueckii, Lb. fermentum, or Strep. thermophilus, even
though these cultures were recognized, together with
Lb. helveticus, by culture-dependent methods. These
data emphasize the sensitivity of these diverse micro-
biological methods.

Natural cultures used for Reggianito cheese-making
in Argentina are mainly composed of Lb. helveticus and
Lb. delbrueckii ssp. lactis (Reinheimer et al., 1996) in
an average proportion of 66 to 33%. However, because
Reggianito cheese curd is cooked at a maximum tem-
perature of 51°C (SAGPyA, 2008), such strains would
likely be unable to grow in Italian cheeses cooked at 54
to 55°C.

Lactic acid bacteria species that are typically present
in PR and GP NWS are different from those present
in cultures used for Parmesan cheeses produced in the
United States, which largely consist of selected strains
of Strep. thermophilus and Lb. helveticus grown sepa-
rately in skim milk (Govindasamy-Lucey et al., 2004).

Many studies have focused on the intraspecies (i.e.,
strain) characterization of the most abundant species
isolated from NWS, showing how these cultures vary
not only by species but also, and mainly, by strains
within species. Because it is the dominant species in
NWS, Lb. helveticus has been the focus of many studies
regarding the phenotypic and genotypic biodiversity of
this species. Biotypes isolated from the NWS used to
produce GP were different from those isolated from the
NWS used to produce Provolone cheese (Giraffa et al.,
1998a, 2000; Gatti et al., 1999; Lombardi et al., 2002;
Rossetti et al., 2009) and from those used to produce PR
(Gatti et al., 2004). This diversity could be related to
different cheese-making parameters that induce differ-
ent selective pressures, particularly because Provolone
cheese curd is usually cooked to a temperature <52°C
(Mucchetti and Neviani, 2006). However, biodiversity
has also been found among biotypes isolated from the
same niche. Gatti et al. (2004) highlighted the differ-
ences among Lb. helveticus strains isolated from NWS
collected from PR dairies located on plains and hills,
whereas Lombardi et al. (2002) showed the differences
among Lb. helveticus strains isolated from NWS used
to produce GP in the Lombardia and Veneto regions.
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Few data are available regarding Lb. delbrueckii ssp.
lactis. Tt was observed that Lb. delbrueckii ssp. lactis
biotypes isolated from PR NWS were comparable to
those of GP NWS, whereas the biotypes isolated from
Provolone NWS were distinct (Giraffa et al., 2003).

The biodiversity of Lb. helveticus and Lb. delbrueckii
ssp. lactis isolated from GP and PR whey starter cul-
tures was evaluated by Belletti and coauthors (2009)
using 13 antibiotics. No significant differences relative
to the type of cheese were found.

NWS Microbial Interaction

Based on intraspecies characterization, it is reason-
able to assume that microbial composition in NWS is
due not only to the species present but also to the
different biotypes belonging to the same species; this
difference is the crucial aspect that distinguishes
natural cultures from select cultures. Moreover, this
complexity is not stable but may be altered by the
daily replacement of the culture. According to ecologi-
cal principles, different bacterial interactions involv-
ing either stimulatory or inhibitory effects have been
evaluated for Lb. helveticus, Lb. delbrueckii ssp. lactis,
and Lb. fermentum. The growth of each strain, growing
individually in whey containing cell-free supernatants
of whey cultures from the other strains, was positively
or negatively affected (Giraffa et al., 1997a). Giraffa et
al. (1997a) observed that Lb. helveticus cultivated in
microfiltered whey grows more efficiently if co-cultured
with Lb. delbrueckii ssp. lactis and Lb. delbrueckii ssp.
bulgaricus, compared with single-strain whey cultures.
The same authors also suggested that Lb. helveticus can
stimulate the growth of Lb. delbrueckii ssp. lactis after
48 h of prolonged co-cultivation in whey.

However, the greatest advantage of NWS biological
systems is undoubtedly their wide resistance to lytic
bacteriophage attacks (Giraffa et al., 1997b). Despite
extensive industry efforts, which include adapted fac-
tory designs, improved sanitation, adequate ventilation,
process changes, improved starter mediums, and cul-
ture rotation, phage infection of starter LAB cultures
remains one of the most common causes of slow or
incomplete fermentation in the dairy industry (Gar-
neau and Moineau, 2011; Marcé et al., 2012). Natural
starters are widely considered to be highly tolerant to
phage infection because they are grown in the presence
of phages, which leads to dominance of resistant or tol-
erant strains (Marcé et al., 2012). The presence of vari-
ous strains from the same species allows phage-infected
single strains to be replaced by phage-resistant single
strains with similar metabolic characteristics (Carmi-
nati et al., 2010). Although Carminati et al. (1997)
found that lysogeny occurred in Lb. helveticus cultures
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isolated from GP NWS, these cultures were found to
carry defective phages or killer particles when induced
by mitomycin. More recently, a large number of Lb. del-
brueckii ssp. lactis lysogenic strains were isolated from
NWS (Zago et al., 2007b). Sudrez et al. (2008) con-
firmed that lysogeny is also present in Lb. delbrueckii
strains isolated from natural and commercial cultures.

MICROBIAL EVOLUTION FROM CURD
TO RIPENED CHEESE

LAB Evolution

When NWS is added to partially skim milk in the
vat, the microbiota in these cultures becomes mixed.
The amount of NWS added is approximately 3% (vol/
vol) of vat milk, thus the microbial equilibrium between
NWS and milk favors the former, except in cases in
which the LAB count of the NWS is unusually low, as
reported by Rossi et al. (2012).

Lactic acid bacteria of cheese vat milk are usually
differentiated as SLAB or NSLAB. The former are
involved in lactic acid production during manufacture
and contribute to the ripening process, whereas the lat-
ter do not contribute to acid production during manu-
facture but generally play a significant role during rip-
ening (Beresford et al., 2001; Neviani and Gatti, 2013;
Neviani et al., 2013). It is also common to distinguish
these microbial groups according to their origin; SLAB
mainly arise from the NWS, and NSLAB arise mainly
from milk. However, the link that binds the milk and
whey from which the NWS is prepared is very close,
and thus it is also possible to find NSLAB in NWS.
The NSLAB species Lb. rhamnosus was isolated from
PR NWS (Neviani et al., 2009), whereas Lb. paracasei
was isolated from Grana Trentino NWS (Rossi et al.,
2012), and Pediococcus acidilactici was found in GP
NWS (Pogati¢ et al., 2013).

During GP and PR cheese production, SLAB mainly
develop in the molded curd within 12 to 24 h from curd
extraction, and the growth of these microbes is coupled
with lactic acid fermentation and a decrease in pH to
approximately 5.10 to 5.25. The highest LAB counts are
usually obtained from cheese curds harvested within 24
h of NWS addition and are in the range of 10% to 10’
cfu/g (Santarelli et al., 2013b). Within 48 h, the total
LAB count starts to decrease, typically to levels <10°
cfu/g (Santarelli et al., 2013a).

Microbial diversity in vat milk, NWS, and cheeses
at different stages of ripening for GP cheese-making
was measured using indices of diversity, evenness, and
richness (Magurran, 2004; Buckland et al., 2005), cal-
culated using the number of peaks and the area values
resulting from LH-PCR electropherograms (Santarelli
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et al., 2013a). These indices were previously used to de-
scribe ecological diversity in environmental ecosystems
(Ritchie et al., 2000; Kan et al., 2007) and to explore
bacterial biodiversity during maize ensiling (Brusetti et
al., 2006).

Among cheese ecosystems, distinct trends have been
demonstrated, with a large biodiversity during the first
2 mo, followed by a gradual decrease during ripening.
Richness, evenness, and diversity indices of bacterial
community are estimated using the number and area
of each peak in the LH-PCR electropherogram profiles.
The highest number of species (identified and not iden-
tified) in the community (richness) is observed in 2-mo-
old cheeses. This finding is consistent with the growth
trend observed by culturing and could be correlated
with the growth of NSLAB reported during the first
month of ripening (Santarelli et al., 2013a).

LAB and Curd Acidification

During the first 24 h of cheese molding, the conver-
sion of lactose into lactic acid is the main biochemical
process that occurs in cheese. Acid production at the
appropriate rate and time is a key step in the manufac-
ture of a high-quality cheese.

The rate of pH decrease for PR and GP cheese curds
occurs according to the following temperature gradient:
the pH decreases to 5.1 to 5.2 within 5 to 6 h in the
external zone, whereas the same pH value is reached
only after 24 h from the addition of NWS to milk in
the inner zone, which remains at a temperature >50°C
for more than 10 h (Pecorari et al., 2003). This pH
decrease occurs in separate stages because of differences
in LAB growth rates. Giraffa et al. (1998b) showed that
the growth of the thermophilic lactobacilli was greatest
between 0 and 6 h in the cheese exterior, where Lb.
helveticus predominated, and between 6 and 24 h in the
core, where Lb. delbrueckii became the dominant species.
The identification method used in that study did not
allow for identification of the subspecies. Lactobacillus
delbrueckii ssp. lactis was undetectable in GP curds by
colony hybridization (Zago et al., 2007a), whereas this
species was found by LH-PCR in PR curd (Gatti et al.,
2008a) and in GP curd (Pogagi¢ et al., 2013; Santarelli
et al., 2013a). Finally, Lb. fermentum, which is some-
times found in NWS, was also isolated from the curd
between 6 and 48 h (Giraffa et al., 1998b). However, Lb.
fermentum biotypes isolated in GP curds were different
from those isolated from NWS (Pogai¢ et al., 2013).

An abundance of Strep. thermophilus in NWS and
the application of cheese-making parameters not op-
timal for thermophilic lactobacilli growth in curd can
lead to significant differences in lactose and galactose
fermentation and to a consequent lack of lactic acid pro-
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duction; these effects are due to the inability of Strep.
thermophilus to ferment galactose and to the reduced
contribution to lactose fermentation by lactobacilli.
Santarelli et al. (2013b) found an inverse relationship
between the galactose content of 18 PR cheese curds,
sampled from 7 dairies at 24 h after vat extraction, and
the number of cultivable thermophilic lactobacilli. In
contrast, a positive correlation was observed between
lactic acid content and thermophilic lactobacilli counts.

Moreover, when viable Strep. thermophilus were ob-
served to be at least codominant with Lb. helveticus in
cheese curds by FISH, the curds were characterized by
a high content of galactose and a low content of lactic
acid (Santarelli et al., 2013b). However, no relation was
found between NWS microbial species composition and
the fermentation products of cheese curd. This lack of
relation strengthens the hypothesis that when cheeses
are produced with raw milk and NWS; the technologi-
cal parameters applied to cheese-making are relevant to
the outcome of the cheese, largely because these param-
eters are one the most powerful drivers of differentiated
LAB growth.

Counts of LAB in PR and GP curds varied depend-
ing on the medium used, from 10" cfu/g in PR (Cop-
pola et al., 2000; Gatti et al., 2008a) and GP (Santarelli
et al., 2013a) if evaluated with MRS in thermophilic
conditions to 10° cfu/g if evaluated with whey agar
medium (De Dea Lindner et al., 2008; Gatti et al.,
2008a), mainly in the external zone. Nonstarter LAB
were detected in acidified curds at a low level, from 10
to 10" cfu/g in PR curds (Coppola et al., 2000; De Dea
Lindner et al., 2008; Gatti et al., 2008a) and 10" cfu/g,
on average, in GP curds (Santarelli et al., 2013a).

LAB After Brining

SLAB. Starter LAB are undoubtedly the major
players in the first hours of GP and PR production;
however, after 18 to 25 d of brining, their counts drasti-
cally diminish as a consequence of the decrease of the
availability of lactose and autolytic activities (Lortal
et al., 1991; Wilkinson et al., 1994; Long et al., 1999;
Lortal and Chapot-Chartier, 2005). Lactobacillus hel-
veticus and Lb. delbrueckii ssp. lactis cells were the
dominant species through the second month of ripen-
ing, even though an increasing number of these cells
underwent autolysis over time. Furthermore, lysozyme
could accelerate the lysis of SLAB cells in GP cheese.
Cell lysis is a key event for the release of cytoplasmic
enzymes into the cheese matrix and is crucial to under-
standing the contribution of different microbial cells
to cheese ripening. Although measuring the activities
of intracellular enzymes such as lactate dehydrogenase
or peptidases is traditionally used to assess cell lysis
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(Bunthof et al., 2001), this method offers only general
information and cannot provide information regarding
the specific cells that are lysed. By studying PR cheese-
making during the first 20 mo of ripening, De Dea
Lindner et al. (2008) found a negative correlation be-
tween total microbial counts and 4 peptidase activities.
These peptidases showed 2 strong increases in activity:
the first between 12 and 48 h and the second between
mo 4 and 6 of ripening. These peaks in activity cor-
responded to the first decrease in SLAB count, reaching
a maximum peptidase activity at 12 h from the start
of cheese-making, and to the start of NSLAB lysis, as
suggested by a study by Gatti et al. (2008b).

Gatti et al. (2008a) and Santarelli et al. (2013a) pro-
posed an innovative method to study the dynamics of
whole and lysed LAB cells during PR and GP ripening.
These groups applied a semiquantitative, culture-inde-
pendent LH-PCR method to cheese samples, analyzing
the cheese extracts before and after sterilizing filtration
(pore filter of 0.22 pm). Using this technique, DNA
from whole and lysed cells could be differentiated by
treating the whole-cell fraction with DNase to digest
the free DNA arising from the lysed cells and analyzing
the free-cell filtrate. Peak areas for SLAB whole cells
decreased during PR cheese ripening, whereas peak
areas for SLAB lysed cells increased in the first 6 mo of
ripening. Even when thermophilic SLAB were detected
as whole cells, these cells could not be isolated from
cheeses during the first 2 mo of ripening, suggesting the
presence of viable but uncultivable cells (Gatti et al.,
2008a). This hypothesis was confirmed using direct epi-
fluorescence microscopy (De Dea Lindner et al., 2008).
After mo 24 of ripening, LH-PCR peak areas for SLAB
whole and lysed cells were the smallest, suggesting the
potential use of DNA as a source of carbon, nitrogen,
phosphorus, and nucleic acids for less nutritionally
demanding bacterial cells in the particularly hostile nu-
tritional environment that exists during the advanced
stages of cheese ripening (Gatti et al., 2008a).

Lysed cells of the SLAB Lb. helveticus and Lb. del-
brueckii ssp. lactis were found in all 2-mo-old cheeses,
confirming that starter lysis occurs following acidifica-
tion (Santarelli et al., 2013a). Contrary to findings by
Gatti et al. (2008a), who did not observe the presence
of whole or lysed Lb. fermentum cells during PR cheese
ripening, Lb. fermentum lysed cells were observed in 2
GP cheese samples, for which high relative percentages
were reported in one of these samples (Santarelli et
al., 2013a). The isolation of Lb. fermentum from PR
cheeses aged 12 mo suggests strong resistance to lysis
by this species (Solieri et al., 2012).

NSLAB. The tolerance of NSLAB to hostile en-
vironments caused by absence of sugar, low a,, value,
and temperature lower than their optimal allows these
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microbes to develop after brining (Coppola et al., 1997,
2000; Cogan et al., 2007; Gatti et al., 2008a; Settanni
and Moschetti, 2010; Neviani and Gatti 2013; Neviani
et al., 2013).

Plate count methods attempting to differentiate
thermophilic from mesophilic LAB using different incu-
bation temperatures (22 to 28°C vs. 42 to 45°C) are not
a good criteria for accurate data collection. Coppola et
al. (1997) did not isolate thermophilic LAB from MRS
plates incubated at 45°C. Lactobacillus rhamnosus and
P. acidilactici were isolated from MRS plates incubated
at both 28 and 45°C, whereas Lb. casei and Lb. paraca-
sei were more frequently isolated at 28°C.

Growth curves of cultivable NSLAB have shown
that the growth of these organisms peak between the
mo 4 and 8 of cheese ripening, during which time the
organisms increase by approximately 2 to 4 orders of
magnitude relative to their initial count (Coppola et
al., 1997; Zago et al., 2007a; Gatti et al., 2008a; Solieri
et al., 2012).

Although it is well known that SLAB autolysis is
greatly involved in cheese ripening, NSLAB autolysis
has rarely been described in GP and PR ripening.
Lysed Lb. rhamnosus or Lb. casei/paracasei were de-
tected within the first 2 mo of GP ripening (Santarelli
et al., 2013a), whereas NSLAB lysis during PR ripening
began only after the first 6 mo (Gatti et al., 2008a).
Early lysis of GP NSLAB may be related to the pres-
ence of added lysozymes. This hypothesis needs to be
investigated by further researches.

In contrast to SLAB, which contribute to cheese
ripening by releasing intracellular enzymes mostly in
the early stages of aging, NSLAB play a key role in
cheese ripening by multiplying after cheese brining and
by release of enzymes into the cheese later in ripening.

Considering the highest numbers of SLAB (typically
>3 x 10° cfu/g) and NSLAB (usually up to 5 x 10"
cfu/g) in cheese and the different rates of lysis of these
cells, it can be hypothesized that the contribution of
NSLAB enzymes to cheese ripening is less than that of
SLAB enzymes.

Characterization of NSLAB. The biodiversity
of GP and PR NSLAB was evaluated by Belletti and
colleagues (2009) by analyzing the susceptibility to 13
antibiotics of Lb. rhamnosus and Lb. casei isolated from
ripened GP and PR cheese. Significant differences in
antibiotic resistance were found among the strains in
relation to the type of cheese. The strains isolated from
PR in particular were more resistant to gentamicin and
penicillin. The NSLAB strains were generally more re-
sistant than SLAB strains, and significant differences
were observed in their responses to different antibiotics.
Moreover, PR-derived NSLAB showed greater resis-
tance to gentamicin and penicillin compared with the
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same species isolated from ripened GP. The authors
suggested that the different antibiotic profiles could
be explained by farming conditions. Differences in
geographical area, farm size, animal feed, and pasture
can induce the need for different therapeutic antibiotic
treatments. In such cases, the raw milk is believed to be
the carrier of resistant NSLAB, which can develop an-
tibiotic resistance on the farm. The different antibiotic
resistances among cheese types observed for oxacillin,
clindamycin, penicillin, and, above all, gentamicin can
be explained by this theory.

To study Lb. rhamnosus evolution during PR ripen-
ing, 66 strains isolated during the same cheese-making
session were genotypically characterized by Bove and
colleagues (2011a). Interestingly, intraspecies heteroge-
neity correlates with the ability of bacteria to adapt
to specific environmental conditions, a process driven
by previous technological choices. The greatest number
of different biotypes was isolated in the first period of
cheese maturation; in particular, these biotypes were
found in the curd after 6 and 48 h and in the cheese
after brining. After this time, these biotypes were un-
detectable, perhaps due to the increasingly unfavorable
conditions. In contrast, other biotypes were isolated
only at the end of ripening. The majority of the strains
belonged to biotypes that were present in cheese from
the first or second month of ripening through at least
mo 10. One of these biotypes was regularly isolated at
each sampling time and therefore might be considered
the dominant strain throughout the ripening process
(Bove et al., 2011a).

Additionally, Solieri et al. (2012) verified an interest-
ing biodiversity within the same species. Specifically,
a culture-dependent, multiphasic approach was used
to characterize NSLAB isolated from PR cheeses with
different ripening times (from 7 to 23 mo) produced
by several dairies. Lactobacillus rhamnosus and Lb.
paracasei were the species most frequently isolated,
and among these species, an intraspecific diversity was
revealed. Additionally in this study, the ripening time
for both Lb. rhamnosus and Lb. paracasei appeared to
play a role in the composition of cultivable NSLAB in
cheese.

The detection of different biotypes isolated from
cheeses with different availabilities of nutrients due to
the moment of ripening may suggest that these strains
have specific metabolic properties.

On this subject, research has been conducted to
evaluate the changes in Lb. rhamnosus gene expression
when this microbe is grown in a rich medium such as
MRS compared with a cheese-like medium (CB; Bove
et al., 2011b). Although Lb. rhamnosus strains isolated
from 20-mo-ripened PR cheese grew more efficiently in
MRS, these strains were also able to grow well in the



INVITED REVIEW: MICROBIAL EVOLUTION IN RAW-MILK, LONG-RIPENED CHEESES

more hostile cheese-like medium. This novel approach
revealed that the transcriptomic profiles expressed
by these microbes in cheese-like medium were more
complex than previously thought. Complex metabolic
pathways in the cell enabled the microbe to generate
additional energy, allowing Lb. rhamnosus to adapt to
grow in unfavorable conditions (Bove et al., 2011b). It
has also been demonstrated that Lb. rhamnosus strains
cultivated under cheese-like conditions expressed dif-
ferent levels of some proteins responsible for protein
biosynthesis, nucleotide metabolism, carbohydrate
metabolism, glycolysis, proteolytic activity, cell wall
synthesis, exopolysaccharide biosynthesis, cell regula-
tion, amino acid and citrate metabolism, oxidation-
reduction processes, and stress responses (Bove et al.,
2012). Recently, it has been verified that NSLAB Lb.
rhammnosus and Lb. casei grown in these conditions are
capable of producing flavor compounds such as ketones,
aldehydes, alcohols, and acids, which may contribute to
PR organoleptic features (Sgarbi et al., 2013b).

CONCLUSIONS

Undefined natural whey cultures are typically used
as starters for Italian cooked, long-ripened, raw milk
cheeses, such as PR and GP. Together with raw milk,
these starters are responsible for most cheese charac-
teristics, first ensuring rapid and complete lactose fer-
mentation and then contributing to casein proteolysis
and to aroma and flavor development through amino
acid catabolism. Although the variability in lactose
fermentation is mainly time-dependent, being that all
lactose is depleted within 24 to 48 h from the start
of cheese-making, the variability in proteolysis is more
complex and depends on the quantity and quality of
LAB in the cheese and on the ability of the LAB to
undergo autolysis. Furthermore, LAB proteolysis is
strongly dependent on the primary proteolysis step
performed by rennet and milk proteases. Attempts to
produce defined whey starters have been made, but
cheese-makers continue to prefer natural cultures and
therefore have recently submitted requests to modify
the PDO standards. The PR cheese standard states
a clear ban on the use of selected starters (European
Union, 2009), whereas the GP cheese standard (Euro-
pean Union, 2011) acknowledges the link between the
use of natural whey, containing LAB typical of the area
of origin of the cheese, and the unique characteristics of
Grana Padano PDO cheese. In contrast to commodity
cheeses, where selected starters are used to obtain the
highest degree of cheese-making standardization and a
highly reproducible product identity, PR and GP cheese
producers accept slight variability in their products as
a statement of their individual ability to manage wild
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populations of biodiverse microorganism in raw milk
and whey starters, which offer a more personal mark
on the cheese.
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