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Abstract: The remarkable global diversity in long-ripened cheese production can be attributed to
the adaptability of the cheese microbiota. Most cheese types involve intricate microbial ecosystems,
primarily represented by lactic acid bacteria (LAB). The present study aims to review the microbial
community’s diversity in dairy fermentation processes, focusing on two famous Italian cheeses,
Grana Padano and Parmigiano Reggiano, produced using natural whey starter (NWS). NWS, created
by retaining whey from the previous day’s cheese batches, forms a microbiological connection
between daily cheese productions. Through this technique, a dynamic microbiota colonizes the
curd and influences cheese ripening. The back-slopping method in NWS preparation ensures
the survival of diverse biotypes, providing a complex microbial community in which interactions
among microorganisms are critical to ensuring its technological functionality. As highlighted in this
review, the presence of microbial cells alone does not guarantee technological relevance. Critical
microorganisms can grow and colonize the curd and cheese. This complexity enables NWS to adapt
to artisanal production technologies while considering variations in raw milk microbiota, inhibitory
compounds, and manufacturing conditions. This critical review aims to discuss NWS as a key factor
in cheese making, considering microbial communities’ ability to evolve under different selective
pressures and biotic and abiotic stresses.

Keywords: lactic acid bacteria; cheese fermentation; Italian cheeses; natural whey starter; raw milk
cheese; dairy microbial ecology

1. Premise: Cheeses and Their Microbiota

Cheese is a product obtained via the acidic or enzymatic destabilization of casein,
or more commonly, through a combination of both processes [1,2]. The earliest historical
documentation of cheese production was found in ancient texts recovered in Iraq, dating
back to about 3200 BC. In truth, the cheese transformation of milk may have spread to
different people and places in the world even earlier as a result of random experiences.
Subsequently, the relevant procedures would have been empirically reproduced until they
became an industrial process through the development of scientific and technological
knowledge that forms the basis of modern cheese processing [3–5].

Most modern cheese types are produced using only milk, lactic acid bacteria (LAB),
rennet, and often sodium chloride [1,4]. Moreover, the different microbial communities har-
bored by different types of cheeses arise from raw milk, starter cultures, and adventitious
microorganisms that originate from the equipment and cheese-making plant environ-
ment [4].

Raw milk is a rich and very attractive substrate for different microbial species that
use lactose as a carbon source. Environmental factors play crucial roles in shaping the
composition of the raw milk microbiota and in defining its evolution in cheese during
ripening [1,4,6–13].
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Thus, the manufacture of most cheese types involves a complex and dynamic mi-
crobial ecosystem in which several biochemical reactions occur, largely based on lactic
acid fermentation by LAB [1,4,6,7,10,14,15]. However, not only the variability but also
the versatility of this microbiota define the great differences that can be obtained in the
fermentation of curds to produce very different cheeses.

In summary, the microbial evolution in cheese production is a dynamic process that
encompasses adverse and fluctuating conditions for fermenting or not fermenting microor-
ganisms that reach the curd alive in different ways.

The contribution of the cheese microbiota to flavor development characterizes the
quality and recognition of the cheese and is thus of critical significance. The final cheese
flavor, as with many of the final characteristics of cheese, is due to the interactions between
the cheese microorganisms, the growth substrates, proteins in the milk, and the cheese
environment [14,16]. During cheese manufacturing, environmental parameters such as tem-
perature, pH, osmolarity, and lactose concentration change significantly. These parameters,
particularly LAB, can be stressful to the microbiota of all cheeses. Rapid environmental
changes impose limitations on the adaptation and cellular duplication of cheese through
alternative secondary metabolism, leading to the production of metabolites with impacts
on taste and aroma [17].

The process of transforming milk into cheese can be schematically divided into three
blocks of operations (Figure 1). The first block of operations takes place before the milk is
placed in the coagulation tank (vat) and corresponds to the milk preparation phase, includ-
ing any refrigeration, possible skimming and pre-maturation, and any heat treatments. The
second block of operations occurs in the vat and consists of the stages of milk processing
that lead to the production of the curd. The third part consists of a series of operations that
transform the curd into cheese. All these procedures together lead to the formation of the
peculiar structures, flavors, and aromas of the different types of products.
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Starter LAB first produce mild acidification of the milk, followed, more importantly,
by acidification of the curd. These changes define the main characteristics of the three
blocks of operations during the first part of the cheese-making process (Figure 1) [4,6,10,18].
The factors related to lactic fermentation and multiplication of the acidifying LAB are
critical in transforming the curdled milk during the first hours of maturation. For this
reason, these LAB are called starter LAB. Acidification and lactose depletion are the first
steps in curd formation. In addition to making the substrate less hospitable to most
other microbial species, the acidification resulting from homolactic fermentation induces
changes in casein hydration and its ability to remain in a colloidal suspension. In addition
to coagulation, cheese curd fermentation plays a central role in defining the rheological
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structure of the future cheese. Lactic acid is the primary metabolite produced by this type
of lactose fermentation. The speed and intensity of acidification induce dramatic changes
in the destabilization and structure of casein micelles. Much of the casein is found as a
colloidal suspension in raw milk. The stability of this colloidal state is deeply connected
to the presence of saline bridges and the availability of calcium phosphate in the state.
The acidification caused by the fermentation by LAB modifies this physical–chemical
equilibrium, thereby increasing the permeability of the curd [1,4,7,19].

After lactose depletion, bacterial cell death begins. Then, the lysis of the starter LAB,
together with other bacteria sensitive to these new adverse conditions, induces the release
of a significant amount of intracellular proteolytic enzymes, which constitute the heritage of
the cheese microbiota and can participate in the ripening of the cheese. It is well established
that cell lysis is a key event for the release of cytoplasmic enzymes into the cheese matrix
and is crucial for understanding the contribution of different microbial cells to cheese
ripening [17,20–30]. In this way, the proteolysis of caseins should be considered a crucial
event in determining the outcome of the process [1,7,16,31].

The number of starter LAB cells in the acidified curd amounts to almost one billion per
gram of cheese. This high quantity represents a huge reservoir of enzymatic activity [32].
These enzymes, or at least some of them, can remain active in the curd for very long periods
of time and contribute to the different stages of cheese ripening [1,4,7].

From this perspective, starter LAB could be considered responsible for cheese
modifications—firstly, as a well-defined cellular entity and secondly, as enzymes released
after cell lysis. However, it was recently proposed that cell lysis alone cannot explain the
long-term enzymatic activity observed during cheese ripening. From this perspective,
bacterial cells that derive from the starter cultures could undergo permeabilization events,
allowing for intracellular enzyme activity that might be relevant for prolonged metabolic
conversions and thus flavor compound synthesis [17].

In this context, choosing the type of starter LAB for cheese making involves deter-
mining, in detail, the microbiota of the vat milk and how it will develop, first in the curd
and then in the final cheese. Cheese technology leads to the selection of different bacterial
populations. In addition, the complexity of the cheese-making parameters represents an
aid or a tool to manage the versatility of the different LAB biotypes. Critically, not all the
microorganisms present in the milk and curd that are considered cultivable or detectable
based on DNA must fully participate in the dairy transformation. Some microorganisms
may simply be present but could be of little interest in cheese production and ripening [17].

The presence of a microbial cell (or, worse, microbial DNA) is not enough to be
considered technologically relevant. The most important microorganisms are those capable
of multiplying, growing, and colonizing the curd and cheese. Indeed, microorganisms
that are technologically relevant and increase the “quality” of the resulting cheese can be
relatively rare in the composition of the raw milk and starter microbiome.

2. The Main Factors of the Microbial Ecosystem Involved in Long-Ripened Cheese,
Such as Grana Padano and Parmigiano Reggiano

The most commonly studied and famous long-ripened Italian cheeses are Grana Padano
(GP) and Parmigiano Reggiano (PR). These two varieties are traditional and long-ripened
hard-cooked cheeses produced with raw milk in restricted geographical areas of Northern
Italy, delimited by official regulations (“https://www.granapadano.it/wpcontent/uploads/
2023/02/SpecificationsGBOct2022-50252.pdf (accessed on 11 January 2024)”, “https://www.
parmigianoreggiano.com/consortium-specifications-and-legislation/ (accessed on 11 January
2024)”) [4,24,33,34]. Both varieties are “Grana cheeses”, which refers to a cheese with a grainy
structure. Such cheeses have been produced in the Po Valley since the 13th century.

GP and PR cheeses are made from partially skimmed raw milk through lactic acid
fermentation and subjected to slow and long ripening for at least 9 and 12 months. LAB
from raw milk, commonly called non-starter LAB (NSLAB) and starter LAB, plays a
fundamental role in achieving the typical sensory characteristics of these cheeses [4,24].

https://www.granapadano.it/wpcontent/uploads/2023/02/SpecificationsGBOct2022-50252.pdf
https://www.granapadano.it/wpcontent/uploads/2023/02/SpecificationsGBOct2022-50252.pdf
https://www.parmigianoreggiano.com/consortium-specifications-and-legislation/
https://www.parmigianoreggiano.com/consortium-specifications-and-legislation/
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GP and PR cheeses have many common characteristics and some distinct properties.
Although the similarities between these varieties are defined by their cheese-making
technologies, the differences are largely determined by the methods of raw milk collection,
milk management before coagulation, and ripening conditions. Briefly, to produce PR, the
milk is not refrigerated and should be maintained at a temperature no lower than 18 ◦C.
The evening milk is partially skimmed after overnight creaming at about 20 ◦C in special
tanks called “bacinelle”. For GP, the feeding of high-quality silage fodder is allowed, and
the cheese is produced from two consecutive rounds of milking. This milk is stored at a
temperature no lower than 8 ◦C on the farm. To inhibit the late blowing of cheese, the
addition of lysozyme to the vat milk (20–25 ppm) is allowed, as the use of silage favors the
contamination of raw milk by spore-forming clostridia. The milk is skimmed via creaming
in “bacinelle” for about 12 h at 8–20 ◦C [24,35].

For both cheeses, the slight microbial acidification that occurs during creaming favors
rennet activity in the milk vat. At the same time, slight proteolysis produces short peptides
that may favor further growth of the LAB in the natural whey culture (NWS). In both
cheeses, calf rennet (powder preparation) is used.

A large amount of the NWS, about 3% (v/v), is added to the vat milk, yielding a
total titratable acidity of ca. 28–32 ◦SH/50 mL [18]. As the use of commercial/selected
starters is not allowed, NWS is prepared using whey from the previous cheese-making
process. This whey is held under a temperature gradient (from about 50–54 ◦C to about
30–34 ◦C for 12–16 h) to reach a final titratable acidity close to about 20–32 ◦SH/50 mL. It
is well known that the microbial composition of the NWS is dominated by thermophilic
LAB (about 109 CFU/mL), such as Lactobacillus helveticus and Lactobacillus delbrueckii subsp.
lactis. [24,26,36,37]. The relative abundance of the species L. helveticus and L. delbrueckii
subsp. lactis in the NWS varies according to the dairy used. Recently, Sola et al. [37]
proposed a distinction between NWS dominated by the species L. helveticus (NWS type-H)
and that dominated by the species L. delbrueckii (NWS type-D), noting that these ecological
differences in starter cultures can influence the early stages of curd acidification [38].

After coagulation, the curd is broken into particles the size of rice grains and cooked
at 52–56 ◦C for 5–15 min under stirring. The time from rennet addition at 32–34 ◦C to the
end of cooking is close to 23 min. The combination of heating and acidifying activity by the
NWS allows the formation of curd grains with the right texture along with whey drainage.
After cooking, curd grains settle to the bottom of the vat for about 30–50 min with a whey
temperature not exceeding 53–55 ◦C. Then, the curd is removed, cut into two parts, molded,
acidified for about 48 h, salted in brine, and ripened for at least 12 months.

The use of the NWS is a practice that started at the beginning of 1900. This process
aims to reduce microbiological defects in cheese and has consolidated over time. Acid
production at the appropriate rate and time is a key step in the manufacture of high-quality
cheese [24,39].

The method used to produce NWS by retaining some of the whey drained from the
cheese vat at the end of cheese making leads to the selection of a characteristic micro-
biota [36]. The different treatments used during cheese making, starting from the addition
of NWS to curd removal and the collection of “sweet whey”, promote the selection of
thermophilic and acid-tolerant lactic bacteria in the acidified whey [18,24]. The most influ-
ential parameters are the temperature of curd cooking, the management of the gradient
temperature during whey fermentation, and the increase in acidity. Changing one or more
of these parameters can lead to the selection of a characteristic microbiota mainly consisting
of thermophilic, aciduric, and moderately heat-resistant LAB [24,36,40].

The NWSs obtained in this way demonstrate how the inhabitants of these specific
geographical areas empirically learned to use their fermentation capabilities for dairy
purposes by exploiting the abilities of specific microbial ecosystems to adapt and evolve.
The curd structure in the vat and after breaking and extraction is defined by the acidification
of the curd and, consequently, by LAB activity. During the first few hours of cheese making,
the thermophilic LAB present in NWS quickly grow in the curd, but the correctness of curd
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acidification depends on the residual availability of sugar, the pH, the residual moisture,
and the temperature. It is known that the LAB in NWS mainly develop in the molded
curd within 12 to 24 h and that the growth of these bacteria is coupled with lactic acid
production and a decrease in pH to approximately 5.10–5.25. During the first 24 h of cheese
molding, the conversion of lactose into lactic acid is the main biochemical process that
occurs in cheese [4,24,41]. Moreover, due to the large size of the cheese (a diameter of 35
to 45 cm and a side height of 18 to 25 cm), all these parameters can differ in the different
areas of the curd, creating differences in the acidification activity between the central and
the external parts of the cheese. Within 48 h, the total LAB count starts to decrease.

The performance of NWS during cheese ripening can also be influenced by its cultiva-
tion history, modulating the proteome allocation and metabolic stability in starter cultures,
thereby providing novel approaches to influence flavor formation [17,42,43]. Additionally,
the presence of NSLAB in raw milk [44,45] can influence starter LAB’s growth capacity in
vat milk. During the first stage of cheese making, the weak proteolytic activity of NSLAB
favors an increase in free amino acids in the milk. These free amino acids, or little peptides,
allow the fast growth of starter LAB and, consequently, facilitate acidification kinetics [46].
The metabolic interactions between NSLAB and starter LAB affect the inhibition of spoilage
bacteria and curd structuring [1,4,7,19].

The aim for the remainder of this critical review is to discuss the NWS as the driver
of the cheese-making process, considering microbial communities and their capability to
evolve under the different ecosystems that change during the production cycle of the NWS
itself and during that of long-ripened cheeses.

3. Natural Whey Starter—Peculiarly Complex Microbial Ecosystems

According to PDO regulations, to prepare NWS for cheese making the following day,
the whey remaining after curd separation, i.e., whey that is cooked and not already acidified
(cooked non-acidified whey, often simply called “sweet whey”), is recovered, usually
from one vat, and incubated at a decreasing temperature. This back-slopping procedure
establishes a microbiological connection between subsequent batches of production.

The composition of these undefined multiple-strain cultures is the sum of the LAB
obtained from raw milk and the LAB introduced in the previous batch of cheese with
the previous NWS [24,36,39,47,48]. Under this traditional protocol, whey represents the
link between these cheeses, which are manufactured each subsequent day. One of the
peculiarities of using NWS for cheese making is that it forms a “microbiological bond”,
which is transferred through whey from one day’s milk to that of the following day. In this
way, NWS serves as a link between the dairy products manufactured each day. For this
reason, following production regulations, cheese must be produced every day.

The success of the NWS is linked to its ability to adapt to the different technological
parameters encountered in the cheese production process, thereby maintaining a high
level of resilience among thermophilic LAB species. The peculiar adaptive features of the
microbiota of NWS allow this undefined culture to retain its technological functions by
adapting to a cyclical production process based on back-slopping [24,36,39].

However, this modality of preparation based on the back-slopping principle also
enables the survival of many different biotypes, some of which are likely useful for the
development of the whey ecosystem itself. A mixture of strains of the same species facili-
tates the development of a natural starter with a poorly defined composition but a strong
ability to self-adapt to variable technological performance, as required by non-standardized
cheese-making operations [36,39,49]. Small changes in technological parameters such as
the temperature of curd cooking, the temperature and modality of NWS cooling, and
differences in the final acidity and pH reached can affect the bacterial consortium present
in NWS [24,36,38,39].

Notably, natural whey cultures experience two different thermal gradients. After
inoculation into the milk vat, the temperature increases up to about 53–55 ◦C, exposing
the bacteria cells to thermal stress for about one hour, while after separation of the whey
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from the curd, the temperature decreases, alleviating the severe thermal conditions. It
was observed that the two main thermophilic species present in whey, L. helveticus and L.
delbrueckii subsp. lactis, respond differently to the different gradients and composition of
the environment during the production phases [37]. Indeed, L. helveticus is regarded as a
more acid-tolerant strain, which might explain its increase in quantity despite the low pH
values reached in NWS [36]. Conversely, the inoculated vat milk had higher pH values
that, in combination with a possibly higher tolerance to the thermal stress of L. delbrueckii
subsp. lactis, could explain the numerical increase observed after the phase of cooking. This
evidence suggests the resilience of this peculiar ecosystem in adapting itself to different
stress conditions [36].

Other 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 primarily, by strains within species, as observed in undefined cultures used
for the production of other cheeses [50,51]. Because it is the dominant species in NWS, L.
helveticus has been the focus of many studies on its phenotypic and genotypic diversity [52].

According to ecological principles, Giraffa et al. evaluated different bacterial interac-
tions involving either stimulatory or inhibitory effects for L. helveticus, L. delbrueckii ssp.
lactis, and L. fermentum [53]. Certainly, future studies are needed to better understand the
role of microbial interactions in the stability and functionality of the NWS ecosystem.

Comparing culture-independent (i.e., microscopy) and culture-dependent (i.e., plate
count) quantification [26,39,54] indicates that bacterial viability in NWS cannot be evaluated
only based on LAB’s capacity to form colonies on MRS or a whey agar medium. The number
of total cells, particularly viable cells, is often higher (up to 1 log unit) than the number
of colony-forming units. Questions remain about the roles of cells that are viable but not
cultivable, which often represent most of the culture. Because these bacteria cannot be
cultivated, the role of this population in the whey culture during cheese curd fermentation
is not currently known.

Recently, it was demonstrated that Lactococcus lactis can form persistent and viable
but not culturable (VBNC) cells when exposed to antimicrobial agents [55]. Other reports
on the same species suggest that bacteria that enter dormant, low-growth states could be
relevant in the microbial ecology of dairy products since they are metabolically active [56].
However, such bacterial strains are challenging to isolate from complex environments such
as the NWS.

In general, the molecular mechanisms of nonculturable cells are perplexing, and the
condition of VBNC is controversial [57,58].

However, the greatest and most well-known advantage of NWS’s biological systems
is undoubtedly their wide resistance to lytic bacteriophage attacks [59]. Natural starters
are widely considered highly tolerant to phage infection because they are grown in the
presence of phages, which leads to the dominance of resistant or tolerant strains [18,60–62].
Although Carminati et al. [62] found that lysogeny occurred in L. helveticus cultures isolated
from GP NWS, these cultures were found to carry defective phages or killer particles
when induced by mitomycin. More recently, a study by Mancini et al. [63] confirmed
the prevalence of bacteriophages in NWS cultures used to produce Trentin Grana cheese,
despite showing the limited capability of the isolated bacteriophages to form lysis plaques
on cultures of L. helveticus. The consistent presence of lytic phages in the NWS did not
impair their performance. This result could be related to the presence of various bacterial
strains of the L. helveticus species, each with different phage sensitivity profiles, allowing the
species to effectively counteract phage predation [64]. However, when the concentration
of bacteriophages increases, adverse effects could be encountered in the sensory profiles
of cheeses resulting from such a production process [65]. The presence of phages in
cheese might select for resistance traits among bacteria, especially if the bacteria and phage
association persists between different production cycles [65].
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4. An Ecological Perspective on Natural Whey Starters

Over time, microorganisms have been mutating and evolving to adapt to an ever-
changing ecosystem [66]. Microbial populations adapt rapidly when they are introduced to
a new environment. However, at the same time, microbial populations could continue to im-
prove indefinitely, albeit slowly, even in a constant environment, through the contributions
of individual mutations to fitness improvement [67].

NWS can be considered one complex microbial community among many such com-
munities in nature. The production of fermented products such as NWS is the result of
activities not by an individual but by a group of microorganisms. For example, most food
fermentation processes depend on mixtures of microorganisms (species and biotypes), which
act in concert to produce the desired product characteristics. All fermentation processes are
often characterized by the presence of a complex microbiota. Notably, the LAB community of
NWS can be discussed while considering the scenario of complex microbial communities.

About 35 years have passed since multicellularity was proposed as a possibility for
understanding the growth and development of complex prokaryotic ecosystems. Indeed,
the hypothesis that complex microbial ecosystems act like multicellular organisms whose
individual components interact and condition each other remains intriguing [68,69].

Intercellular communication and multicellular coordination are known to be widespread
among prokaryotes and influence the expression and intensity of multiple phenotypes. Fol-
lowing this approach, the interactions between microorganisms that comprise complex ecosys-
tems represent the decisive factor that influences the development of different microbial
cultures [70]. Beyond microbial quantity or the presence of different species, biotypes, and
variants, the interactions between microorganisms represent a key factor for understanding
the biological functionality of complex microbial ecosystems and their ability to adapt to stress,
survive, evolve, and express different phenotypes [68,69].

This evidence highlights the need to deeply explore the diversity of the microbial
community involved in natural food fermentation processes and the links between their
technological capabilities and product quality [71–74]. The back-slopping principle applied
to an environment such as non-thermally treated milk brings the results of NWS very
close to those of natural fermentation. Thus, we should explore how the technological
choices made by humans can direct growth and microbial metabolism under conditions
of stress. It is well known that the technological processes used to produce fermented
foods usually involve process conditions that guide fermentation through the imposition
of differently selective or elective conditions on the microbiota present. The ability of
microorganisms to resist different stress factors enables their resilience under conditions that
are hostile to growth and metabolism [75–79]. Microbial selection guides the fermentation
process [71,72,80–82].

Concerning this microbial adaptative capacity, Charles Darwin wrote in a letter to
Asa Gray, “What a trifling difference must often determine which shall survive, and which
perish!” [71]. Therefore, the colonization of food by different microorganisms may also be
studied in terms of both ecological strategy and community development [18,83–85].

In natural food systems, the stimulatory and inhibitory effects among microorganisms
could support the possibility of maintaining the viability of a crucial part of the microbial
population (population stability), even in the presence of continuous changes in the food
environment, including those resulting from the metabolic activity of the microorganisms
themselves [18,29,53,83–87].

In general, it can be stated that the NWS bacterial consortium is more versatile and
robust than pure cultures used in cheese production because it performs more complex
activities and can tolerate more variation in the environment. This deduction is based on the
concept that bacteria benefit from multicellular cooperation by using the cellular division
of labor, accessing resources that cannot effectively be utilized by single cells, collectively
defending against antagonists, and optimizing population survival by differentiating into
distinct cell types [68]. Even micro-interactions with the environment matrix, including
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milk, whey, curd, and cheese, can be crucial in defining cellular cooperation and the
evolution of microbial communities [69,88–90].

In complex ecosystems, even population heterogeneity can be a determinant in defin-
ing resilience against environmental uncertainty [91]. Intraspecies diversity among closely
related strains is commonly linked to functionally adaptive traits encoded on genomic
islands that are acquired by horizontal gene transfer [92]. The generation of subpopulations
with varying plasmid content in natural communities yields selective advantages in the face
of environmental uncertainty [50,82,93,94]. Analogously, bacteriophages play a regulatory
role in population dynamics through density-dependent predation [50,95].

The presence of isogenic bacteria, populations that are traditionally considered to be
composed of identical cells, can also contribute to the survival and evolution of complex
microbial ecosystems [96]. Despite containing the same genetic material, protein levels
between cells can vary due to stochastic events associated with gene expression and regula-
tion. Thus, cell-to-cell heterogeneity has important implications for allowing populations
of cells to diversify and thus survive environmental stress [50,71,82,94,97,98].

It was verified that microbial communities in sourdough microbiota undergo changes
in composition that threaten their resilience. To support resilience and good performance,
the sourdough metacommunity includes dominant, subdominant, and satellite players,
which together ensure gene and transcript redundancy [86].

The microbial consortia offer several advantages for the survival aptitude of the
microbiota. These benefits include the increased quality and safety of several food systems,
flavor development, and increased stability to improve shelf life and consumer safety. In
summary, the interactions that occur within the food ecosystem can play a decisive role
in the evolution of all players present in the ecosystem itself. This evidence has increased
interest in studying the diversity of the community of fermenting microorganisms and
linking the evolution of microbiota to their properties in adapting to technological processes
and product quality.

For GP and PR cheese production, NWS represents a large component of the future
microbiota of curd and, in collaboration with the raw milk microbiota, the “engine” of the
metabolism involved in cheese making and cheese ripening [13,45]. LAB species/biotypes
present in vat milk (from NWS and raw milk) can grow, survive, decline, and even become
dominant during cheese manufacture. The outcomes depend on metabolic potential, which
is species- and even biotype-specific. The environmental conditions that species encounter
are first the biochemical composition of the vat milk, followed by the curd matrix modified
by acidification and technological parameters.

The large number of NWS LAB cells that develop in the curd, thereby acidifying it, also
represent the most important source of the large pool of proteolytic enzymes released after
cell lysis; these enzymes are significantly involved in cheese ripening. Enzyme activities
are regulated by cheese composition, moisture, NaCl concentration, pH, and temperature,
which change not only over time but also according to the different cheese zones [22,25,32,99].
Interactions between SLAB and NSLAB occur starting from the earliest stages of cheese
manufacture through cheese ripening. One of the most well-accepted theories indicates that
SLAB lysates provide energy sources for NSLAB [18,24,28–30,100–104].

It was previously observed that the bacterial consortia of NWS coevolved during adap-
tation to whey and curd acidification [36]. The management of this dynamic ecosystem
could be considered a superorganism, consisting of the sums of microbial metabolism and
the interactions between individual microbes [18,72,105]. This super-organism activity
recalls the multicellularity proposed by Shapiro [68,69] as the key to understanding the
growth and development of complex prokaryotic ecosystems, whose individual compo-
nents interact and condition each other.

For simplicity, the different microorganisms of the cheese microbiota can be arbitrarily
clustered into three parts (Figure 2). Many of these parts are only occasionally present, likely
without any (or minimal) technological significance, or are not yet understood (supporting
actors) (Figure 2, area A). The size of this area can vary according to the type of milk used to
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produce the cheeses. As in the case of raw milk, the more complex the milk microbiota, the
larger the area. Another area (Figure 2, area B) includes all microorganisms (biotypes and
variants) that are functional in the survival of the whey starter’s ecosystem itself and its
ability to adapt and survive/evolve. This part of the microbiota determines the resilience of
the NWS ecosystem [82]. As suggested by Charles Darwin, this component determines the
continuity and survival of the ecosystem [71]. The third part (Figure 2, area C) represents
a core microbiota that is not needed for natural whey starter fermentation but remains
necessary for curd fermentation. This part represents the microbial core responsible for
the cheese-making process and can change during the different moments (or zones) of the
cheese-making process. Unlike part B, part C does not represent the biological element
of stability and continuity in the whey starter ecosystem itself but only the part that is
functional for the transformation of the cheese. This component is capable of adapting
to stress factors induced by technology. Starting from this part of the microbiota alone,
unlike with part B, there is no certainty that the NWS ecosystem will survive. Therefore,
it cannot be excluded that even small variations in the preparation of the starter cultures
can significantly influence the dominance of otherwise minority bacterial populations that
influence the functional properties of the NWS ecosystem [63].
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 Figure 2. Schematic representation of the microbial complexity observed in the NWS ecosystem.
Assuming an environment where different abiotic or biotic stresses (Stress a, b, c) are faced by the
NWS microbial community, it is likely that the majority of components (Part A) are superfluous and
not relevant to the functionality of the microbial community itself, while different subsets (Part B,
Part C) could better adapt to different steps in the cheese-making process. The existence of microbial
interactions, within-species biodiversity, and phenotypic variability makes it difficult to disentangle
and characterize the contribution of each microbial population to the complex NWS microbiome.

Studying NWS to produce Parmigiano Reggiano cheese, Bertani et al. [36] observed a
large number of microorganisms present in the natural culture mixed with raw milk (part
A). These microorganisms mainly came from raw milk, a core microbiota useful for the
persistence of the ecosystem, and adapted, in turn, to a mixture of raw milk and whey or
non-acidified/acidified whey (part B). A minority of the microorganisms adapted to the
curd ecosystem (part C). This minority component of the natural whey microbiota (part
C) could be considered essential for the cheese-making process. Bertani et al. [36] also
showed that it is not possible to develop a natural whey starter useful for cheese making
with only part C because part B is able to maintain the complex culture, adapt to vat milk,
and produce the natural whey starter fermentation. Even if these bacteria (species and/or
biotypes) had found ideal conditions to grow in the NWS, only a minority of them could
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have better adapted to the curd ecosystem compared to cooked non-acidified whey and
the NWS ecosystem [29,38,53,106].

In part A, there are other microorganisms not involved in the persistence or resilience
of NWS. Such microorganisms likely come from environmental raw milk contamination.
We believe that the interactions between microorganisms belonging to these different parts
of the microbiota, not only their presence and amount, are key factors in understanding
their technological functionality, ability to adapt to stress, ability to survive, and ability to
evolve and express phenotypes in the final cheese.

It can be assumed that a core microbiota would be useful for the persistence of the
ecosystem. This microbiota could adapt to the mixture of raw milk and NWS in the vat,
to sweet whey after curd separation, or to acidified whey after preparation of the NWS.
The majority of LAB present in acidified whey is necessarily adapted to this substrate and
capable of reaching the desired level of acidification.

This factor is likely related to the difficulties sometimes encountered when selecting
starter cultures with technological and aromatic performance like that achieved using
natural starters. Indeed, isolating and using mixtures of strains obtained from milk or a
natural starter seems insufficient to obtain starters with good dairy performance. Rather, it
is necessary to identify the biotypes, which may represent a minority in the natural starter,
with the ability to develop into the curd. Consequently, minority populations or even
apparently non-viable strains could be necessary to maintain cell interactions.

5. Conclusions

The biological complexity of the LAB consortium characterizing the NWS is both a
strength and a weakness of these natural cultures. Indeed, this biological complexity and
biodiversity guarantee the LAB consortium’s ability to adapt to artisanal production tech-
nologies based on its intrinsic ability to evolve in response to external factors such as the
microbiota of raw milk, the presence of any compounds that might inhibit bacterial growth,
and the manufacturing conditions. On the other hand, the presence of different species and
numerous biotypes makes it more difficult to standardize the daily propagation of the starter.
Consequently, the activity of this consortium can vary slightly from day to day.

Despite the findings provided by previous studies, the composition of these natural
microbial cultures adapted to the selective pressure of dairy processing is not yet fully under-
stood. It will be necessary for future studies to explore individual players and, especially, the
relevant complex ecosystem communities and bacterial interactions.

The ability of all living species to colonize an ecosystem includes their interactions with
other species living in the ecosystem. Biotic and abiotic effects determine the evolution of this
interaction. NWS seems to represent a good example of this complexity and functionality.
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