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Mozzarella Cheese: An overview of production practices, and functional and sensory
properties
Katherine Rehberger, School of Food Science, Washington State University
Mozzarella Economic Impact
Mozzarella consumption cheese accounts for 12.5 pounds per year per person, increasing
by 57.6% since 1995, making mozzarella the most popular cheese in the United States (USDA
Economic Research Service 2024). Mozzarella is a major component in many baked products,
including pizza. Pizza is extremely popular with American consumers, as 11% of Americans
consume pizza on any given day, regardless of race/ethnicity or income level (Hoy et al., 2024).
Mozzarella cheese is a popular topping on pizzas as about 75% of the mozzarella cheese
produced in the United States becomes pizza ingredient (Sutariya et al., 2022). This popularity
makes mozzarella a near essential in the pizza industry due to its unique baking properties
including melting, blistering, and browning (Banville et al., 2013; Kindstedt, 1993; Ma et al.,
2014).
Mozzarella Regulations
According to the Code of Federal Regulations, mozzarella is classified as natural cheese

with a fat-in-dry-matter (FDM) content of at least 45% (w/w), and moisture content of 52-60%
(w/w) (21 CFR 133.155, 1993). However, if the moisture content is reduced to 45-52%, the
mozzarella is classified as low-moisture mozzarella (21 CFR 133.156, 1993). Similarly, if the
fat-in-dry-matter (FDM) content is between 30-45%, the mozzarella is classified as part-skim
mozzarella (21 CFR 133.157, 1993). If the produced mozzarella meets both of the above
classifications, it is considered low-moisture part-skim mozzarella (27 CFR 133.158, 1993).

Cheesemaking
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Mozzarella production process follows the general method of cheese making until curd
formation and handling. However, specific steps during the mozzarella cheesemaking process
such as curd washing, stretching, and brining allow for the development of its unique attributes.
To make mozzarella, milk is first pasteurized and heated, then acidified through the addition of
lactic acid bacteria or through direct acidification. The acid produced decreases the milk pH. The
enzyme chymosin is then added at pH of 6.5. Chymosin induces coagulation, cleaves the
external kappa-casein from the casein micelle, leading to reduced stabilization. This reduction of
steric stabilization leads to the casein micelles to aggregate and induce the curd structure. The
curd is then cut and cooked, during which time the pH further decreases. During this time,
syneresis of the whey also occurs, resulting in the removal of lactose, galactose, protein, water,
and other constituents. Once the desired pH is reached, the whey is drained, and the curd is
treated. In pasta filata mozzarella production, the curd is stretched in hot water, affecting texture
and the final structure of the cheese. Finally, the cheese is packaged and ripened, depending on
cheese variety. Each of these steps will be discussed in more detail below.

Milk Composition

While mozzarella was originally made with buffalo milk in Italy, current US production
uses bovine milk (Imm et al., 2003; Natrella, Gambacorta, et al., 2020; Yang et al., 2025). Bovine
milk contains 87% water, and the three main constituents that are key in the cheesemaking
process, these being fat, carbohydrates and proteins (Fox et al., 2015; Jensen, 1995; Lindmark-
Mansson et al., 2003). Fat composes ~3.7% (w/w) of cow’s milk composition though it can
fluctuate due to time of year, temperature, and herd composition (Heck et al., 2009; Li et al.,
2019). In mozzarella, fat plays key roles in flavor, texture, and functionality, as fat becomes

trapped in the curd and degrades through lipolysis from the presence of lipases, forming flavor
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compounds. Additionally, fat plays a role in moisture retention, impacting the functional
attributes that play a role in characterizing mozzarella, such as melting and blistering (Lefevere
et al., 2000). Carbohydrates compose ~4.8% (w/w) of cow’s milk, with the main carbohydrate
being lactose (Newburg & Neubauer, 1995). Lactose, or milk sugar, is a disaccharide made up of
two monomers, glucose and galactose. The availability of lactose allows for lactic acid
metabolizing bacteria to ferment lactose into lactic acid and other constitutes, a necessary
process in cheesemaking (Jensen & Newburg, 1995). Protein in cow’s milk makes up 3.4%
(w/w) with two main categories of protein: whey proteins (~80% of the protein), and casein,
accounting for ~20% of the protein (Fox et al., 2015). There are three categories of casein
proteins, a-caseins, 3-casein, and k-casein, and in milk, these casein proteins interact in casein
micelles (Dalgleish & Corredig, 2012; Holt, 1992; Horne, 2002; Lucey, 2002). Proteins,
specifically the casein proteins and their interactions when denatured, are key to the formation of
cheese structure.

Additional constituents are present in bovine milk, composing a small percentage but
having a large impact on the nutrition and functionality of the cheese. One of these constituents
is calcium, a mineral in milk that plays a large role in cheese structure (Johnson & Lucey, 2006;
Joshi et al., 2004). When casein becomes denatured and the milk is coagulated, calcium becomes
trapped in the casein structure. The amount of calcium present in the mozzarella can impact
functional attributes, including stretchability and melting (Lucey & Fox, 1993). When total
calcium is reduced through direct acidification in cheesemaking, non-fat high moisture
mozzarella is produced which is softer and more adhesive (McMahon et al., 2005). The reduction
of calcium in part skim mozzarella leads to greater meltability (Joshi et al., 2004) and increased

stretchability and flowability (Guinee et al., 2002), modulating the functionality of the product.
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Low fat mozzarella with reduced total calcium was also found to be less chewy post-melting,
with decreased whiteness (Metzger et al., 2001).

Pasteurization and Standardization

The first step in the process of mozzarella cheesemaking is milk procurement,
pasteurization, and standardization. Pasteurization is the process of killing harmful bacteria (such
as Listeria monocytogenes, Salmonella enterica, E. coli, Clostridium botulinum, and
Campylobacter) through heating for a determined amount of time (Bhadekar & Bhola, 2019;
Bogahawaththa et al., 2018). There are two main forms of pasteurization: High Temperature
Short Time (HTST) pasteurization and Ultra-High Temperature (UHT) pasteurization (Kelly et
al., 2022). The HTST form of pasteurization heats raw milk to 72°C for 15 seconds, followed by
a rapid cooling down to 4°C (Bogahawaththa et al., 2018; Kelly et al., 2022). This temperature is
sufficient to eliminate the problematic spores of Clostridium botulinum, as well as most other
microbes present in the raw milk (Boor, 2001). Similarly, UHT pasteurization heats raw milk to a
much higher temperature (> 138°C), holding the milk for up to 3 seconds before cooling (Kelly
et al., 2022). While UHT pasteurization is highly eftective in killing microbes present in milk, it
is much less common than HTST pasteurization. Due to the accessibility of HTST pasteurization,
most mozzarella is made from HTST milk.

After pasteurization, the fat composition of the milk can be standardized depending on
the mozzarella being produced. For mozzarella variants with lower milk fat content, such as part-
skim or reduced fat, the milk fat content needs to be lowered (Farkye, 2024; McSweeney & Fox,
2017). This is done by using a separator, a centrifuge which pull the dense skim milk away from
the less dense cream layer. The cream layer is removed, leaving the skim milk which has a lower

fat content. Following this separation, cream and skim milk, skim milk powder, condensed skim
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milk, or ultra-filtered milk protein concentrate, can be mixed to reach a goal fat percentage or
increasing the casein-to-fat ratio (Francolino et al., 2010; Heymann, 2011; McMahon & Oberg,
2017). The reintroduction of the cream to the skim milk is followed by homogenization, a step
which prevents the separation of the cream from the skim milk (Heymann, 2011). A lower
percentage of fat, such as 3% (Fox et al., 2017; Moynihan et al., 2016), is ideal to reach the
proper fat-in-dry matter percentage for part-skim mozzarella per the Code of Federal
Regulations.
Acidification

Acidification is necessary in mozzarella production because the native pH of milk is 6.5-
6.9. Dropping the milk pH to 5.8 is required to provide an ideal environment for chymosin
activity, the protease enzyme found in rennet which is responsible for the coagulation of the milk
into the gel structure of curd (Renault et al., 2000). In mozzarella production, there are two
methods of acidifications of milk in preparation for the rennet addition: direct acidification or
starter culture acidification. Acidification of the milk allows the calcium present to solubilize,
resulting in lower fat mozzarella with increased meltability (Joshi et al., 2004; McMahon et al.,
2005; Merrill et al., 1994; Sheehan & Guinee, 2004).

Direct acidification is used in some low moisture mozzarella production, as it is cheaper
than starter culture acidification and allows for more standardization (Faccia et al., 2009;
Natrella, Gambacorta, et al., 2020). In direct acidification, an acid such as lactic acid, malic,
acetic acid, or citric acid, is added to milk in order to quickly drop the pH to 5.5-5.6. After this
addition, the milk is heated to 32-35°C in preparation for the rennet addition (Keller et al., 1974;

McMahon et al., 2005; Natrella, Gambacorta, et al., 2020; Sheehan & Guinee, 2004)..
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In contrast, starter culture acidification utilizes thermophilic bacteria in the heated milk
for acid production, decreasing the milk pH. The milk is heated to between 32-37°C, the ideal
temperature for thermophilic starter culture (Dave et al., 2003). The culture is added then left to
acidify for 10 minutes. This acidification decreases the pH of the milk to about 5.5 in preparation
for coagulation. These thermophilic bacteria are often lactic acid bacteria (LAB), which
metabolize the lactose present in milk into lactic acid (Dave et al., 2003; Ma et al., 2013a).

In mozzarella production, there are a few main cultures used for starter culture
acidification: Streptococcus thermophilus and Lactobacillus delbrueckii spp. Bulgaricus, with
the occasional addition of Lactobacillus helveticus (Dave et al., 2003; Oberg et al., 1991; Perry et
al., 1997). While these microorganisms can be used in combination, current commercial
production has shifted to using S. thermophilus independently for starter culture acidification of
milk. S. thermophilus performs well independently and has less proteolytic activity, leading to
longer shelf life (Oberg et al., 1991). This is the general acidification method for pasta filata style
mozzarella cheese.

Coagulation

Following acidification, coagulation is a necessary next step in Mozzarella production.
While acidification decreases milk pH, it is important to note that the pH does not become low
enough to denature the native milk proteins as they are stable down to pH 4.0. These proteins
will only become destabilized and aggregate in the cheesemaking process with the addition of
rennet. The main enzyme present in rennet is chymosin, an acid protease originating in the
stomach of young livestock. Current chymosin is produced through fermentation, removing need
to harvest from livestock (Foltmann, 1992). When added to milk, the chymosin acts on the

kappa casein proteins, effectively removing them from the surface of the casein micelle. This
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destabilizes the micelle, allowing for interactions among micelles to form the structure of curd
(Lucey & Horne, 2017).

The process of coagulation takes about 30 minutes regardless of batch size, though this can be
changed with the amount of rennet added, and the formation of the curd must be undisturbed to
ensure proper curd coagulation. The coagulated curd is a matrix of calcium and casein, trapping
all other constituents, such as fat, water and microbes, within the structure (Lucey, 2002; Lucey
& Horne, 2017). Once ideal firmness is achieved as identified by the cheesemaker, the curd is cut
into cubes.

Cook, Separation/Syneresis of Whey from Curd

Immediately after the curd is cut, syneresis begins as the aqueous phase, whey, leaves the
solid phase of the curd. The whey is composed of mostly composed of water with solubilized
lactose, whey proteins, enzymes, vitamins, minerals, and some fat. The rate at which the whey
exits the curd is mainly dictated by pH of the whey and the curd (Guinee et al., 2002; Sheehan &
Guinee, 2004). This pH can be controlled through heat, so to encourage syneresis during
mozzarella production, the cut curd is stirred and heated to 40°C. As the pH of the curd and whey
decrease, the rate of syneresis increases as the increasing lactic acid solubilizes more calcium
phosphate, forcing rearrangement of the curd (Bansal & Veena, 2022). The stirring process
encourages separation and increase the surface area of each curd that is in contact with the whey
(McSweeney & Fox, 2017).

As the vat continues to heat the curds and the curds continue to lose whey in the cooking
process, the resulting cheese will have a lower moisture content (Bansal & Veena, 2022). The
length of the cooking process depend on the rate at which the whey reaches a goal pH of 6.3

(Hutkins, 2006). This process is necessary in achieving a low moisture mozzarella, which
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modifies physical properties and sensory attributes (Sheehan & Guinee, 2004). The continued
syneresis will also extract lactose from the curd. The variation in lactose concentration impacts
mozzarella’s browning behavior when baked as reducing sugars are necessary in the Maillard
browning process (Johnson & Olson, 1985; Mukherjee & Hutkins, 1994).

Following the achievement of the desired whey pH 6.3, whey draining begins. In
mozzarella production, the whey is partially drained, followed by a same volume addition of
water. This exchange, known as curd washing, encourages more syneresis of lactose from curd
and decreases the galactose concentration, effectively acting as a pH control and further reducing
the moisture content for low moisture mozzarellas (Joshi et al., 2003; Natrella et al., 2022a).
After the curd reaches pH 5.3, the ideal pH for the stretching process, the whey is fully drained
(Yun et al., 1993).

Curd Handling

The curd handling is unique to mozzarella and differentiates mozzarella from most styles
of cheese known as pasta filata or stretched curd. When the whey is drained at a curd pH of 5.6,
the loose curds to stick together forming mats (Swaminathan et al., 2025). As the mats sit, the
pressure from gravity and lack of whey allows the mats to undergo cheddaring, during which
time the mats are flipped or stacked as whey continues to drain. During draining, the starter
culture, S. thermophilus, begins to produce more acid as it reaches its optimal temperature,
continuing to decrease the pH by fermenting any residue lactose into lactic acid (Chen et al.,
2008).

In pasta filata mozzarella production, the curd undergoes a stretching process in order to
produce the characteristic string texture and stretched curd structure (Gongalves & Cardarelli,

2020; Natrella et al., 2022b). Once the curd pH drops to 5.2, mats of curd are moved to hot water
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(between 55°C and 85°C) allowing the curd to melt together and be stretched either by hand or
by machine. The machine used in stretching is known as a cooker-stretcher The pH of 5.2 is very
important as it dictates the stretching behavior of the final product. Lower or higher pH may
result in the cheese not having the characteristic stretching behavior or texture (Yun et al., 1993).
This stretching process further dries the cheese as well as removes additional lactose and whey
constituents (Gunasekaran & Ak, 2003; Hutkins, 2006; Rizzi et al., 2023). The high temperatures
of the stretching water do not inactive all LAB present in the mozzarella, leaving residual culture
to metabolize any galactose or lactose in the curd (Gernigon et al., 2010; Medved’ova et al.,
2020). This is key in the storage and application of mozzarella. Additionally, stretching develops
the functional attributes that set mozzarella apart from other rennet set curds.

Current research in mozzarella stretching focuses multiple on aspects of the stretching
process, such as temperature of the water and time in the cooker-stretcher on texture, structural,
functional, and sensory aspects of mozzarella cheese (Feng, Barjon, et al., 2021; Feng, Lillevang,
et al., 2021; Gongalves & Cardarelli, 2020; Natrella et al., 2022b). For example, mozzarella
cooking residence time and stretching residence time in a cooker-stretcher can influence
mozzarella texture, as both have displayed non-linear relationships with meltability, oiling off,
and browning (Feng, Barjon, et al., 2021). However, variation of stretching in water at
temperature between 75 and 85°C did not change the melting or oil release behavior of
mozzarella over storage at 4°C (Gongalves & Cardarelli, 2020). Mozzarella stretched at
temperatures between 70-90°C was found to have differing amounts of volatile organic
compounds, with the cheese stretched at 70°C having the highest amount of volatile organic

compounds and highest odor intensity (Natrella et al., 2022b).

Salting
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After stretching, mozzarella can be molded into a loaf shape or shaped into a ball. Once
cooled, the product is dropped into a chilled, saturated salt brine, allowing salt to diffuse
throughout the cheese. Calcium chloride is added to this brine to prevent a slimy texture forming
on the surface of the cheese and better preserving the mozzarella (Faccia et al., 2019; Luo et al.,
2013). The brining process lasts between 2 -16 hours, depending on the size and shape of the
final mozzarella (Kindstedt et al., 1992). Modulations in the composition of the brine can be
made, such as a ratio of sodium chloride with potassium chloride, but further work should be
done to explore this relationship in mozzarella (Thibaudeau et al., 2015). Due to the extra
process and sanitation issues involved in brine salting, an alternative brining procedure was
developed, referred to as the stirred curd, no-brine salting. In this process, after curd is
coagulated, salt is added in three intervals during which the curd is continuously stirred. After the
stirring, the curd is stretched using a single or twin screw mozzarella stretcher (Barbano et al.,
1994).

Storage

Following salting, the mozzarella is removed from the brine, dried, and then packaged.
While full moisture and whole milk mozzarella are often stored traditionally in a diluted brine,
low moisture and part skim mozzarellas are not. Storage up to 3 months at 4°C of mozzarella
allows the calcium present in the cheese to equilibrate and form calcium phosphate (Johnson &
Lucey, 2006; Joshi et al., 2003; Sheehan & Guinee, 2004). This formation causes calcium to
leave the casein structure of the cheese, improving stretching and melting properties in the final
product (Johnson & Lucey, 2006; Joshi et al., 2003; Lucey & Fox, 1993; Sheehan & Guinee,

2004).
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Each of the metabolic processes (proteolysis, glycolysis, lipolysis) are driven by the
residual starter culture, adjunct culture, and rennet, and are influential on texture and flavor as
the cheese is stored, limiting the shelf life of mozzarella. Proteolysis is the main metabolic
process which affects the functional properties of mozzarella. Proteolysis the continued
degradation and denaturation of the proteins present in the milk, led by the residual proteases
from the starter culture and coagulant (Ardo et al., 2017). This process causes the long strands of
casein protein structures that were formed during the stretching process to be broken down into
smaller strands, impacting the stretching capabilities of the cheese.

Proteolysis breaking down the casein fibers also results in the cheese losing its firmness,
and in cases of excessive proteolysis, leads to challenges with shredding (Rathod et al., 2025).
Through the evaluation of low fat, high moisture mozzarella compared to full fat, low moisture
mozzarella, analyses showed that the residual rennet and culture were not completely deactivated
during the cheesemaking process and remained active throughout 4°C storage for several weeks
(Tunick et al., 1991). This continued proteolysis during storage affected the casein structure,
breaking down the dense structure, that is characteristic of low fat, high moisture mozzarella, and
resulting in decreased hardness, springiness, gumminess, cohesiveness, and chewiness over the
six weeks of storage (Tunick et al., 1991). These changes lead to a softer, less elastic, and more
meltable mozzarella, indicating that some storage is beneficial for the mozzarella that will be
melted in application such as baking. Additionally, the degradation of the casein structure leads
to more leakage of the fat trapped within the curd, presenting as a defect known as “oiling off” in
baked applications like pizza. “Oiling off” is characterized by a layer of oil resting on the surface
of baked cheese, which is not desirable by consumers (Imm et al., 2003; Tunick, 1994). While

proteolysis can affect flavor in cheeses with long ripening times, it does not have large effect on
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mozzarella flavor due to the short storage times. These results have been supported across
mozzarella compositions, such as low-moisture mozzarella (Imm et al., 2003), low moisture, part
skim mozzarella (To et al., 2022), and other milk models (Abdalla et al., 2022; Imm et al., 2003).

Proteolysis also increases the free amino acid concentration, creating more availability of
amino acids to interact in the Maillard reaction (Ah & Tagalpallewar, 2017; Johnson & Olson,
1985). Higher concentrations of amino acids paired with the reducing sugars, residual glucose,
galactose, and lactose in the mozzarella result in increased browning and blistering, which could
be perceived as a defect to end users, and therefore are not desired by cheese producers (Imm et
al., 2003; Johnson & Olson, 1985; Moynihan et al., 2016).

Glycolysis is the process which results in the metabolism of lactose and citrate, affecting
the flavor and aroma development in mozzarella. In glycolysis, lactose is metabolized into
lactate by the starter culture bacteria throughout cheesemaking. Lactate becomes a precursor for
multiple metabolic pathways and, depending on cultures present, can metabolize lactate into
aroma and flavor compounds. For example, lactate can be oxidized into acetate, ethanol, formate,
and CO», or metabolized by citrate-positive strains of bacteria to form CO; and diacetyl (Branen
& Keenan, 1971). Diacetyl is the compound associated with the butter flavor and aroma, which
are commonly desired attributes in mozzarella cheese (Calbert & Price, 1949, 1949; Melkonian
etal., 2023).

Finally, lipolysis is the degradation of triglycerides through lipases into their component
parts of short chain fatty acids and glycerol. Unlike proteolysis, lipolysis does not contribute to
the off-flavors of mozzarella, as these are generally generated in the ripening phase or through

native lipids in other milks such as goat milk (Attaie & Richter, 1996). While these flavors can
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be characteristic of cheese in general, they can lead to off flavors, though these are often avoided
with the short storage of mozzarella (Thierry et al., 2017).

Adjunct Cultures

The majority of the research into mozzarella production optimization was conducted in
the 1990s and early 2000s. Current innovations in mozzarella production have focused on the
use of novel, non-bovine milks (Abdalla et al., 2022), modification of coagulant type
(Matkowska-Kowalczyk et al., 2024), modulation of production such as stretching (Gongalves &
Cardarelli, 2020), and lactose free mozzarella (Cincotta et al., 2021).

One mozzarella production innovation that has been less explored is the application of
adjunct cultures during production. As mentioned previously, pasteurization reduces the bacterial
load present in the milk, both harmful and beneficial microorganisms (Boor, 2001). As such,
bacterial cultures need to be added back to milk in order to induce specific results. For example,
the starter culture is added to the milk with the main purpose of acidifying the milk, though it
also provides a degree of flavor enhancement and textural properties (Dave et al., 2003; Ma et
al., 2013a).

However, secondary or adjunct cultures can be added to the milk with the main purpose
being to modify sensory or functional properties of the cheese (Broome, 2007). These adjunct
cultures were explored in the late 1960s as researchers found that flavors presents in raw milk
cheeses were not present in cheese made from pasteurized milk (Irlinger et al., 2017). Adjunct
cultures include lactic acid bacteria whose role is not primary acidification, thus being named
“non-starter lactic acid bacteria” (NSLAB). Adjunct cultures can be used to modify specific
flavors or change functional properties like melting due to the effects on the proteolysis process

(Irlinger et al., 2017).
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When selecting an adjunct culture, producers and researchers examine the cultures’
viability throughout cheesemaking. The production of proteases, peptidases, and ability to
metabolize amino acids while not producing defects are also examined (Levante et al., 2020;
Soeryapranata et al., 2007). Additionally, the metabolic processes of the cultures are key in
deciding the NSLAB of use, as some cultures can metabolize different products to modulate
functional or flavor attributes. For example, the ability of a culture to metabolize citrate into
diacetyl and acetoin, characteristic flavor compounds of butter, could be beneficial in cheeses
where the butter attribute is key in consumer acceptance. This capability comes in through the
uptake of citrate from the cheese matrix, followed by the breakdown of citrate into oxaloacetate
and acetate. The oxaloacetate is decarboxylate, leading to the production of pyruvate and CO,.
The pyruvate is then further converted into acetoin, diacetyl, and 2,3-Butanediol (Hugenholtz,
1993). Similarly, the ability of a culture to metabolize saccharides, such as galactose, can be
influential to functional behaviors such as Maillard browning. This metabolism is part of the
Leloir pathway, which converts galactose to glucose through a series of three enzymes. This
conversion allows the converted galactose to enter glycolysis as glucose (Holden et al., 2003;
Ross et al., 2004).

From this information, the proper NSLAB is chosen for the specific cheese variety and
storage conditions. In Cheddar Cheese and Dutch-type cheeses, strains of Lactobacillus
helveticus are used as adjunct culture as these can metabolize the peptides produced in later
stages of aging, thus decreasing bitterness (Garbowska et al., 2021; Soeryapranata et al., 2007).
Other cultures, such as Lactobacillus rhamnosus and Lactobacillus casei have been associated
with higher peptidolytic activity while maintaining or improving sensory attributes in Italian soft

and hard cheeses (Milesi et al., 2009).
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While cheeses with shorter shelf life generally do not use adjunct cultures, adjunct
cultures can modify the functional and physical properties of the cheese. In scamorza cheeses, a
firm and dry cheese similar to mozzarella, the use adjunct cultures such as Lactococcus lactis,
Lactobacillus helveticus, and Lactobacillus paracasei increased sourness, oily and grainy texture
in the cheese; scamorza cheese produced without the adjunct culture was perceived as more
buttery, sweeter, and saltier. While the flavor of starter culture only cheese was preferred by
some consumers, other consumers preferred the texture and appearance attributes of the adjunct
culture scamorza, specifically, the cohesiveness and oiliness (Braghieri et al., 2015).While many
of the attributes in the previous study were attributed to curd handling, several attributes such as
blistering and browning can be affected by the addition of an adjunct culture. The adjunct culture
can metabolize galactose in the mozzarella, thus reducing the amount of browning which may be
a defect in mozzarella (Johnson & Olson, 1985; Mukherjee & Hutkins, 1994).

The use of an adjunct culture may also affect the flavor profile of a cheese. The ability of
L. casei to metabolize citrate may increase the concentrations the buttery aroma and flavor
through diacetyl and acetoin production, which has been observed in other dairy products such as
yogurt, goat cheese, and cheddar cheese (Branen & Keenan, 1971; Calbert & Price, 1949, 1949;
Dimitrellou et al., 2019). The use of the adjunct culture L. casei in the production of reduced fat
mozzarella results in mozzarella cheese with increased meltability over time and reduced stretch
characteristics. While proteolysis was not measured, L. casei showed promise to improve the
textural characteristics of the dense, protein structure of reduced fat mozzarella (Merrill et al.,
1996).

Mozzarella Sensory Perception
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Beyond the unique production process and the compositional variation, mozzarella is also
defined by its functional characteristics and sensory attributes (Pagliarini et al., 1997). Sensory
attributes are key in how consumers interact with their food, encompassing how an individual
interacts with products. This incorporates all types of sensory interactions, including visual
examination, aroma, flavor, and textural perception. Consumers interact with these sensory
attributes to understand freshness and quality of food products (Meilgaard et al., 2016).

Mozzarella Sensory Lexicon

Lexicons are sets of attributes that define the perception of a particular product category.
Lexicons encompass the visual, aroma, flavor, and textural attributes and are critical in defining a
product category. Lexicons identify attributes that define a product category, such as the cheddar
cheese lexicon for all types and ages of cheddar cheese (Drake et al., 2006).

Mozzarella was defined in an early lexicon that also defined the relationship between
sensory attributes and consumer preferences for mozzarella cheese of differing compositions
(Pagliarini et al., 1997). These mozzarella cheese samples included full-fat cow mozzarella, low-
fat cow mozzarella, and full-fat buffalo mozzarella. In order to create the lexicon, Quantitative
Descriptive Analysis (QDA) was used to generate 20 terms describing the overall profile of
mozzarella. Each of these descriptors was defined and assigned a standard representing the
descriptor, then judged on a 9 point scale from (1) absence of sensation to (9) extremely intense
(Pagliarini et al., 1997). This lexicon was composed of 20 attributes across 4 categories:
appearance, aroma, basic tastes/flavor, and texture (Pagliarini et al., 1997). While this lexicon is
thorough and successfully characterized differences among these three types of mozzarellas, the

reference standards were not rated on the scale. In addition, many of the standards are not
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available in the United States. However, despite these limitations, this study provides the basis
for mozzarella lexicons.

In recent years, the mozzarella trained panel attributes have been modified to reflect
different research questions. For example, starter cultures and preservation liquids were
examined to assess their effect on consumer liking and sensory attributes of high moisture
mozzarella cheese (Braghieri et al., 2018). This panel utilized a QDA procedure, with ten
panelists tasting mozzarella samples and providing descriptions of the taste, odor, flavor,
appearance, and texture. From these descriptions, the panel developed and agreed upon attributes
defining the lexicon; this was followed by evaluations of these attributes on an unstructured 100
mm line scale (O=absent and 100=very strong). Additionally, standards defining high intensity
and low intensity were defined and anchored on the 100 mm line scale. Attributes (n=23)
included: color uniformity, surface uniformity, color, brightness/shininess, drip loss, eye/hole
number, milk, butter, yogurt, fruity, whey, sweetness, sourness, saltiness, bitterness, shear force,
shear consistency, tenderness, grainy, oiliness, cohesiveness, flaky, and moisture (Braghieri et al.,
2018).

Mozzarella trained panel attributes have also been adapted to quantify melted
characteristics of mozzarella, particularly with the application on pizza. A mozzarella lexicon
was created for low-moisture part-skim Mozzarella with the replacement of bovine chymosin
with camel chymosin in cheesemaking (Moynihan et al., 2014). This study utilized both QDA
and the Spectrum® methods (Chen et al., 2008). The trained panel assessed both unmelted and
melted cheese for 13 attributes: hand firmness, adhesiveness of the mass, free oil release, blister
color, blister quantity, skinning, stretch-strand length, stretch-strand thickness, hardness on first

chew, chewiness, cohesiveness of mass, acid, and salt. In contrast to previous work, this study
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included attributes characteristic of the cheese in baked applications, such as pizza. Other
attributes that have been examined in pizza cheese have included stringiness, tooth pull, edge
browning, and surface rupture (Gulzar et al., 2019).

Visual Perception

Color and visually detectable structure are indicators of cheese quality, as visual feedback
indicates both consumer acceptance and functional attributes. In some varieties, colorants such as
annatto are added, creating strong visual associations with cheese type, like cheddar, and quality
expectations (Racette et al., 2024). In block mozzarella, a white color is preferred and regarded
as more natural while a yellow color may be associated with longer storage (Homwongpanich et
al., 2025). Additionally, color changes during baking can also indicate functional attributes such
as the blister color on the surface (Ma et al., 2013a, 2013b; Matzdorf et al., 1994; Metzger et al.,
2000). Overall, color is one of the simplest indicators of mozzarella quality, both for producers
during processing and for consumers.

Another defining visual characteristic of pasta filata “stretched curd” cheeses like
mozzarella are the presence of fibers, which are developed during the stretching phase. These
fibers contribute to the elastic and stringy texture of the cheese, as well as to its visual appeal
when torn or cut (Ah & Tagalpallewar, 2017). Sensory panelists often evaluate attributes such as
surface uniformity to gauge the degree of pasta filata texture present (Braghieri et al., 2018).
Visual analysis of pasta filata texture and surface uniformity have become a key components of
mozzarella evaluation, both through panel assessment and increasingly via image analysis tools
in industrial settings (Minz & Saini, 2021).

Aroma and Flavor
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Mozzarella is defined by aromas and flavors such as butter, milk, yogurt and the basic
tastes, all of which can positively or negatively influence consumer acceptance of the
mozzarella. These aromas, flavors, and basic tastes are derived from compounds present in
mozzarella, originating from the source (milk), the cultures (starter or adjunct) or the processing
techniques (brining).

Basic tastes are influenced by specific groups of compounds and their interactions with
the taste buds. For example, the basic taste of salt originates from the saturated sodium chloride
brine in mozzarella processing. The sodium chloride compounds interact with ENaC channels
on the taste buds, generating an action potential to the brain, signaling the salt basic taste (Liman,
2020). Similarly, the acid taste characteristic in mozzarella is produced by organic acids,
specifically the interaction of lactic acid with the hydronium ion channels on taste receptor cells
(Turner & Liman, 2022). Bitterness is characterized by a more complex group of compounds,
bitter peptides, which propagate as proteolysis breaks down the casein protein structure in cheese
(Soeryapranata et al., 2007). These bitter peptides interact with the G-coupled protein receptors
on the surface of the taste receptors, signaling the cascade for bitterness (Wooding et al., 2021).

During the transition from milk into curd, volatile compounds such as diacetyl (2,3-
butanedione), acetoin (3-hydroxy-2-butanone), and ethanol have been shown to increase
substantially, with produced cheese exhibiting higher concentrations of these compounds than
milk (Natrella, Gambacorta, et al., 2020). Diacetyl and its metabolic precursor acetoin are classic
markers of buttery aroma, originating from citrate metabolism by lactic acid bacteria such as L.
casei (Branen & Keenan, 1971). Diacetyl imparts sharp, buttery notes, while acetoin contributes
a softer, creamy impression, both of which are integral to the perception of fresh mozzarella

made from cow’s milk (Curioni & Bosset, 2002; Natrella, Faccia, et al., 2020). Along with
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diacetyl, acetoin, and ethanol, compounds such as 3-methylbutanal, 3-methy-1-butanol, 2-
butanone, acetic, and butanoic acids are all highly represented across mozzarella varieties
(Natrella et al., 2022b). Each of these compounds contributes to the characteristic milky and
yogurt aromas, such as butanoic acid being commonly linked with milk aroma and acetic acid
being linked with acidic basic taste and yogurt (Natrella et al., 2022b).

These studies provide a biochemical explanation for key attributes identified in
mozzarella sensory lexicons, such butter, milk, and yogurt attributes. Modern aroma analysis of
mozzarella relies on headspace solid-phase microextraction gas chromatography-mass
spectrometry (HS-SPME GC-MS) and gas chromatography-olfactometry (GC-O). These
instrumental analyses can be used to identify and quantify key aroma active compounds in
combination with sensory analysis. The identification of analytical compound data with
descriptive sensory terms reinforces the sensory lexicon characterization of mozzarella, allowing
for understanding of mozzarella aroma under different manufacturing conditions (Natrella et al.,
2022b; Natrella, Gambacorta, et al., 2020; Zianni et al., 2023).

Texture

Texture perception begins the moment the product contacts the hand of the evaluator.
Texture can be defined as “the sensory manifestation of the structure or inner make up of
products in terms of reaction to stress or tactile properties”, both in hand and in mouth
(Meilgaard et al., 2016). The stimulus in texture perception is complex as it involves the
examination of the surface of the product, followed by physical manipulation in hand, and the
interactions in mouth, including mastication. Each phase allows the consumer to gather more
information about the product, contributing to the overall evaluation of the product’s quality

(Gunasekaran & Ak, 2003; Meilgaard et al., 2016).
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Texture measurements are complex to collect as there are many attributes which
necessitate a variety of measurement techniques. Early development of texture sensory analysis
included a standard classification system for textural characteristics, including attributes such as
hardness, cohesiveness, viscosity, elasticity, and adhesiveness as primary parameters of texture
and brittleness, chewiness, and gumminess as secondary parameters (Szczesniak, 1963). While a
universal lexicon, such as the Spectrum method, is useful in profiling a variety of products, it can
be difficult for panelists to contextualize a single product category. In order overcome this
challenge, product specific lexicons can be developed, such as the cheese texture lexicon (Brown
et al., 2003). This set of texture attributes for young cheeses texture, which was used to evaluate
mozzarella, features texture attributes common to cheese and frames their reference standards
within the cheese category, utilizing varieties such as parmesan, muenster, and feta to assess
these attributes on a 15-cm line scale (Brown et al., 2003).

Physical measurements of cheese can also be made. Texture Profile Analysis (TPA) is a
mechanical testing method that applies two consecutive compressions to a cheese sample,
generating objective physical measurements of force over time (Gunasekaran & Ak, 2003).
These force-time curves produce physical parameters such as hardness (peak force on first
compression), cohesiveness (ratio of areas under the second and first compression curves),
springiness (height recovery between compressions), gumminess (hardness x cohesiveness), and
chewiness (gumminess x springiness), all quantifiable mechanical outputs (Gunasekaran & Ak,
2003).

Physical TPA measurements have been used to understand the impact of processing
techniques and composition on mozzarella. A study on commercial low-moisture, part-skim, and

reduced-fat mozzarella found that fat content and refrigerated storage durations significantly
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influenced TPA parameters of hardness, cohesiveness, and springiness. These physical
measurements were positively correlated (p<0.05) with shred performance, thus relating the TPA
outputs to the functional application of mozzarella on pizza (Rathod et al., 2025). Recent
research on mozzarella made with high-casein milk reported that acidification changed insoluble
calcium levels, creating softer cheeses with lower TPA-measured hardness (Swaminathan et al.,
2025). These mechanical parameters offer instrumental insight into changes in structure, as well
as the impact of composition and processing on mozzarella during refrigerated storage. While
these measurements correlate with sensory attributes like firmness, chewiness, or elasticity, they
remain distinct physical outputs derived from controlled compression (Foegeding & Drake,
2007, 2007).

Pizza Cheese Functionality

Mozzarella, specifically low-moisture part-skim mozzarella, is unique due to its
properties when baked. The majority of sensory attributes associated with mozzarella
performance on pizza come from the visual examination of the surface of the baked cheese.
These properties, including melting, browning, blistering, and stretching, are key in
characterizing mozzarella.

Melting

An important behavior of mozzarella is melting. Melting, defined as the liquefication of
cheese, is a behavior that arises at high temperatures, such as during baking. In a shred of cheese,
the fat of the cheese will melt and become liquid at 38°C. This melting will also include an
expansion of the fat as the temperature continues to increase, forcing the fat beyond the casein
protein matrix to the surface of the shred before migrating beyond (Rudan & Barbano, 1998a).

This migration, as well as the protein-protein and protein-moisture interactions, leads to the
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501  collapse of the shred. The migrated oil also interacts with shreds in close proximity, expediting
502 the melting process in the surrounding area. This encourages shred fusion, eventually leading to
503  one large molten mass covering the pizza (Matzdorf et al., 1994; Rudan & Barbano, 1998Db).
504 Melting is evaluated both through visual sensory evaluations and through empirical and
505 quantitative measures. The most common meltability test used in industry is the Schreiber

506 method (Gunasekaran & Ak, 2003). In the traditional Schreiber method, a cylindrical sample of
507 cheese is placed in the center of a Schreiber plate, which is etched with concentric circles, then
508 melted in an oven at 232°C for 5 min. The meltability is assessed by the longest flow from the
509 center of the sample and is quantified using the ring that the cheese contacts. While this method
510 has been historical used in industry, it suffers major setbacks such as drying, bubbling, brown,
511  and inconsistent flow behavior (Altan et al., 2005; Gunasekaran & Ak, 2003). To address these
512  challenges, studies have applied changes to the methodology to achieve more replicable and
513  precise results for the industry. A modification was suggested to adjust the oven temperature to
514  90°C for 5 min to prevent the browning, scorching, and blistering behavior of mozzarella cheese
515  (Muthukumarappan et al., 1999). Additionally, it was suggested to measure the final area of the
516  melted cheese using image analysis (Wang & Sun, 2002). These modifications allowed for better
517  consistency, precision, and differentiation between samples, therefore modifying the traditional
518  Schreiber method for better assessment of melting of mozzarella.

519 There are additional methods for evaluating meltability. Other methods include the Arnott
520 method, the test tube melting method, and other more technical methods such as Small

521  Amplitude Oscillatory Shear (SAOS) and Large Amplitude Oscillatory Shear (LAOS)

522  (Gunasekaran & Ak, 2003). An additional defect, known as flow off the crust, can also be

523  evaluated by panelists when assessing for melting of mozzarella on pizza. In different variations
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of mozzarellas such as reduced-fat mozzarella, flow off the crust behavior increased over storage
time, following the known proteolysis behavior in mozzarella over storage (Chen et al., 2008;
Sheehan & Guinee, 2004).

Blistering and Browning

One of the most important characteristics of pizza cheese is its capability to blister.
Blistering is a behavior exhibited by pizza cheese, in which steam forms beneath the surface of
the cheese, pushing it upward. The raised layer of cheese dehydrates, forming a blister of
dehydrated/burned casein structure. The blister formation is dictated by the casein structure of
the cheese, and more constituents such as fat and minerals leads to a less continuous casein
structure (Rudan & Barbano, 1998a). However, if fat is removed from the milk before
cheesemaking, the curd that is formed is highly continuous, trapping steam underneath the
surface. This continuous top layer of cheese does not break apart as it rises, leading to a larger
blister.

Thorough investigations have found that starter culture, salt content, and moisture content
all impact mozzarella’s functional characteristics. Mozzarella made with more heat sensitive
starter cultures displayed lower browning and less blistering compared to more heat tolerant
starter cultures (Ma et al., 2013a). While moisture is important in the melting process, browning
behavior was found to be similar regardless of moisture content, as it was more dependent on
galactose content (Ma et al., 2013b). However, the blistering behavior was affected by the salt
content, as mozzarella with higher salt content had smaller blisters due to a lost in elasticity and
stretching, thus inhibiting large blister formation (Ma et al., 2013b).

Baked mozzarella blisters are not only characterized by their raised nature on the surface

of the baked cheese, but by also their characteristic brown color. The color of the blisters is
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defined as the intensity of brown color on the blister surface. This characteristic color is
produced by the Maillard reaction, where the present reducing sugars (galactose, lactose,
glucose) react with free amino acids to produce brown pigments and flavor compounds (Johnson
& Olson, 1985). The brown color can also be produced by the casein structure, becoming
dehydrated and burned throughout baking (Rudan & Barbano, 1998b). This browning is desired
to a degree as it is a characteristic of baked mozzarella, though excessive browning and blistering
can be seen as defects by cheese producers (Ma et al., 2013a). In cheeses with less residual
sugars, the blister color is reduced to a more yellow coloring, as the Maillard reaction is inhibited
(Mukherjee & Hutkins, 1994). Therefore, browning is most easily controlled by the reducing
sugar content, through methods such as washing curds, adjunct cultures, or other formulation

(Ma et al., 2013a; Mukherjee & Hutkins, 1994; Natrella et al., 2022a).
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