‘," frontiers
in Microbiology

MINI REVIEW
published: 29 July 2021
doi: 10.3389/fmicb.2021.703284

OPEN ACCESS

Edited by:
Xucong Lv,
Fuzhou University, China

Reviewed by:

Yongqiang Zhao,

Chinese Academy of Fishery
Sciences (CAFS), China

Aly Farag El Sheikha,

Jiangxi Agricultural University, China

*Correspondence:

Bin Wang
binwang0228@shzu.edu.cn
Xuewei Shi
shixuewei@shzu.edu.cn

Specialty section:

This article was submitted to
Food Microbiology,

a section of the journal
Frontiers in Microbiology

Received: 30 April 2021
Accepted: 12 July 2021
Published: 29 July 2021

Citation:

Zheng X, Shi X and Wang B (2021)
A Review on the General Cheese
Processing Technology, Flavor
Biochemical Pathways and the
Influence of Yeasts in Cheese.
Front. Microbiol. 12:703284.

doi: 10.3389/fmicb.2021.703284

Check for
updates

A Review on the General Cheese
Processing Technology, Flavor
Biochemical Pathways and the
Influence of Yeasts in Cheese

Xiaochun Zheng, Xuewei Shi* and Bin Wang*

Food College, Shihezi University, Shihezi, China

Cheese has a long history and this naturally fermented dairy product contains a range of
distinctive flavors. Microorganisms in variety cheeses are an essential component and
play important roles during both cheese production and ripening. However, cheeses from
different countries are still handmade, the processing technology is diverse, the microbial
community structure is complex and the cheese flavor fluctuates greatly. Therefore,
studying the general processing technology and relationship between microbial structure
and flavor formation in cheese is the key to solving the unstable quality and standardized
production of cheese flavor on basis of maintaining the flavor of cheese. This paper reviews
the research progress on the general processing technology and key control points of
natural cheese, the biochemical pathways for production of flavor compounds in cheeses,
the diversity and the role of yeasts in cheese. Combined with the development of modern
detection technology, the evolution of microbial structure, population evolution and flavor
correlation in cheese from different countries was analyzed, which is of great significance
for the search for core functional yeast microorganisms and the industrialization prospect
of traditional fermented cheese.

Keywords: cheese, flavor compounds, general craftsmanship, yeast, biochemical pathways

INTRODUCTION

Cheese is an ancient traditional fresh or fermented dairy product with a long history of production.
Cheese making originated in various West Asian countries about 8,000 years ago (Sandine and
Elliker, 1970); it is traditionally called “milk pimples” by Mongolian, Kazak, and other nomadic
people in northwestern China (Zheng et al., 2021). Cheese is made by curdling milk, cream, or
partially skimmed buttermilk from cow or goat or a mixture of these products and then separating
the whey. In general, it is prepared by adding an appropriate amount of lactic acid bacteria (LAB)
starter along with rennet to milk, the fermentation by which transforms the milk proteins (mainly
casein), carbohydrates, and fats. Next, the whey is removed and the remaining product is ripened
for a certain period. LAB may not be added for making some cheeses.

Fermented dairy products with high nutritional value are considered “the pearls in the crown
of the dairy industry” (Kourkoutas et al., 2006). With the improvement of the quality of life, the
people’s dietary needs and demands have been changing in terms of quantity and quality.
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Furthermore, the lactose content in cheese is low, and its
consumption is thus highly suitable for people with lactose
intolerance (Monti et al., 2017). Currently, nearly 130 countries
and regions produce various cheese, and the total global cheese
production measures nearly 2,000 x 10* tons, with the European
Union countries (e.g., Netherlands and Germany) being the largest
cheese exporters worldwide. From the development perspective
of the global dairy industry, cheese is a very important dairy
product, but it has not yet become an independent industry in
China. At present, cheese production in developing countries
remains in its infancy, with the most individuals from these
countries being unfamiliar with cheese. Simultaneously, dairy
processing companies face funds and technologies limitations.
Thus far, no cheese has been widely accepted. Therefore, the
study of cheese is particularly urgent (Kourkoutas et al., 2006;
El Sheikha, 2018). With the development of dairy industry in
various countries, the vigorous development of the cheese industry
has become the focus of attention in recent years.

Globally, there is a lack of an authoritative cheese-making
process, which can be used for cheese production followed in
any country — China or abroad. This is due to differences in
regions, production methods, and available raw materials. The
earliest method of producing cheese in the world was to carry
the milk to the animal’s internal and the milk was fermented
into cheese by constant oscillation during the migration. Cheese
is made differently in different regions. For instance, for making
cheddar cheese in southwest England, the raw material is
sterilized and cooled; then, the fermenting agent, calcium
chloride, and rennet are added to ferment the curd (Lawrence
et al., 2004). After 30-40 min, the formed clot is cut into
5-mm sized pieces, which are then allowed to stand for 15 min
and stirred for another 5-10 min. The clot is then turned
over and stacked, broken, salted, molded, and pressed. The
pressed cheese is put into a fermentation room for fermenting
and ripening after the cloth is changed (Banks et al., 1989;
Azarnia et al., 2006). In contrast, the milk used to make
Parmesan cheese is collected in two separate steps, where the
overnight milk and the fresh milk (collected the next morning)
are mixed in a copper cheese tank. When the temperature
reaches 52°C, the cheese is wrapped with gauze for cutting,
molding, pressing, and then, soaking in brine for 3 weeks
(D’Incecco et al., 2020). Approximately 5 kg of water is evaporated
during maturity. On the other hand, soft and semi-hard cheeses,
such as feta cheese, are soaked in brine for a short period
(Marino et al, 2017). For Kazak cheese making, the milk
collection process is similar to that of Parmesan cheese, with
few differences: In a goatskin bag, old yogurt may or may
not be added as a starter, followed by fermentation into yogurt
(Zheng et al., 2021). Next, this yogurt is boiled with stirring
to evaporate water. The remaining curds are placed in a canvas
bag, which is then hung outdoors to remove moisture further
and solidify into fresh cheese. This fresh cheese is then cut
into small pieces or made into a pie shape and finally placed
on a bamboo board for 30-90 days of spontaneous ripening
(Zheng et al., 2018b).

The acceptability of cheese to the final consumer largely
depends on specific sensory characteristics, including flavor

and aroma. The unique characteristics and special quality of
cheese all depend on the various compounds and molecules
that constitute it, including fatty acids, amines, ketones, free
amino acids, alcohols, aldehydes, lactones, and sulfur compounds
(Califano and Bevilacqua, 2000). Nevertheless, the presence of
these molecules is associated with cheese-making factors,
including climate, regional conditions, geographical position,
technology used, the cheese-associated microbiota, and ripening
conditions (Buffa et al.,, 2004; Soggiu et al., 2016; Pino et al,,
2018). Four pathways, namely glycolysis, citrate utilization,
proteolysis, and lipolysis, are involved in cheese flavor formation
(Vlieg and Hugenholtz, 2007; Landaud et al., 2008). In addition
to bacteria and mold in cheese, studies have indicated that
Geotrichum candidum has expression characteristics associated
with carbohydrate, lipid, and amino acid metabolism; whereas
Debaromyces hansenii is involved in the metabolism of other
amino acids (Ray et al., 2014; Monnet et al., 2016). Yeast also
deaminates amino acids to the corresponding ketoacids and
NH,, increasing the pH of the cheese (Beresford et al., 2001;
El Sheikha and Montet, 2014). Flavor compound production
relies on the milk-degrading enzymes of each fermenting strain
and on the complementation of metabolic pathways between
strains; the produced flavor compounds may enhance the cheese
flavor quality and variety. Therefore, functional diversity - which
is closely related to the complexity of the cheese microbiota —
is crucial in the flavor compounds multiplicity produced during
ripening (Irlinger and Mounier, 2009).

Traditionally fermented cheeses have complex microbial
communities, multi-strain co-fermentation, complex metabolic
mechanisms, and different flavor profiles. Therefore, microbes
play a pivotal role in cheese flavor formation. The current
review aims to provide a comprehensive overview of dynamics
of the cheese microbiota in various cheese-making processes
and technologies as well as understand the main biochemical
pathways of cheese flavor formation, with a specific focus on
the role of yeasts in cheese. Furthermore, this review provides
important advances in understanding the effects of different
cheese-making techniques and microbial diversity on cheese
flavor and quality.

GENERAL PROCESS OF CHEESE
FERMENTATION AND KEY CONTROL
POINTS

Characteristics of Various Cheeses

More than 2,000 different cheese varieties exist in the world,
of which more than 400 are more famous (Fox, 1993). Depending
on the moisture content, cheese preservation and ripening
methods can vary greatly (Table 1). Extra-hard cheeses, such
as Parmesan and Romano, are produced from very hard curds.
These cheeses are low in moisture, produced from partially
skimmed milk, and matured slowly (over 1-2 years) by bacteria.
For hard cheeses, such as cheddar and Kazak, the curd is
acidified before salting and pressing, and their ripening period
is 3-12 months, whereas for semi-hard cheese, this period is
2-3 months. Semi-soft cheeses (e.g., Limburger and blue cheese)
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TABLE 1 | Classification and main varieties of cheese.

Form facture Moisture Mature Main cheese Cheese flavor Country of origin
content/%  microorganisms variety
P Fruit fl d salt )
Extra hard cheese 25-35 Bacterial armesan rult lavorand sa Italy (Woo and Lindsay, 1984)
Romano Strong flavor
Bacterial: atmospheric Emmanuel Fruity avromva and taste stimulation Switzerland (Anifantakis et al., 2009)
hole Gruyere Aromatic, rich, and smooth smell
Hard cheese 35-45 . . -
) ) United Kingdom (Zerfiridis et al., 1984;
Bacterial: no air holes Cheddar Walnut flavor
Fox, 1993)
Bacterial: Il air hol |
Semi-hard cheese 45-50 acterial: smallair hole Gouda Caramel and creamy candy Netherlands (Aishima and Nakai, 2010)
Bacterial: no air holes Edam Sweet and nutty
Brick i
Bacterial Li:r::bur zp:gy German (Brackett et al., 1982)
Semi-soft cheese 42-55 Ro uef%r‘[ S’Eorz salt aroma
Mold q 9 . France, Denmark (Woo et al., 1984)
Blue Strong spicy
Mold Camembert Mild France (Kubickova and Grosch, 1997)
Soft ch 55-80 Cottage Mild )
oft cheese Not mature Cream Slightly sour America (Goel et al., 1971)

Bold values indicate the values of the header and moisture content.

are ripened using bacteria (Brevibacterium) and/or mold
(Penicillium). During ripening, mold is primarily grown on
the surface of some cheeses (e.g., Camembert) but under the
surface of other such cheeses (e.g., blue cheese).

Milk high in bacterial numbers may contain lactose-
fermenting bacteria, which may interfere with milk acidification
during cheese making. A cheese maker would not have strict
control over the rate and extent of acidification during cheese
making, which is one of the key components of successful
cheese making. Pasteurization kills most bacteria capable of
fermenting lactose, so it is sometimes necessary to use added
starter for proper fermentation. Pasteurization kills most
lactose fermenters and enables more stringent acidification
control during the cheese-making process more stringent, in
turn facilitating cheese quality control. Therefore, adding a
starter is necessary for proper fermentation here. For some
cheese varieties, especially cheddar, Parmesan, and aged Gouda,
it is a common practice to add adjunct bacteria (mostly
Lactobacillus species) in milk to produce unique, characteristic
flavors. The added adjuncts may include bacterial species that
inhibit undesirable bacteria in the cheese and possibly have
probiotic effects. Mold-ripened cheeses (e.g., Camembert) and
soft, surface-ripened cheeses (e.g., Limburger) do not offer
sufficient protection against pathogen growth of because they
do not meet the required criteria. These cheeses have high
water activity and lose their acidity during ripening, both
of which facilitate the growth of contaminants. The cheese
uniformity, hardness, and shape are related to certain basic
factors, crucial to ensure that cheese has the suitable ripening
conditions and develops the ideal basic characteristics. Softness
is associated with higher water content, higher fat content,
and stronger protein breakdown ability. In contrast, hard
cheeses have a firm shape. The variety of cheese that may
be obtained is determined by raw milk characteristics, fresh
curd preparation method, and microorganisms in the milk
or curds (associated with the unique flavor and characteristics
produced during cheese production and ripening). The types
of microbes involved in cheese production or ripening are

decided by the inoculated microbes, cheese production
conditions, and environmental factors.

Cheese Fermentation Processes

For centuries, the milk used to make many cheese varieties
in the world has not pretreated in anyway before curdling.
That is, raw milk, especially artisanal cheese, is conventionally
used for making these cheeses (Kelly et al., 2008). Cheeses
are traditionally manufactured by converting fluid milk to a
semisolid mass by using a coagulating agent — such as rennet,
acid, heat plus acid, or a combination of these. Cheeses can
vary widely in their characteristics, including color, aroma,
texture, flavor, and firmness, all of which are generally attributable
to their production technology, milk source, moisture content,
and aging length in addition to the presence of specific molds,
yeast, and bacteria (Santiago-Lopez et al., 2018). When milk
is converted to cheese, some of the milk components are
retained, whereas the others convert to unique components
of the cheese. For instance, the microbial fermentation that
milk undergoes during its transformation into cheese can
modulate cheese composition directly via vitamin B synthesis
(Reif et al., 1976). Microbial fermentation also indirectly regulates
the composition of cheese by dissolving certain minerals and
lactates lost in the whey after milk coagulation (Lucey and
Fox, 1993). In addition, the composition of cheese changes
according to the cheese-making process used (Mucchetti et al,,
2008). Some of the major processes of natural cheese production
are universal (Figure 1).

Cheese is generally produced from cow’s milk, but several
cheeses, such as Roquefort, feta, and Manchego, are produced
using the sheep or goat milk (Branciari et al., 2000). In general,
raw milk has to be used for cheese production as soon as
possible after it is expressed. However, delivering raw milk to
a cheese factory in time can often be difficult in remote areas.
Moreover, such factories may need to place the collected milk
for 1 day before processing it. If the storage period ranges
between 24 and 72 h, the bacterial numbers can increase to
10° colony forming units/ml. The fat content in raw milk is
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FIGURE 1 | The general processing process of natural cheeses.
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determined by the fat content required in cheese, which in
turn has a proportional relationship with the casein content
of whole milk. Milk standardization can be done by adding
cream, separating part of the fat, and adding skimmed milk
or non-milk fat solids to achieve a uniform weight and reduce
any deviation. To eliminate harmful and pathogenic bacteria,
ensure uniform quality, and increase the stability of cheese
quality, sterilized raw milk is used to produce most cheese
varieties. The sterilization is performed at 63°C for 30 min or
at 71-75°C for 15 s. Before cheese production, contaminating
bacteria, mainly Lactobacillus spp., from the environment may
ferment lactose; therefore, milk must be screened for acid and
flavor compound-producing microbiota strains before the starter
agents are added so as to maintain a stable acid production
rate during clot formation and ensure cheese stability and
quality. In addition to the starter, other agents can be added
based on whether the cheese variety and production condition
requires them; for instance, calcium chloride and colorants can

be added to produce a curd with suitable hardness and consistent
color. A clot can be only cut after it reaches appropriate hardness.
Cutting allows for the conversion of large clots to smaller clots,
thus speeding up the discharge of whey. It also increases the
clot’s surface area, allowing for shrinkage via dehydration. As
the firmness of the clot increases, its water-holding capacity
decreases. Clot shrinkage and whey precipitation cause the clot
to lose more water and become firmer. Generally, whey removal
is performed to remove whey at a volume equal to 35-50%
of the milk volume. The higher the temperatures during the
whey discharge process, the higher is the clot moisture content.
This is because clot particles deform quickly at high temperatures;
as a result, the holes in the cheese particles close together
rapidly, preventing water emission. Adding the proper content
of salt during the cheese-making process can ensure proper
acidity of the cheese, improve its texture properties and flavor,
control the number of holes, adjust the moisture, and inhibit
contaminating microbes (Upreti and Metzger, 2006).
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Regarding ripening and storage, fresh cheeses, such as cottage
and cream cheese, do not need to be matured, whereas hard
cheeses, such as cheddar and Swiss, do. Matured cheeses are
generally made with a rennet curd. During ripening, unique
flavors develop in a fresh clot through probiotic and enzymatic
action, the intensity of which depends on the type of cheese
(Moghaddas Kia et al., 2018). For ripening of extra-hard and
hard cheeses such as Parmesan and cheddar, the clot is stored
under conditions not conducive to the growth of surface
microorganisms. This limits microbial and enzymatic activity.
For instance, cheddar cheese is ripened in caves (Krishnan et al.,
2019). For ripening all soft and some semi-soft cheeses — such
as Limburger and Brie - the clots are stored under conditions
that promote the growth of surface microorganisms. For instance,
Penicillium camemberti is involved in the ripening of cheese
such as Camembert and Brie, and Brevibacterium linens is
involved in the ripening of spotted mature cheeses such as
Limburg (Lopusiewicz et al., 2020). Interestingly, Blue cheeses
such as Stilton and Roquefort are ripening in these two ways.
In contrast, some traditional handmade cheeses, including Kazak
and Plaisentif, do not have a specific standardized production
process; they vary based on the traditional methods used by
the cheese makers (Dalmasso et al, 2016; Zheng et al., 2021).

Critical Control Points of Cheese

Extra-hard cheeses have very low water and fat contents. The
key components of their production include low-fat milk,
thermophilic LABs, high blanching temperature, long salt
water—soaking period, and long-term slow ripening (Gobbetti
and Di Cagno, 2017). For Parmesan, milk is collected in two
batches: first, milk is left to stand overnight (to allow the fat
to rise to the surface of the milk) and then churned to remove
all the butter at the next morning. The remaining buttermilk
is mixed with fresh milk. The milk is then fermented in a
copper cheese tank. This process is similar to that Xinjiang
Kazak cheese making, with only difference being that this
cheese is fermented in a goatskin bag, not a copper tank
(Zheng et al, 2018b). Next, after their formation, Parmesan
clots are heated to about 52°C, and some part of the whey
is scooped out as a starter for the next days cheese making;
this part is essential for receiving a Parmigiano-Reggiano cheese
certification (Neviani et al., 2013). Cheddar cheese, made from
whole milk, contains 48% fat and 39% water and is fermented
by the thermophilic Streptococcus lactis. It is produced at a
low temperature, and it needs to reach a certain level of acidity
before it is clotted and pressed. The clots are ground in the
tearing or slicing mill, after which dry salt is added. Cheddar
cheese is produced in way similar to Dutch cheese, with only
difference being that the clot is repeatedly turned, stacked,
and crushed. Since the high acidity of cheddar cheese during
ripening inhibits the growth of butyric acid bacteria, nitrates
are not added (Rilla et al., 2003).

The carbon dioxide produced by propionic acid bacteria
(PAB) leads to formation of holes (also called “eyes”) in hard
cheeses, such as Swiss and Emmental (Guggisberg et al., 2015).
During the production of these cheeses, producing sufficiently
elastic curds is critical. The ripening of Swiss cheese involves

slow protein and lipid decomposition in the clot, which produces
flavor substances and promotes the growth of PAB, which
fermented lactates. The raw materials and starters used for
Emmental are different from those used for other cheeses: the
fresh milk used for making Emmental cheese is sourced from
cows that are feed only grass and/or hay, no other feed or
additives (Frohlich-Wyder et al., 2002). Moreover, its starter
culture  consists of  thermophilic  Lactobacillus  and
Propionibacterium. However, few common limitations of using
these raw materials include crack formation, few holes, pink
spots, and insufficient flavor (Bertuzzi et al., 2018).

Semi-hard cheeses have a wide range of flavor profiles and
structures because of the various LABs used and their effects.
For Caerphilly and Lancashire cheeses, the growth of strains
is promoted during the clot production stage: the low acidity
(pH 5.0-5.2) of fresh cheese produces acidic clots that cause
the cheese to have a crumbly texture (Jones et al., 2005; Tedeschi
et al,, 2013). In cheeses such as Edam and Gouda, a portion
of the whey is discharged during mixing and replaced with
water to limit acid production (Ibanez et al., 2020). Therefore,
the lactose content of the cheese decreases, its pH increase,
and it develops firm but elastic structure. However, Gouda is
made using pasteurized whole milk, whereas Edam is made
using pasteurized or partially pasteurized buttermilk (Jo et al.,
2018). Cleaning and removing whey are performed simultaneously
during the manufacture process of Gouda — where some whey
is removed and hot water is added to clean the curd. Finally,
the moisture content in the cheese is controlled, and the final
pH of it is also controlled by washing off the lactose to reduce
the emission of lactic acid (Fox et al., 1990). In addition,
Gouda is pressed further to remove whey and form a closed crust.

Limburger is called “smelly cheese” because of its strong
aroma, mainly originating from the rind, rather than the cheese
itself. Limburger is first stored for 2 weeks under higher
temperature and humidity and then matured for 2-3 months
under refrigerated conditions. During this time, it is soaked
in brine several times to stimulate the growth of bacteria and
the formation of a light brown crust and a unique taste. For
storage, Limburger is wrapped in packaging made of breathable
material such as aluminum foil or paper to ensure that the
cheese remains ripe. Blue cheeses, including Roquefort and
Danish blue cheese, are produced from high-acid, semi-soft
curds, involving slow acid production over a long period of
whey removal. The clots are not heated during processing,
and the cheese is not mechanically pressed like pasta filata
cheeses. The typical process of producing blue cheese includes
puncturing the cheese for aeration to promote the growth of
Penicillium roqueforti, which produces the typical blue lines.
Camembert is a typical mature cheese with mold on the surface,
which is soft and sticky. Traditional Camembert is made with
fresh milk from local Normandy cows. After the cheese is
basically shaped, dry salt is sprinkled on the surface, followed
by inoculation with Penicillium albicans.

Mozzarella cheese is a semi-hard, fresh pasta filata family
cheese. Its most unique processing technique includes hot
stretching, which gives the cheese its distinctive texture.
Mozzarella requires rapid acid production, but high acidity
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can also lead to low-quality cheese production. High-fat cheeses
are sour curd cheeses. For these cheeses, whey is traditionally
drained by hanging the clots in bags - similar to traditional
Kazak cheese making (Zheng et al, 2018a). Feta cheese is
made from sheep or goat milk, which is higher in short-chain
fatty acids and thus produces a distinctive sour taste. However,
the inherent lipase in this milk is destroy during the heat
treatment process, and it is compensated for by adding lipase
in the subsequent steps to ensure that the short-chain fatty
acids generated via hydrolysis provide the unique sour taste.

Development of Industrial Processing
Technologies and Its Advantages

In contrast, the main forces that drive cheese technology are
economics, equipment/engineering, consumer demands, and
regulatory standards. In addition, production of consistent and
high-quality cheese, while maintaining high-volume throughput
is a key challenge in cheese manufacture (Panikuttira et al,
2018). Adoption of process analytical technology (PAT) for
continuous monitoring and control of relevant processing
parameters in dairy processing mini-mises the production of
low-quality product and increases productivity and profitability
(Tajammal Munir et al, 2015). Alternative processes for the
reduction of bacterial load include the use of specially designed
centrifuges or microfiltration. Hydrogen peroxide/catalase
treatment of milk and Bactofugation (a high-speed centrifuge)
could be used to remove bacteria and bacterial spores from
milk (Legg et al, 2017). More recently, adjusting the protein
content of the milk through the use of ultrafiltration technology
was to achieve the desired final composition. Advantages include
a more uniform starting material, profitable use of a lactose
stream, and greater throughput of milk solids through the
cheese vat. The choice of equipment for the vat stage of the
cheese-making process depends on many external factors,
including type of cheese to be made, downstream curd processing,
flexibility, cost, and throughput, to name but a few.

In recent years, new biotechnologies to promote cheese
maturation and improve flavor have been explored frequently,
including the inoculation of additional cultures and exogenous
enzymes, and the impact of temperature and high pressure
on the quality of cheese (Khattab et al., 2019). Instrumental
techniques and sensory panels can be expensive and require
trained personnel warranting for more innovative, rapid-detection
systems for ripening monitoring and evaluation of cheese quality
such as infrared (IR) spectroscopy, electronic nose, and optical
techniques. In order to increase consumer acceptance of processed
cheese products, manufacturers are often seeking new ways
to increase their functionality. The main cheese fortification
methods are through the incorporation of probiotics and
prebiotics, vitamin enhancement, and fortification of the PC
with other macronutrients (Talbot-Walsh et al., 2018).

The development of dairy technology has allowed for the
standardization of industrial production technology for some
cheeses, whereas other cheeses are still prepared using with
the traditional non-standardized methods. For example,
ultrafiltration and concentration technologies are more suitable
for feta production, but Kazak cheese is made using the

traditional non-standardized manual processes. In addition, use
of edible films and coatings in cheese preservation has
opportunities and challenges (Costa et al., 2018).

RESEARCH PROGRESS ON CHEESE
FLAVOR-RELATED METABOLIC
MECHANISMS AND DETECTIOIN
TECHNOLOGIES

Cheese Flavor: Origin and Production
Cheese is a product of biochemical dynamics occurring during
its production and ripening (McSweeney and Sousa, 2000).
Each cheese has its unique flavor compound composition.
Cheese flavor production mainly involves three main reactions:
residual lactose, lactate, and citrate metabolism; proteolysis;
and lipolysis (McSweeney, 2011). The enzymes involved in
cheese production and ripening are mainly derived from
the milk, the starter culture, rennet, and the secondary
microbiota. Various changes in non-starter LAB (NSLAB)
and secondary or adjunct cultures also occur depending on
cheese types and processing methods. Food flavor substances
are mainly volatile and nonvolatile. Volatile flavor substances
include alcohols, acids, esters, aldehydes, and ketones - all
of which are the source of food aroma (Marsili, 1985). In
contrast, nonvolatile flavor substances mainly include organic
acids, amino acids, reducing sugars, nucleotides, polypeptides,
and other small molecules - all of which are the source of
food taste (Delgado et al., 2010).

Cheese flavor substances include acids, alcohols, esters,
ketones, and lactones - all of which are affected by raw milk
quality and fermentation and/or ripening processes (Urbach,
1993; Santiago-Lopez et al, 2018). In particular, ripening is
the most important factor affecting cheese flavor. Cheese ripening
process involves very complex biochemical reactions, which
include primary and secondary metabolism. The basic flavor
of cheese is determined by primary metabolism and mainly
contains threes changes: carbohydrate decomposition, protein
hydrolysis, and fat degradation. Secondary metabolism is
responsible for the formation of flavor specific to a cheese
variety. It mainly includes amino acid decarboxylation,
transamination, deamination, de-sulfation, fatty acid beta-
oxidation, and esterification (Marilley and Casey, 2004). Yeast
can effectively produce many secondary metabolites crucial to
the quality of cheese, including carbonyl compounds, sulfur
compounds, fatty acid derivatives, phenolic compounds, and
higher alcohols — which are directly related to cheese aromas
(Dzialo et al., 2017).

Residual Lactose, Lactate, and Citrate
Metabolism

Lactose and citrate are the main carbohydrates in all mammalian
milks, but the lactose content varies widely from mammal to
mammal (range, 0-100 g/L; Lai et al, 2016; Figure 2). The
principal products of lactose metabolism are L-lactate, DL-lactate,
or a racemic mixture of both, which is essential to the flavor
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FIGURE 2 | Biochemical pathways for production of flavor compounds in cheeses.

production in all cheeses. However, some bacteria including
Leuconostoc spp. also produce other products such as ethanol
(Vedamuthu, 1994). The nonstarter microbiota of cheddar, Dutch-
type, and similar cheeses isomerize the L-lactate produced by
the Lactococcus lactis starter to DL-lactate (McSweeney et al.,
2017). However, a high DL-lactate concentration can affect the
sensory quality of a cheese. Certain starter bacteria (e.g.,
Streptococcus  thermophilus) growing with galactose-positive
microorganisms cannot metabolize the galactose moiety of lactose,
leading to galactose accumulation in the curds. Pyruvate — an
intermediate of lactose metabolism - is the precursor for the
production of several short-chain flavor compounds, including
acetate, acetoin, diacetyl, ethanol, and acetaldehyde (Melchiorsen
etal., 2002). In Swiss cheese, lactate is metabolized into propionates,
acetates, carbon dioxide, and water by Propionibacterium spp.,
among which carbon dioxide is the cause of the characteristic
“eyes” in the cheese (Duru et al., 2018). Acetate is an important
flavor compound in many cheeses. In addition to being metabolized
from lactose by LAB, acetate may also form via lactate and
citrate metabolism (McSweeney and Sousa, 2000).

In mature cheeses such as Camembert and Brie, lactate in
the surface layer is metabolized and decomposed into water
and oxygen by the mold and yeast on the surface, causing their
pH to increase (Lucey and Fox, 1993). This is similar to the
changes occurring in Dutch and Swiss cheese, but not in cheddar.
Lactose concentration in the cheese can drop as a result of
washing or being replaced by whey; in this case, the remaining
lactose in the clot is quickly metabolized with an increase in
pH value. Consequently, cheeses with low-residue lactose have
a fresh and mild flavor; whereas those with high-residue lactose
may have a strong and pungent flavor because of low pH value.

In milk, citrate mainly exists in the form of ionized salts
at concentrations of <1.8 g/L, most of which is lost in the
whey during cheese making. This is because nearly 94% of
the citrate is in the soluble phase of the milk (McSweeney
et al,, 2017). Citrate is not metabolized by S. thermophilus or
thermophilic lactobacilli but by certain mesophilic lactobacilli
in the NSLAB microbiota. Citrate is not metabolized by S.
thermophilus or by thermophilic lactobacilli, but is metabolized
by certain mesophilic lactobacilli in the NSLAB microbiota.
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A number of important flavors compounds, such as acetate,
diacetyl, acetoin, butanediol, and carbon dioxide, are produced
from citrate if some citrate-positive lactate (e.g., L. lactis and
Leuconostoc) are promoted. Diacetyl is an important aroma
compound converted to acetoin, 2,3-butanediol, and 2-butanone
in some varieties of cheese, such as Dutch-type cheeses, quark,
and cottage cheese (Dimos et al,, 1996). Citrate metabolism
is of particular importance in Dutch-type cheeses, where the
CO, produced is responsible for eye formation (McSweeney
and Sousa, 2000). In addition, citrate provides the primary
substrate for Cit* starter cultures and NSLAB, and residual
citrate metabolized by NSLAB may also lead to tissue laxity
in some cheeses, such as cheddar (Fox et al., 2017).

Lipolysis and Fatty Acid Metabolism

Lipolysis has an important effect on cheese flavor and texture
(Voigt et al., 2012). Lipases in cheese are derived from milk,
rennet, starter, auxiliary starter, nonstarter bacteria, and
exogenous enzymes. Of all lipases, lipoprotein lipase is important
in the development of flavor in raw milk cheeses, but it has
little effect on the flavor of cheese made from pasteurized
milk (Sert et al.,, 2014). The lipolytic enzymes present in LAB
can hydrolyze a substrate to generate free fatty acid esters,
triacylglycerides, diacylglycerides, and monoacylglycerides. LAB
esterase is active for <C,g-monoacylglycerides, with especially
higher sensitivity to Cg-monoacylglyceride, but has no effect
on >Cs-diacylglycerides (Holland et al., 2005). In addition,
ethyl-butyric acid is generated by the transfer of butyl from
triglycerides to ethanol via transferase in the cells of LAB
(Tomita et al., 2018). The ability of PAB to decompose fat is
10-100 times that of LAB. In Swiss cheese, PAB play a key
role in the conversion of lactate to acetate, the production of
characteristic flavor via carbon dioxide, and the formation of
free acids (Schwenninger et al., 2011).

The formation of typical flavor of cheese through lipolysis
mainly reflects in the following: the ester bonds between
triglycerides and fatty acids break under the action of lipase
and monoglycerides, diglycerides, and free fatty acids are
produced (Deeth and Touch, 2000; Figure 2). Fatty acids have
an important influence on the flavor of cheese. During cheese
fermentation and ripening, a series of fatty acids with medium
and short carbon chains (C > 4) are formed after milk fat
degradation. This leads to the formation of characteristic flavor
substances in cheese, and these substances are important
indicators that determine the maturity of the cheese. The
oxidation of fatty acids, especially polyunsaturated fatty acids,
can produce various unsaturated aldehydes with intense flavors.
This can lead to an unpleasant smell associated with rancidity;
it is observed in Gouda, cheddar, and Swiss cheese after they
spoil (Forde and Fitzgerald, 2000). Nevertheless, lipolysis has
a positive effect in most cheeses, including such as Parmesan,
Emmental, blue cheeses, and Italian cheese (e.g., Romano;
Thierry et al., 2017).

Fatty acids produced via lipolysis, especially free fatty acids
such as acetic, octanoic, and decanoic acids, are cheese flavor
substances. Moreover, the unique texture and hardness of cheeses
result from continuous volatilization of water. Of the free fatty

acids produced, acetic acid provides cheese with a sharp taste,
but too much acetic acid can afford the cheese a vinegar-like
odor. The flavors produced by fatty acids vary according to
the differences of fatty acid types and contents in the many
cheese types (Mallatou et al., 2003). Butyric acid is an important
flavor compound in cheese such as Romano and cottage cheese,
whereas the main characteristic flavor of Swiss cheese is propionic
acid produced by PAB (Singh et al., 2003). Moreover, hexanoic
acid is responsible for a sweaty, pungent, and rancid flavor
(Carunchiawhetstine et al., 2003); octanoic acid imparts a goaty,
waxy flavor; and decanoic acid affords a fatty, citrus odor
(Gan et al,, 2016).

Short-chain fatty acids provide strong characteristic flavors,
some of which are precursors to flavor and are converted to
other aromatic substances, including lactones and alcohols
(Temizkan et al., 2015). The principal lactones in cheese are
y- and d-lactones - which have five- and six-sided rings,
respectively, and impart an intense aroma. The esters in cheese
are produced by the esterification reaction between short-chain
fatty acids and medium-long-chain fatty acids produced by
the degradation of milk fat and primary and secondary alcohols
produced by lactose fermentation or amino acid metabolism
during fermentation (Fox et al, 2015). The esters in cheese
are produced via the esterification reaction between short-
chain fatty acids and medium-long-chain fatty acids produced
during milk fat degradation. Moreover, primary and secondary
alcohols are produced through lactose fermentation or amino
acid metabolism during fermentation. The ester compounds
in cheese play an important role in the formation of aromas
that are sweet, fruity, and floral. However, an excessive amount
of ethyl butyrate and ethyl caproate leads to an overpowering
fruity flavor defect (Castada et al., 2019). In addition, thioesters
(i.e., s-methyl thioacetate, thioethyl-2-methylpropanoate, and
s-methyl thiobutyrate) produced through the reaction of free
fatty acids with sulthydryl groups impart a garlicky, sulfur-
like, or eggy flavor (Iwasawa et al., 2014). Finally, p-oxidation
and subsequent decarboxylation of free fatty acids in some
cheeses (e.g., blue cheese) result in the formation of methyl
ketones or alkan-2-ones, especially heptanone and nonanone
(McSweeney et al., 2004).

Proteolysis and Amino Acid Metabolism
Protein hydrolysis, a main biochemical reaction, is crucial to
the formation of cheese flavor and has an important influence
on the release and taste of cheese flavor during cheese ripening
process (Gan et al., 2016). The peptides and free amino acids,
decomposed from protein by protease in cheese, are precursors
of many cheese flavor substances. Milk proteins mainly include
caseins (a-, B-, and k-casein), which are lost in whey because
they are not degraded significantly. Casein hydrolysis is the
most important biochemical pathway for flavor formation in
hard and semi-hard cheeses. Proteinases and peptidases catalyze
the cleavage of the polypeptide chains to produce free amino
acids, some of which act as precursors to flavor compounds
during cheese production and ripening (McSweeney, 2011).
Free amino acid content and metabolism in mature cheese
play essential roles in cheese flavor development. Under the
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action of transaminase, deaminase, decarboxylase, and other
enzymes, free amino acids in cheese are transformed into a
series of volatile and nonvolatile flavor substances (e.g., ketones,
aldehydes, acids, and alcohols) via deamination, amination,
and decarboxylase (Fox and McSweeney, 1998; Figure 2).
Methionine, leucine, and glutamic acid concentrations are
typically considered the indicators of the degree of protein
hydrolysis in cheese. The enzymatic removal of the amino
terminus of amino acids leads to the formation of flavor and
aromatic substances, such as 3-methyl-butanol, methionyl-propyl
aldehyde, sulfides, and aromatic esters — which impart a malty,
a baked potato-like, a pungent, and a flowery odor, respectively
(Suzuki-Twashima et al, 2020). Amino acid concentrations,
especially those of glutamic acid and lysine, are significantly
higher in Parmesan than in Gouda, cheddar, or Emmental.
Starter LAB (SLAB), NSLB, and other bacterial strains can
produce amino acid-metabolizing enzymes that specifically act
on branched-chain, aromatic, or sulfur-containing amino acids
(Forde and Fitzgerald, 2000).

Branched-chain amino acids - the precursors of aromatic
compounds such as isobutyl ester, 3-methylbutanal, and
2-methylbutanal - are found in different cheeses (Curioni and
Bosset, 2002). In addition, isoleucine, leucine, and valine can
be decarboxylated into isobutyl ester, 2-methylacetaldehyde, and
ketoisocaproate, all of which possess strong unpleasant aromas
(McSweeney, 2011). Aromatic amino acid catabolism begins with
a transamination step — where indole pyruvate, phenyl pyruvate,
and p-hydroxy-phenyl pyruvate are produced from tryptophan,
phenylalanine, and tyrosine, respectively. The conversion of
tryptophan or phenylalanine in many hard and soft cheeses leads
to the formation of benzaldehyde, which is characterized by a
bitter almond flavor. Amino acids are also deaminated and
decarboxylated to produce compounds such as a-keto acids,
ammonia, and amines — which are further transformed into
compounds such as alcohols, esters, and acids. Ammonia is also
an important flavor substance in many cheeses, such as Camembert
and Gruyere (Corsetti et al., 2001; Engel et al., 2001).

In cheese, methionine is converted to volatile sulfur
compounds, such as methanethiol (which has a rancid flavor)
as well as dimethyl sulfide and dimethyl trisulfide (which have
a garlicky flavor); they represent the basic flavor substances
in many cheese varieties (Smit et al., 2005). S-Compounds
are the major contributors of the characteristic aroma of cheddar;
they also contribute to the garlicky smell of a well-ripened
Camembert (McSweeney and Sousa, 2000). In addition to
producing flavor substance, proteolysis followed by oxidative
decarboxylation of amino acids may produce low-molecular-
weight biogenic amines (BA) - an excessive amount of which
can cause adverse physiological reactions (Spano et al., 2010).
Therefore, BA detection is a necessary part of cheese
safety analysis.

Progress in Cheese Flavor Detection
Technology Research

The various cheeses have varied aromas and complex structures,
the analysis of which mainly based on volatile component
extraction. At present, the main extraction methods include

distillation, solvent extraction, headspace capture method (HS),
and solid-phase microextraction (SPME). Distillation is a
relatively simple extraction technique; however, it is time and
labor intensive (Wang et al., 2008). Solvent extraction method
requires a relatively high amount of solvent. HS is relatively
fast and easy to operate, but the concentration of volatiles
present in the headspace can be low, which may limit the
results. SPME is a fast and effective sample flavor material
enrichment technology, which shows effective flavor substance
sampling, separation, concentration, and enrichment. SPME is
often used in conjunction with methods such as gas
chromatography (GC)-mass spectrometry (MS) for the detection
of volatile flavor constituents in food (Kataoka et al., 2000;
Bertuzzi et al., 2018).

Gas chromatography-mass spectrometry, which plays a
significant role in food flavor substance analysis, has been
widely used in the detection of volatile and semi-volatile samples
(El Sheikha and Hu, 2020). GC-MS technology has certain
advantages in the application process. At present, HS plus
SPME (HS-SPME) in combination with GC-MS has applied
to analyze the flavor substances of cheese, white wine, rice
wine, Puer tea, and beer (Plutowska and Wardencki, 2007).
Delgado used SPME-GC-MS to analyze the volatile constituents
of four different mature stages of the soft Spanish goat milk
cheese (Delgado et al, 2010). A total of 46 volatile flavor
compounds were detected, including 13 acids, nine esters, four
ketones, seven alcohols, three aldehydes, seven aromatic
compounds and others. Frenzel et al. (2015) used GC-MS to
determine the volatile constituents of Italian Fiore Sardo PDO
mature sheep cheese and detected carboxylic acid compounds
(68%), while esters (14%), ketone (9%), and alcohol (8%) to
be the main characteristic volatile compounds. Ceruti et al.
(2016) used GC to separate volatile components from the
ripening process of Reggianito cheese under different
temperature-time combinations and isolated 41 volatile
compounds including acid, ketones, aldehydes, esters, alcohols,
and hydrocarbons.

More than 600 compounds have been identified as food volatile
components thus far. Only a few of these compounds have a
significant effect on the sensory flavor profile of the analyzed
food. Only GC-MS can analyze for a wide range of volatile
compounds. However, it cannot determine the flavor active
ingredients that contribute the most to the flavor in food. Gas
chromatography olfactometry (GC-O) is the most effective for
detecting and identifying aroma component identification; the
analytical methods that can be used with this technique mainly
include the time-intensity method, Charm analysis, and aroma
extraction dilution analysis (Zhu et al., 2015). In a time-intensity
method, the key aromas in foods are identified by a sensory
appraiser to describe the specific flavor of the volatile components
they can smell. They then rank the aromas according to the
intensity of the smell and the degree to which they contribute
to the flavor. Research has shown that a combination of solvent
extraction, SPME, and GC-O can be used to identify the key
aroma compounds of blue-grain mature cheeses; the identified
compounds include methyl mercaptan, 2(3)-methyl-butyric acid
(cheese, pungent odor), 3-methylthiopropanal, 2,3-butanedione,
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dimethyl sulfide, butyric acid, 1-octene-3-ol (Z)-4-heptenal,
phenylacetaldehyde, 2-ethyl-3,5-dimethylpyrazine, and acetic acid
(Majcher et al., 2018).

YEAST DIVERSITY IN CHEESE AND ITS
EFFECTS ON FLAVOR

Structural Diversity of Yeast Microbiota in
Cheese

The traditional fermented foods, including Chinese liquor,
cheese, vinegar, and bread, are enriched with various
microorganisms in an open environment. Consequently,
cooperative metabolism of multiple microbiotas underlies the
fermentation involved in these foods (Wolfe et al., 2014). In
addition, the microbial community structure and flavor of these
foods are closely related. Therefore, a microbial community
that inhabits in a cheese has a strong ecological adaptability
and diversity. Microbial communities in traditional fermented
foods also play an important role in food preservation and
flavor formation (Wu et al, 2012). High-throughput
metagenomics may reveal the diversity and succession of the
microbial community on the surface of cheese — which is a
food ecosystem with relatively simple microbiota. Moreover,
metagenomics, macro-transcriptomics, and proteomics may
be combined to greatly facilitate the mining of the metabolic
functions of microbial communities in traditional fermented
cheese (Almeida et al., 2014; Delcenserie et al., 2014; Gkatzionis
et al, 2014). Combining pure cultivable and noncultivable
methods (metagenomic techniques) to explore microbial
communities has greatly increased out understanding of the
microbiota on traditional fermented cheese (Aldrete-Tapia et al.,
2014). However, few studies have focused on yeast strains in
cheese, even though a diverse yeast microbiota inhabiting cheese
has significant roles in cheese quality control.

The cheese ecosystem is a special habitat that supports the
coexistence of yeast, bacteria, and filamentous fungi. The initial
dominant yeasts are acid and salt tolerant; they can metabolize
lactate produced by the SLAB and produce NH; from amino
acids. Yeast in cheese originates from not only milk but also
the processing environment and storage process during the
cheese fermentation process (Gongalves Dos Santos et al., 2017).
Yeasts that exist in the environment of raw milk and dairy
products can easily settle on the surface of new cheese and
form a complex biofilm along with other microorganisms
(Frohlich-Wyder et al., 2019). This phenomenon is usually seen
in traditional mature cheeses. Numerous yeast species have
been isolated from the surface of various cheeses; however,
the roles they play in cheese ripening remains poorly understood.
Yarrowia lipolytica, D. hansenii, Kluyveromyces lactis, and
Kluyveromyces marxianus have been mainly isolated from French
artisanal cheese surface and cores (Ceugniez et al, 2015).
Around 137 different cheeses from 10 countries were collected
and 24 cultivatable bacteria and fungi were found to be widely
distributed in on cheese surface via metagenomic sequencing
and strain isolation (Wolfe et al, 2014). Commercial yeast
cultures, such as G. candidum, have been used in cheese

production for many years. The use of yeast as an adjunct
culture has also become popular in recent years. In the German
Harzer and quark, the addition of highly active yeasts (D.
hansenii and Candida krusei) can promote ripening (Frohlich-
Wyder et al., 2019). However, most of the yeasts found inside
cheese are strictly anaerobic; these yeasts include K. marxianus,
which metabolizes residual lactose.

A study on the diversity of 44 types of cheese fungi found
that D. hansenii was the most abundant yeast and Pe. roqueforti
was the most common mold (especially in blue cheese); moreover,
most of the fungi were isolated from dairy products (Banjara
et al, 2015). However, the potential safety issues associated
with consumption of fungi such as Aspergillus flavus also require
attention. Nineteen filamentous fungi and five yeast strains
have identified to be part of traditional Turkish cheese
fermentation; these especially include Penicillum spp. and
D. hansenii (Budak et al., 2016). Moreover, Lactobacillus,
Lactococcus, Enterococcus, and some yeasts have been found
in PDO Ragusano cheese; these microbes play an important
role in flavor formation (Carpino et al, 2017). In terms of
fungi, Slovak cheese mainly contains Hansenula debali, Y.
lipolytica and G. candidum (Chebenova-Turcovska et al., 2011),
whereas Livarot cheese mainly includes Y. lipolytica, Candida
spp., Candida intermedia, and Geotrichum (as detected via
fluorescence in situ hybridization; Mounier et al., 2009). Pichia
kudriavzevii is the predominant yeast in Kazak cheese, followed
by K. marxianus and K. lactis (Zheng et al, 2018a). A broad
range of yeasts has been isolated from Camembert and Brie,
with D. hansenii and Y. lipolytica being the most abundant
isolated species (Viljoen et al, 2003). The main metabolic
end-products of lactose and galactose fermentation by yeast
isolated from water-buffalo Mozzarella cheese demonstrates
great variability depending on the species (Suzzi et al., 2000).
In general, K. marxianus and K. lactis, with their anamorphous
species D. hansenii and Saccharomyces cerevisiae, are the most
common yeasts in cheese, but their role in the cheese ripening
process has not been fully evaluated.

Effects of Yeast on Cheese Quality During
Fermentation

Traditional fermented cheeses show complex microbial
communities, multispecies cofermentation, complex metabolic
mechanism, and varied flavors. The flavors in cheese are mainly
produced via lactose and casein decomposition as well as lipid
metabolism. In cheese ripening, most of the flavor substances
are derived from protein hydrolysis and amino acid conversion
(Engels et al., 1997). Moreover, the formation of flavor substances
is inseparable from the metabolism of the microbiota and the
conversion of substances during fermentation. A certain number
of LAB is usually present in fresh milk and immature cheese,
and some of the LABs have more highly active amino acid-
converting enzymes; this increased the flavor diversity and richness
in cheese (Centeno et al, 2002). Penicillium brevicompactum,
Penicillium cavernicola, and Penicillium olsonii have a higher
protease activity in handmade goat milk cheese, where Mucor
produces more lipase. Moreover, Y. lipolytica has the best protease
and lipase activity (Ozturkoglu-Budak et al., 2016). In addition
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to LAB and mold, various yeasts participate in protein hydrolysis,
lipid and lactose degradation, and lactate and citrate assimilation
during cheese ripening - all of which are important in cheese
flavor formation (Fox and McSweeney, 1998; McSweeney, 2010;
Padilla et al, 2014). Furthermore, Metschnikowia reukaufii, Y.
lipolytica, and Pi. kudriavzevii affect the release of proteases,
which was vital for the formation of free amino acids from
proteins (Akpinar et al, 2011).

Traditional fermented cheeses have a stable core microbiota;
however, the yeast species present in this microbiota needs to
be further analyzed based on their metamorphic genome and
metabolomics. The effects of microbial interactions, environment,
and production processes on the microbial community of cheese
have demonstrated that the microbes distributed in cheese
surfaces are highly reproducible, making cheese an easy-to-
handle, constructible microecosystem model. The focus of
ongoing relevant research includes the following: (1) a method
for effective control of the ripening stage of cheese for ensuring
the flavor and quality of the finished cheese; (2) identification
of the core microbiota including various yeast species involved
and their interactions during cheese production and ripening;
(3) exploration of the correlation between the aforementioned
interactions or dynamic changes and the flavor changes during
cheese production and ripening; and (4) a method to analyze
the internal relationship between the ecological and functional
characteristics of the cheese microbial community.

Yeasts play an important role in the manufacture of nearly
all traditional ripened cheeses, especially some smear ripened
cheeses such as Gruyére, Tilsit, and Reblochon (Rea et al,
2007). Some fermenting yeasts can grow in the interior of
acid curd cheeses, such as the German Harzer; they produce
ethanol and carbon dioxide in the early stage of manufacture
(Frohlich-Wyder et al., 2019). However, yeasts may also be the
reason of some major defects in cheese, causing early blowing,
an off flavor, brown discoloration, and other visible alterations
(Jakobsen and Narvhus, 1996). Yeasts can perform
deacidification at the surface of the cheese, causing a pH
gradient to form between the surface and the center of the
cheese, followed by outward lactate diffusion. When lactate
depletes, yeasts break down amino acids to produce NH,,
which diffuses inward and further increases the pH value
(Gori et al,, 2013; Monnet et al., 2015). The deacidification
process contributes to the establishment of salt-tolerant, gram-
positive, and catalase-positive bacterial communities with
lower acid tolerance (Wolfe et al., 2014).

The development of yeast in cheese depends on many
physicochemical conditions, such as low pH, mold content, high
salt concentration, refrigerated ripening, and storage conditions
(Viljoen et al., 2003). Yeasts that grow on the surface of cheese
must be able to grow at low pH, low temperature, low water
activity, and high salt concentrations (Monnet et al., 2015). For
instance, using metagenomics, Filippis, et al. (2016) found changes
in microbial communities and their functions during temperature-
driven cheese ripening: increased microbial proteolysis, lipolysis,
amino-acid and lipid catabolism-related gene expression, and
cheese ripening rate. The distinct cheese flavors are produced
according to the differences in fermentation conditions and starter

cultures, which mainly contain bacterial and yeast starter cultures.
Fungal starters, such as those containing Pe. albicans and Pe.
roqueforti, can have proteolytic and lipolytic activities (Nielsen
etal,, 2005). Moreover, Pe. albicans produces white hyphae, whereas
Pe. roqueforti can accelerates cheese ripening and produce a spicy
flavor and a dark green color. In recent years, yeasts have also
been used as assistant strains in starter cultures to produce cheese;
for example, Candida lipidotica is used to produce blue cheese
(Roostita and Fleet, 1996). As adjunct cultures, yeast species
contribute to the development of flavor and texture during the
production and ripening of certain cheese types. This is because
their lipolytic and proteolytic activities can shorten the ripening
time and thus enable economic cheese manufacture (Roostita
and Fleet, 1996). In many cases, the most common yeasts in
mold and bacterial surface-matured cheese include Kluyveromyces,
Debaryomyces, and other species of Saccharomyces. Studies have
found the presence of Candida spp., Candida zeylanoides, and
dairy yeast in French Reblochon cheese; D. hansenii and
K. marxianus yeasts in St. Nectaire cheese; and Y. lipolytic,
K. marxianus, and D.  hansenii in Tilsiter cheese
(Corredor et al., 2000; Frohlich-Wyder et al., 2019).

Most of the yeasts isolated from the surface of mature
cheeses are salt tolerant, of which D. hansenii can tolerate
high sodium chloride levels and utilize lactose, lactic, and
citric acids for its proliferation (Gori et al.,, 2005; Breuer and
Harms, 2006). Yeasts use residual lactate to deacidify the surface
of cheese and produce vitamins and precursor substances,
including niacin, riboflavin, and p-aminobenzoic acid, and thus
promote B. linens growth on the cheese surface (Seiler and
Busse, 1990). Debaromyces hansenii and Y. lipolytica are used
to accelerate the ripening of cheddar cheese and enhance its
flavor characteristics, whereas Y. lipolytica and K. lactis are
employed for accelerating blue cheese ripening (Ferreira and
Viljoen, 2003). Kluyveromyces lactis and K. marxianus are
important components of the cheese microbiota because they
can use the lactose left over from fermentation in the curd
to produce carbon dioxide; this is beneficial for producing
the open structure of cheeses such as Roquefort (Dias et al.,
2014). Kluyveromyces marxianus can produce volatile aroma
compounds through proteolytic and lipolytic activity in blue
and bloomy rind cheeses and produce esters (fruity flavor
compounds) and acetaldehyde from ethanol and carboxylic
acids produced during lactose fermentation (Binetti et al., 2013).
Research has shown that Pi. kudriavzevii N-X has the strongest
extracellular proteolytic activity in skim milk agar and that it
produces a range of aroma compounds (including ethanol,
ethyl acetate, 3-methylbutanol, and acetic acid) in Kazak cheese
(Zheng et al., 2018a). Research has also found that the texture
of cheese with yeasts including K. marxianus and Pi. kudriavzevii
added is relatively more brittle (Xiao et al., 2020). Kluyveromyces
marxianus contributes to the formation of free amino acids
and organic acids, especially glutamate and lactate. In addition,
K. marxianus provides cheese with onion, oily, and floral aromas.
Furthermore, Pi. kudriavzevii promotes a strong brandy,
herbaceous and onion flavor. Both K. lactis and Pichia fermentans
can ferment and constitute the typical yeast microbiota in feta
(Rantsiou et al., 2008). Moreover, Y. lipolytica and G. candidum
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have important influences on its flavor during cheese production
and ripening (Steensels and Verstrepen, 2014).

Geotrichum candidum strains can be found in inside and on
the surface of cheese; they grow rapidly at the early stages of
cheese ripening in Limburger, Tilsit, and Romano cheeses (Lessard
et al,, 2014; Banjara et al, 2015). However, they can metabolize
galactose, but not lactose. In contrast, D. hansenii simultaneously
metabolizes lactose and lactate, both of which are present in
cheese at its early ripening stages (Mansour et al., 2008). Interestingly,
Y. lipolytica is strictly aerobic, and it metabolizes lactate. Geotrichum
candidum is the most active species involved in casein and fat
degradation, which leads to an increased release of ammonia
(Dugat-Bony et al, 2015). Recent studies have shown that D.
hansenii, G. candidum, and Y. lipolytica may produce volatile
compounds that contribute to cheese flavor, such as branched-
chain aldehydes and alcohols (Serensen et al., 2011; Padilla et al.,
2014). Yarrowia lipolytica is found in foods with high protein
or fat content because of its strong lipolytic and proteolytic
activities (Nicaud, 2012). High amounts of volatile compounds,
such as organic acids, sulfides, furans, and short-chain ketones,
are produced by Y. lipolytica during cheese ripening (Serensen
et al, 2011). The coexistence of Y. lipolytica with G. candidum
can have a negative effect on hypha formation. Moreover, D.
hansenii and Y. lipolytica can dominate the yeast biota of smear
ripened cheeses (Mounier et al, 2008; Atanassova et al, 2016;
Ceugniez et al,, 2017). In the presence of other yeasts, such as
Y. lipolytica and G. candidum, the population of D. hansenii
significantly decreases. However, D. hansenii may inhibit the
growth of K. lactis and G. candidum (Lessard et al., 2012). Finally,
the yeasts, bacteria, and mold in cheese may have a symbiotic
effect that promotes the flavor development in cheese, but the
underlying complex mechanism requires further analysis.

Traditional fermented cheeses are mostly fermented naturally
using multiple microbial strains. Scientific problems such as unclear
mechanism underlying flavor substance formation and unstable
flavor quality have become a bottleneck for developing standardized
cheese production processes — severely restricting the transformation
of manual production to industrial processing. In recent years,
studies have screened the functional microbial strains that improve
the flavor of cheese. A study reported that the contents of ethanol,
esterase, and glycol acyltransferase are the main factors limiting
the synthesis of ethyl acetate in French Camembert (Hong et al.,
2018). The results showed that adding L. lactis CCEM 12 with
high esterase activity and ethanol acyltransferase activity significantly
increased the contents of ethyl acetate and fruit aroma. Price
et al. (2014) studied the effects of the addition of the functional
yeasts Y. lipolytica and K. lactis on the aroma of blue cheese.
These effects were studied by using model combining Y. lipolytica,
K. lactis, and Pe. roqueforti, and the results indicated that the
low inoculum of K. lactis was positively correlated with the cheese
flavor, especially the formation of ketone compounds when a
small inoculum of Y. lipolytica and K. lactis was used, the flavor
of blue cheese was enhanced. Serensen et al. (2011) inoculated
a combination of Y. lipolytica, S. cerevisiae, and D. hansenii into
the cheese fermentation process to improve the flavor quality of
the cheese. Compared with the control group, Y. lipolytica mainly
produced sulfides, furans, and short-chain ketones and D. hansenii

significantly increased the content of branched-chain aldehydes
and alcohols. Therefore, it is important to enhance the formation
of flavor by strengthening these advantageous yeasts during the
process of cheese ripening. During the process of cheese ripening,
the proteolysis, lipolysis, and lactose degradation ability of yeast
as well as their lactate and citrate assimilation play important
roles — all of which are closely related to the formation of the
cheese flavor (Fox and McSweeney, 1998). Therefore, how to
maintain the flavor stability of handmade traditional cheese through
the strengthening of functional yeasts will provide ideas for
later research.

CONCLUSION

With the advancement of science and technology, the use of
various traditional methods may decrease. Thus, application
and protection of microbial resources used in traditional
fermented foods, such as cheese, is urgently needed. Therefore,
evaluating the impact of dairy products on human health by
using microbial resources in traditional fermented dairy products
is essential. The microbial population inhabiting cheese has
strong ecological adaptability; it also determines microbial
community structural diversity and flavors of the various cheeses
from different countries. The regional and climatic differences
and diversification of processing technologies have induced
considerable changes in the cheeses worldwide in terms of
factors, such as appearance and flavor. The metabolic effects
of yeast on cheese ripening and quality have long been
underestimated, and the metabolic mechanisms of yeast have
slowly been elucidated in the recent years. Therefore, studying
the relationship of yeast community structure with the formation
of yeast microbiota and flavor substances in the process of
cheese fermentation is the key to producing cheese with the
desired flavor and stable quality by using a cheese-specific
standardized process. In summary, cheese has the potential to
become a dairy product consumed on a large-scale in the
future, and thus, it has very broad market prospects. The
current review provided a theoretical basis for the succession
and selection of functional yeast strains, and optimization of
cheese processing technologies to improve flavor and quality
of fermented cheese.
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