
Vol. 2, 2003—COMPREHENSIVE REVIEWS IN FOOD SCIENCE AND FOOD SAFETY 139© 2003 Institute of Food Technologists

Flavor of
Cheddar Cheese:

A Chemical
and Sensory
Perspective

T.K. Singh1, M.A. Drake2, and K.R. Cadwallader1

1Dept. of Food Science and Human Nutrition, Univ. of Illinois
at Urbana-Champaign, Urbana, IL 61801. 2Dept. of Food

Science, North Carolina State Univ., Southeast Dairy Foods
Research Center, Raleigh, NC 27695-7624. Direct inquiries

to author Cadwallader (E-mail: cadwlldr@uiuc.edu).

ABSTRACT: Considerable knowledge has been accumulated on the biochemical processes occurring during ripening of
Cheddar cheese, which in turn has major consequences on flavor and texture development. The present review outlines
major metabolic pathways and agents involved in the modification of milk constituents in Cheddar cheese ripening.
Mechanisms of volatile flavor and off-flavor production and recent developments in the analysis, both sensory and
instrumental, of Cheddar flavor and flavor compounds are also detailed here.

Introduction
Cheesemaking originated as a crude form of food preservation.

The preservation of cheese is a result of the combined action of:
• Dehydration. The stability of foods is inversely related to mois-
ture content. Cheese is a medium-moisture food, containing
about 30 to 50% moisture. The water activity (aw) of cheese varies
from 0.98 to 0.87, and these values are highly correlated with the
total nitrogen and ash content (mainly NaCl). Biochemical reac-
tions that occur during the ripening of cheese contribute to the
depression of aw by increasing the number of dissolved low-mo-
lecular weight compounds and ions
• Acid. During the manufacture and ripening of cheese, starter
bacteria ferment lactose to lactic acid. The pH of Cheddar cheese
is about 5.0 to 5.2
• Production of antimicrobial factors
• Anaerobic condition
• Addition of NaCl

Cheese is the generic name for a group of fermented milk-
based food products. More than 500 varieties of cheeses are list-
ed by the International Dairy Federation (IDF 1982), and numer-
ous minor and/or local varieties also exist (Fox 1987). The flavor
profiles of cheeses are complex and variety- and type-specific.
This was realized back in the 1950s, when Mulder (1952) and
Kosikowski and Mocquot (1958) proposed the “component bal-
ance” theory. According to this theory, cheese flavor is the result
of the correct balance and concentration of a wide variety of vola-
tile flavor compounds.

The volatile flavor compounds in cheese originate from degra-
dation of the major milk constituents; namely lactose, citrate, milk
lipids, and milk proteins (collectively called caseins) during ripen-
ing which, depending on the variety, can be a few weeks to more
than 2 years long. The physicochemical parameters—pH, water

activity, and salt concentration—necessary to direct biochemical
reactions in the right direction are set during manufacturing of
cheese curd, which on its own is bland. In case of deviation of
any of these 3 parameters, cheeses could potentially develop tex-
ture and/or flavor inconsistencies.

Extensive knowledge of the primary degradation pathways of
milk constituents in cheese curd, glycolysis (lactose and citrate),
lipolysis (milk lipids), and proteolysis (caseins), has been accumu-
lated. Primary degradation of milk constituents leads to the forma-
tion of a whole range of precursors of flavor compounds. Only
some of the compounds formed by glycolysis, lipolysis, and pro-
teolysis directly contribute to cheese flavor; for example, short-
chain fatty acids, acetaldehyde diacetyl, peptide, and amino ac-
ids. Primary degradation of major caseins; for example, �s1-
caseins, has major consequences for cheese texture. These
changes are followed and/or overlapped by a concerted series of
secondary catabolic reactions which are responsible for the
unique aroma profile of a particular variety or type of cheese.

A number of groups in the past have worked on identification
of volatile flavor compounds from Cheddar cheese. The list of vol-
atile flavor compounds identified in Cheddar is quite extensive
and includes a wide variety of compounds; namely acids, alco-
hols, esters, aldehydes, ketones, sulfur-containing compounds,
phenolics, and so on. Only limited information is available on the
characterization of the flavor of most cheese varieties, and none is
characterized sufficiently to permit duplication of its complete fla-
vor by mixtures of pure compounds. The body of knowledge in
the area of cheese and Cheddar cheese flavor is rapidly expand-
ing. Previous reviews have addressed cheese ripening and volatil-
es found in cheese, but have not addressed generation and iden-
tification of volatiles, the sensory impact of specific volatiles, and
methods to measure and identify Cheddar cheese flavor from an
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instrumental and sensory perspective. The present review outlines
the biochemical changes involved during manufacture and ripen-
ing of cheese in general and Cheddar cheese in particular. Litera-
ture on Cheddar cheese flavor and off-flavor, including recent de-
velopments in chemical/instrumental and sensory methodologies,
are also reviewed.

Manufacture of Cheddar cheese
The manufacture of rennet-coagulated cheeses, such as Ched-

dar, can be divided into two more or less distinct phases: (1) con-
version of milk to curd, which is essentially complete within 24 h;
and (2) ripening of the curd (Figure 1). Cheese manufacture is es-
sentially a dehydration process in which the fat and casein in milk
are concentrated between 6- and 12-fold, depending on the vari-
ety.

Cheddar curd manufacture commences with the selection and
pretreatment of milk of high microbiological and chemical quality.
Most Cheddar cheese milk is now pasteurized just before use, but
raw milk is still used in both commercial and farmstead cheese-
making. In general, cheese made from raw milk develops the
characteristic Cheddar flavor more rapidly, reaching its best flavor
at 3 to 6 months (Price and Call 1969). Cheese made from pas-
teurized milk takes twice as long as that made from raw milk to
develop the same flavor intensity and ripens more slowly than
raw milk cheese (Fox 1993). McSweeney and others (1993a) com-
pared the quality of Cheddar made from raw, pasteurized, or mi-
crofiltered milks. The cheeses from pasteurized or microfiltered
milk were of good and equal quality, but raw milk cheese was
downgraded because its flavor was atypical—its flavor was much
more intense and developed much faster than that of the other
cheeses. Peptide profiles, by urea-polyacrylamide gel electro-
phoresis (PAGE), of the 3 cheeses were indistinguishable through-
out ripening, but the rate of formation of soluble nitrogen was fast-
er in the raw milk cheese. The number of lactobacilli was about
10-fold higher in the raw milk cheese than in the other 2, and the
species of lactobacilli also differed. It was concluded from the
above results that lactobacilli were responsible for differences in
proteolysis in the cheese made from raw milk, particularly in re-
gard to the formation of short peptides and free amino acids. The
species of lactobacilli involved in faster ripening and develop-
ment of flavor intensity in raw milk cheeses appear to have been
killed by pasteurization. In a further study, aseptic cheeses with
selected species of lactobacilli added as adjunct starters were
evaluated by Lynch and others (1994). Adjunct lactobacilli-added
cheeses showed slightly higher levels of free amino acids, but no
significant differences in flavor intensity and texture were found
between control and experimental cheeses. From the above stud-
ies, it appears that pasteurization of milk prior to cheese manufac-

ture influences both the extent and characteristics of proteolysis
during Cheddar cheese ripening. Pasteurization of milk causes
very limited heat-induced interaction of whey proteins with casein
and results in the retention of additional whey proteins in cheese
beyond the normal amount which is soluble in the aqueous
phase of cheese. The presence of heat-denatured whey proteins
in cheese may influence the accessibility of caseins to proteinases
during ripening (Lau and others 1991).

Acidification during cheese manufacture is one of the primary
events in the manufacture of most, if not all, cheese varieties and
involves the fermentation of lactose to lactic acid by selected lac-
tic acid bacteria (Lactococcus lactis ssp cremoris and ssp lactis for
Cheddar) or, in traditional cheesemaking, by the indigenous mi-
croflora. The rate and point of the process at which lactic acid is
principally produced is characteristic of the variety. In Cheddar-
type cheese, most acid is produced before molding/hooping,
while in most other varieties, it occurs mainly after molding. Acid
production affects almost all facets of cheese manufacture and,
hence, cheese composition, texture, and flavor. The amount of
acid has a marked effect on the level of proteolysis and other re-
actions in the resulting cheese. The activity of the coagulant dur-
ing manufacture and the retention of coagulant depend on the
amount of acid produced during the initial stages of manufacture.

The role of pH in cheese texture is particularly important be-
cause changes in pH are related directly to chemical changes in
the protein network of the cheese curd. As the pH of the cheese
curd decreases, there is a concomitant loss of colloidal calcium
phosphate from the casein micelles and, below about pH 5.5, a
progressive dissociation of the sub-micelles into smaller aggre-
gates occurs (Lawrence and others 1987). The solubilization of
colloidal calcium phosphate, among other factors, affects curd
(cheese) texture, stretchability, and meltability.

The manufacture of Cheddar continues with coagulation of the
milk by rennet. Rennet coagulation of milk is a 2-step process. The
1st step involves the enzymatic hydrolysis of �-casein, and the
2nd involves the coagulation of casein by Ca2+ at temperature >
20 °C. Chymosin in rennet specifically cleaves �-casein at Phe105-
Met106, which leads to the release of the hydrophilic caseinomac-
ropeptide [�-CN (f106-169)] part of �-casein, located at the sur-
face of the casein micelles. When intact, the micelles are kept col-
loidally dispersed in milk by steric and electrostatic repulsion in-
volving the negatively charged caseinomacropeptide part of �-
casein (Dalgleish 1993). The casein micelles become unstable fol-
lowing the removal of these hydrophilic peptides; then, at an ap-
propriate temperature (for example, 30 °C), the milk coagulates
under the influence of Ca2+ in the medium (Dalgleish 1993).

A rennet milk gel is quite stable if maintained under quiescent
conditions, but if it is cut or broken, syneresis occurs rapidly, ex-
pelling whey (Fox 1993). During practical cheesemaking, cutting
the curd into small pieces gives faster (initial) syneresis which is
proportional to the area of the surface exhibiting syneresis (Wal-
stra and others 1987). The rate and extent of syneresis are influ-
enced by milk composition, especially Ca2+ level, casein concen-
tration, pH of the whey, cooking temperature, rate of stirring of the
curd-whey mixture, and time. In Cheddar manufacturing, after
cooking and whey drainage, the curd is allowed to rest for a con-
siderable time to develop sufficient acidity (often while allowing
the curd to flow: cheddaring), after which the coherent curd mass
is cut into fairly small pieces (milling), salted, molded, and
pressed.

During several of these processing steps, the curd may lose
considerable moisture (Walstra 1993). In Cheddar-type cheese,
during cheddaring the drained mass of curd is allowed to spread
laterally for a considerable time. This leads to higher moisture
content (1 to 2% more water) compared to curd kept for the same
time but which is prevented from spreading. The main cause of

Figure 1—General description of Cheddar cheese manufac-
ture



Vol. 2, 2003—COMPREHENSIVE REVIEWS IN FOOD SCIENCE AND FOOD SAFETY 141

Flavor of Cheddar cheese . . .

Published online at: www.ift.org

the differences is presumably that the flow of curd promotes de-
formation of curd grains, thus closing pores and hindering drain-
age of any moisture still leaving the grains due to syneresis. The
composition of the finished cheese is to a very large degree deter-
mined by the extent of syneresis and, since this is readily under
the control of the cheesemaker, it is here that the differentiation of
individual cheese varieties really begins (Fox 1993).

The last manufacturing operation is salting. Salting is performed
in Cheddar by mixing dry salt with broken or milled curd at the
end of manufacture. Salt exercises 1 or more of the following
functions:
• Directly modifies flavor: unsalted cheese is insipid, which is
overcome by 0.8% salt
• Promotes curd syneresis, and thus regulates the moisture con-
tent of cheese
• Reduces aw
• Influences the activity of rennet, starter, and nonstarter lactic
acid bacteria (NSLAB) and of their enzymes, and indigenous milk
enzymes
• Suppresses the growth of undesirable nonstarter microorgan-
isms
• By its influence on post-cheddaring starter activity, salt in Ched-
dar-type cheeses controls the metabolism of lactose and thus the
pH of the fresh cheese, which in turn affects the rate of maturation
and cheese quality (Fox 1987).

Curds for different cheese varieties are recognizably different at
the end of manufacture, mainly as a result of compositional and
textural differences arising from differences in milk composition
and processing factors. The unique characteristics of the individu-
al cheeses develop during ripening, although in most cases the
biochemical changes that occur during ripening, and hence the
flavor, aroma, and texture of mature cheese, are largely predeter-
mined by the manufacturing process; that is, by composition, es-
pecially moisture, salt, and pH; by the type of starter; and in many
cases by secondary inocula added to, or gaining access to, the
cheese milk or curd (Fox 1993). Cheeses are ripened under con-
trolled temperature conditions (for Cheddar 8 °C for 6 to 9
months or even longer), and possibly under controlled humidity.
The ripening time is generally inversely related to the moisture
content of the cheese.

Biochemical reactions during manufacture and ripening of
Cheddar cheese

Cheese ripening is a slow process, involving a concerted series
of microbiological, biochemical, and chemical reactions. Al-
though considerable differences in curd are apparent, as men-
tioned earlier, the characteristic flavor, aroma, texture, and appear-
ance of individual cheese varieties develop during ripening. These
changes are predetermined by the manufacturing process: (a)
composition, especially moisture, pH, and salt, and (b) microflora,
starter, and especially nonstarter microflora and adjunct starter
(that is, microorganisms added to cheese milk for purposes other
than acidification).

Considerable knowledge on the principal changes and path-
ways involved in Cheddar cheese ripening has been accumulated
over the last several decades, but it is still not possible to predict
or guarantee premium quality. Based on the analysis of young (14
d) experimental and commercial Cheddar cheeses, the standards
prescribed in New Zealand for premium grade are: pH: 4.95 to
5.1; salt-in-moisture (S/M): 4 to 6%; moisture in solid-not-fat
(MSNF): 52 to 56%; fat in dry matter (FDM): 52 to 55%. The corre-
sponding values for 1st grade cheeses are: pH 4.85 to 5.20; 2.5 to
6%; 50 to 57% and 50 to 56%; young cheeses with a composi-
tion outside these ranges are considered unlikely to yield good
quality matured cheese (Gilles and Lawrence 1973).

The ripening of cheese involves 3 primary biochemical pro-

cesses—glycolysis, lipolysis, and proteolysis—the relative impor-
tance of which depends on the variety (Fox and others 1994).
These primary changes are followed and overlapped by a host of
secondary catabolic changes, including deamination, decarboxy-
lation, and desulfurylation of amino acids, �-oxidation of fatty ac-
ids, and even some synthetic changes; that is, esterification (Fox
1993). The above-mentioned primary reactions are mainly re-
sponsible for the basic textural changes that occur in cheese curd
during ripening, and are also largely responsible for the basic fla-
vor of cheese. However, the secondary transformations are mainly
responsible for the finer aspects of cheese flavor and modify
cheese texture.

The compounds listed in Table 1 are present in most, if not all,
cheese varieties. The concentration and proportions of these com-
pounds are characteristic of the variety and are responsible for in-
dividuality. These complex biochemical changes occur through
the catalytic action of the following agents:
• Coagulant
• Indigenous milk enzymes, especially proteinase, lipase, and
phosphatases
• Starter bacteria and their enzymes
• Secondary microflora and their enzymes

The biochemistry of the primary events in cheese ripening is
now fairly well characterized, but the secondary events are under-
stood only in general terms. In the next few sections, glycolysis, li-
polysis, proteolysis, and other related reactions are discussed with
corresponding relevance to Cheddar cheese flavor and texture.

Contribution of glycolysis and related reactions to Cheddar
cheese flavor

During Cheddar cheese manufacture, mesophilic starter bacte-
ria ferment lactose to (mainly L+) lactic acid (Figure 2). In the case
of Cheddar-type cheeses, most of the lactic acid is produced in
the vat before salting and molding. During manufacture or shortly
thereafter, curd pH reaches ~5.0, but the rate is characteristic of
variety (6 to 24 h). Even after losing ~98% of the total milk lactose
in the whey as lactose or lactate, the cheese curd still contains 0.8
to 1.5% lactose at the end of manufacture (Huffman and Kristoffer-
sen 1984). The pH decreases after salting, presumably due to the
action of starter, at S/M levels < 5.0%, but at high values of S/M,
starter activity decreases abruptly (Fox and others 1990) and the
pH remains high. The quality grade assigned to the cheese also
decreases sharply at S/M levels > 5.0% (Lawrence and Gilles
1982).

Commercial lactic cultures are stimulated by low levels of NaCl,
but are very strongly inhibited at > 2.5% NaCl. Thus, the activity
of the starter and its ability to ferment residual lactose is strongly
dependent on the S/M level in the curd. Lc. lactis ssp. cremoris is
more salt-sensitive than Lc. lactis ssp. lactis which, in turn, is more
sensitive than nonstarter lactic acid bacteria (Turner and Thomas

Table 1—Flavor compounds generated from the 3 principal
milk constituents during ripening of cheese (adapted from
Fox and others 1995a)

Casein Milk fat Lactose & Citrate

Peptides Fatty acids Lactate
Amino Acids Keto acids Pyruvate
Acetic acid Methyl ketones CO2
Ammonia Lactones Diacetyl
Pyruvate  Acetoin
Aldehydes  2,3-butandiol
Alcohols  Acetaldehyde
Carboxylic acid  Acetic acid
Sulfur compounds  Ethanol
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1980). Therefore, the % S/M also determines the products of post-
manufacture lactose fermentation.

If starter activity is inhibited after manufacture, residual lactose
will be metabolized by nonstarter lactic acid bacteria (NSLAB),
mainly pediococci and mesophilic lactobacilli, which are more
salt-tolerant than starter bacteria and metabolize lactose to DL-lac-
tate and racemize L-lactate (see Figure 3). NSLAB grow in all
cheeses, but their growth is markedly dependent on temperature;
they have little influence on lactose or lactate concentration until
their numbers exceed 106 to 107 cfu g–1 (Fox and others 1990).

The pH at whey drainage largely determines the mineral con-
tent of a cheese. The loss of Ca2+ and phosphate from casein mi-
celles determines the extent to which they are disrupted, and this
largely determines the basic structure and texture of a cheese
(Lawrence and others 1983). In general, curds with a low pH have
a crumbly texture, that is, Cheshire, while high pH curds tend to
be more elastic, that is, Emmental.

Metabolism of lactose and lactic acid
Experimental and commercial Cheddar cheeses contain con-

siderable amounts of D-lactate, which could be formed by fer-
mentation of residual lactose by lactobacilli or by racemization of
L-lactate (Fox and others 1990). Racemization of L-lactate by both
pediococci and lactobacilli is pH-dependent (optimum pH 4 to
5), and is retarded by NaCl concentrations > 2% or > 6% for pe-
diococci and lactobacilli, respectively. The racemization of L-lac-
tate is probably not significant from a flavor viewpoint, but D-lac-
tate may have undesirable nutritional consequences in infants.
Calcium D-lactate is believed to be less soluble than calcium L-
lactate and may crystallize in cheese, especially on cut surfaces
(Dybing and others 1988). The crystals may be mistaken by con-
sumers as spoilage, and crystal formation is generally considered
negative.

Oxidation of lactate can also occur in cheese. During this pro-
cess, lactate is converted to acetate and CO2. This oxidative activi-
ty is dependent on NSLAB population and on the availability of
O2, which is determined by the size of the blocks and the oxygen
permeability of the packaging material (Thomas 1987). Acetate is
present at fairly high concentrations in Cheddar and is considered
to contribute to cheese flavor, although a high concentration may

cause off-flavor (Aston and Dulley 1982).

Citrate metabolism in Cheddar cheese
Bovine milk contains relatively low levels of citrate

(~8 mM). Approximately 90% of the citrate in milk is
soluble and most is lost in the whey; however, the
concentration of citrate in the aqueous phase of
cheese is ~3 times that in whey (Fryer and others
1970), presumably reflecting the concentration of
colloidal citrate. Cheddar cheese contains 0.2 to
0.5% (w/w) citrate which is not metabolized by Lc.
lactis ssp. lactis or ssp. cremoris, but is metabolized
by Lc. lactis biovar diacetylactis and Leuconostoc
spp, with the production of diacetyl and CO2 (Figure
4). Due to CO2 production, citrate metabolism is re-
sponsible for the characteristic eyes in Dutch-type
cheeses. Diacetyl and acetate produced from citrate
contribute to the flavor of Dutch-type and Cheddar
cheeses (Aston and Dulley 1982; Manning 1979a,
1979b).

Several species of mesophilic lactobacilli metabo-

Figure 2—Probable pathways for the metabolism of lactose by meso-
philic and thermophilic lactic acid bacteria (adapted from Fox and oth-
ers, 1990).

Figure 3—Pathway for the metabolism of lac-
tose in Cheddar cheese
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lize citrate with the production of diacetyl and formate (Fryer
1970); the presence of lactose influences the amount of formate
formed. Thomas (1987) showed that the concentration of citrate in
Cheddar cheese decreases slowly to almost zero at 6 mo, pre-
sumably as a result of metabolism by lactobacilli, which become
the major component of the nonstarter microflora. Inoculation of
cheese milk with Lb. plantarum accelerated the depletion of cit-
rate (Thomas 1987).

The principal flavor compounds produced from metabolism of
citrate are acetate, diacetyl, acetoin, and 2,3-butandiol (Cogan
1995). Diacetyl is usually produced in small amounts, but acetoin
is generally produced in much higher concentration (10 to 50
fold higher than diacetyl concentration). Acetate is produced from
citrate in equimolar concentrations.

Contribution of lipolysis and related reactions to Cheddar
flavor

Cheese is a high-fat food; fresh Cheddar cheeses contain
30.5% or more fat (wet weight) (Renner 1993). The fat fraction of
cheese is important for the development of typical flavor and tex-
ture. It is well known that a higher fat content leads to a less firm
and more elastic body, while low-fat products tend to be harder,
more crumbly, and less smooth than characteristic (Emmons and
others 1980). In low-fat products, there is increased crosslinking
within the curd, which is carried through into the cheese. Increas-
ing the moisture content in an attempt to overcome these defects
leads to weak body and encourages an undesirable flora and
atypical flavor. Cheddar cheese made from nonfat milk does not
develop full aroma, even after 12 mo (Ohern and Tuckey 1969).
Substituting vegetable or even mineral oil for milkfat seems to fa-
vor a certain aroma development in Cheddar (Foda and others
1974). This indicates that one important function of fat is to dis-
solve and hold the flavor components. Foda and others (1974)
also suggested that the fatty acid composition and natural emul-
sion of milkfat are important for flavor development. In recent
years there has been an increased interest in low-fat cheeses.
Cheeses with reasonably good flavor and texture were successful-
ly made by substituting fat with whey proteins (de Boer and Nooy
1980; McGregor and White 1990a, 1990b).

Like all types of food with a high fat content, lipolytic (enzymat-
ic hydrolysis by lipases and esterases) and oxidative (chemical)
changes are likely to occur in cheese. The hydrolysis of triglycer-
ides, which constitute more than 98% of cheese fat, is the princi-
pal biochemical transformation of fat during ripening, which leads
to the production of free fatty acids (FFA), di- and monoglycerides
and possibly glycerol. FAA contribute to the aroma of cheese. In-
dividual FFA, particularly acids between C4:0 and C12:0, have spe-
cific flavors (rancid, sharp, goaty, soapy, coconut-like). The flavor
intensity of FFA depends not only on the concentration, but also

on the distribution between aqueous and fat phases, the pH of the
medium, the presence of certain cations (that is, Na+, Ca2+) and
protein degradation products (Adda and others 1982). The pH of
cheese has major influence on the flavor impact of FFA. At the pH
of Cheddar (pH ~5.2), a considerable portion of FFA are present
as salts, which are nonvolatile, thus reducing their flavor impact.
In most cheese varieties, relatively little lipolysis occurs during rip-
ening and too much is considered undesirable; most consumers
would consider Cheddar, Dutch, and Swiss-type cheeses contain-
ing even moderate levels of free fatty acids to be rancid. However,
extensive lipolysis is desirable as part of overall flavor develop-
ment in certain cheeses, such as hard Italian cheeses (Romano,
Provolone), Blue, and Feta.

Lipases and esterases in Cheddar cheese originate from milk,
starter, and nonstarter bacteria. A number of psychrotrophic or-
ganisms, which can dominate the microflora of refrigerated milk,
produce heat-stable lipases. These lipases adsorb onto the fat
globules, are incorporated into the cheese curd, and may cause
rancidity in cheese over a long ripening time (Fox 1989). Milk
contains a well-characterized indigenous lipoprotein lipase (LPL)
(Olivecrona and others 1992), as well as a number of esterases
(Deeth and FitzGerald 1983). Milk lipase is reported to be more
active than starter lipases in Cheddar (Reiter and Sharpe 1971).
Bovine LPL is rather nonspecific and readily liberates fatty acids
from the sn-1 and sn-3 positions of mono-, di- and triglycerides
and the sn-1 position of glycerophospholipids. However, lipolysis
in milk preferentially releases short and medium-chain fatty acids,
because in milk triglycerides, short-chain fatty acids are esterified
predominantly at the sn-3 position. This specificity probably ex-
plains the disproportionate concentration of free butyric acid in
cheese. Milk lipase appears to hydrolyze the fat selectively and is
able to act on triglycerides, while lactococcal lipases seem to be
active mainly on mono- and diglycerides (Stadhouders and Verin-
ga 1973). Cheddar cheeses of different flavor intensity showed
only small differences between the concentrations of individual
FFA (Bills and Day 1964). The relative proportions of FFAs, C6:0 to
C18:3, were similar to those in milkfat, indicating that these FFAs
were released nonspecifically. However, free butyric acid was
found at higher concentrations than could be explained by its
proportion in milkfat, suggesting that it was selectively hydrolyzed
or synthesized by the cheese microflora. The lipolytic activity of
lactic acid bacteria produce low levels of FFA that can contribute
to the background flavor of Cheddar cheese (Olson 1990). Model
cheeses, manufactured using gluconic acid �-lactone instead of
starter, contained low levels of FFA which did not increase during
ripening (Reiter and others 1967). Lipase and esterase activities
have been detected in cell-free extracts of numerous Lactococcus
and Lactobacillus species (Kamaly and Marth 1989). A preference
for short-chain fatty acids has been observed for lactococcal (Ka-

maly and Marth 1989; Singh and others 1973) and lac-
tobacilli (El-Soda and others 1986) lipases.

Metabolism of fatty acids
The FFA are involved in several types of reactions

which vary in importance with the type of cheese in-
volved (Figure 5). Methyl ketones are produced from fat-
ty acids by oxidative degradation. The production of me-
thyl ketones involves oxidation of fatty acids to �-ke-
toacids, which are then decarboxylated to correspond-
ing methyl ketones with one carbon atom less, mainly
from C6:0 to C12:0 fatty acids (Hawke 1966). Methyl ke-
tones are responsible for the characteristic aroma of
blue-veined cheeses (Gripon and others 1991). Howev-
er, they do play a limited role in Cheddar cheese flavor.
Ultimately, methyl ketones can be reduced to secondary
alcohols, which do not contribute to cheese aroma.

Figure 4—Metabolism of citrate by Lactococcus & Leuconostoc (Fox
and others 1995).
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Another reaction in which polyunsaturated and, perhaps, mo-
nounsaturated, fatty acids can be involved, is oxidation. The ex-
tent of oxidation in cheese is, however, rather limited, possibly
due to a low redox potential together with the presence of natural
antioxidants, which could prevent the initiation of oxidation
mechanisms or create conditions in which the primary oxidation
products are reduced (Adda and others 1982).

Aliphatic and aromatic esters play an important part in the fla-
vor and, sometimes, the off-flavor of Cheddar cheese. This synthe-
sis mainly concerns the above-mentioned short- or medium-
chain fatty acids, and the alcohols involved may be aliphatic (eth-
anol), aromatic (phenylethanol), or thiols (methanethiol). Esters
can be produced enzymatically by lactic acid bacteria (Hosono
and others 1974; Harper and others 1980), but can also easily re-
sult from a purely chemical reaction. Amides have been identified
in cheese (Wirotma and Ney 1973); that is, Cheddar, Emmental,
Manchego, but no mechanism has been proposed for their for-
mation.

�- and �-Lactones have been identified in cheeses, particularly
in Cheddar, where they have been considered as important for
flavor (Wong and others 1973). Lactones are cyclic esters result-
ing from the intramolecular esterification of hydroxy acids
through the loss of water to form a ring structure. Lactones pos-
sess a strong aroma which, although not specifically cheese-like,
may be important in the overall cheese flavor impact. The accept-
ed mechanism of formation of lactones in cheese presumes the
release of hydroxy fatty acids, which are normal constituents of
milk fat, followed by lactonization.

Contribution of proteolysis and related reactions to
Cheddar flavor

During the manufacture and ripening of Cheddar cheese, a
gradual decomposition of caseins occurs due to the combined
action of various proteolytic enzymes. These generally include en-
zymes from the coagulant, milk, starter and nonstarter lactic acid
bacteria, and secondary starter.
• Coagulant

(a) Chymosin (genetically engineered)
(b) Chymosin/pepsin (from calf stomach)

• Indigenous milk enzymes
(c) Plasmin
(d) Cathepsin

• Starter and nonstarter bacterial enzymes

(e)Cell envelope-associated proteinases (CEP)
(f)Peptidases

i. Endopeptidases
ii. Aminopeptidases
iii. Di- and tripeptidases
iv. Proline specific peptidases

Enzymes from the first 4 sources are active in most ripened
cheeses. The secondary starter (that is, microorganisms added to
cheese milk or curd for purposes other than acidification) exerts
considerable influence on the maturation of cheese varieties in
which they are used. Exogenous enzymes used to accelerate rip-
ening could be added to the above list and, when present, can be
very influential.

The correct pattern of proteolysis is generally considered to be
a prerequisite for the development of the correct flavor of Ched-
dar cheese. Products of proteolysis per se (that is, peptides and
free amino acids) probably are significant in cheese taste, at least
to “background” flavor and some off-flavors, for example, bitter-
ness, but are unlikely to contribute much to aroma. Compounds
arising from the catabolism of free amino acids contribute directly
to cheese taste and aroma. The total amount and composition of
the amino acid mixture in cheese has long been used as an index
of cheese ripening (Fox and others 1995b). In at least some in-
stances, these parameters correlate with flavor and body develop-
ment, but they provide little information about the mechanism of
cheese ripening. The ultimate description of proteolysis requires
identification of the peptide bonds cleaved, which requires isola-
tion of proteolytic products and determination of their structures.

The contribution of the above enzymes, individually or in vari-
ous combinations, has been assessed using 3 complimentary ap-
proaches:
• model cheese systems from which the nonstarter microflora
have been eliminated by aseptic techniques, in which acidifica-
tion is accomplished by an acidogen (usually gluconic acid-�-lac-
tone) rather than starter, and in which coagulant and indigenous
milk enzymes may be inactivated or inhibited
• activity and specificity of the principal proteinases and pepti-
dases on caseins or casein-derived peptides in solution
• isolation of peptides from cheese and, based on the known
specificity of the proteinases/peptidases on the caseins in solu-
tion, identification of the agent(s) responsible for their formation in
cheese (Fox and others 1994)

In Cheddar cheese, the coagulant is responsible for the initial
hydrolysis of caseins (Fox and others 1994, 1995a). Coagulant
activity is restricted largely to �s1-casein, with limited hydrolysis of
�-casein and probably not of �s2-casein. Indigenous milk and
starter proteinases are less important at the initial stages of pro-
teolysis, but the production of small peptides and amino acids is
due primarily to the activity of starter bacteria enzymes. The prin-
cipal indigenous milk proteinase, plasmin, appears to be mainly
responsible for the relatively limited proteolysis of �-casein in
Cheddar and Dutch-type cheese, but is more significant in high-
cooked cheeses (for example, Swiss types), in which chymosin is
extensively or completely inactivated (Visser 1993).

The starter lactic acid bacteria (Lactococcus lactis ssp) possess-
es a very comprehensive proteolytic system. Previously, it was be-
lieved that these enzymes contribute little to primary proteolysis
in cheese but are principally responsible for the production of
small peptides and free amino acids (O’Keeffe and others 1978).
Aseptic starter-free cheeses, containing normal amounts of rennet,
show the development of high levels of soluble N (peptides and
free amino soluble in various aqueous extracts), indicating the im-
portance of rennet for soluble N production. However, the pro-
duction of soluble N in these cheeses is less than in normal asep-
tic cheeses, indicating that the starter bacteria also contribute to
the production of soluble N. Significant amounts of soluble N

Figure 5—General pathways for the metabolism of milk trig-
lycerides and fatty acids.
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were produced in aseptic rennet-free cheeses, suggesting that
starter bacteria are capable of attacking paracasein in cheese and
converting it to soluble products, independently of rennet action
(Visser 1977a,b,c).

NSLAB, predominantly mesophilic lactobacilli, usually domi-
nate the microflora of Cheddar-type cheese during much of its rip-
ening. NSLAB possess a wide range of proteolytic enzymes (Atlan
and others 1993) and may contribute toward the formation of
short peptides and free amino acids in Cheddar.

The final pH, moisture, S/M, temperature, and duration of ripen-
ing to a large extent control the proteolysis in cheese. The point in
the manufacturing process at which the whey is drained is the key
stage in the manufacture of Cheddar since drainage of whey influ-
ences the cheese mineral content, the proportion of residual chy-
mosin in the cheese, the final pH, and moisture to casein ratio
(Lawrence and others 1983). The level of chymosin incorporated
in the cheese curd is dependent on the initial level of chymosin
and the pH at whey drainage (more rennet is retained in the curd
at lower pH) (Holmes and others 1977; Lawrence and others
1983, Creamer and others 1985). It has been suggested that the
casein in low-pH cheese is hydrolyzed more rapidly than in nor-
mal pH cheese because depletion of colloidal calcium phosphate
from the curd causes micelle dissociation and renders the caseins
more susceptible to proteolysis (O’Keeffe and others 1975). Being
an acid proteinase, chymosin is optimally active at low pH and
this is considered to be mainly responsible for the increased pro-
teolysis in low-pH cheese (Creamer and others 1985). The S/M is
a primary factor controlling the enzymatic activities of rennet,
plasmin, and bacterial proteinases. Proteolysis, and thus the inci-
dence of bitterness, decreases with an increase in salt concentra-
tion (Thomas and Pearce 1981; Kelly 1993). At S/M levels > 5.0,
bitter flavors are rarely encountered (Lawrence and others 1983),
while below this level there is more or less a linear relationship
between S/M and the intensity of bitterness.

Proteolysis of milk proteins in Cheddar cheese
For the development of an acceptable Cheddar cheese flavor, a

well-balanced breakdown of the curd protein (that is, casein) into
small peptides and amino acids is necessary (Thomas and Prit-
chard 1987; Visser 1993). These products of proteolysis them-
selves are known to contribute to flavor (McGugan and others
1979; Aston and others 1983; Aston and Creamer 1986; Cliffe
and others 1993; Engels and Visser 1994) or act as precursors of
flavor components during the actual formation of cheese flavor.

The residual chymosin rapidly hydrolyses �s1-casein at the
bond Phe23–Phe24, and possibly Phe24–Val25 also, during the ini-
tial stages of ripening (Creamer and Richardson 1974; Hill and

others 1974) (Figure 6). The hydrolysis of bond Phe23–Phe24 re-
sults in the formation of a large �s1-CN f24-199 [called �s1-I
casein], and small �s1-CN f1-23 peptides. Hydrolysis of this single
bond of �s1-casein causes a rapid change in the rubbery texture
of young Cheddar curd into a smoother, more homogeneous
product (Lawrence and others 1987). Increasing S/M does not in-
fluence the initial hydrolysis of �s1-casein, but inhibits the subse-
quent hydrolysis of �s1-CN f24-199 (Exterkate and Alting 1995).

The peptide �s1-CN f1-23, produced by chymosin action on
the bond Phe23–Phe24 of �s1-casein, is further hydrolyzed in
Cheddar cheese (Singh and others 1994) by proteinase from L.
lactis ssp. cremoris, resulting in the production and accumulation
of peptides �s1-CN f1-9, f1-13 and f1-14. The small peptides pro-
duced from �s1-CN f1-23 by proteinase from starter representing
N-terminal (�s1-CN f1-7, 1-9, 1-13 and 1-14) and C-terminal (�s1-
CN f14-17, 17-21) sequences were identified in Cheddar and
found to be bitter in taste (Lee and others 1996; Richardson and
Creamer 1973). According to Exterkate and Alting (1995), the ac-
tion of chymosin is the limiting factor in the initial production of
amino acid-N. In the absence of CEP, �s1-CN f1-23 accumulates
in cheese and the production of amino acid-N decreases. In such
a cheese, only a slow conversion of �s1-CN f1-23, probably cata-
lyzed by an intracellular endopeptidase, could be detected. In the
presence of CEP, the early appearance in cheese of products of
the action of this endopeptidase indicates significant cell lysis (Ex-
terkate and Alting 1995). CEPs with clearly different specificities
may direct gross proteolysis to the extent that, ultimately, distinct
perceptible effects on flavor development occur (Exterkate and
Alting 1995).

Chymosin-produced large peptide �s1-CN f24-199 is further
hydrolyzed by chymosin and CEP (for details, see Singh and oth-
ers 1995, 1997). The concentration of �s1-CN f24-199 increases
initially, but it is further hydrolyzed by chymosin with the forma-
tion of �s1-CN f102-? (‘?’ means C-terminal end of the peptide un-
determined), �s1-CN f24-? and �s1-CN f33-?, which are present in
water-insoluble fraction of Cheddar cheese (McSweeney and oth-
ers 1994), and correspond to chymosin cleavage sites (Mc-
Sweeney and others 1993b). It was noted that only the N-terminal
half of this large �s1-CN peptide is extensively hydrolyzed and the
corresponding C-terminal part was represented by a number of
large peptides (McSweeney and others 1994, Singh and others
1995, 1997).

Chymosin has limited action on �-casein in Cheddar, although
some activity is indicated by the presence of the peptide �-CN f1-
192 [also called �-I casein] in the water-insoluble fraction of
Cheddar (McSweeney and others 1994). Hydrolysis of the bond
Leu192–Tyr193 of �-casein by chymosin releases a small corre-

sponding C-terminal fragment, �-CN f193-209, which is
extremely bitter (Visser and others 1983a,b). �-CN f193-
209 was identified in Cheddar cheese (Kelly 1993).

In the cheese environment, with a high ionic strength
and a low aw, rennet-induced breakdown of �s1-casein
proceeds much faster than that of �-casein (�-s2- and �-
caseins are quite resistant to hydrolysis by the rennet)
(Visser 1993). Nearly half of the �-casein in Cheddar
cheese is hydrolyzed during the ripening. Plasmin, an
indigenous milk proteinase, is mainly responsible for
the initial proteolysis of this protein. According to Visser
and de Groot-Mostert (1977), proteolysis in aseptic
starter- and rennet-free cheese is due exclusively to in-
digenous milk proteinases. Plasmin hydrolysis of �-
casein results in the formation of 3 �-caseins [�1- (�-CN
f29-209), �2- (�-CN f106-209), and �3- (�-CN f108-209)
caseins], representing C-terminal region, and 5 proteo-
se-peptones [�-CN f1-28, �-CN 1-105/107, and �-CN
f29-105/107] representing the corresponding N-termi-

Figure 6—Pathway for the degradation of major caseins in Cheddar
cheese during ripening (compiled from the information in Fernandez
and others 1998 and Singh and others 1994, 1995, 1997).
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nal region (Figure 6). Formation of �-caseins and proteose-pep-
tones has been demonstrated in Cheddar cheese (McSweeney
and others 1994; Singh and others 1995, 1997). The �-caseins
seem to accumulate in Cheddar over the ripening period. The
proteose-peptones are extensively hydrolyzed by the starter bac-
terial CEP and peptidases to produce small peptides and free ami-
no acids. A majority of the �-casein peptides
identified in Cheddar originated from the
proteose-peptones (Singh and others 1995,
1997).

A hydrophobic peptide (�-CN f58-72)
identified in Cheddar was found to inhibit in-
tracellular endopeptidase (Stepaniak and oth-
ers 1995); these results demonstrate that
cheese ripening may be influenced by the
formation of such inhibitory peptides origi-
nating from �-casein.

Proteolysis in cheese seems to be a se-
quential process involving rennet, milk pro-
teinase (particularly plasmin), the starter cul-
ture, secondary microorganisms, and NSLAB
(Fox 1989). The hydrolysis of casein to high
molecular weight peptides is thought to be
primarily the result of chymosin and plasmin
(Olson 1990; Fox and others 1994, 1995a).
The subsequent hydrolysis of high molecular
weight peptides is primarily the result of pro-
teolytic enzymes from lactic acid bacteria.

Metabolism of amino acids
In lactococci, the 1st step in the degrada-

tion of amino acids is transamination (see
Figure 7; Gao and others 1997), leading to
formation of �-keto acids (�-KA). Aromatic
aminotransferase enzymes have been previ-

ously characterized from Lactococcus lactis subsp cremoris (Yvon
and others 1997; Rijnen and others 1999a) and Lactococcus lac-
tis subsp lactis (Gao and Steele 1998). These enzymes initiated the
degradation of Val, Leu, Ile, Phe, Tyr, Trp, and Met, all of which are
known precursors of cheese flavor compounds (see Table 2 for
various catabolites and aroma notes). Inactivation of aminotrans-

Figure 7— Generation of flavor compounds from milk protein degradation. DMS,
dimethyl sulfide; DMDS, dimethyl disulfide; DMTS dimethyl trisulfide. Modified
from Kranenburg and others 2002.

Table 2—Amino acid catabolites formed by lactic acid bacteria isolated from Cheddar cheese

Catabolic products Precursor Aroma note

2-Methyl propanoic acid Valine rancid butter, sweaty, sweet, apple-like
2-Methyl-1-propanol Valine penetrating, alcohol, wine-like
2-Methyl propanal Valine malt
3-Methyl butanoic acid Leucine cheesy, sweaty, old socks, rancid, faecal, rotten fruit
3-Methyl-1-butanol Leucine fruity, alcohol, solvent-like, grainy
3-Methyl butanal Leucine dark chocolate, malt
2-Methyl butanoic acid Isoleucine fruity, waxy, sweaty-fatty acid
2-Methyl-1-butanol Isoleucine —
2-Methyl butanal Isoleucine dark chocolate, malt
3-(Methylthio) propanal Methionine cooked/boiled potato
3-(Methylthio) propanol Methionine cooked/boiled potato
Methanethiol Methionine/cysteine cabbage, boiled cabbage, sulfurous
Methyl sulfide S-containing cabbage, sulfurous
Dimethyldisulfide S-containing onion
Dimethyltrisulfide S-containing garlic
Dimethyltetrasulfide S-containing cabbage
Acetophenone Phenylalanine almond, musty, glue
Benzaldehyde Phenylalanine almond, bitter almond
Phenyl acetaldehyde Phenylalanine rosy, violet-like
Phenylethyl alcohol Phenylalanine unclean, rose, violet-like, honey
Phenyl acetic acid Phenylalanine flowery, rosy, plastic
Phenol Tyrosine medicinal
p-OH-phenyl aldehyde Tyrosine —
p-OH-phenyl lactate Tyrosine —
p-OH-phenyl acetate Tyrosine —
p-Cresol Tyrosine unclean, medicinal
Indole Tryptophan unclean, mothball
Skatole Tryptophan unclean, mothball
Benzaldehyde Tryptophan almond
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ferase enzymes involved in the breakdown of amino acids by lac-
tococci has been shown to reduce aroma formation during
cheese ripening (Rijnen and others 1999b).

Ney (1981) reported �-keto acids corresponding to almost ev-
ery amino acid in Cheddar cheese. �-keto-3-methyl butyric acid
and �-keto-3-methyl valeric acid (Ney and Wirotma 1978) were
shown to have an intense cheese-like odor. It was also shown that
phenyl pyruvic acid formed from Phe by transamination was fur-
ther degraded to the flavor compounds phenyl lactate and phenyl
acetate by lactococcal cells in vitro (Yvon and others 1997). This
degradation of phenyl pyruvic acid to phenyl lactate, phenyl ace-
tate, and also to benzaldehyde in semihard cheese was confirmed
by Yvon and others (1998).

Gummalla and Broadbent (1999, 2001) studied the catabolism
of Phe, Tyr, and Trp by Lactobacillus helveticus and Lactobacillus
casei, which are widely used as starter or flavor adjuncts. Under
near Cheddar cheese ripening conditions (pH 5.2, 4% NaCl,
15 °C, no sugar) Phe, Tyr, and Trp transamination and dehydroge-
nation pathways were active in both species and, interestingly,
these reactions were found to be reversible. Major products of
Phe catabolism were phenyl lactic acid, phenyl acetic acid, and
benzoic acid, while Tyr degradation resulted in the formation of p-
hydroxy phenyl lactic acid and p-hydroxy phenyl acetic acid
(Gummalla and Broadbent 2001). Production of p-cresol was not
detected for any of the lactobacilli tested. The authors also
showed that some of these products were likely to be formed by
nonenzymatic processes, since spontaneous chemical degrada-
tion of Tyr intermediate p-hydroxy phenyl pyruvic acid produced
p-hydroxy phenyl acetic acid, p-hydroxy propionic acid, and p-
hydroxy benzaldehyde, while chemical degradation of Phe inter-
mediate phenyl pyruvic acid resulted in production of phenyl
acetic acid, benzoic acid, phenyl ethanol, phenyl propionic acid,
and benzaldehyde. Trp degradation by both lactobacilli was as-
sessed under carbohydrate starvation (pH 6.5, 30/37 °C, no sug-
ar) and near Cheddar cheese ripening conditions (Gummalla and
Broadbent 1999). Cell-free extract of both species of lactobacilli
catabolized Trp to indole-3-lactic acid. Intact cells of Lactobacillus
casei metabolized Trp in both condi-
tions, and also the reaction was found
to be reversible. In contrast, Trp catabo-
lism by strains of Lactobacillus helveti-
cus showed varied behavior: (i) detect-
ed Trp catabolism in near cheese ripen-
ing conditions, and (ii) did not catabo-
lize Trp under both conditions, but did
convert indole-3-pyruvic acid to Trp in
carbohydrate starvation medium and to
Trp and indole-3-lactic acid under near
cheese-ripening condition.

The Cheddar cheese starter Lacto-
coccus lactis initiated Trp catabolism
via transaminase under some of the
conditions found in cheese, but did
not convert indole-3-pyruvic acid to
indole-3-lactic acid (Gao and others
1997). Instead, indole-3-pyruvic acid
formed by starter underwent enzymatic
or spontaneous degradation to indole-
3-aldehyde and indole-3-acetic acid.
These secondary reactions may be im-
portant because some lactobacilli can
convert indole-3-acetic acid to skatole,
which is responsible for unclean flavor
in cheese (Yokoyama and Carlson
1989).

Starter lactococci are present in very

high cell numbers in cheese during the early stages of ripening,
and nonviable cells may also contribute to amino acid catabolism
(Gao and others 1997). Starter bacteria are likely to have a greater
role in the initial conversion of Trp to indole-3-pyruvic acid in the
cheese matrix. Gummalla and Broadbent (1999) suggested that
nonstarter and adjunct lactobacilli may have an important role in
secondary reactions involving indole-3-pyruvic acid and other
starter-derived aromatic metabolites.

The volatile fraction of cheese has several sulfur-containing
compounds such as methanethiol, methional, dimethyl sulfide,
dimethyldisulfide, dimethyltrisulfide, dimethyltetrasulfide, carbon-
yl sulfide, and hydrogen sulfide (Lindsay and Rippe 1986; Urbach
1995; Weimer and others 1999), and they contribute to the aro-
ma of cheese (Milo and Reineccius 1997). Methanethiol has been
associated with desirable Cheddar-type sulfur notes in good qual-
ity Cheddar cheese (Manning and Price 1977; Manning and
More 1979; Price and Manning 1983). However, alone or in ex-
cess, methanethiol does not produce typical Cheddar cheese fla-
vor (Weimer and others 1999).

Two enzymatic pathways potentially leading to the formation of
methanethiol from Met has been postulated to exist in lactococci
(Figure 8). A pathway for Met catabolism via �,� elimination was
proposed by Alting and others (1995). In this pathway, a lyase cat-
alyzes deamination and demethylthiolation of Met simultaneous-
ly, resulting in the formation of methanethiol and �-keto butyric
acid. Both a cystathionine �-lyase and a cystathionine �-lyase
have been purified from Lactococcus lactis and characterized
(Alting and others 1995; Bruinenberg and others 1997). However,
both of these enzymes have relatively low activities on Met. The
other potential pathway is initiated by transamination of Met to 4-
methylthio-2-oxobutyric acid (KMBA). The characterized aromatic
aminotransferases from lactococci exhibit substantial activity with
Met (Yvon and others 1997; Gao and Steele 1998).

Gao and others (1998) utilized 13C nuclear magnetic resonance
(13C NMR) and gas chromatography (GC) to demonstrate that Met
catabolism, leading to formation volatile sulfur compounds, by
lactococci is initiated mainly by an aminotransferase. The cells of

Figure 8— Methionine degradation pathways in cheese ripening microorganisms
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4 of the 5 Lactococcus lactis strains examined completely con-
verted Met to 4-methylthio-2-hydroxybutyric acid (HMBA) in the
presence of �-KA. Whole cells of Lactococcus lactis HP were not
capable of converting Met to KMBA or HMBA in the presence of
�-KA, but this conversion was achieved with the permeabilized
HP cells. These results suggested that cells of Lactococcus lactis
HP lacked the ability to transport free Met under these conditions.
However, this probably does not affect Met catabolism by HP in
cheese as peptides are believed to be the primary sources of Met
in the cheese matrix (Juillard and others 1995, Kunji and others
1996).

Under cheese-like conditions (pH 5.2, 5.1% NaCl), results of
13C NMR studies indicate Met catabolism occurs predominately
via the transamination pathway (Gao and others 1998). Produc-
tion of methanethiol was not detected in 13C NMR experiments.
Headspace GC analysis indicated that methanethiol formation
from Met occurred via an aminotransferase pathway which con-
verts Met to KMBA, followed by either enzymatic conversion or
chemical decomposition of KMBA to methanethiol (Figure 8).

Methanethiol is readily oxidized to dimethyl disulfide and dim-
ethyl trisulfide (Parliament and others 1982; Chin & Lindsay
1994) (Figure 8). Occurrence of these compounds is a direct re-
sult of methanethiol content and is modulated by the low redox
potential present in cheese. Methanethiol can potentially oxidize
during analysis to form these compounds, and this may account
for some reports of dimethyl disulfide and dimethyl trisulfide in
cheese. Dimethyl sulfide (Milo and Reineccius 1997) and dimeth-
yl trisulfide were recently noted as important odorant (Milo and
Reineccius 1997; Suriyaphan and others 2001b; Zehentbauer
and Reineccius 2002). Further work is needed to define the
mechanism and cheese conditions needed for production.

Intact cells and autolyzed cells are capable of producing meth-
anethiol, but the two types of cells utilize different pathways. In
whole cells, KMBA (Figure 8), is primarily enzymatically converted
to methanethiol. The release of aminotransferases from lactococci
by autolysis could result in accumulation of KMBA from Met. The
KMBA could then decompose to form methanethiol directly or
could be converted to methanethiol enzymatically by whole cells
(Gao and others 1998). Lactococcal cell autolysis is thought to
play a role in flavor development in Cheddar cheese, and the bal-
ance of autolyzed and intact cells is believed to be important for
the desired cheese-ripening events (Wilkinson and others 1994;
Crow and others 1995).

The discussion shows that amino acid degradation plays a vital
role in flavor development in Cheddar cheese. A number of
works in the past attempted to enhance free amino acid content in
Cheddar cheese by direct addition of amino acids (Wallace and
Fox 1997) and genetic modification of lactococci with increased
aminopeptidase N activities (McGarry and others 1994, Chris-
tensen and others 1995). But increased amino acid content in
Cheddar did not affect the flavor development, which led Yvon
and others (1998) to hypothesize that the rate limiting factor in fla-
vor biogenesis was not the release of amino acids, but their sub-
sequent conversion to aroma compounds. Yvon and others
(1998) identified transaminase acceptor �-ketoglutarate as the first
limiting factor in degradation of amino acid. Addition of �-ketogl-
utarate to Cheddar curd resulted in increased volatile compo-
nents originating from branched-chain and aromatic amino acids
(Banks and others 2001).

Characterization of Cheddar cheese flavor
Early work on Cheddar cheese flavor was based on the hypoth-

esis that there was 1 compound or 1 class of compounds that
provided the characteristic Cheddar flavor. Since no such com-
pound could be found, Mulder (1952) and Kosikowski and Moc-
quot (1958) suggested the “Component Balance Theory.” This the-

ory suggested that Cheddar cheese flavor was produced by a cor-
rect balance and concentration of a wide range of sapid and aro-
matic compounds. If a proper balance of components was not
achieved, then undesirable or defective flavor occurred. During
the intervening 50 years, there has been extensive research on the
flavor of Cheddar cheese and other cheese varieties, but despite
this effort, only limited information is available on the chemistry of
flavor of most varieties and the flavor of none is characterized suf-
ficiently to permit its reproduction by mixtures of pure com-
pounds in a cheese model (Fox and others 1995a; McGorrin
2001; Parliment and McGorrin 2000).

It is generally accepted that the flavor quality of Cheddar cheese
in the marketplace today differs considerably from that manufac-
tured before the wide use of pasteurization, microbial rennets,
and other modern manufacturing practices (Mabbit 1961; Dunn
and Lindsay 1985). Much of the differences between traditional
and contemporary Cheddar flavors probably should be attributed
to current marketing of bland-flavored young cheeses. However,
even longer aged cheeses are frequently criticized for a lack of ad-
equate Cheddar-type flavor. Additionally, the development of
stronger flavors in aged Cheddar often is accompanied by the oc-
currence of distinct off-flavors, especially bitterness. Different ap-
proaches have been attempted to biochemically characterize
Cheddar cheese flavor, which are as follows: (1) determination of
the factors/agents which influence/control the development of fla-
vor, and (2) isolation and identification of components which
contribute to the flavor.

Reiter and Sharp (1971) performed experiments using cheese
model systems, where 1 or more of the ripening agents were elim-
inated. This involved making (1) aseptic starter-free cheeses and
(2) aseptic cheeses. With the aseptic starter-free cheeses, the au-
thors were able to eliminate the effects of both starter culture and
nonstarter lactic bacteria. Cheese was made in aseptic vats using
�-gluconic acid lactone as the acidulant. This cheese was com-
pletely devoid of Cheddar flavor, demonstrating that indigenous
milk enzymes, which survive pasteurization, and coagulant ren-
net by themselves do not produce Cheddar flavor. The aseptic
cheese, which involved starter culture in place of acidulant �-glu-
conic acid lactone, developed mild but characteristic Cheddar fla-
vor after 6 mo of ripening, and at 12 mo the flavor was fairly
strong. These results clearly showed the important role played by
the starter culture in the flavor development.

With the aseptic model system, Reiter and Sharp (1971) were
also able to demonstrate that different single-strain starter cultures
produced different flavors. Results of this study confirmed that the
organisms isolated from commercial cheese or milk, added along
with the single-strain starter culture, increased the flavor intensity,
and that the contamination from the atmosphere, nonstarter lactic
acid bacteria, can significantly increase the flavor development.

A vast amount of work has been done on various aspects of
cheese composition, glycolysis, lipolysis, and proteolysis, but
very few studies have characterized effects on the composition of
volatile flavor compounds. Cheeses in many previous studies
were simply analyzed for flavor by cheese graders. Such qualita-
tive sensory data has limited use. More defined and analytical in-
formation using descriptive sensory and instrumental analysis is
required. In the last couple of decades, a number of published
works attempted to characterize the mechanism/enzymology of
various reactions involved in the generation of volatiles in cheese.
Only recent work in the last decade has attempted to study
cheese flavor in detail.

Suzuki and others (1910, cited from Dacre 1955) worked on a
neutral “flavor solution” which possessed an aroma similar to that
of steam distillate of an American Cheddar cheese. Chemical
analysis of the solution showed that it contained alcohols and es-
ters (made up of ethanol and acetic acid components). In the pre-
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vious study, the authors could not identify any component/com-
ponents definitely responsible for the characteristic cheese flavor.
Dacre (1955) extracted volatiles from Cheddar cheese by steam
distillation. Besides volatile fatty acids (acetic, butyric, and hex-
anoic acids), the distillate was found to contain ethanol, butanal,
ethyl acetate, and ethyl butyrate. 2,3-Butanedione does not ap-
pear to be involved in mature cheese flavor, although it is present
in young cheese; it decreases in concentration as the cheese ma-
tures. None of the aroma compounds identified, singly or in com-
bination, gave the odor or taste of Cheddar, but the authors also
commented on the possibility of some other organic compounds,
sensitive to oxidation, present in trace amounts being involved in
the cheese flavor.

Methyl ketones were identified in New Zealand Cheddar
cheese and were found to play a role in cheese flavor (Walker
and Harvey 1959). A range of carbonyl compounds were identi-
fied, which included compounds such as acetoin, 2,3-butanedi-
one, acetone, 2-butanone, 2-pentanone, 2-heptanone, 2-
nonanone, and 2-undecanone. In a further study, Walker (1959)
showed that hydrogen sulfide (H2S) played an important role in
Cheddar flavor. The removal of carbonyls and H2S from steam dis-
tillate completely destroyed the cheesy aroma.

In an interesting study, Manning and Robinson (1973) charac-
terized volatile flavor compounds in the headspace over the distil-
late, prepared by cryotrapping of volatiles of Cheddar cheese us-
ing low-temperature vacuum distillation. The aroma emanating
from the trap as it thawed, at temperatures between –100 and
–70 °C, was found to have a distinct Cheddar aroma and mainly
contained volatiles such as H2S, methanethiol, and dimethyl sul-

fide. The compounds with low vapor pressure/high boiling points
in the distillate, such as 2,3-butanedione, methyl ketones, and
volatile fatty acids were also considered to play an important role
in Cheddar flavor. Analysis of Cheddar headspace volatiles also
reconfirmed the important role played by H2S, methanethiol, and
dimethyl sulfide in flavor (Manning and Price 1977; Manning and
More 1979; Price and Manning 1983).

The availability of improved sensory and instrumentation meth-
odologies for analysis of volatiles in the last decade or so have
been immensely helpful in understanding and characterization of
cheese flavor. Sensory methods are discussed later in this review.
In order to evaluate important odorants, aroma extract dilution as-
say (AEDA) was first applied to Cheddar cheese by Christensen
and Reineccius (1995). The components found to have the high-
est potency (dilution factor) in 3-y-old Cheddar cheese were ethyl
acetate, 2-methylbutanal, 3-methylbutanal, 2,3-butanedione, �-
pinene, ethyl butyrate, ethyl caproate, 1-octen-3-one, acetic acid,
methional, propionic acid, butyric acid, valeric acid, caproic acid,
capric acid, and lauric acid. The authors pointed out that the tech-
nique did not allow the determination of the most volatile odor
fraction, which included hydrogen sulfide, acetaldehyde, and
methanethiol. Descriptive sensory analysis was not conducted on
the cheese used in the study, which limited conclusions about the
role of individual compounds on specific cheese flavors. Based
on these results, a subsequent sensory study using a concept
matching technique was conducted. Dacremont and Vickers
(1994) found that a recognizable Cheddar aroma was produced
by a mixture of 2,3-butanedione, methional, and butyric acid.
However, the authors also indicated a possible contribution of

Table 3—Aroma compounds identified in Cheddar cheese in various studies. Compounds are listed in the order of their
importance in odor.

Sharp Cheddar
Mild Cheddara Mild Cheddarb Mild Cheddarc (BritishFarmhouse Cheddar)d

Homofuraneol Butyric acid Furaneol 2-Isopropyl-3-methoxypyrazine
Butyric acid Homofuraneol (E)-2-Nonenal 3-(Methylthio) propanal
Furaneol 3-(Methylthio) propanal 2,3-Butanedione p-Cresol
�-Decalactone �-Decalactone (Z)-4-Heptenal �-Dodecalactone
Skatole 6-(Z)-Dodecenyl-�-lactone 3-(Methylthio) propanal Butanoic acid
6-(Z)-Dodecenyl-�-lactone Furaneol 1-Octen-3-one Isovaleric acid
3-(Methylthio) propanal 2,3-Butanedione 2-Acetyl-2-thiazoline 2-Phenylethanol
(E)- �-Damascenone Skatole Dimethyl trisulfide Ethyl octanoate
2,3-Butanedione Acetic acid (Z)-1,5-Octadien-3-one Acetic acid
Nonanal Hexanoic acid (Z)-2-Nonenal �-Damascenone
trans-4,5-Epoxy-2-(E)-decenal 2/3-Methyl butanal Ethyl butanoate Octanoic acid
Acetic acid 1-Octen-3-one Hexanal 4,5-Dimethyl-3-hydroxy-2(5H)-

furanone (sotolon)
(E)-2-Nonenal (Z)-2-Nonenal 2-Isobutyl-3-methoxypyrazine Phenyl acetic acid
�-Dodecalactone (E)-2-Nonenal trans-4,5-Epoxy-2-(E)-decenal Ethyl butanoate
1-Octen-3-one Hexanal 2-Nonanone Ethyl hexanoate
(Z)-2-Nonenal Octanal 2-Isopropyl-3-methoxypyrazine Dimethyl trisulfide
2-Acetylthiazoline 2-Acetyl-2-thiazoline Decanal Phenyl acetaldehyde

�-Damascenone 2/3-Methyl butanal Pentanoic acid
2-Acetyl-1-pyrroline Ethyl octanoate Guaiacol
Nonanal 1-Hexen-3-one �-Decalactone
(E,Z)-2,6-Nonadienal Methyl propanal �-Decalactone
(E,E)-2,4-Nonadienal Ethyl hexanoate 1-Octen-3-one

Homofuraneol 2-Acetylpyrazine
Butyric acid 2-Isobutyl-3-methoxypyrazine

Linalool
(E,Z)-2,6-Nonadienal
Geosmin
Furaneol

aDiethyl ether extract of mild Cheddar cheese analyzed by GCO/AEDA/GC-MS (Milo and Reineccius, 1997).
bDiethyl ether extract and dynamic headspace
cof mild Cheddar cheese analyzed by GCO/AEDA/GC-MS and GCO-H/DHDA/GC-MS (Zehentbauer and Reineccius, 2002).
dDiethyl ether extract of British farmhouse Cheddar cheese analyzed by GCO/AEDA/GC-MS (Suriyaphan and others, 2001b).
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previously, different Cheddar cheeses of different ages, microflora,
and biochemistry were studied. Cheddar cheese encompasses a
wide category and there are numerous potential flavor profiles
(see Table 4 for summary of volatile flavor compounds identified
in Cheddar). Thus, to elucidate Cheddar cheese flavor is a large
task and descriptive sensory analysis should be conducted in
conjunction with any instrumental study to provide clarification.

Sensory studies of Cheddar cheese
The dairy industry has long recognized that sensory quality is a

crucial aspect of sales and marketing. In fact, the dairy industry
developed and used traditional tools for evaluating sensory quali-
ty before modern-day sensory analysis techniques were devel-
oped. These traditional tools include grading and dairy products
judging. Grading was established by the Federal government with
the founding of the Office of Markets (currently known as the Ag-
ricultural Marketing Service) in 1913 (www.ams.usda.gov). Dairy
products judging developed as a way to stimulate student interest
and education, and the first contest was held in 1916 (Bodyfelt
and others 1988). Both grading and judging operate on the same
premise. Products are scored for overall flavor or texture quality
based on an idealized concept and a predetermined list of defects
(Table 5). The “defects” were common problems encountered in
cheesemaking. Describing or defining the defects and their inten-
sities can be subjective, as many of the defects can constitute an
“ideal” flavor and only become defects if they are out-of-balance
in the cheese. These tools can function well in a setting where a
large number of samples need to be rapidly assessed for basic
quality. Grading is still used in the cheese industry today for this
purpose. However, these fundamental sensory tools were not de-
signed to be specific, analytical tools that are often required for in-
terpretations of flavor research and the nuances of consumer mar-
keting preferences. Two cheeses may receive identical AA grades,
indicating that they are both good quality (based on the presence
or absence of predefined defects); however, specific differences
may exist in descriptive flavor profiles. These differences can sig-
nificantly impact research interpretations and consumer prefer-
ences. Further, what represents “good” and “bad” quality to an
expert grader are not necessarily synonymous to the cheese con-
sumer. Consumer concepts and preferences for cheese flavor pro-
files are diverse. Thus, cheese grade results cannot be used in re-
search to superimpose consumer preferences. For these reasons,
grading and judging are not ideal tools for cheese flavor research.

The most powerful sensory tool in cheese flavor research is de-
scriptive sensory analysis. In this technique, a panel of 6 to 12 in-
dividuals is trained to identify and quantify sensory aspects of a
food, which may include appearance, aroma, flavor, texture, or
any single aspect (Meilgaard and others 1999). The panel acts as a
highly trained instrument. A trained descriptive panel can be a
powerful and versatile tool with applications to instrumental anal-
ysis. Such panels require training and regular maintenance. De-
scriptive analysis of flavor is 1 of the most complex modalities to
train, and a good cheese flavor panel may require as many as 75
to 100 h of training. For a review of descriptive sensory analysis of
flavor, see Drake and Civille (2003). Affective tests involve the use
of consumers to assess acceptability or preference. These tools are
certainly useful to determine consumer perception, but cannot
give analytical data on the presence and intensity of specific fla-
vors or flavor profiles.

Cheddar cheese flavor research using descriptive sensory anal-
ysis has been conducted primarily within the past 10 years. De-
scriptive analysis can be used to differentiate cheeses, or it can be
used to interpret research parameters such as cheese make-pro-
cedure modifications. Muir and others (1995a) described 9 aro-
ma terms for characterization of aroma profiles of hard and semi-
hard cheeses, including Cheddar cheese. In a subsequent study, a

other aroma compounds that were not commercially available at
that time.

Milo and Reineccius (1997) applied both traditional high-vacu-
um isolation/aroma extract dilution analysis (AEDA) and static
headspace-olfactometry (GCOH) to further study the aroma of a
regular and a low-fat Cheddar cheese (see Table 3). After the
quantification and calculation of respective odor activity values,
based on sensory thresholds in oil and water, they suggested ace-
tic acid, butyric acid, methional, 2,3-butanedione, and homofura-
neol as the primary odorants responsible for the pleasant mild
aroma of Cheddar cheese. In addition to the above-mentioned
compounds, the contribution of highly volatile sulfur compounds
such as methanethiol and dimethyl sulfide to nasal perception of
Cheddar cheese was quite obvious on the basis of GCO analysis
of static headspace samples. The authors further hypothesized
that the meaty-brothy odor characteristic of low-fat Cheddar was
caused by high concentrations of methional, furaneol, and espe-
cially homofuraneol. The furaneol-type odorants are known to be
produced by certain strains of lactobacilli (Preininger 1995, cited
from Milo and Reineccius 1997). While the mixture of these vola-
tile organic compounds in a model cheese base had Cheddar
aroma, attribute profiling described it as lacking in sour, moldy,
and sulfurous notes relative to the real cheese. Also, the overall
odor was described as weak. This discrepancy in sensory charac-
ter between the aromatized model and real cheese was partially
caused by aroma-matrix interactions which resulted in quantita-
tive errors (Wang and Reineccius 1998).

A comparison of the volatile compositions of full- and reduced-
fat Cheddar showed that the level of methanethiol in the cheese is
highly correlated with the flavor grade. This observation indicates
that the lack of aroma in reduced-fat Cheddar is likely to be main-
ly due to lack of methanethiol, but a combination of methanethiol
and decanoic acid or butanoic acid in all cheeses gave a better
correlation with Cheddar flavor than methanethiol alone (Dimos
and others 1996). Addition of methanethiol to bland slurry of re-
duced-fat Cheddar produced a strong Cheddar aroma (Urbach
1997b).

The use of dynamic headspace dilution analysis (DHDA) meth-
odology, previously described by Cadwallader and Baek (1998),
has suggested additional volatiles as being important to Cheddar
cheese aroma as compared to GCO-H and AEDA (Zehentbauer
and Reineccius 2002) (Table 3). Results of DHDA showed that, in
addition to the odorants previously identified by AEDA and GCO-
H, (Z)-4-heptenal, 2-acetyl-1-pyrroline, dimethyl trisulfide, 1-
octen-3-one, (Z)-1,5-octadiene-3-one, and (E)/(Z)-2-nonenal,
which have been underestimated or not even perceived during
AEDA, may also contribute to the overall aroma of Cheddar
cheese.

The volatile aroma components of 2 sharp Cheddar cheeses of
British Farmhouse origin, made using raw milk and ripened for at
least l y, were analyzed by AEDA (Suriyaphan and others 2001b)
(Table 3). Descriptive sensory analysis of these cheeses was also
conducted. Key flavors in the sharp Farmhouse Cheddar cheeses
were “barnyard” and “earthy.” Following instrumental analysis,
model system addition was used to confirm compounds respon-
sible for specific flavor notes. p-Cresol was mainly responsible for
a “cowy-barny” note, whereas an intense “soil-like” note was due
to 2-isopropyl-3-methoxypyrazine. At much lower odor intensity,
2-isobutyl-3-methoxypyrazine contributed a “bell pepper-like”
note. Direct addition of p-cresol (> 100 ppb) or 2-isopropyl-3-
methoxypyrazine (> 3 ppb) in a mild domestic Cheddar cheese
resulted in increases in intensities of cowy/phenolic and earthy/
bell pepper aroma notes. Additionally, within the same wedge of
cheese, the concentrations of p-cresol and 2-isopropyl-3-methox-
ypyrazine were lower at the center than at the rind.

It is important to note that, in each of the studies mentioned

http://www.ams.usda.gov
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set of key attributes for texture and flavor of hard cheeses were de-
fined (Muir and others 1995b). Piggot and Mowat (1991) deter-
mined 23 descriptive flavor and aroma terms in a study of matura-
tion of Cheddar cheese. Muir and Hunter (1992), Muir and others

(1996b), and Roberts and Vickers (1994) also developed descrip-
tive flavor and aroma terms to study flavor during Cheddar cheese
aging. Banks and others (1993) used descriptive analysis to deter-
mine sensory properties of low-fat Cheddar cheese while factory

Table 4—Volatile compounds identified in Cheddar cheese

Chemicals Aroma note* Chemicals Aroma note*

Acetaldehyde sweet, pungent Indole mothball
Acetic acid vinegar Isobutanol —
Acetone — Isohexanal —
Acetophenone almond, musty, glue Limonene citrus
�-Angelicalactone — Linalool sweet, floral, honey
Benzaldehyde almond Methanethiol cabbage, boiled cabbage,

sulfurous
Butanal pungent Methyl acetate —
n-Butanol floral, fragrant, fruity, sweet Methyl propionate —
2-Butanol alcoholic Methyl hexanoate pineapple
2,3-Butanediol fruity 2-Methyl butanal dark chocolate, malt
2-Butanone etheric 3-Methyl butanal dark chocolate, malt
2,3-Butanedione (Diacetyl) buttery 2-Methy-1-butanol wine
n-Butyl acetate pear 3-Methyl-1-butanol fruity, alcohol, solvent-like, grainy
n-Butanoic acid sweaty, cheesy, fecal 3-Methyl-2-butanone camphor
2-Butyl acetate — 3-Methylbutanoic acid Swiss cheese, waxy, sweaty, old

(isovaleric acid) socks, fecal
n-Butyl butyrate — 3-Methyl-2-pentanone —
p-Cresol unclean, medicinal, cowy, barny 2-Methyl propanal malt
(E)- �-Damascenone apple sauce 3-(Methylthio) propanal (Methional) baked/boiled potato
Decanal soapy, flowery Nonanal green
n-Decanoic acid rancid (E)-2-Nonenal green, fatty
(E,E)-2,4-Decadienal mayonnaise, bread, fatty, tallow, fruity (Z)-2-Nonenal green
(E,Z)-2,4-Decadienal mayonnaise, bread, fatty, tallow, fruity (E,Z)-2,6-Nonadienal melon, cucumber
Dimethyl sulfide cabbage, sulfurous (E,E)-2,4-Nonadienal soapy
Dimethyl disulfide onion, sulfurous 2-Nonanone green, earthy, blue cheese,

fatty, fruity, musty, varnish
Dimethyl trisulfide cabbage, garlic, sulfurous (Z)-1,5-Octadien-3-one green, metallic
Dimethyl tetrasulfide putrid, cabbage, sulfurous �-Octalactone fruity, peach, sweet
�-Decalactone coconut n-Octanoic acid body odor, sweaty
�-Decalactone peachy, coconut Octanal green, fatty, soapy, fruity, orange

peel
�-Dodecalactone cheesy, coconut 2-Octanol mushroom, coconut, oil, rancid
6-(Z)-Dodecenyl-�-lactone soapy 2-Octanone floral, fruity, soapy, ketone, musty
trans-4,5-Epoxy-2-(E)-decenal metallic 1-Octen-3-one mushroom
Ethanol alcohol 2,4-Pentanediol —
2-Ethyl butanol — n-Pentanoic acid Swiss cheese
Ethyl acetate fruity, solvent, sweet Pentanal pungent, almond-like
Ethyl propionate fruity 2-Pentanol sweet, alcoholic, fruity, nutty
Ethyl butyrate bubble gum, fruity Pentan-2-one acetone, sweet, fruity, ketone
Ethyl hexanoate fruity Phenyl acetaldehyde rosy
Ethyl octanoate fruity Phenyl acetic acid flowery
Furanone, 4,5-dimethyl-3- curry, seasoning 2-Phenyl ethanol rosy
hydroxy-2(5H)-(Sotolon)

Furanone, 2,5-dimethyl-4- sweet, caramel, burnt sugar �-Pinene pine
hydroxy-3(2H)-(Furaneol)

Furanone, 2-Ethyl-4-hydroxy-5- caramel Propionic acid pungent
methyl-3(2H)-(Homofuraneol or Ethyl Furaneol)

Geosmin earthy, moistened soil n-Propanol pungent
Guaiacol smoky, spicy Propanal solvent-like
Heptanal fatty, oily, green Propyl acetate —
2-Heptanone blue cheese, fruity, musty, soapy n-Propyl butyrate pineapple
(Z)-4-Heptenal creamy, biscuit Propenal —
n-Hexanal green Pyrazine, 2-acetyl popcorn
n-Hexanol fatty, floral, green Pyrazine, 2-isobutyl-3-methoxy- bell pepper-like, green
n-Hexanoic acid goat-like Pyrazine, 2-isopropyl-3-methoxy- earthy, soil, green, beany
2-Hexanone fruity, ketone Pyrroline, 2-acetyl-1- roasted
Hexanethiol sulfur Skatole unclean, mothball, fecal
2-Hexenal almond bitter, green, fatty Thiazoline, 2-Acetyl-2- roasted
1-Hexen-3-one cooked vegetable, plastic Thiophen-2-aldehyde —
Hydrogen sulfide (H2S) rotten eggs, cabbage 2-Tridecanone —
3-Hydroxy-2-butanone (Acetoin) buttery 2-Undecanone floral, fruity, green, musty, tallow

*Additional information on aroma notes were obtained from (1) “Flavornet-Gas chromatography-olfactometry (GCO) of natural products” at www.nysaes.cornell.edu/
flavornet/index.html (maintained by Dr. T. Acree and Dr. H. Arn, 1997, Dept of Food Science, Cornell Univ.), (2) “The LRI and Odour Database” at www.odour.org.uk
(maintained by Dr. R. Mottram, Flavor Research Group, School of Food Biosciences, Univ. of Reading), and (3) Rychlik and others (1998). Retention indices and
threshold values of flavor compounds can also be found in the above mentioned databases.

http://www.nysaes.cornell.edu/flavornet/index.html
http://www.nysaes.cornell.edu/flavornet/index.html
http://www.odour.org.uk
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and farmhouse Cheddars have also been compared (Muir and
others 1997). Muir and others (1996a), Drake and others (1996,
1997), and Lynch and others (1999) used descriptive sensory
panels to determine the effect of starter culture and adjunct cul-
tures on Cheddar cheese flavor. Descriptive analysis was used to
determine the impact of emulsifying agents on processed Ched-
dar cheese flavor (Drake and others 1999). Recently, studies have
used descriptive sensory analysis to address the role of specific
starter culture enzyme systems on Cheddar cheese flavor (Broad-
bent and others 2002; Banks and others 2001).

Research has also focused on standardizing descriptive sensory
languages used to describe Cheddar cheese flavor. Precise defini-
tions and references (food or chemical) for each term are neces-
sary to be able to calibrate panels over time or panels at multiple
locations (Drake and Civille 2003). Descriptive sensory languages
used in many studies do not have standardized definitions and
references. A standard list of descriptors and references was iden-
tified for a descriptive sensory language used with aged natural

cheeses (Heisserer and Chambers 1993). Descriptive sensory lan-
guages specifically for Cheddar cheese flavor with definitions and
references were more recently developed independently in Ire-
land and the United States (Murray and Delahunty 2000a; Drake
and others 2001) (Table 6). In a later study, Drake and others
(2002a) demonstrated that a defined and anchored descriptive
language for Cheddar cheese flavor could be used by different
panels at different sites to obtain similar results. Current work is
focused on international cross validation of Cheddar cheese fla-
vor languages.

Relating instrumental analysis to the actual sensory perception
of particular flavors is another area where descriptive sensory
analysis is crucial. Descriptive analysis can be done simulta-
neously with instrumental analysis and the results analyzed for
statistical relationships by univariate and multivariate analysis of
variance. Alternatively, descriptive sensory results and GCO data
can be linked using threshold testing and model systems. Several
studies have been conducted in this area and are addressed in

Table 5—List of cheese flavor defects used with judging cheese flavor

Flavor defect Definition

High acid Excessive acid or sour taste
Bitter Bitter taste resembling caffeine or quinine
Fruity/fermented Aroma of fermenting or overripe fruit
Flat Devoid of flavor
Garlic/onion Flavor resembling garlic, onion, or leeks
Heated Not the clean cooked flavor of pasteurized milk but a flavor resembling the odor of old or spoiled milk
Malty Flavor similar to Grape Nuts cereal
Metallic A flat metal-like taste and a lingering puckery mouthfeel
Moldy Musty, reminiscent of a damp cellar
Rancid Also called lipase, caused by short-chain fatty acids, flavor described as bitter, soapy, disagreeable
Sulfide Also called skunky. Similar to water with high sulfur content.
Unclean Dirty aftertaste that fails to clean-up after the cheese is expectorated
Whey taint Also called sour whey. The dirty sweet acidic taste and odor characteristic of fermented whey
Yeasty Sour, bread-dough, earthy aroma characteristic of yeast.

Adapted from Bodyfelt and others (1988)

Table 6—The basic Cheddar cheese flavor lexicon

Descriptor Definition Reference

Cooked/milky Aromatics associated with cooked milk Skim milk heated to 85 °C for 30 min

Whey Aromatics associated with fresh Cheddar cheese whey Fresh Cheddar whey

Diacetyl Aromatic associated with diacetyl Diacetyl, 20 ppm

Milk fat/lactone Aromatics associated with milk fat Fresh coconut meat, heavy cream,
� dodecalactone, 40 ppm

Fruity Sweet aromatics associated with different fruits, primarily pineapple Fresh pineapple
Ethyl hexanoate, 20 ppm

Sulfur Aromatics associated with sulfurous compounds Boiled mashed egg
H2S bubbled through water

Brothy Aromatics associated with boiled meat or vegetable soup stock Canned potatoes
Low sodium beef broth cubes
Methional, 20 ppm

Free fatty acid Aromatics associated with short-chain free fatty acids Butyric acid, 20 ppm

Nutty Nutty aromatic associated with various nuts Roasted peanut oil extract
Lightly toasted unsalted nuts

Catty Aroma associated with tomcat urine 2-mercapto-2-methyl-pentan-4-one, 20 ppm

Cowy/barny Aromas associated with barns and stock trailers, indicative of animal A mixture of p-cresol (160 ppm) + isovaleric acid
sweat and waste (320 ppm)

Sweet Fundamental taste sensation elicited by caffeine Sucrose (5 % in water)

Sour Fundamental taste sensation Citric acid (0.08 % in water)

Salty Fundamental taste sensation Sodium chloride (0.5 % in water)

Bitter Fundamental taste sensation Caffeine (0.08 % in water)

Umami Chemical feeling factor elicited by certain peptides and nucleotides Mono sodium glutamate (1 % in water)

Chemical references prepared in 95% ethanol, then blotted onto filter paper into jars for sniffing. Adapted from Drake and others (2001).
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other sections of this review. Affective sensory tests involve con-
sumers and can be used to probe not only consumer likes and
dislikes, but can be linked with descriptive sensory analysis of the
same sample set to identify specific flavor profiles that drive con-
sumer acceptability. The concept of Cheddar cheese flavor is a
consumer concept and likely varies widely among consumers, as
does Cheddar cheese flavor itself. The analytical descriptive sen-
sory properties that describe exactly what attributes are perceived,
and at what levels, are related to consumer preferences using
combinations of multivariate techniques. The process is called
preference mapping. Preference mapping has been applied to a
wide number of commodities and products, and there are a few
applications to cheese. Consumer preferences for specialty chees-
es were clarified and preference mapping was used to compare
farmhouse and factory-produced cheeses (Lawlor and Delahunty
2000; Murray and Delahunty 2000b). Murray and Delahunty
(2000c) used preference mapping to explore packaging prefer-
ences for Cheddar cheeses. Recently, Young and others (2003)
conducted preference mapping on Cheddar cheeses. Consumers
did distinguish young and aged Cheddar cheeses but, as expect-
ed, the concept of Cheddar flavor varied widely. Six distinct clus-
ters of consumers with specific preferences for flavor profiles of
Cheddar cheeses were identified.

Bitterness and other off-flavors in Cheddar cheese
In addition to the characteristic desirable flavors, cheese fre-

quently suffers from specific flavor defects. While desirable flavor
has been difficult to define in chemical and sensory terms, since
consumers vary in preference and definition of Cheddar flavor,
the specific cause(s) of many of these specific flavor or off-flavor
notes have been established more or less definitively. This section
presents an overview on bitterness and chemical anchors for the
specific flavor/off-flavor notes in Cheddar cheese.

Bitterness in Cheddar cheese. Bitterness is a problem in many
cheese varieties, especially those made with mesophilic cultures,
and have been associated with the production (by rennet and
starter bacteria) of bitter peptides, which predominantly contain
hydrophobic amino acid residues. Certain sequences in the
caseins are particularly hydrophobic and, when excised by pro-
teinases, can lead to bitterness. Aged Cheddar cheese often devel-
ops bitterness due to the accumulation of hydrophobic peptides,
consisting of 2 to 23 amino acid residues, or in the molecular
weight range of 500 to 3000 Da (Sullivan and Jago 1972; Lee and
others 1996). Bitterness is detected when the concentration of bit-
ter peptide exceeds the threshold. Although the bitter taste is con-
sidered a normal component of cheese taste, excessive bitterness
may limit consumer acceptance of the cheese. The problem has
been the subject of considerable research which has been re-
viewed by Lemieux and Simard (1991, 1992).

Bitter peptides found in normal aseptic, aseptic starter-free,
aseptic rennet-free, and aseptic starter- and rennet-free Gouda
cheeses have been shown to have a molecular weight of < 1400
Da (Visser 1977b,c). Chymosin has been implicated in the forma-
tion of bitter peptides in cheese, and thus factors that affect the re-
tention and activity of rennet in the curd may influence the devel-
opment of bitterness. The concentration of NaCl has a major effect
on the hydrolysis of �-casein by chymosin in solution and in
cheese, and thus may also be a factor in the control of bitterness.
Kelly (1993) found that the formation of �-CN f193-209 (a prima-
ry product of chymosin action on �-casein and potentially bitter)
is inhibited by increasing NaCl concentrations. In Cheddar, large
amounts of this peptide were produced in an unsalted cheese,
which was extremely bitter, but in cheeses made with increasing
salt content, the production of this peptide was inhibited (Kelly
1993). The rate of chymosin-induced hydrolysis of �-casein is
largely dependent on the state of aggregation of the substrate,

which affects the accessibility of the susceptible peptide bonds. A
nonuniform distribution of dry salt in the milled curd during man-
ufacture can lead to production of �-CN f193-209 in Cheddar
during ripening. This particular bitter peptide is not further hydro-
lyzed by chymosin or starter proteinases (Lemieux and Simard
1992). Visser and others (1983b,c) concluded that the relatively
slow degradation of �-casein by rennet and starter proteinases in-
evitably leads to the gradual appearance of the bitter peptide, �-
CN f193-209, as the first degradation product.

It is interesting to note that Lee and others (1996) identified sev-
eral peptides in Cheddar cheese as bitter originating from N-termi-
nal of �s1-casein, identified as �s1-CN f1-7, �s1-CN f1-9, �s1-CN
f1-13 and �s1-CN f1-14. These peptides, especially �s1-CN f1-9
and �s1-CN f1-13, were found to accumulate in Cheddar (Singh
and others 1994) and Gouda (Kaminogawa and others 1986) dur-
ing ripening. These peptides are produced from �s1-CN f1-23,
formed by chymosin action on the bond Phe23-Phe24 of �s1-
casein, followed by the action of lactococcal CEP on �s1-CN f1-
23. The corresponding C-terminal fragment of �s1-CN f1-23 was
also found to be bitter, and �s1-CN f14-17 and f17-21 are also
produced in Cheddar cheese made using strain HP as the starter
(Richardson and Creamer 1973). The above observation indicates
that the role of rennet in the development of bitterness may be the
production of long peptides which are subsequently degraded to
small, bitter peptides by starter proteinases.

Some authors suggest that bitterness is simply related to starter
cell numbers; for example, fast acid-producing, heat-tolerant
strains, but others maintain that there are inherent differences be-
tween bitter and nonbitter starter strains with respect to proteinase
and peptidase profiles (see Lemieux and Simard 1991). It has
been shown earlier that growth conditions of the culture signifi-
cantly affect the debittering activity. From experiments on the abili-
ty of different cultures to hydrolyze �-CN f193-209 under differ-
ent growth conditions, Smit and others (1996) concluded that, in
general, cells grown under pH-controlled conditions have a
stronger debittering ability than cells grown in acidifying condi-
tions. Similar observations were made in cheesemaking trials us-
ing cultures grown under different growth conditions. These differ-
ences were the result of increased sensitivity to lysis of cultures
grown under pH-controlled conditions than to cells grown under
acidifying conditions. This clearly shows that bitterness in cheese
can be controlled by adaptation of the lactic acid bacterial culture
strains to growth conditions. The debittering assay (based on the
ability to hydrolyze �-CN f193-209) allowed rapid screening for
and prediction of debittering activity of lactic acid bacteria. Ami-
nopeptidase activity (Pep N) appears to be important in reducing
the intensity of bitterness. The result of Baankreis (1992) demon-
strated increasing bitterness in cheese made with PepN negative
mutants, whereas cheese made with PepX negative mutants exhib-
ited no increase in bitterness. Since lactococcal peptidases are in-
tracellular, the rate of lysis of starter cells may be important both
with respect to the rate of peptidolysis in general and to the con-
trol of bitterness in particular. Soeryapranata and others (2002b)
reported higher bitterness score and concentration of �-CN f193-
209 in Cheddar made using starter culture with low susceptibility
to lysis. The primary action of plasmin on �-casein probably does
not produce bitter peptides. The fate of �s2-casein in cheese is un-
clear, but plasmin can release potentially bitter peptides from this
protein in solution (Fox and others 1994).

Bitterness appears to be a particular problem in low-fat cheeses
(Banks and others 1992; Drake and Swanson 1995). In normal-fat
cheese, bitter peptides, being hydrophobic, probably partition
into the fat phase where they are less likely to be perceived as be-
ing bitter. In reduced-fat cheeses, bitterness may be more pro-
nounced.

The majority of studies on the identification of bitter peptides
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were conducted on model systems consisting of isolated casein
incubated with various enzymes. Bitter peptides have been identi-
fied in hydrolyzates of �s1-, �s2- and �-caseins; para-�-casein is
also a potential source of bitter peptides. Bitter peptides originat-
ing from �s1-casein in solution include f22-43 and f45-50, f23-
34, f91-100 and f145-151. Three short peptides produced from
the C-terminal region of �s2-casein by plasmin (f198-207, f182-
207 and f189-207) may be bitter. Bitter peptides found in hy-
drolysates of �-casein include f203-208, f195-209, f201-209,
and f53-79. A number of bitter peptides isolated from cheese are
summarized in Table 7.

Various methodologies have been adopted for the analysis of
bitter peptides in cheeses. Isolation of bitter peptides from cheese
invariably involved water and/or solvent extraction of cheese fol-
lowed by the analysis using 1 or more steps of liquid chromatog-
raphy (Lee and Warthesen 1996; Kelly 1993). Bitter peptides from
Cheddar have been studied by capillary electrophoresis and re-
versed phase-high performance liquid chromatography (Kelly
1993; Lee and Warthesen 1996; Smit and others 1996; Broad-
bent and others 1998). Most of these techniques required exten-
sive separation, which is labor-intensive and time-consuming. In a
recent work, Soeryapranata and others (2002a) reported a sensi-
tive and rapid quantitative method, using an internal standard, for
analysis of synthetic �-CN f193-209 by matrix-assisted laser des-
orption ionization-time of flight (MALDI-TOF) mass spectrometry.
The concentration ratio of synthetic �-CN f193-209 to an internal
standard was linearly correlated to the peak-height ratio obtained
from MALDI-TOF analysis. The internal standards developed in
this study were: (1) Asn substitution for Glu at residue 195, and
(2) penta-deuterated Gln at residues 194 and 195 in �-CN f193-
209, which are separated by mass of -14 and +10 from �-CN
f193-209 (m/z 1880), respectively. The method was used for mon-
itoring the decrease of the m/z 1880 peak as a function of incuba-
tion time, accompanied by the decrease in bitterness intensity of a
water-soluble extract of bitter cheese after incubation with cell-
free extract of Lb. helveticus (a debittering culture). This clearly
shows that peptide �-CN f193-209 is a useful marker to follow the
development of bitterness in cheese. The method was used to
monitor concentration of �-CN f193-209 in Cheddar cheese ex-
tract during ripening (Soeryapranata and others 2002b). The rela-
tionship of �-CN f193-209 concentration and bitterness intensity

was found to be weaker as the aging time progressed, probably
due to formation of other bitter peptides more responsible for bit-
terness at longer aging time and/or the presence of compounds
produced during ripening that mask bitterness perceived by sen-
sory panelists. The decreased correlation coefficient between [�-
CN f193-209] in cheese extract and bitterness intensity of cheese
suggests that �-CN f193-209 is a better marker for bitterness de-
velopment at the initial stages of Cheddar cheese ripening. This
peptide could also be used for categorizing cheese starter culture
as bitter/nonbitter. In addition to peptides, a number of other com-
pounds can contribute to bitterness in cheese, including amino
acids, amines, amides, substituted amides, long-chain ketones,
and some monoglycerides (Adda and others 1982).

Chemical anchors for specific flavors or off-flavors in Ched-
dar cheese. In the grading and judging of dairy products, the term
“unclean” has been used for describing a range of unpleasant fla-
vors that vary both in flavor character and intensity. Unclean-
types of flavors in Cheddar may vary from vague, dulling suppres-
sion of flavors to several distinct unpleasant flavors such as rose,
violet-like, solvent-like, medicinal, phenolic, barny, unclean-uten-
sil-like (Dunn and Lindsay 1985). In many cases of cheeses ex-
hibiting distinct unclean-types of flavors, bitterness was also
present. It is important to note that the terms “unpleasant” and
“unclean” and “off-flavor” are subjective in nature. Many of these
flavors may represent acceptable or desired flavors in Cheddar
cheese to certain consumers.

Cheddar cheeses with unclean-type flavors that were described
as subtle “floral” or “rose-like” aftertastes were mostly aged. This
flavor note is attributed to compounds like phenyl ethanol and
phenyl acetaldehyde, which originate from the hydrophobic ami-
no acid, phenylalanine (Phe), through enzyme-mediated transam-
ination, decarboxylation, and reduction reactions (Dunn and
Lindsay 1985). Addition of phenyl acetaldehyde (50 to 500 ppb)
to clean-flavored mild Cheddar cheese imparted distinct intensi-
ties of unclean-rosy taint (Dunn and Lindsay 1985). An astringent,
bitter, and stinging sensation was noted at higher concentrations
of phenyl acetaldehyde. Unclean-utensil-like off flavor in Cheddar
cheese was attributed to increased concentration of p-cresol, 100
to 1320 ppb. The concentration of p-cresol in clean-flavored
Cheddar was below 100 ppb (Dunn and Lindsay 1985). The au-
thors also noticed a synergistic enhancement of unclean utensil-

Table 7—Bitter peptides identified in Cheddar cheese

Peptide Hydrophobicity Sequence Reference

�s1-CN f1-7 1771.0 H.Arg.Pro.Lys.His.Pro.Ile.Lys.OH Lee & others (1996)

�s1-CN f1-13 1363.0 H.Arg.Pro.Lys.His.Pro.Ile.Lys.His.Gln.Gly.Leu.Pro.Gln.OH Lee & others (1996)

�s1-CN f11-14 1367.0 H.Leu.Pro.Gln.Glu.OH Lee & others (1996)

�s1-CN f14-17 1162.5 H.Glu.Val.Leu.Asn.OH Hodges & others (1972), Richardson & Creamer
(1973), Hamilton & others (1974)

�s1-CN f17-21 1074.0 H.Asn.Glu.Asn.Leu.Leu.OH Hodges & others (1972), Richardson & Creamer
(1973), Hamilton & others (1974)

�s1-CN f26-32 1930.0 H.Ala.Pro.Phe.Pro.Glu.Val.Phe.OH Richardson & Creamer (1973)

�s1-CN f26-33 1688.8 H.Ala.Pro.Phe.Pro.Glu.Val.Phe.Gly.OH Hodges & others (1972), Hamilton & others (1974)

�s2-CN f191-197 2010.0 H.Lys.Pro.Trp.Ile.Gln.Pro.Lys.OH Lee & others (1996)

�-CN f8-16 1390.0 H.Val.Pro.Gly.Glu.Ile.Val.Glu.Ser(P).Leu.OH Lee & others (1996)

�-CN f 46-67 1580.5 H.Gln.Asp.Lys.Ile.His.Pro.Phe.Ala.Gln.Thr.Gln.Ser.Leu. Richardson & Creamer (1973), Hamilton &others
Val.Tyr.Pro.Phe.Pro.Gly.Pro.Ile.(Pro/His).OH (1974)

�-CN f46-84 1508.5 H.Gln.Asp.Lys.Ile.His.Pro.Phe.Ala.Gln.Thr.Gln.Ser.Leu.Val. Hamilton & others (1974)
Tyr.Pro.Phe.Pro.Gly.Pro.Ile.(Pro/His).Asn.Ser.Leu.Pro.Gln.
Asn.Ile.Pro.Pro.Leu.Thr.Gln.Thr.Pro.Val.Val.Val.OH

�-CN f193-209 1762.4 H.Tyr.Gln.Glu.Pro.Val.Leu.Gly.Pro.Val.Arg.Gly.Pro.Phe. Pro. Kelly (1993), Broadbent & others (1998),
Ile.Ile.Val.OH Soeryapranata and others (2002a, b)
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like note by short-chain fatty acids. Additionally, the branched-
chain fatty acids, such as isobutyric and isovaleric acids, could
also contribute to unclean flavor (Nakae and Elliot 1965a,
1965b). These studies did not utilize defined descriptive sensory
analysis to pinpoint specific relationships between compounds.
Suriyaphan and others (2001b) used descriptive sensory analysis
with instrumental flavor analysis to determine that p-cresol was re-
sponsible for “cowy/barny” flavors in aged Cheddar cheese.
Cowy/barny flavors would be classified as an unclean-type of fla-
vor in grading terminology.

The presence of branched-chain Strecker-type aldehydes, 2/3-
methyl butanal, and 2-methyl propanal, were also hypothesized
for unclean flavors (dull harsh) in Cheddar cheese, but only when
their concentration in cheese exceeded 200 ppb. Addition of
these compounds, below 200 ppb, to mild clean-flavored Ched-
dar did not cause any flavor defect (Dunn and Lindsay 1985). The
lack of defined descriptive sensory analysis in these studies pre-
cludes the exact determination of sensory flavors and causant
chemicals.

Production of 2/3-methyl butanal by lactic acid bacteria in milk
was shown to cause malty flavor, which was considered to be a
defect (Miller and others 1974; Morgan 1970a,b; Sheldon and
others 1971). Addition of 0.34 ppm of 3-methyl butanal to good
quality homogenized milk was enough to develop a malty defect
(Morgan 1970a,b). Cheeses made with co-encapsulated cell-free
extracts of Gluconobacter oxydans (which produces acetic acid
from ethanol) and Streptococcus lactis subsp maltigenes (which
converts leucine to 3-methyl butanal and 3-methyl-1-butanol) in
a milk-fat coat exhibited a stronger malty flavor than cheese made
with broken capsule or incomplete cell-free extract mixture (Braun
and Olson 1986). Distinct malty aroma significance of 3-methyl
butanal has already been characterized in cereal products
(Grosch and Schieberle 1997) and buckwheat honey (Zhou and
others 2002). In recent work, Drake and others (2002b) found
high concentrations of 2/3-methyl butanal and 2-methyl propanal
in aged Cheddar cheeses with high intensities of nutty flavors. The
addition of 2/3-methyl butanal and/or 2-methyl propanal to mild
or aged Cheddar cheese resulted in the sensory perception of
nutty flavors in these cheeses.

Esters are formed via the esterification of alcohols and free fatty
acids. These precursors are present in cheese at various concen-
trations (Urbach 1997a) and ethyl acetate, ethyl butanoate, and
ethyl hexanoate are important volatile components in the cheese
flavor spectrum. At low concentrations, the esters contribute to
cheese flavor attributes, but high concentrations may cause fruity
flavor defects in Cheddar cheese (Bill and others 1965; Morgan
1970a,b; Liu and others 1998). In cheese where high levels of es-
ters gave rise to fruity flavor defects, it was suggested that exces-
sive production of ethanol by starter lactic acid bacteria was re-
sponsible (Bill and others 1965; Morgan 1976). Liu and others
(1998) suggested that the normal cheese pH (~5.0) and ripening
temperature are not critical factors in the ester formation, but NaCl
concentration and water activity level are pivotal in determining
ester formation.

Mayonnaise/bread-like off-flavor was noted in 33% reduced-fat
Cheddar cheese containing soy lecithin (Suriyaphan and others
1999). This off-flavor note was attributed to the chemical agents
(E,E)- and (E,Z)-2,4-decadienal. The same authors also noted the
formation of off-flavor due to (E,E)- and (E,Z)-2,4-decadienal in a
model system composed of pasteurized skim milk fortified with
lecithin, fermented by inoculation of Lactococcus lactis ssp. lactis
(Suriyaphan and others 2001a). Pure (E,E)-2,4-decadienal and
(E,Z)-2,4-decadienal provide fatty fried and corn chip/stale/hay-
like aromas, respectively, but in cheese these compounds give
mayonnaise/bread-like off-flavor notes. It has been well docu-
mented that the above-mentioned compounds are the decompo-

sition products through oxidation of linoleic acid (Hwang and
others 1994, Ho and Chen 1994).

Commercial low-fat Cheddar cheeses were reported to possess
a meaty-brothy odor. This has been hypothesized to be due to
high concentration of 2,5-dimethyl-4-hydroxy-3(2H)-furanone
(Furaneol™), homofuraneol, and methional (Milo and Reineccius
1997). Sensory studies have not confirmed this observation. Fura-
neol has been found in cultures of Lactobacillus helveticus (Kow-
alewska and others 1985).

Catty flavors in cheese were caused by 2-mercapto-2-methyl-
pentan-4-one (Badings 1967). The development of the odor pro-
ceeded through the ripening period and could not be detected be-
fore the cheese was about 2 wk old. Thus, a reaction between mesi-
toyl oxide and a sulfide-containing group liberated during cheese
ripening was hypothesized to be the cause of the odor. Mesityl ox-
ide can be introduced in cheese by varnish used on the racks or it
could also be produced from acetone, used in many types of plas-
tic materials (for example, floor coating), in the presence of strong
acid or base under heated condition (Steinsholt and Svensen
1979). This flavor was usually absent in normal cheese, but occa-
sionally occurred in cheese (Badings 1967). Spencer (1969a,b) dis-
cussed in detail sources of mesityl oxide contamination and pre-
vention of catty taint in foods. Catty flavor and other strong sulfur
notes can be prevalent in aged Cheddar cheese (Drake and others
2001, 2002), so most likely pathways other than mesityl oxide con-
tamination are sources of these flavors.

Acceleration of Cheddar cheese ripening
Cheese ripening is an expensive and time-consuming process,

depending on the variety of cheese (for example, Cheddar cheese
typically ripens for 6 to 9 mo, while Parmesan usually is ripened
for 2 y. Owing to the cost of cheese ripening, there are obvious
economic advantages to be gained by accelerating the process.

A vast amount of literature is available on studies related to ac-
celeration of the cheese-ripening process. From these studies, it is
quite obvious that acceleration of cheese ripening involves accel-
eration of 1 or more of the primary biochemical events occurring
during conventional ripening process; namely, glycolysis, lipoly-
sis, and proteolysis. A better understanding of the agents and fac-
tors affecting the biochemical reactions will help in better control
of an accelerated ripening process, and greater control of ripening
may also be gained by manipulating the process whereby end
product quality may be predicted with greater certainty. Accelera-
tion of cheese ripening is, therefore, of benefit to the producer
from both economic and technological points of view—provided,
of course, that the final product has the same flavor profile and
rheological attributes as conventional cheese.

Acceleration of glycolysis, which occurs rapidly, is considered
to be of no benefit in most, if not all, cheese varieties. Accelera-
tion of lipolysis may be of benefit in Blue- or Italian-type cheeses
where lipolysis plays a major role in generating characteristic fla-
vor. The contribution of lipolysis to the flavor of Cheddar or Dutch
cheeses is unclear, and acceleration of lipolysis in these types is
not usually undertaken as a means of enhancing flavor develop-
ment. But many of the commercially available enzyme-modified
cheeses which are sold as Cheddar cheese flavors and flavor en-
hancers contain lipases. Proteolysis occurs in all varieties and is
considered to be a prerequisite for good flavor development.

The main methods used for accelerating cheese ripening may
be summarized as:
• Elevated ripening temperature
• Modified starters
• Cheese slurries
• Adjunct nonstarter lactic acid bacteria
• Exogenous enzymes

In most, if not all, of the studies published on the acceleration
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of Cheddar cheese ripening, the workers did not study in detail
the effect on volatile composition. The aroma of these cheeses
was only characterized by sensory analysis by a trained panel of
cheese graders. Details on various acceleration mechanisms em-
ployed were reviewed exhaustively by Fox (1988/1989); Fox and
others (1996a,b); El-Soda (1997); Klein and Lortal (1999); Wilkin-
son (1999); and Law (2001).

Instrumental analysis of Cheddar cheese flavor
Because of excellent separation efficiency and versatility, gas

chromatographic methods have found growing acceptance and
application in food science and technology for the separation of a
wide variety of compounds. A product cannot be generally inject-
ed directly onto a GC system without some sample preparation.
Separating volatile compounds from the matrix is required to
avoid degradation and formation of artifacts due to the high tem-
peratures in the injection port, and also to permit concentration of
the components until a desirable detectable limit is reached.
Therefore, sample preparation or volatile isolation is the first prob-
lem to solve in a flavor research project.

The sample preparation for flavor analysis is complicated and
pushes the flavor researcher to deal with certain factors to pro-
duce meaningful and reproducible results. The concentration lev-
el of volatile compounds is as low as 10–8 to 10–14% in the food,
thus it is necessary to isolate and concentrate the components.
The aroma composition is generally very complex, covering the
range of polarities, solubilities, pHs, functional groups, vapor
pressures, and volatilities. Instability to certain conditions such as
oxygen, light, heat, and/or pH, and the complexity of the food ma-
trices with which the aroma compounds interact, are other impor-
tant factors one must consider in preparation of flavor extracts.
Weurman (1969) emphasized that more than one procedure may
be required for optimum recovery of flavor compounds.

A number of sample preparation and novel analytical methods
for the analysis of flavors and off-flavors were recently reviewed
by Wilkes and others (2000) and Stephan and others (2000). The
most common sample preparation methods used for cheese vola-
tiles are reviewed below.

Solvent extraction and distillation. Solvent extraction typically
involves the use of an organic solvent; for example, acetonitrile
(Wong and Parks 1968; Vandeweghe and Reineccius 1990), pen-
tane (Benkler and Reineccius 1980); dichloromethane (Zehent-
bauer and Reineccius 2002), or diethyl ether (Milo and Reinec-
cius 1997; Suriyaphan and others 2001b; Zehentbauer and Rei-
neccius 2002). This limits the method to the isolation of fat-free
foods, or an additional procedure must be employed to separate
the extracted fat; for example, dialysis (Benkler and Reineccius
1979, 1980; Vandeweghe and Reineccius 1990) or low-tempera-
ture high-vacuum distillation (Suriyaphan and others 2001b). The
main solvent extraction techniques are direct solvent extraction of
cheese samples (Benkler and Reineccius 1980; Milo and Reinec-
cius 1997; Suriyaphan and others 2001b; Zehentbauer and Rei-
neccius 2002) or the solvent extraction of aqueous distillate pre-
pared by low-temperature high-vacuum distillation (Suriyaphan
and others 1999, 2001a). Solvent extraction has the disadvantage
that one is usually faced with the problem of evaporating relative-
ly large quantities of solvent while retaining the volatile flavor
components (Libbey and others 1963).

Solvent extraction of Cheddar followed by dialysis against pure
solvent using a perfluorosulfonic acid membrane was used in the
isolation of volatile aroma compounds (Benkler and Reineccius
1979). Chromatograms of cheese aroma extracts prepared by di-
alysis were compared with those prepared by steam distillation-
extraction. The dialyzed sample showed good recovery of a wide
range of compounds, while the distilled sample showed greater
recovery of more volatile compounds. Besides, dialysis is a slow

process; some other disadvantages of the method are adsorption
of basic components on the membrane surface, catalysis of ace-
tone condensation due to membrane acidity, and differential dif-
fusion rates of compounds across the membrane (Benkler and
Reineccius 1980).

A low-temperature high-vacuum distillation technique utilizing
a molecular still was described by Libbey and others (1963). The
technique was used for isolation of volatile aroma compounds
from Cheddar cheese fat, obtained by centrifugation (at 30000 g
at 43 °C) and possessing typical Cheddar aroma. Day and Libbey
(1964) separated the aroma fraction from the fat of raw-milk
Cheddar into 130 components by gas chromatographic separa-
tion on capillary column; major components included aldehydes,
methyl ketones, primary and secondary alcohols, esters of prima-
ry and secondary alcohols and fatty acids, and �-lactones.

Steam distillation followed by solvent extraction is another meth-
od that can be employed (Dacre 1955). Among those, the most
popular and valuable technique is simultaneous steam distillation
extraction (SDE), which employs an apparatus that condenses si-
multaneously the steam distillate and an immiscible organic solvent
(Chaintreau 2001). This method provides near quantitative recover-
ies of volatiles. But, since this method is performed at elevated tem-
peratures, it can lead to formation of thermal artifacts; for example,
methyl ketones during isolation of cheese flavor volatiles. Parliment
(1998) described a detailed procedure for isolation and fraction-
ation of volatile aroma compounds from cheese. Aqueous slurry of
Swiss cheese was atmospherically steam distilled using a Likens-
Nickerson extractor with diethyl ether as solvent. Volatile compo-
nents in Cheddar, Gouda, Edam, Swiss, and Parmesan cheeses
were concentrated by SDE procedure (using modified Likens-Nick-
erson apparatus) and analyzed by capillary GC (Aishima and Nakai
1987). Stepwise discrimnant analysis was applied to the peaks in
the resulting chromatogram to objectively classify cheese varieties.
Most of the cheese samples were successfully assigned to the cor-
rect varieties. Clusters corresponding to young, mild, and old
cheeses were observed in a canonical plot based on the GC data of
Cheddar samples.

Engel and others (1999) developed a new distillation unit called
“solvent assisted flavor evaporation (SAFE),” which is described as
versatile and fast for the direct isolation of volatile compounds
from complex aqueous food matrices, such as fruit juices, beer,
and milk. SAFE is a modification of the traditional high-vacuum
technique. For SAFE extraction, the distillation vessel and “transfer
tubes” are thermostated at low temperatures (20 to 30 °C) to avoid
condensation of compounds with high boiling points, and the
sample is added by dropping aliquots from the funnel into the
vessel to reduce the time of extraction. The authors reported that
this new method allows the use of solvents other than diethyl
ether and dichloromethane, and it could be useful for extracts
containing high concentrations of saturated fat. It was also dem-
onstrated that the SAFE method resulted in better recovery and
yield than the traditional “high vacuum transfer” system for a solu-
tion of several selected food aroma compounds dissolved in di-
ethyl ether and containing 50% fat (Engel and others 1999). Distil-
lation methods often produce discrimination effects; that is, highly
volatile substances tend to be lost while those with medium- to
low-volatility are enriched in the final aroma isolate.

Headspace methods (HS). These techniques are frequently divid-
ed into static and dynamic headspace. In static headspace, a small
sample of the atmosphere around the food is injected directly onto
the GC column. It is assumed that equilibrium of the volatile com-
pounds in the headspace and food sample is reached in the vial
prior to sampling. This method is satisfactory when rapid analysis is
required for some major components (Reineccius 1998).

Manning and Moore (1979) analyzed the headspace sample of
a bore hole in a Cheddar cheese block. A new device for head-
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space sampling was developed by Price and Manning (1983).
This headspace sampling device involved cutting out a plug from
a block of cheese which was subsequently extruded in a nitro-
gen-flushed chamber and, upon equilibration, a headspace sam-
ple was drawn for GC analysis. Manning and Robinson (1973)
studied the highly volatile aroma compounds in the headspace
over a cryotrapped low-temperature-vacuum distillate of Cheddar
cheese as it thawed. The above-mentioned 3 methodologies were
useful in the analysis of highly volatile sulfur compounds, such as
H2S, methanethiol, and dimethyl sulfide, which play an important
role in Cheddar cheese flavor. A method involving analysis of a
headspace gas sample above a steam distillate of Cheddar slurry
by capillary GC system was developed by Lin and Jeon (1985).

Dynamic headspace takes larger amounts of headspace sample
by sweeping the sample with a flow of carrier gas and concentrat-
ing it prior to injection in a cryogenic trap or an adsorbent trap
(Reineccius 1998). Dynamic headspace concentration (also
known as purge and trap) on Tenax (poly-2,6-diphenyl-p-phe-
nylene oxide) is frequently used for flavor volatile concentration
to compare flavor differences among dairy products because it is
moderately sensitive, can be performed rapidly, and is not prone
to thermally-derived artifacts.

Volatile compounds from a progressively heated Cheddar sam-
ple were isolated onto a Tenax trap by a dynamic headspace tech-
nique, desorbed by heating, concentrated by cryofocusing, and
thermally desorbed onto a GC column and analyzed by multidi-
mensional GC sniff/FID/MS system (Arora and others 1995). Si-
multaneous sensory analysis and mass spectrometry detection
permitted the assignment of aroma descriptors to odor-active
components in the complex mixture of volatiles. In total, 5 alde-
hydes, 6 ketones, 8 alcohols, 3 esters, 11 hydrocarbons, 3 ha-
lides, and 3 sulfur compounds were positively identified. Howev-
er, certain variables in headspace analysis techniques need to be
standardized to make the system quantitative. Yang and Min
(1994) followed the formation of volatile compounds in Cheddar
and Swiss cheeses during ripening for 9 wk. Aroma compounds
were adsorbed onto Tenax trap by dynamic headspace method,
followed by thermal desorption and analysis by GC.

In an interesting methodology, flavor released from various
cheeses in headspace of an artificial mouth model system were
analyzed. In the artificial mouth model, cheese and artificial saliva
were crushed at 37 °C, resulting in the release of volatile aroma
compounds which were purged using nitrogen onto a Tenax trap.
Lawlor and others (2002) compared the composition of volatiles
from 8 hard-type varieties by using this technique. Flavor at-
tributes were correlated with volatile compounds, free amino ac-
ids, free fatty acids, and gross compositional constituents. Volatil-
es adsorbed on Tenax could also be desorbed by solvent extrac-
tion for direct GC analysis. One such method was developed by
Olafsdottir and others (1985) which involves simple diethyl ether
washing of the Tenax trap for the elution of volatile compounds
from cheese.

Solid-phase micro-extraction (SPME). SPME is a relatively new
solventless isolation method that can be used to extract and con-
centrate a wide range of volatile compounds from various matri-
ces in a single step (Kataoka and others 2000). This technique was
initially developed for sampling organic contaminants in water,
but it has also been applied with success to the analysis of volatile
flavor compounds in foods and beverages (Kataoka and others
2000). SPME has the potential to reduce the time required for
sampling, works well in combination with many separation and
detection systems, has relatively low cost, and only requires a
small amount of sample (Kataoka and others 2000).

Unlike some of the commonly used methods such as solvent
extraction, SDE, conventional solid phase extraction, and purge
and trap sampling, quantitative adsorption with SPME is often

very difficult, if not impossible. SPME headspace and liquid sam-
pling were tested for 25 common flavor components in dilute
aqueous solution (Yang and Peppard 1994). The addition of salt
generally enhances SPME adsorption by salting-out hydrophobic
compounds from aqueous solution. Large-sample volume and a
smaller headspace volume over liquid samples were shown to in-
crease the sensitivity of SPME analysis. A small-dia GC injector
liner (1 mm internal dia) improves resolution and eliminates the
need for cryogenic focusing. In one of the 1st applications of
SPME to food flavor analysis, the technique was applied to study
the volatiles of samples such as ground coffee, fruit juice bever-
age, and a butter flavor in vegetable oil. SPME headspace sam-
pling was shown to be effective in detecting characteristic compo-
nents of butter flavor such as diacetyl, �-decalactone, and �-dode-
calactone (Yang and Peppard 1994).

Cheddar and Swiss cheese headspace volatile compounds
were extracted with SPME fibers, coated with nonpolar polydime-
thylsiloxane (PDMS) and polar polyacrylate (PA), and thermally
desorbed in the injector port for GC analyses (Chin and others
1996). Results with PA-coated fibers were better than those with
PDMS-coated fibers. Major cheese volatile components such as
fatty acids and �-lactones were readily extracted by both SPME fi-
bers, but minor volatile components such as volatile sulfur com-
pounds were not observed. SPME-GC patterns were distinctly dif-
ferent among the cheese varieties, and characteristic volatile aro-
ma compounds were identified using multivariate techniques.
Dufour and others (2001) studied Cheddar cheese flavor by isola-
tion of volatiles in the headspace by SPME combined with GCO
and GC-MS. The authors also compared the extraction efficiency
of Cheddar cheese volatiles with different SPME fiber coatings;
namely PDMS, polydimethylsiloxane/divinylbenzene (PDMS-
DVB), PA, carboxen/polydimethylsiloxane (CAR-PDMS), and car-
bowax/divinylbenzene (CW-DVB). The bipolar coating PDMS-
DVB, and to a lesser extent CAR-PDMS, showed the highest selec-
tivity (highest number of peaks adsorbed). In this study, the au-
thors also emphasized the importance of sample temperature and
exposure time of fiber. In a similar study, Lecanu and others
(2002) compared different SPME fibers for the extraction of head-
space volatiles from surface-ripened cheeses.

A new technique using SPME, mass spectrometry, and multi-
variate analysis (SPME-MS-MVA) was developed for the study of
off-flavors in milk (Marsili 1999). In this technique, the analytical
GC column of a GC/MS system was replaced with a 1 m deacti-
vated fused-silica column, which served as a transfer line to deliv-
er volatiles isolated from milk samples with carboxen-SPME fiber
to the mass spectrometer. Mass fragmentation data resulting from
unresolved milk volatile components were subjected to MVA.
Principal component analysis based on SPME-MS-MVA provided
differentiation of control reduced-fat milk samples from reduced-
fat milk samples with various off-flavor notes. This technique
could possibly also be employed in rapid analysis of cheese vari-
eties, cheese flavor, or off-flavor notes.

Quantification of trace volatile compounds is more problematic
with SPME. Since dairy flavors are present at low concentrations,
prolonged heating of samples during isolation to increase flavor
volatility and recovery can potentially alter the composition of la-
bile components.

Analysis of flavor extracts. Sensory-directed analytical flavor
techniques for evaluation of key aroma compounds in cheese
and dairy products were exhaustively reviewed by Parliment and
McGorrin (2000) and McGorrin (2001). Gas chromatography-ol-
factometry (GCO) is a widely used method that works with the
separation capacity of the gas chromatography techniques and
the sensitivity of the human nose. The past 2 decades have experi-
enced tremendous growth in the development and application of
GCO in flavor research (Acree 1993, 1997; Grosch 1993). Nu-
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merous GCO techniques are currently in use, with the most pop-
ular being the so-called “dilution analysis” methods, which in-
clude aroma extract dilution analysis (AEDA) (Grosch 1993), Char-
mAnalysis™ (Acree 1997), and a recent variation—aroma extract
concentration analysis (AECA) (Kerscher and Grosch 1997). In
these methodologies, a dilution (or concentration) series of an
aroma extract is evaluated by GCO and attempts to rank the key
odorants in order of potency. The highest dilution at which a sub-
stance is smelled is defined as its flavor dilution factor, which is
proportional to the odor activity value of the compound. In recent
work on Cheddar cheese flavor characterization, various studies
performed AEDA (Christensen and Reineccius 1995; Milo and
Reineccius 1997; Suriyaphan and others 2001b; Zehentbauer
and Reineccius 2002).

A major limitation of such dilution techniques is that they do
not account for highly volatile compounds that are lost during
concentration of aroma extracts by distilling off the solvent. Con-
sequently, the odor potency of highly volatile compounds can
be underestimated by GCO in comparison with the odor activity
of these compounds. Another disadvantage of the dilution meth-
ods is the great duration necessary to complete the required
sniffing.

AECA could be a milder alternative to AEDA (Kerscher and
Grosch 1997; Grosch and others 2001). This procedure starts
with GCO of original extract from which the nonvolatile compo-
nents have been removed. Then the extract is concentrated step-
wise by distilling off the solvent and, after each step, an aliquot is
analyzed by GCO. Headspace GCO techniques, such as GCO of
decreasing headspace volumes (GCO-H) (Milo and Grosch 1995)
and dynamic headspace volumes (GCO-DHS) (Cadwallader and
Baek 1998) have been used to augment the data from AEDA to
provide a more complete evaluation of food aroma composition.

Both AEDA and Charm methodologies originally proposed that
the larger the flavor dilution value, the greater the potential contri-
bution of that compound to the overall aroma. With time, data in-
terpretation has changed. Researchers now consider AEDA, OAV,
and Charm methodologies to be screening in nature. These meth-
odologies are used to determine which aroma compounds will
“most likely” make a contribution to the odor of a food, recogniz-
ing that sensory work (for example, recombination studies) needs
to be done to determine which aroma compounds are truly con-
tributory (Audouin and others 2001).

Odor properties detected during GCO can also be used to char-
acterize aroma components along with their chromatographic
properties. It is important to consider that aroma-active com-
pounds usually do not correspond to the major volatile compo-
nents because of the variability of their odor thresholds. In gener-
al, the aroma quality of a volatile component combined with
more than one RI value (on different GC stationary phases) is con-
sidered as equivalent to identification by GC-MS. This is very use-
ful for the identification of odorants with very low thresholds at
very low concentrations (Rychlik and others 1998).

One of the best methods of qualitative/quantitative analysis is
the combination of gas chromatography with mass spectrometry.
A chromatographic parameter that can be used for qualitative
analysis is the retention time. However, the retention index (Ko-
vats) (RI) has become the standard method for reporting GC data.
To identify unknowns, it is necessary to combine chromatography
and mass spectrometry (Rychlik and others 1998).

Conclusions
The biogenesis of Cheddar cheese flavor is a complex and slow

process. General biochemical pathways; for example, glycolysis,
lipolysis, and proteolysis involved in the degradation of milk con-
stituents during cheese ripening, are now fairly well characterized.

Recent works on the enzymology and genetic manipulation of the
starter and nonstarter lactic acid bacteria have helped in the better
understanding of further catabolic modification of the products of
primary degradation pathways. So far, a large number of volatile
compounds have been characterized from Cheddar, but still it is
not possible to duplicate Cheddar flavor by pure chemicals in
cheese model systems. There is now good understanding of the
causes of bitterness and specific flavors/off-flavors in Cheddar
cheese. Developments in sensory and instrumental methodolo-
gies in flavor analysis have been of immense help in the under-
standing of Cheddar cheese flavor chemistry. Further work on the
characterization of flavor compounds, volatile flavor compounds-
matrix interaction mechanisms, and flavor release mechanisms
are needed to fully elucidate Cheddar flavor. The better under-
standing of Cheddar cheese flavor chemistry will be useful in the
development of new technology/mechanisms for the effective
control and acceleration of the ripening process.

Acknowledgments
Funding was provided in part by Dairy Management, Inc.

References
Acree T. 1993. Gas chromatography-olfactometry. In: Ho C-T, Manley CH, editors.

Flavor measurement. New York: Marcel Dekker Inc. p 77-94.
Acree T. 1997. GC/olfactometry: GC with a sense of smell. Anal Chem News and

Feature 69:170A-5A.
Adda J, Gripon JC, Vassal L. 1982. The chemistry of flavor and texture generation

in cheese. Food Chem 9:115-29.
Aishima T, Nakai S. 1987. Pattern recognition of GC profiles for classification of

cheese varieties. J Food Sci 52:939-42.
Alting AC, Engels WM, Schalkwijk S, Exterkate FA. 1995. Purification and charac-

terization of cystathionine �-lyase from Lactococcus lactis ssp cremoris B78. Appl
Environ Microbiol 61:4037-42.

Arora G, Cormier F, Lee B. 1995. Analysis of odor-active volatiles in Cheddar
cheese headspace by multidimensional GC/MS/sniffing. J Agric Food Chem
43:748-52.

Aston JW, Creamer LK.1986. Contribution of the components of the water-soluble
fraction to the flavor of Cheddar cheese. New Zealand J Dairy Sci Technol
21:229-48.

Aston JW, Dulley JR. 1982. Cheddar cheese flavor. Aust J Dairy Technol 37:59-64.
Aston JW, Durward IJ, Dulley JR. 1983. Proteolysis and flavor development in Ched-

dar cheese. Aust J Dairy Technol 38:55-9.
Atlan D, Gilbert D, Blanc B, Frot-Coutaz J, Portalier R. 1993. Proteolytic system of

lactobacilli. In: Foo E-L, Griffin HG, Molby R, Heden CG, editors. The lactic acid
bacteria. Wymondham, England: Horizon Scientific Press. p 31-45.

Audouin V, Bonnet F, Vickers ZM, Reineccius GA. 2001. Limitations in the use of
odor activity values to determine important odorants in foods. In: Leland JV,
Schieberle P, Buettner A, Acree TE, editors. Gas chromatography-olfactometry: the
state of the art. ACS Symposium Series Nr 782. Washington DC: American Chem-
ical Society. p 156-171.

Baankreis R. 1992. The role of lactococcal peptidases in cheese ripening [DPhil
thesis]. Amsterdam, The Netherlands: Univ. of Amsterdam. 80 p.

Badings HT. 1967. Causes of ribes flavor in cheese. J Dairy Sci 50: 1347-51.
Baek HE, Kim CJ, Ahn BH, Nam HS, Cadwallader KR. 2001. Aroma extract dilution

analysis of a beef-like process flavor from extruded enzyme-hydrolyzed soybean
protein. J Agric Food Chem 49:790-3.

Banks J, Muir DD, Brechany EY, Law AJR. 1992. The production of low-fat cheese
In: Fox PF, editor. Proceedings of the 3rd Cheese Symposium; 1992 July 17-19;
Moorepark, Fermoy, Co. Cork, Ireland. Moorepark, Fermoy, Ireland: Dairy Prod-
ucts Research Center. 55 p.

Banks JM, Hunter EA, Muir DD. 1993. Sensory properties of low fat Cheddar: ef-
fect of salt content and adjunct culture. J Soc Dairy Technol 46:119-23.

Banks JM, Yvon M, Gripon JC, de la Fuente MA, Brechany EY, Williams AG, Muir
DD. 2001. Enhancement of amino acid catabolism in Cheddar cheese using al-
pha-ketoglutarate: amino acid degradation in relation to volatile compounds and
aroma character. Intl Dairy J 11:235-43.

Bartels HJ, Johnson ME, Olson NF. 1987. Accelerated ripening of Gouda cheese. 1.
Effect of freeze-shocked Lactobacillus helveticus on proteolysis and flavor de-
velopment. Milchwiss. 42:139-44.

Benkler KF, Reineccius GA. 1979. Separation of flavor compounds from lipids in a
model system by means of membrane dialysis. J Food Sci 44:1525-29.

Benkler KF, Reineccius GA. 1980. Flavor isolation from fatty foods via solvent
extraction and membrane dialysis. J Food Sci 45:1084-85.

Bills DD, Morgan ME, Libbey LM, Day EA. 1965. Identification of compounds for
fruity flavor defect of experimental cheeses. J Dairy Sci 48:1168-73.

Bills DD, Day EA. 1964. Determination of the major free fatty acids of Cheddar
cheese. J Dairy Sci 47:733-8.

Bodyfelt FW, Tobias J, Trout GM. 1988. Development of dairy products evaluation.
In: Bodyfelt FW, Tobias J, Trout GM, editors. The sensory evaluation of dairy prod-
ucts. New York, N.Y.: Van Nostrand Reinhold. p 1-8.



Vol. 2, 2003—COMPREHENSIVE REVIEWS IN FOOD SCIENCE AND FOOD SAFETY 159

Flavor of Cheddar cheese . . .

Published online at: www.ift.org

Braun SD, Olson NF. 1986. Microencapsulation of cell-free extracts to demonstrate
the feasibility of heterogeneous enzyme system and co-factor recycling for de-
velopment of flavor in cheese. J Dairy Sci 69:1202-08.

Broadbent JR, Barnes M, Brennand C, Strickland M, Houck K, Johnson ME, Steele
JL. 2002. Contribution of Lactococcus lactis cell envelope proteinase specificity
to peptide accumulation and bitterness in reduced-fat Cheddar cheese. Appl
Environ Micro 68:1778-85.

Broadbent JR, Strickland M, Weimer BC, Johnson ME, Steele JL. 1998. Peptide ac-
cumulation and bitterness in cheese made using single strain Lactococcus lac-
tis starters with distinct specificities. J Dairy Sci 81:327-37.

Bruinenberg PG, de Roo G, Limsowtin GKY. 1997. Purification and characterization
of cystathionine g-lyase from Lactococcus lactic subsp. cremoris SK11: possible
role in flavor compound formation during cheese maturation. Appl Environ Micro-
biol 63:561-6.

Cadwallader KR, Baek HH. 1998. Aroma-impact components in cooked tail meat of
freshwater crayfish (Procambarus clarkii). In: Mussinan C, Contis E, Ho C-T, Par-
liment T, Spanier A, Shahidi F, editors. Proceedings of Ninth International Flavor
Conference, George Charalambous Memorial Symposium; 4 July 1997. Amster-
dam, The Netherlands: Elsevier Science BV. p 271-279.

Chaintreau A. 2001. Simultaneous distillation-extraction: from birth to maturity. A
review. Flavour Fragr J 16:136-48.

Chin HW, Bernhard RA, Rosenberg M. 1996. Solid phase microextraction for cheese
volatile compound analysis. J Food Sci 61:1118-22.

Chin HW, Lindsay RC. 1994. Ascorbate and transition-metal mediation of meth-
anethiol oxidation to dimethyl disulfide and dimethyl trisulfide. Food Chem
49:387–92.

Christensen JE, Johnson ME, Steele JC. 1995. Production of Cheddar cheese using
a Lactococcus lactis ssp. cremoris SK11 derivative with enhanced aminopepti-
dase activity. Intl Dairy J 5:367-79.

Christensen KR, Reineccius GA. 1995. Aroma extract dilution analysis of aged
Cheddar cheese. J Food Sci 60:218-20.

Cliffe AJ, Marks JD, Mulholland F. 1993. Isolation and characterization of nonvol-
atile flavors from cheese: peptide profile of flavor fractions from Cheddar cheese,
determined by reverse phase high-performance liquid chromatography. Intl Dairy
J 3:379-87.

Cogan TM. 1995. Flavor production by dairy starter cultures. J Appl Bacteriol (Sym-
posium Suppl.) 79:49S-64S.

Creamer LK, Lawrence RC, Gilles J. 1985. Effect of acidification of cheese milk on
the resultant Cheddar cheese. NZ J Dairy Sci Technol. 20:185-203.

Creamer LK, Richardson BC. 1974. Identification of primary degradation product of
as1-casein in Cheddar cheese. NZ J Dairy Sci Technol 9:9-13.

Crow VL, Coolbear T, Gopal PK, Martley FG, McKay LL, Riep H. 1995. The role of
autolysis of lactic acid bacteria in the ripening of cheese. Intl Dairy J 5:855-75.

Dacre JC. 1955. A chemical investigation of the volatile flavor principle of Ched-
dar cheese. J Dairy Res 22:219-23.

Dacremont C, Vickers Z. 1994. Concept matching technique for assessing impor-
tance of volatile compounds for Cheddar cheese aroma. J Food Sci 59:981-5.

Dalgleish DG. 1993. The enzymatic coagulation of milk. In: Fox PF, editor.
Cheese: chemistry, physics and microbiology. Vol 1. 2nd ed. London, U.K.: Chap-
man and Hall. p 69-100.

Day EA, Libbey LM. 1964. Cheddar cheese flavor: gas chromatographic and mass
spectral analyses of the neutral components of the aroma fraction. J Food Sci
29:583-9.

de Boer R, Nooy PFC. 1980. Low-fat semihard cheese made from ultrafiltered milk.
North Eur Dairy J 46:52-9.

Deeth HC, FitzGerald CH. 1983. Lipolysis in dairy products: a review. Aust J
Dairy Technol 31:53-63.

Dimos A, Urbach GE, Miller AJ. 1996. Changes in flavor and volatiles of full-fat
and low-fat Cheddar cheeses during maturation. Intl Dairy J 6:981-95.

Drake MA, Swanson BG. 1995. Reduced- and low-fat cheese technology: a review.
Tr Food Sci Technol 6:366-9.

Drake MA, Boylston TD, Spence KD, Swanson BG. 1996. Chemical and sensory
characteristics of reduced-fat cheese with a Lactobacillus adjunct. Food Res Intl
29:381-7.

Drake MA, Boylston TD, Spence KD, Swanson BG. 1997. Improvement of sensory
quality of reduced-fat Cheddar cheese by a lactobacillus adjunct. Food Res Intl
30:35-40.

Drake MA, Truong VD, Daubert CR. 1999. Rheological and sensory properties of
reduced-fat processed cheeses containing lecithin. J Food Sci 64:744-7.

Drake MA, McIngvale SC, Gerard PD, Cadwallader KR, Civille GV. 2001. Develop-
ment of a descriptive language for Cheddar cheese. J Food Sci 66:1422-7.

Drake MA, Gerard PD, Wright S, Cadwallader KR, Civille GV. 2002a. Cross valida-
tion of a sensory language for Cheddar cheese. J Sensory Stud 17:215-29.

Drake MA, Avsar YK, Karagul-Yuceer YK, Cadwallader KR. 2002b. Characterization
of volatile nutty flavor compounds in Cheddar cheese. American dairy Science
Assoc.-American Society of Animal Science [ADSA-ASAS] Joint Meeting; 2002 Jul
22-25; Quebec City, Canada. Savoy, Ill.: American Dairy Science Assoc. Abstract
599.

Drake MA, Civille GV. 2003. Flavor lexicons. Compr Rev in Food Sci and Food
Safety 2:33-40.

Dufour JP, Delbecq P, Albela LP. 2001. Solid-phase microextraction combined with
gas chromatography-olfactometry for analysis of cheese aroma. In: Leland JV,
Schieberle P, Buettner A, Acree TE, editors. Gas chromatography-olfactometry: the
state of the art. ACS Symposium Series Nr 782. Washington DC: American Chem-
ical Society. p 123-37.

Dunn HC, Lindsay RC. 1985. Evaluation of the role of microbial Strecker-derived
aroma compounds in unclean-type flavors of Cheddar cheese. J Dairy Sci
68:2859-74.

Dybing ST, Wiegand JA, Brudvig SA, Huang EA, Chandan RC. 1988. Effect of pro-
cessing variables on the formation of calcium lactate crystals on Cheddar cheese.
J Dairy Sci 71:1701-10.

El-Soda M, El-Wahab HA, Ezzat N, Desmazeaud MJ, Ismail A. 1986. The esterolyt-

ic and lipolytic activities of the lactobacilli. II. Detection of esterase system of
Lactobacillus helveticus, Lactobacillus bulgaricus, Lactobacillus lactis, and
Lactobacillus acidophilus. Lait 66:431-43.

El-Soda M. 1997. Control and enhancement of flavor in cheese. In: Law BA, editor.
Microbiology and biochemistry of cheese and fermented milks. 2nd ed. London,
U.K.: Blackie Academic Professional. p 219-52.

Emmons DB, Kalab M, Larmond E, Lowrie RJ. 1980. Milk gel structure. X. Texture
and microstructure in Cheddar cheese made using whole homogenized low-fat
milk. J Tex Stud 11:15-23.

Engel W, Bahr W, Schieberle P. 1999. Solvent-assisted flavor evaporation: a new
and versatile technique for the careful and direct isolation of aroma compounds
from complex food matrices. Eur Res Technol 209:237-41.

Engles WJM, Visser S. 1994. Isolation and comparative characterization of com-
pounds that contribute to the flavor of different cheese types. Neth Milk Dairy J
48:127-40.

Exterkate FA, Alting AC. 1995. The role starter peptidases in the initial proteolytic
events leading to amino acids in Gouda cheese. Intl Dairy J 5:15-28.

Farkye NY, Madkor SA, Atkins HG. 1995. Proteolytic abilities of some lactic acid
bacteria in a model cheese system. Intl Dairy J 5:715-25.

Farmer LJ, Mottram DS. 1990. Interaction of lipid in the Maillard reaction between
cysteine and ribose: the effect of triglyceride and three phospholipids on the
volatile products. J Sci Food Agric 53:505-25.

Fernandez M, Singh TK, Fox PF. 1998. Isolation and identification of peptides from
the diafiltration permeate of the water-soluble fraction of Cheddar cheese. J
Agric Food Chem 46:4512-17.

Foda FA, Hammond EG, Reinbold GW, Hotchkiss DK. 1974. Role of fat in flavor of
Cheddar cheese. J Dairy Sci 57:1137-42.

Fox PF. 1970. Influence of aggregation on the susceptibility of casein to proteol-
ysis. J Dairy Res 37:173-9.

Fox PF. 1987. Cheese: an overview. In: Fox PF, editor. Cheese: chemistry, physics
and microbiology. Vol 1. London, U.K.: Elsevier Applied Science. p 1-32.

Fox PF. 1988/89. Acceleration of cheese ripening. Food Biotechnol 2:133-85.
Fox PF. 1989. Proteolysis in cheese during manufacturing and ripening. J Dairy Sci

72:1379-400.
Fox PF. 1993. Cheese: an overview. In: Fox PF, editor. Cheese: chemistry, physics

and microbiology. Vol 1. 2nd ed. London, U.K.: Chapman and Hall. p 1-36.
Fox PF, Lucey JA, Cogan TM. 1990. Glycolysis and related reactions during cheese

manufacture and ripening, CRC Crit Rev Food Sci Nutr 29:237-53.
Fox PF, McSweeney PLH, Singh TK. 1995b. Methods for assessing proteolysis in

cheese during ripening. In: Malin EL, Tunick MH, editors. Chemistry of struc-
ture/function relationships in cheese. Adv Exptl Med Biol. Vol. 367. New York,
N.Y.: Plenum Press. p 161-94.

Fox PF, O’Connor TP, McSweeney PLH, Guinee TP, O’Brien NM. 1996b. Cheese:
physical, biochemical and nutritional aspects. In: Taylor SL, editor. Advances in
food and nutrition research. Vol. 39. New York, N.Y.: Academic Press. p 164-328.

Fox PF, Singh TK, McSweeney PLH. 1994. Proteolysis in cheese during ripening. In:
Varley J, Andrews AT, editors. Biochemistry of milk products. Cambridge, U.K.:
Royal Society of Chemistry. p 1-31.

Fox PF, Singh TK, McSweeney PLH. 1995a. Biogenesis of flavor compounds. In:
Malin EL, Tunick MH, editors. Chemistry of structure/function relationships in
cheese. Adv Exptl Med Biol. Vol 367. New York, N.Y.: Plenum Press. p 59-98.

Fox PF, Wallace JM, Morgan S, Lynch CM, Nilland EJ, Tobin J. 1996a. Acceleration
of cheese ripening. Antonie van Leeuwenhoek 70:271-97.

Fryer TF, Sharpe ME, Reiter B. 1970. Utilization of milk citrate by lactic acid bac-
teria and blowing of film-wrapped cheese. J Dairy Res 37:17-28.

Fryer TF. 1970. Utilization of citrate by lactobacilli isolated from dairy products.
J Dairy Res 37:9-15.

Gao S, Oh DH, Broadbent JR, Johnson ME, Weimer BC, Steele JL. 1997. Aromatic
amino acid catabolism by lactococci. Lait 77: 371-81.

Gao S, Mooberry ES, Steele JL. 1998. Use of 13C nuclear magnetic resonance and
gas chromatography to examine methionine catabolism by lactococci. Appl An-
viron Microbiol 64: 4670-6.

Gao S, Steele JL. 1998. Purification and characterization of oligomeric species of
an aromatic amino acid aminotransferase from Lactococcus lactis subsp lactis S3.
J Food Biochem 22:197-211.

Gilles J, Lawrence RC. 1973. The assessment of Cheddar cheese quality by compo-
sitional analysis. NZ J Dairy Sci Technol 8:148-51.

Gripon J-C, Monnet V, Lambert G, Desmazeaud MJ. 1991. Microbial enzymes in
cheese ripening. In: Fox PF, editor. Food enzymology. Vol 1. London, U.K.: El-
sevier Applied Science Publishers. p 131-68.

Grosch W. 1993. Detection of potent odorants in foods by aroma extract dilution
analysis. Tr Food Sci Technol 4:68-73.

Grosch W, Kerscher R, Kubickova J, Jagella T. 2001. Aroma extract dilution analysis
versus aroma extract concentration analysis. In: Leland JV, Schieberle P, Buettner
A, Acree TE, editors. Gas chromatography-olfactometry: the state of the art. ACS
Symposium Series Nr 782. Washington DC: American Chemical Society. p 138-
47.

Grosch W, Schieberle P. 1997. Flavor of cereal products: a review. Cereal Chem
74:91-5.

Gummalla S, Broadbent JR. 1999. Tryptophan catabolism by Lactobacillus casei and
Lactobacillus helveticus cheese flavor adjunct. J Dairy Sci 82:2070-7.

Gummalla S, Broadbent JR. 2001. Tyrosine and phenylalanine catabolism by Lacto-
bacillus cheese flavor adjuncts. J Dairy Sci 84:1011-9.

Hamilton JS, Hill RD, van Leeuwen H. 1974. A bitter peptide from Cheddar cheese.
Agric Biol Chem 38:375-9.

Harper WJ, Carmona de Catrid A, Chen JL. 1980. Esterase of lactic streptococci
and their stability in cheese slurry systems. Milchwissenschaft 35:129-32.

Hawke JC. 1966. The formation and metabolism of methyl ketones and related
compounds. J Dairy Sci 33:225-43.

Heisserer DM, Chambers E. 1993. Determination of the sensory flavor attributes of
aged natural cheese. J Sensory Stud 8:121-32.

Hill RD, Lahav E, Givol D. 1974. A rennin-sensitive bond in �s1-B-casein. J Dairy



160 COMPREHENSIVE REVIEWS IN FOOD SCIENCE AND FOOD SAFETY—Vol. 2, 2003

CRFSFS: Comprehensive Reviews in Food Science and Food Safety

Published online at: www.ift.org

Res 41:147-53.
Ho C-T, Chen Q. 1994. Lipids in food flavors: an overview. In: Ho C-T, Hartman TG,

editors. Lipids in food flavors. Washington, D.C.: American Chemical Society. p
2-14.

Hodges R, Kent SBH, Richardson BC. 1972. The mass spectra of some permethylated
acetylpeptides. Biochim Biophys Acta 257:54-60.

Holmes DG, Duersch JN, Ernstrom CA. 1977. Distribution of milk clotting enzymes
between curd and whey and their survival during Cheddar cheese making. J
Dairy Sci 60:862-9.

Hosono A, Elliot JA, McGugan WA. 1974. Production of ethyl esters by some lac-
tic acid and psychrotrophic bacteria. J Dairy Sci 57:535.

Huffman LM, Kristoffersen T. 1984. Role of lactose in Cheddar cheese manufactur-
ing and ripening. NZ J Dairy Sci Technol 19:151-62.

Hwang HI, Hartman TG, Karwe MV, Izzo HV, Ho C-T. 1994. Aroma generation in
extruded and heated wheat flour. In: Ho C-T, Hartman TG, editors. Lipids in food
flavors. Washington, D.C.: American Chemical Society. p 144-57.

[IDF] International Dairy Federation.1982. Catalogue of cheese. Brussels, Belgium:
Intl Dairy Federation.

Juillard V, Le Bars D, Kunji ERS, Konings WN, Gripon JC, Richard J. 1995. Oligopep-
tides are the main source of nitrogen for Lactococcus lactis during growth in
milk. Appl Environ Microbiol 61:3024-30.

Kamaly KM, Marth EM. 1989. Enzyme activities of lactic streptococci and their role
in maturation of cheese: a review. J Dairy Sci 72:1945-66.

Kaminogawa S, Yan TR, Azuma N, Yamauchi K. 1986. Identification of low molecular
weight peptides in Gouda-type cheese and evidence for the formation of these
peptides from 23-N-terminal residues of �s1-casein by proteinases of Streptococ-
cus cremoris H61. J Food Sci 51:1253-6, 1264.

Kataoka H, Lord HL, Pawliszyn J. 2000. Applications of solid-phase microextraction
in food analysis. J Chrom A 880:35-62.

Kelly M. 1993. The effect of salt and moisture contents on proteolysis in Cheddar
cheese during ripening [MSc thesis]. Cork, Ireland: National University of Ire-
land. 150 p.

Kerscher R, Grosch W. 1997. Comparative evaluation of potent odorants of boiled
beef by aroma extract dilution and concentration analysis. Z Lebensm Unters
Forsch 204:3-6.

Kerscher R, Grosch W. 1998. Quantification of 2-methyl-3-furanthiol, 2-furfurylthiol,
2-mercapto-2-pentanone and 2-merpcapto-3-pentanone in heated meat. J Agric
Food Chem 46:1954-8.

Klein N, Lortal S. 1999. Attenuated starters: an efficient means to influence cheese
ripening: a review. Intl Dairy J 9:751-61.

Kosikowski FV, Mocquot G. 1958. Advances in cheese technology. FAO Agric Stud
Nr 38. Rome, Italy: Food and Agriculture Organization [FAO]. 15 p.

Kowalewska J, Zelazowska H, Babuchowski A, Hammond EG, Glatz BA, Ross F.
1985. Isolation of aroma-bearing materials from Lactobacillus helveticus culture
and cheese. J Dairy Sci 68:2167-71.

Kranenburg RV, Kleerebrezem M, Vlieg JVH, Ursing BM, Boekhorst J, Smit BA, Ayad
EHE, Smit G, Siezen RJ. 2002. Flavor formation from amino acids by lactic acid
bacteria: predictions from genome sequence analysis. Intl Dairy J 12:111-21.

Kunji ERS, Miereau I, Hagting A, Poolman B, Koning WN. 1996. The proteolytic
system of lactic acid bacteria. Antonie van Leeuwenhoek 70:187-221.

Lau KY, Barbano DM, Rasmussen RR. 1991. Influence of pasteurization on protein
breakdown in Cheddar cheese during aging. J Dairy Sci 74:727-40.

Law BA. 2001. Controlled and accelerated cheese ripening: the research base for
new technologies. Intl Dairy J 11:383-98.

Lawlor JB, Delahunty CM. 2000. The sensory profile and consumer preferences for
ten specialty cheeses. Intl J Dairy Technol 53:28-36.

Lawlor JB, Delahunty CM, Wilkinson MG, Sheehan J. 2002. Relationships between
the gross, nonvolatile and volatile compositions and the sensory attributes of
eight hard-type cheeses. Intl Dairy J 12:493-509.

Lawrence RC, Creamer LK, Gilles J. 1987. Texture development during cheese rip-
ening. J Dairy Sci 70:1748-60.

Lawrence RC, Gilles J, Creamer LK. 1983. The relationship between cheese texture
and flavor. NZ J Dairy Sci Technol 18:175-90.

Lawrence RC, Gilles J. 1982. Factors that determine the pH of young Cheddar
cheese. NZ J Dairy Sci Technol 17:1-14.

Lecanu L, Ducruet V, Jouquand C, Gratadoux JJ, Feigenbaum A. 2002. Optimization
of headspace solid-phase microextraction (SPME) for the odor analysis of surface-
ripened cheese. J Agric Food Chem 50:3810-17.

Lee KD, Lo CG, Warthesen JJ. 1996. Removal of bitterness from the bitter peptides
extracted from Cheddar cheese with peptidases from Lactococcus lactis ssp cre-
moris SK11. J Dairy Sci 79:1521-28.

Lee KD, Warthesen JJ. 1996. Mobile phases in reverse-phase HPLC for the determi-
nation of bitter peptides in cheese. J Food Sci 61:291-4.

Lemieux L, Simard RE. 1991. Bitter flavor in dairy products. I. A review of the fac-
tors likely to influence its development, mainly in cheese manufacture. Lait
71:599-636.

Lemieux L, Simard RE. 1992. Bitter flavor in dairy products. II. A review of bitter
peptides from caseins: their formation, isolation and identification, structure
masking and inhibition. Lait 72:335-82.

Libbey LM, Bills DD, Day EA. 1963. A technique for the study of lipid-soluble food
flavor volatiles. J Food Sci 28:329-33.

Lin JCC, Jeon IJ. 1985. Headspace gas sampling/GC method for the quantitative
analysis of volatile compounds in cheese. J Food Sci 50:843-4, 846.

Lindsay RC, Rippe JK. 1986. Enzymic generation of methanethiol to assist in flavor
development of Cheddar cheese and others foods. In: Parliment H, Croteau R,
editors. Biogeneration of aromas. Washington D.C.: American Chemical Society.
p 286-308.

Liu SQ, Holland R, Crow VL. 1998. Ethyl butanoate formation by dairy lactic acid
bacteria. Intl Dairy J 8:651-7.

Lynch CM, McSweeney PLH, Fox PF, Cogan TM, Drinan F. 1994. Proceedings of the
24th Annual Food Science Technology Research Conference: Manufacture of
Cheddar cheese under controlled microbiological conditions, with and without

adjunct lactobacilli; 1994 Sept. 7-9; Cork, Ireland. University College, Cork. Ire-
land. 50 p.

Lynch CM, Muir DD, Banks JM, McSweeney PLH, Fox PF. 1999. Influence of ad-
junct cultures of Lactobacillus paracasei ssp paracasei on Cheddar cheese rip-
ening. J Dairy Sci 82:1618-28.

Mabbitt LA. 1955. Quantitative estimation of the amino acids in Cheddar cheese
and their importance in flavors. J Dairy Res 22:224-31.

Manning DJ, Moore C. 1979. Headspace analysis of hard cheeses. J Dairy Res
46:539-45.

Manning DJ, Price JC. 1977. Cheddar cheese aroma: the effect of selectively re-
moving specific classes of compounds from cheese headspace. J Dairy Res
44:357-61.

Manning DJ, Robinson HM. 1973. The analysis of volatile substances associated
with Cheddar cheese aroma. J Dairy Res 40:63-75.

Manning DJ. 1979a. Chemical production of essential Cheddar cheese flavor com-
pounds. J Dairy Res 46:531-7.

Manning DJ. 1979b. Cheddar cheese flavor studies. II. Relative flavor contribu-
tions of individual volatile components. J Dairy Res. 46:523-9.

Marsili RT. 1999. SPME-MS-MVA as an electronic nose for the study of off-flavors
in milk. J Agric Food Chem 47:648-54.

McGarry A, Law J, Coffey A, Daly C, Fox PF, FitzGerald GF. 1994. Effect of genet-
ically modifying the lactococcal proteolytic system on ripening and flavor devel-
opment in Cheddar cheese. Appl Environ Microbiol 60:4226-33.

McGorrin RJ. 2001. Advances in dairy flavor chemistry. In: Spanier AM, Shahidi F,
Parliament TH, Mussinan CJ, Ho C-T, Contis ET, editors. Food flavors and chem-
istry: advances of the new millennium. Cambridge, U.K.: Royal Society of Chem-
istry. p 67-84.

McGregor JU, White CH. 1990a. Optimizing ultrafiltration parameters for the de-
velopment of a low fat Cheddar cheese. J Dairy Sci 73:314-8.

McGregor JU, White CH. 1990b. Effect of enzyme treatment and ultrafiltration on
the quality of low fat Cheddar cheese. J Dairy Sci 73:571-8.

McGugan WA, Emmons DB, Larmond E. 1979. Influence of volatile and nonvolatile
fractions on intensity of Cheddar cheese flavor. J Dairy Sci 62:398-403.

McGugan WA. 1975. Cheddar cheese flavor: a review of current progress. J Agric
Food Chem 23:1047-50.

McSweeney PLH, Fox PF, Lucey JA, Jordan KN, Cogan TM. 1993a. Contribution of
the indigenous microflora to the maturation of Cheddar cheese. Intl Dairy J
3:613-34.

McSweeney PLH, Olson NF, Fox PF, Healy A, Højrup P. 1993b. Proteolytic speci-
ficity of chymosin on bovine as1-casein. J Dairy Res 60:401-12.

McSweeney PLH, Pochet S, Fox PF, Healy A. 1994. Partial fractionation and iden-
tification of peptides from the water-insoluble fraction of Cheddar cheese. J Dairy
Res 61:587-90.

McSweeney PLH, Sousa MJ. 2000. Biochemical pathways for the production of fla-
vor compounds in cheese during ripening: a review. Lait 80:293-324.

Meilgaard MM, Civille GV, Carr T. 1999. Descriptive analysis techniques. In:
Meilgaard MM, Civille GV, Carr T, editors. Sensory evaluation techniques. 3rd ed.
Boca Raton, Fla.: CRC Press. p 161-70.

Miller A, Morgan ME, Libbey LM. 1974. Lactobacillus maltaromicus, a new spe-
cies producing a malty aroma. Intl J Sys Bacteriol 24:346-54.

Milo C, Grosch W. 1995. Detection of odor defects in boiled cod and trout by gas
chromatography-olfactometry of headspace samples. J Agric Food Chem 43:459-
62.

Milo C, Reineccius GA. 1997. Identification and quantification of potent odorants
in regular-fat and low-fat mild Cheddar cheese. J Agric Food Chem 45:3590-4.

Morgan ME. 1970a. Microbial flavor defects in dairy products and methods for their
simulation. I. Malty flavor. J Dairy Sci 53:270-2.

Morgan ME. 1970b. Microbial flavor defects in dairy products and methods for their
simulation. II. Fruity flavor. J Dairy Sci 53:273-5.

Morgan ME. 1976. The chemistry of some microbially induced flavor defects in milk
and dairy foods. Biotech Bioeng 18:953-65.

Muir DD, Banks JM, Hunter EA. 1996a. Sensory properties of Cheddar cheese: ef-
fect of starter type and adjunct. Intl Dairy J 6:407-23.

Muir DD, Banks JM, Hunter EA. 1997. A comparison of flavour and texture of Ched-
dar cheese of factory or farmhouse origin. Intl Dairy J 7:479-85.

Muir DD, Hunter EA, Banks JM, Horne DS. 1995b. Sensory properties of hard
cheese: identification of key attributes. Intl Dairy J 5:157-77.

Muir DD, Hunter EA, Banks JM, Horne DS. 1996b. Sensory properties of Cheddar
cheese: changes during maturation. Food Res Intl 28(6):561-8.

Muir DD, Hunter EA, Watson M. 1995a. Aroma of cheese. 1. Sensory characteriza-
tion. Milchwissen 50:499-503.

Muir DD, Hunter EA. 1992. Sensory evaluation of Cheddar cheese: the relation of
sensory properties to perception of maturity. J Soc Dairy Technol 45:23-9.

Mulder H. 1952. Taste and flavor-forming substances in cheese. Neth Milk Dairy J
6:157-67.

Murray JM, Delahunty CM. 2000a. Selection of standards to reference terms in a
Cheddar-type cheese flavour language. J Sensory Stud 15:179-99.

Murray JM, Delahunty CM. 2000b. Consumer preferences for Irish farmhouse and
factory cheeses. Ir J Agric Food Res 39:433-49.

Murray JM, Delahunty CM. 2000c. Mapping consumer preference for the sensory
and packaging attributes of Cheddar cheese. Food Qual Pref 11:419-35.

Nakae T, Elliott JA. 1965a. Volatile fatty acids produced by some lactic acid bac-
teria. 1. Factors influencing production of volatile fatty acids from casein hy-
drolysates. J Dairy Sci 48:287-92.

Nakae T, Elliott JA. 1965b. Production of volatile fatty acids by some lactic acid
bacteria. 2. Selective formation of volatile fatty acids by degradation of amino
acids. J Dairy Sci 48:293-99.

Ney KH. 1981. Recent advances in cheese flavor research. In: Charalambous G,
Iglett G, editors. The quality of foods and beverages. Vol. 1. Chemistry and tech-
nology. New York, N.Y.: Academic Press. p 389-435.

Ney KH, Wirotma IPG. 1978. Investigation of aroma constituents of Fontina, an
Italian cheese. Fette Seifen Anstrichmittel 80:249-51. Cited from Urbach G



Vol. 2, 2003—COMPREHENSIVE REVIEWS IN FOOD SCIENCE AND FOOD SAFETY 161

Flavor of Cheddar cheese . . .

Published online at: www.ift.org

(1997b).
Ohern JA, Tuckey SL. 1969. Relation of flavor development in Cheddar cheese to

chemical changes in fat of the cheese. J Dairy Sci 52:598-607.
O’Keeffe AM, Fox PF, Daly C. 1978. Proteolysis in Cheddar cheese: role of coag-

ulant and starter bacteria. J Dairy Res 45:465-77.
O’Keeffe RB, Fox PF, Daly C. 1975. Proteolysis in Cheddar cheese: influence of the

rate of acid production during manufacture. J Dairy Res 42:111-22.
Olafsdottir G, Steinke JA, Lindsay RC. 1985. Quantitative performance of a simple

Tenax-GC adsorption method for use in the analysis of aroma volatiles. J Food Sci
50:1431-6.

Olivecrona T, Vilaró S, Bengtsson-Olivecrona G. 1992. Indigenous enzymes in milk.
II. Lipases in milk. In: Fox PF, editor. Advanced dairy chemistry: 1. Proteins.
London, U.K.: Elsevier Applied Science. p 292-310.

Olson NF. 1990. The impact of lactic acid bacteria on cheese flavor. FEMS Micro-
biol. Rev 87:131-147.

Parliment TH. 1998. Applications of a microextraction class separation technique
to the analysis of complex flavor mixtures. In: Mussinan CJ, Morello MJ, editors.
Flavor analysis: developments in isolation and characterization. Symposium
Series Nr 705. Washington, D.C.: American Chemical Society. p 8-21.

Parliment TH, Kolor MG, Rizzo DJ.1982. Volatile components of Limburger cheese.
J Agric Food Chem 30:1006-8.

Parliment TH, McGorrin RJ. 2000. Critical flavor compounds in dairy products. Risch
SJ, Ho C-T, editors. Flavor chemistry: industrial and academic research. Sympo-
sium Series Nr 756. Washington, D.C.: American Chemical Society. p 44-71.

Piggot JR, Mowat RG. 1991. Sensory aspects of maturation of Cheddar cheese by
descriptive analysis. J Sensory Studies 6:49-62.

Price JC, Manning DJ. 1983. A new technique for the headspace analysis of hard
cheese. J Dairy Res 50:381-5.

Price WV, Call A.O. 1969. Cheddar cheese: comparison of effects of raw and heat-
ed milk on quality and ripening. J Milk Food Technol 32:304-11.

Reineccius GA. 1998. Gas chromatography. In: Nielsen SS, editor. Food analysis.
2nd ed. Gaithersburg, Md.: Aspen Publishers, Inc. p 527-50.

Reiter B, Fryer TF, Pickering A, Chapman HR, Lawrence RC, Sharpe ME. 1967. The
effect of the microbial flora on the flavor and free fatty acid composition of
Cheddar cheese. J Dairy Res 34:257-72.

Reiter B, Sharpe ME. 1971. Relationship of the microflora to the flavor of Cheddar
cheese. J Appl Bacteriol 34:63-80.

Renner E. 1993. Nutritional aspects of cheese. In: Fox PF, editor. Cheese: chemis-
try, physics and microbiology. Vol 1. 2nd ed. London, U.K.: Chapman and Hall.
p 557-79.

Richardson BC, Creamer LK. 1973. Casein proteolysis and bitter peptides in Cheddar
cheese. NZ J Dairy Sci Technol 8:46-51.

Rijnen L, Bonneau S, Yvon M. 1999a. Genetic characterization of the lactococcal
aromatic aminotransferase and its involvement in conversion of amino acids to
aroma compounds. Appl Environ Microbiol 65:4873-80.

Rijnen L, Delacroix-Buchet A, Demaizieres D, Le Quere JL, Gripon JC, Yvon M.
1999b. Inactivation of lactococcal aromatic aminotransferase prevents the for-
mation of floral aroma compounds from aromatic amino acids in semihard cheese.
Intl Dairy J 9:877-85.

Roberts AK, Vickers ZM. 1994. Cheddar cheese aging: changes in sensory attributes
and consumer acceptance. J Food Sci 59:328-34.

Rychlik M, Schieberle P, Grosch W. 1998. Compilation of odor thresholds, odor
qualities and retention indices of key food odorants. Munchen, Germany: Deut-
sche Forschungsanstalt fur Lebensmittelchemie and Intitut fur Lebensmittelche-
mie der Technischen Universitat Munchen. p 1-63.

Sheldon RM, Lindsay RC, Libbey LM, Morgan ME. 1971. Chemical nature of malty
flavor and aroma produced by Streptococcus lactic var. maltigenes. Applied
Microbiol 22:263-6.

Singh A, Srinivansan RA, Dudani AT. 1973. Studies on exocellular and endocellular
lipases of some of the lipolytic bacteria. Milchwissenschaft 28:164-6.

Singh TK, Fox PF, Healy A. 1995. Water-soluble peptides in Cheddar cheese: iso-
lation and identification of the peptides in diafiltration retentate of the water-
soluble fraction. J Dairy Res 62:629-40.

Singh TK, Fox PF, Healy A. 1997. Isolation and identification of further peptides
from diafiltration retentate of the water-soluble fraction of Cheddar cheese. J
Dairy Res 64:433-43.

Singh TK, Fox PF, Højrup P, Healy A. 1994. A scheme for the fractionation of
cheese nitrogen and identification of principal peptides. Intl Dairy J 4:111-22.

Smit G, Kruyswijk Z, Werkamp AH, de Jong C, Neeter R. 1996. Screening for and
control of debittering properties of cheese cultures. In: Taylor AJ, Mottram DS,
editors. Proceedings of the Eighth Weurman Flavor Research Symposium: Flavor
science-recent development; 1996 July 23-26; Reading, U.K. Cambridge, U.K: The
Royal Society of Chemistry. p 25-31.

Soeryapranata E, Powers JR, Hill HH, Siems WF, Al-Saad KA, Weller KM. 2002a.
Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry meth-
od for the quantification of b-casein fragment (f193-209). J Food Sci 67:534-8.

Soeryapranata E, Powers JR, Fajarrini F, Weller KM, Hill HH, Siems WF. 2002b.
Relationship between MALDI-TOF analysis of �-CN f193-209 concentration and
sensory evaluation of bitterness intensity of aged Cheddar cheese. J Agric Food
Chem 50:4900-05.

Spencer R. 1969a. Catty taints in foods. Food Mfr Dec 54-6.
Spencer R. 1969b. Catty taints in foods. Food Technol 23:40-1.
Stadhouders J, Veringa HA. 1973. Fat hydrolysis by lactic acid bacteria in cheese.

Neth Milk Dairy J 27:77-91.
Steinsholt K, Svensen A. 1979. Catty flavor in cheese resulting from the addition of

trace amounts of mesitoyl oxide to cheese milk. Milchwiss 34:598-9.
Stepaniak LS, Fox PF, Sørhaug T, Grabska J. 1995. Effect of peptides from the se-

quence 58-72 of b-casein on the activity of endopeptidase, aminopeptidase and
X-prolyl-dipeptidase from Lactococcus lactis ssp. lactis MG 1363. J Agric Food
Chem 43:849-53.

Stephan A, Bucking M, Steinhart H. 2000. Novel analytical tools for food flavors.
Food Res Intl 33:199-209.

Sullivan JJ, Jago GR. 1972. The structure of bitter peptides and their formation from
caseins. Aust J Dairy Technol 27:98-104.

Suriyaphan O, Drake MA, Cadwallader KR. 1999. Identification of volatile off-fla-
vors in reduced-fat Cheddar cheeses containing lecithin. Lenbensm-Wiss Technol
32:250-4.

Suriyaphan O, Drake MA, Cadwallader KR. 2001a. Lecithin-associated off-flavors
in fermented dairy products: a model study. J Food Sci 66:517-23.

Suriyaphan O, Drake MA, Chen XQ, Cadwallader KR. 2001b. Characteristic aroma
components of British Farmhouse Cheddar Cheese. J Agric Food Chem 49:1382-7.

Thomas TD, Pearce KN. 1981. Influence of salt on lactose fermentation and proteol-
ysis in Cheddar cheese. NZ J Dairy Sci Technol 16:253-9.

Thomas TD, Pritchard GG. 1987. Proteolytic enzymes of dairy starter cultures. FEMS
Microbiol Rev 46:245-68.

Thomas TD. 1987. Acetate production from lactate and citrate by nonstarter bacte-
ria in Cheddar cheese. NZ J Dairy Sci Technol 22:25-38.

Turner KW, Thomas TD. 1980. Lactose fermentation in Cheddar cheese and the effect
of salt. NZ J Dairy Sci Technol 15:265-76.

Urbach G. 1995. Contribution of lactic acid bacteria to flavor compound formation
in dairy products. Intl Dairy J 5:877-903.

Urbach G. 1997a. The flavor of milk and dairy products: II. Cheese: contribution of
volatile compounds. Intl J Dairy Technol 50:79-89.

Urbach G. 1997b. The chemical and biochemical basis of cheese and milk aroma.
In: Law BA, editor. Microbiology and biochemistry of cheese and fermented
milk. London, U.K.: Blackie Academic and Professional. p 253-98.

Vandeweghe P, Reineccius GA. 1990. Comparison of flavor isolation techniques
applied to Cheddar cheese. J Agric Food Chem 38:1549-52.

Vermeulen C, Collin S. 2002. Synthesis and sensorial properties of mercaptoalde-
hydes. J Agric Food Chem 50:5654-9.

Vermeulen C, Pellaud J, Gijs L, Collin S. 2001. Combinatorial synthesis and senso-
rial properties of polyfunctional thiols. J Agric Food Chem 49:5445-9.

Visser FMW, de Groost-Mostert AEA. 1977. Contribution of enzymes from rennet,
starter bacteria and milk to proteolysis and flavor development in Gouda cheese.
4. Protein breakdown: a gel electrophoretical study. Neth Milk Dairy J 31:247-64.

Visser FMW. 1977a. Contribution of enzymes from rennet, starter bacteria and milk
to proteolysis and flavor development in Gouda cheese. 1. Description of cheese
and aseptic cheesemaking techniques. Neth Milk Dairy J 31:120-33.

Visser FMW. 1977b. Contribution of enzymes from rennet, starter bacteria and milk
to proteolysis and flavor development in Gouda cheese. 2. Development of bit-
terness and cheese flavor. Neth Milk Dairy J 31:188-209.

Visser FMW. 1977c. Contribution of enzymes from rennet, starter bacteria and milk
to proteolysis and flavor development in Gouda cheese. 3. Protein breakdown:
analysis of the soluble nitrogen and amino acid fractions. Neth Milk Dairy J
31:210-39.

Visser S, Hup G, Exterkate FA, Stadhouders J. 1983a. Bitter flavor in cheese.2.
Model studies on the formation and degradation of bitter peptides by proteolytic
enzymes from calf rennet, starter cells and starter cell fractions. Neth Milk Dairy
J 37:169-80.

Visser S, Slangen KJ, Hup G, Stadhouders J. 1983b. Bitter flavor in cheese. 3. Com-
parative gel-chromatographic analysis on hydrophobic peptide fractions from
twelve Gouda-type cheeses and identification of bitter peptides isolated from a
cheese made with Streptococcus cremoris strain HP. Neth Milk Dairy J 37:181-
92.

Visser S, Slangen KJ, Hup G, Exterkate FA, Stadhouders J. 1983c. The bitter flavor
defect in cheese: some chemical and microbiological aspects. Neth Milk Dairy
J 37:250-1.

Visser S. 1993. Proteolytic enzymes and their relation to cheese ripening and fla-
vor: an overview. J Dairy Sci 76:329-50.

Walker JRL, Harvey RJ. 1959. Some volatile compounds in New Zealand Cheddar
cheese and their possible significance in flavor formation. 1. Identification of the
volatile carbonyl fraction. J Dairy Res 26:265-72.

Walker JRL. 1959. Some volatile compounds in New Zealand Cheddar cheese and
their possible significance in flavor formation. 2. Volatile compounds of sulfur. J
Dairy Res 26:273-6.

Wallace JM, Fox PF. 1997. Effect of adding free amino acids in Cheddar curd on
proteolysis, flavor and texture development. Intl Dairy J 7:157-67.

Walstra P, van Dijk HJM, Geurts TJ. 1987. The syneresis of curd. In: Fox PF, editor.
Cheese: chemistry, physics and microbiology. Vol 1. 2nd ed. London, U.K.: Chap-
man and Hall. p 135-78.

Walstra P. 1993. The syneresis of curd. In: Fox PF, editor. Cheese: chemistry, phys-
ics and microbiology. Vol 1. 2nd ed. London, U.K.: Chapman and Hall. p 141-91.

Wang J, Reineccius GA. 1998. Determination of odor thresholds of important aro-
ma compounds in regular and low fat Cheddar cheese model systems. In: IFT
Annual Meeting Book of Abstracts; 1998 June 20-24; Atlanta, Ga. Chicago, Ill.:
Institute of Food Technologists. p 192. Abstract nr 72D-19.

Weimer BC, Seefeldt K, Dias B. 1999. Sulfur metabolism in bacteria associated with
cheese. Antonie van Leeuwenhoek 76:247-61.

Weurman C. 1969. Isolation and concentration of volatiles in food odor research.
J Agric Food Chem 17:370-84.

Wilkes JG, Conte ED, Kim Y, Holcomb M, Sutherland JB, Miller DW. 2000. Sample
preparation for the analysis of flavors and off-flavors in foods. J Chrom A 880:3-
33.

Wilkinson MG. 1999. Acceleration of cheese ripening. In: Fox PF, editor. Cheese:
chemistry, physics and microbiology: general aspects. Vol. 1. 2nd ed. London,
U.K.: Chapman and Hall. p 523-56.

Wilkinson MG, Guinee TP, O’Callaghan DM, Fox PF. 1994. Autolysis and proteol-
ysis in different strains of starter bacteria during Cheddar cheese ripening. J Dairy
Res 61:249-62.

Wirotma IPG, Ney KM. 1973. Isolierung und identifizierung aliphatischer amide in
Cheddar, Emmentaler, Manchego und Edelpilz Käse. Z. Lebensm unters Forsch
152:35-41.

Wong NP, Ellis R, La Croix DE, Alford JA. 1973. Lactones in Cheddar cheese. J
Dairy Sci 56:636.



162 COMPREHENSIVE REVIEWS IN FOOD SCIENCE AND FOOD SAFETY—Vol. 2, 2003

CRFSFS: Comprehensive Reviews in Food Science and Food Safety

Published online at: www.ift.org

Wong NP, Parks OW. 1968. Simple technique for extracting flavor compounds from
fatty foods. J Dairy Sci 51:1768-9.

Wu YFG, Cadwallader KR. 2002. Characterization of the aroma of a meat-like pro-
cess flavoring from soybean-based enzyme-hydrolyzed vegetable protein. J Ag-
ric Food Chem 50:2900-7.

Yang W, Min DB. 1994. Dynamic headspace analysis of volatile compounds of
Cheddar and Swiss cheese during ripening. J Food Sci 59:1309-12.

Yang X, Peppard T. 1994. Solid-phase microextraction for flavor analysis. J Agric
Food Chem 42:1925-30.

Yokoyama MT, Carlson JR. 1989. Production of skatole and p-cresol by a rumen
Lactobacillus sp. Appl Environ Microbiol 41:71-6.

Young N, Drake MA, Lopetcharat K, McDaniel M. 2003. Preference mapping of
Cheddar cheeses. J Dairy Sci. Forthcoming.

Yvon M, Berthelot S, Gripon JC. 1998. Adding a-ketoglutarate to semihard cheese
curd highly enhances the conversion of amino acids to aroma compounds. Intl
Dairy J 8:889-98.

Yvon M, Thirouin S, Rijnen L, Fromentier D, Gripon JC. 1997. An aminotransferase
from Lactococcus lactis initiates conversion of amino acids to cheese flavor
compounds. Appl Environ Microbiol 63:414-9.

Zehentbauer G, Reineccius GA. 2002. Determination of key aroma components of
Cheddar cheese using dynamic headspace dilution assay. Flavour Fragr J 17:300-5.

Zhou Q, Wintersteen CL, Cadwallader KR. 2002. Identification and quantification
of aroma-active components that contribute to the distinct malty flavor of buck-
wheat honey. J Agric Food Chem 50:2016-21.

MS 20020702 Submitted 12-13-02 Revised 05-15-03 Accepted 06-25-03



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


