
11.1 INTRODUCTION

As discussed in Chapter 10, the original ob-
jective of cheese production was to conserve the
principal constituents of milk—the lipids and
caseins. However, although well-made cheese is
a hostile environment for microbial growth and
possesses several preservative hurdles, these
hurdles are not sufficient to prevent the growth
of certain microorganisms (see Chapter 10) and
the activity of those enzymes from various
sources that may be present. These microorgan-
isms and enzymes catalyze a complex series of
biochemical reactions, which, if unbalanced,
cause off-flavors and textural defects but, if
properly controlled and balanced, lead to the de-
sirable and characteristic flavors and textures of
the numerous cheese varieties. Although the
biochemistry of cheese ripening is not yet fully
characterized, a considerable body of informa-
tion is now available. The objective of this chap-
ter is to describe the principal biochemical reac-
tions that occur in cheese during ripening.

Cheese curd is a relatively simple mixture of
casein (and very little whey proteins except in
cheese made from milk concentrated by ultrafil-
tration), lipids, a little lactose (~ 1% at pressing),
lactic acid (« 1%), citric acid (~ 0.2%), NaCl
(0.7 to ~ 6%), and water. Not surprisingly, the
primary features of ripening involve the two
principal organic constituents, proteins and lip-
ids. However, the metabolism of lactose and cit-

rate, although they are present at low concentra-
tions, is important in all varieties and critical in
some. Most of the primary reactions are well
characterized. Many of the products of the pri-
mary reactions undergo further modifications,
which are not fully understood but which are
probably responsible for the characteristic flavor
of cheese.

11.2 RIPENING AGENTS IN CHEESE

The ripening of cheese is catalyzed by the
metabolic activity of living organisms and en-
zymes from these organisms or from other
sources:

• Coagulant. The coagulant usually contrib-
utes chymosin or other suitable proteinase
(see Chapter 6), but rennet paste used in
some Italian varieties contributes both pro-
teinase and lipase. In high-cooked cheeses
(e.g., Emmental and Parmesan), enzymes in
the coagulant are extensively or completely
denatured.

• Milk. As discussed in Chapter 3, milk con-
tains about 60 indigenous enzymes, at least
some of which are significant in cheese rip-
ening, including proteinases, especially
plasmin; lipase; acid phosphatase; and xan-
thine oxidase. Most of the indigenous en-
zymes are quite heat stable and fully or par-
tially survive pasteurization. Furthermore,
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they are either associated with the casein
micelles or present in the fat globule mem-
brane and are therefore incorporated into the
cheese curd. Enzymes present in the serum
phase are largely lost in the whey and thus
are of little importance in cheese ripening.

• Starter culture. Starter cultures were dis-
cussed in Chapter 5. Live starter cells prob-
ably contribute little to cheese ripening but
they possess a diversity of enzymes (see
Chapter 10 and Section 11.7.4), which are
located mainly intracellularly and are re-
leased upon cell death and lysis. These
starter enzymes are major contributors to
ripening.

• Secondary micro/lorn. Many cheese variet-
ies contain a secondary (nonstarter) micro-
flora (see Chapter 10), the function of
which is not acid production but rather
some specific secondary function. In many
cases, flavor development is dominated by
the metabolic activity of the secondary cul-
ture. The microorganisms involved include
propionic acid bacteria, coryneform bacte-
ria, yeasts, and molds. In addition to these,
the growth of which is characteristic and
encouraged, cheeses contain adventitious
nonstarter lactic acid bacteria (NSLAB)
that originate from the milk or the environ-
ment. Owing to the selective nature of the
interior of cheese (see Chapter 10), this ad-
ventitious microflora is composed mainly
of mesophilic lactobacilli and, to a lesser
extent, pediococci.

• Exogenous enzymes. With the objective of
accelerating ripening, cheese makers have
experimented with adding exogenous en-
zymes, usually proteinases and perhaps
peptidases and Upases, to the cheese curd
(see Chapter 15).

11.3 CONTRIBUTION OF INDIVIDUAL
AGENTS TO RIPENING

The role of the individual ripening agents in
cheese has been studied using model cheese
systems in which the action of one or more of

the ripening agents is eliminated (see Fox, Law,
McSweeney, & Wallace, 1993). Pioneering
studies on this subject used milk obtained from
selected cows by aseptic milking techniques.
However, in our experience, bulk herd milk
with a total bacteria count (TBC) less than 103

cfu/ml can be obtained from a healthy commer-
cial herd using good but not special milking
practices.

Heat treatment of aseptically drawn milk is
necessary to further reduce bacterial counts.
Batch pasteurization (680C x 5 min or 630C x 30
min), HTST pasteurization (« 72 or 770C x 15
s), or ultra-high temperature treatment have been
used. A heat treatment of 830C x 15 s or 720C x
58 s is necessary to ensure an 8-log reduction in
the bacterial population, which is deemed neces-
sary to produce cheese with a nonstarter count
below 10 cfu/kg cheese for milk with an initial
TBC of 103 cfu/ml. HTST pasteurization (720C
x 15 s) is sufficient for milk with an initial count
of 10 cfu/ml.

To avoid contamination from the environ-
ment, cheese is manufactured under aseptic con-
ditions, which can be achieved using enclosed
cheese vats, a sterile room with a filtered air sup-
ply, or a laminar air-flow unit (the latter is prob-
ably the simplest of these techniques). Using
aseptic conditions, it is relatively easy to pro-
duce curd free of NSLAB, but in our experience
NSLAB always grow in such cheese, sometimes
only after a long lag period (e.g., 100 days). A
cocktail of antibiotics (penicillin, streptomycin,
and nisin) extends the lag period and reduces the
final number of NSLAB. The growth of NSLAB
is strongly retarded, essentially prevented, by
ripening at about 10C, although the whole ripen-
ing process is also retarded.

The acidifying role of starter can be simulated
closely using an acidogen, usually gluconic
acid-8-lactone (GDL), although the rate of acidi-
fication is faster than occurs in biologically
acidified cheese. Incremental additions of lactic
acid and GDL give the best results, but precise
control of pH is difficult.

To study the role of the coagulant in cheese
ripening, it is necessary to inactivate the rennet
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after coagulation, for which four techniques
have been developed. One approach involves
separating the first and second stages of rennet
action. Milk depleted OfCa2+ and Mg2+ by treat-
ment with an ion-exchange resin is renneted (but
does not coagulate), heated (720C x 20 s) to in-
activate the rennet, and cooled to below 150C;
CaCl2 is added. The renneted milk is then heated
dielectrically to induce coagulation. Porcine
pepsin may be inactivated after coagulation of
the milk by adjusting the pH of the curd-whey
mixture to 7.0. Piglet gastric proteinase, which
hydrolyzes bovine K-casein but has little effect
on OC8I- or p-casein, has been used to prepare ren-
net-free curd in small-scale cheesemaking trials.
Chymosin and all commercial rennet substitutes
are aspartyl proteinases and are inhibited by
pepstatin. The effectiveness of adding pepstatin
to Cheddar cheese curd at salting has been dem-
onstrated on a small scale.

6-Aminohexanoic acid (AHA), a noncom-
petitive inhibitor of plasmin, has been used to
study the significance of plasmin in cheese rip-
ening. It is necessary to use a high concentration
of AHA, which affects curd syneresis and the
moisture content of the cheese. Also, since AHA
contains N, the background level of soluble N is
increased greatly. Plasmin is inhibited by several
proteins, including soybean trypsin inhibitor,
which may be suitable for the inhibition of plas-
min in cheese. It is also specifically inhibited by
dichloroisocoumarin, but neither it nor the in-
hibitory proteins have been investigated in
cheesemaking. Plasmin activity is increased by
high cooking temperatures, probably owing to
inactivation of the indigenous inhibitors of plas-
min or of plasminogen activators. The high heat

stability of plasmin suggests that it may be pos-
sible to develop a model system that is based on
aseptic curd in which the rennet is denatured by
a suitable cook temperature and acidified by
GDL and that can be used to assess plasmin ac-
tivity alone.

Some or all of these techniques, in various
combinations, have been used to study the con-
tribution of various agents to cheese ripening,
especially proteolysis and flavor development.

The biochemistry of cheese ripening will be
considered in three principal sections based on
the principal biochemical events: glycolysis, Ii-
polysis, and proteolysis.

11.4 GLYCOLYSIS AND RELATED
EVENTS

The primary glycolytic event, the conversion
of lactose to lactate, is normally mediated by the
starter culture during curd preparation or the
early stages of ripening. In cases where glycoly-
sis has not been completed by the starter,
NSLAB may contribute. The metabolism of lac-
tose by LAB was discussed in Chapter 5.

Approximately 96% of the lactose in milk is
removed in the whey as lactose or lactate. How-
ever, fresh curd contains a considerable amount
of lactose, the fermentation of which has a sig-
nificant effect on cheese quality. Obviously, the
concentration of lactose in fresh curd depends on
its moisture content, the extent of fermentation
prior to molding, and whether the curd is washed
with water or not. Cheddar curd, which is exten-
sively drained and has reached a pH of about 5.4
at milling, contains 0.8-1.0% lactose. In the
manufacture of Dutch-type cheese, part of the
whey is removed and replaced by water, but the
curd is subjected to less syneresis and the pH is
high (~ 6.2-6.3) at molding. Hence, Gouda
cheese curd contains around 3.0% lactose at
molding. Although Emmental cheese curd is
cooked to a high temperature (52-550C) and
hence undergoes extensive syneresis in the vat,
it is transferred with the whey to molds at around



pH 6.4 and contains around 2% lactose at mold-
ing.

Compared with other varieties, the residual
lactose in Cheddar is fermented relatively
slowly at a rate and to an extent dependent on the
percentage salt-in-moisture (S/M) in the curd
(see Figure 8-11). At low S/M concentrations
and low populations of NSLAB, residual lactose
is converted mainly to L-lactate by the starter. At
a high population of NSLAB (e.g., at a high stor-
age temperature), a considerable amount of D-
lactate is formed, partly by fermentation of re-
sidual lactose and partly by isomerization of L-
to o-lactate. At high S/M levels (e.g., 6%) and
low NSLAB populations, the concentration of
lactose decreases slowly and changes in lactate
are slight. The quality of Cheddar cheese is
strongly influenced by the fermentation of re-
sidual lactose: the pH decreases after salting at
S/M levels below 5%, owing primarily to the
continued action of the starter, but at higher lev-
els of S/M, starter activity decreases abruptly, as
indicated by a high level of residual lactose and a
high pH, accompanied by a sharp decrease in
cheese quality (see Figure 8-12).

Dutch-type cheese contains about 3.0% lac-
tose at pressing, but the amount of lactose de-
creases to undetectable levels within about 12
hr.

Typically, Emmental cheese curd contains
roughly 1.7% lactose 30 min after molding. Nei-
ther Streptococcus thermophilus nor starter Lac-
tobacillus spp. grow in Emmental curd during
cooking owing to the high cook temperature
(52-550C). The curds are transferred to molds
while still hot, but as they cool in the molds, Sc.
thermophilus begins to grow and metabolize lac-
tose. Only the glucose moiety of lactose is me-
tabolized by Sc. thermophilus, and consequently
galactose accumulates to a maximum of around
0.7% at about 10 hr, when the galactose-positive
lactobacilli begin to multiply. These metabolize
galactose and residual lactose to a mixture of D-
and L-lactate, which reach around 0.35% and
1.2%, respectively, at 14 days, when all the sug-
ars have been metabolized (see Figure 10-13).

11.4.1 Effect of Lactose Concentration on
Cheese Quality

Although the concentration of lactose in milk
decreases with advancing lactation (see Figure 3-
1), its concentration in bulked factory supplies
from cows on a staggered calving pattern is essen-
tially constant. However, when synchronized
calving is practiced, as in New Zealand, Ireland,
and Australia, substantial seasonal changes occur
in the concentration of lactose in milk and conse-
quently in fresh cheese curd. Variations in the
concentration of lactose in cheese curd probably
affect the final pH of the cheese, which, in turn,
affects cheese texture, enzyme activity, and per-
haps the nonstarter microflora. Cheese flavor is
likely to vary owing to variations in the concen-
tration of lactic and acetic acids and to variations
in the metabolic activity of the cheese microflora.

The concentration of lactose in cheese curd is
influenced by some features of the manufactur-
ing process. As far as is known, the concentra-
tion of lactose in cheese curd is not increased in-
tentionally for any variety of rennet-coagulated
cheese. However, curd made from milk concen-
trated to a high factor by ultrafiltration (i.e., pre-
cheese) contains a high level of lactose owing to
the lack of syneresis, and lactose may have to be
reduced to an appropriate level by diafiltration.
If the concentration of lactose in cheese curd is
too high, the concentration of D-Ca-lactate will
exceed its solubility and crystallize on the sur-
face of the cheese. The concentration of lactose
in the curd of several varieties, including Gouda
and Edam, is reduced by replacing part of the
whey by warm water. This process, which was
probably introduced as a simple method for
cooking the curds on farms lacking jacketed
cheese vats, effectively controls the pH of the
cheese. In these cheeses, the level of wash water
added is based on the concentrations of lactose
and casein in the milk. This washing protocol
minimizes variations in the pH of cheese curd
express that might otherwise occur due to sea-
sonal variations in the lactate:casein ratio. Curds
are washed in the washed-curd variants of Ched-



dar cheese and perhaps in the production of low-
fat cheese to increase its moisture content.

The effect of variations in the concentration of
lactose in cheese curd on the quality of the ma-
ture cheese has received minimal attention. In
an attempt to vary the concentration of lactose
in Cheddar cheese curd, Huffman and Kristof-
fersen (1984) added lactose to the curd-whey
mixture after cutting the coagulum, but owing to
the strong outflow of whey from the curd at that
stage, due to syneresis, the achieved increase in
the concentration of lactose within the curd was
quite small. Waldron and Fox (unpublished
study) reduced the lactose content of Cheddar
cheese curd by replacing 35^45% of the whey
shortly after cutting the coagulum by an equal
volume of warm water. The curd contained
0.25% lactose compared with about 1% in the
control. A curd containing only 0.03% lactose
was obtained by repeating the whey removal-re-
placement treatment. The lactose level was also
reduced by washing the curd with water prior to
salting, but this was less effective than whey re-
placement, possibly because little syneresis oc-
curred at this late stage of curd production. The
lactose content of other batches of curd was in-
creased by using lactose-supplemented milk
(6.4% or 8.4% lactose) for curd manufacture.
Overall, the concentration of lactose in the 1-
day-old cheese ranged from 0.03% to 2.5%.

Changes in the concentration of lactose in and
the pH of the cheese during ripening are shown
in Figure 11—1. The lactose in both types of
washed-curd cheese was completely metabo-
lized within about 2 weeks, but it persisted in the
high-lactose cheeses throughout ripening. Not
surprisingly, the pH of the cheeses was inversely
proportional to the concentration of lactose in
the curd. The pH of high-lactose cheeses contin-
ued to decrease (to -4.8) throughout ripening,
whereas in the washed-curd cheeses the pH in-
creased once the lactose had been exhausted.
This increase in pH is common in many varieties
of cheese, probably due to proteolysis and the
production OfNH3 from amino acids. Flavor de-
velopment was substantially faster in the high-
lactose cheese than in the washed-curd cheeses,

although it was considered to be rather harsh,
perhaps due to the low pH. The flavor of the
low-lactose cheeses was clean and mild. The
rate of growth and the final number of NSLAB
were not affected by the concentration of lac-
tose, suggesting that NSLAB do not depend on
lactose as a growth substrate. (Factors affecting
the growth of NSLAB in cheese are discussed in
Chapter 10 and by Fox, McSweeney, & Lynch,
1998.)

The results of this study suggest that the con-
centration of lactose in cheese curd has a sub-
stantial effect on the quality of Cheddar and
probably other cheeses. Replacing some of the
whey by water or washing the cheese curd might
be considered when a mild, clean flavor is de-
sired. Normal variations in the lactose content of
milk from mixed-calving herds are probably not
significant but may have a substantial effect
when synchronized calving is practiced. Under
such circumstances, the pH of the cheese may
vary in an undesirable manner. The use of low
concentration factor ultrafiltration (LCF-UF)
milk for cheese manufacture is not expected to
influence cheese pH, as the lactose content of
cheese is increased only very slightly (by
~ 0.25% when milk is concentrated 1.5-fold).
The problem is more serious when high concen-
tration factor ultrafiltration retentate is used and
diafiltration of the cheese milk or washing of the
curd would appear to be desirable or essential.
Cheese made from milk with a high content of
fat and casein may have a reduced lactose con-
tent.

The presence of residual lactose or its compo-
nent monosaccharides in cheese may lead to
Maillard (nonenzymatic) browning, especially if
the cheese is heated (e.g., as a food ingredient).
Lactose per se is unlikely to be a problem except
when very young cheese curd is used in pro-
cessed cheese. Browning is most likely to be
problematic in cheeses made with thermophilic
cultures. As discussed in Chapters 5 and 10, Sc.
thermophilus is unable to metabolize the galac-
tose moiety of lactose, which it excretes. If a ga-
lactose-positive strain of Lactobacillus is used,
the galactose will be metabolized to L- or DL-lac-
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Figure 11-1 Changes in the concentration of lactose (A) and in the pH (B) of cheese made from curd with
modified levels of lactose during ripening. Control cheese, (O); 35% whey-replaced cheese, (Q); washed-curd
cheese, (•); and lactose-enriched cheese 6.4%, A or 8.4%, (A).



fate, but most strains of Lactobacillus del-
orueckii and Lb. lactis are galactose-negative,
and therefore galactose accumulates. The re-
sidual galactose may cause undesirable brown-
ing in many cheeses but is a particularly serious
problem in Mozzarella, which is subjected to
considerable heating during the cooking of
pizza. Browning may also be problematic in
cheeses that are typically grated, such as Par-
mesan and Grana, which have a low-moisture
content and approach a water activity level that
is optimal for Maillard browning (~ 0.6). Since
grating cheeses are extensively ripened, other
carbonyls (e.g., diacetyl and glyoxals), which
are very active in Maillard browning, may con-
tribute to browning.

11.4.2 Modification and Catabolism of
Lactate

The fate of lactic acid during cheese ripening
has some significance in all varieties and is of
major consequence in some types. Lactic acid
has a direct effect on the taste of cheese, espe-
cially young cheese, which lacks other flavor
compounds. Obviously, lactic acid affects the
pH of cheese and consequently its texture (see
Chapter 13). pH affects the solubility of
Ca3(PO4)2 and hence also indirectly affects
cheese texture. Perhaps most importantly, lactic
acid is an important substrate for microbial
growth in many cheese varieties, and its catabo-
lism has major effects on cheese flavor (see Fox,
Lucey, & Cogan, 1990).

Typical concentrations of lactate in Cam-
embert, Swiss, Romano, and Cheddar are 1.0%,
1.4%, 1.0%, and 1.5%, respectively. The fate of
lactic acid in cheese depends on the variety. Ini-
tially, Cheddar contains only L(+) lactic acid, but
as the cheese matures the concentration of D-lac-
tate increases, and eventually a racemic mixture
is formed (see Figure 10-11). o-Lactate could be
formed from residual lactose by lactobacilli or by
racemization of L-lactate by NSLAB, including
pediococci. Except in cases where the post-
milling activity of the starter is suppressed (e.g.,
by S/M > 6%), racemization is probably the prin-

cipal mechanism. Racemization of L-lactate ap-
pears to occur in several cheese varieties (Tho-
mas & Crow, 1983), and a racemic mixture will
be formed if the duration of ripening is long
enough (Table 11-1). Racemization is not sig-
nificant from the flavor viewpoint, but calcium D-
lactate, which is less soluble than L-lactate, may
crystallize in cheese, especially on the surface,
causing undesirable white specks.

Lactate in cheese may be oxidized to acetate.
Pediococci produce 1 mole of acetate and 1 mole
of CO2 and consume 1 mole of O2 per mole of
lactate utilized. Lactate is not oxidized until all
sugars have been exhausted. The oxidation of
lactate to acetate in cheese depends on the
NSLAB population and on the availability of O2,
which is determined by the size of the block and
the oxygen permeability of the packaging mate-
rial (Figure 11-2). Acetate, which may also be
produced by starter bacteria from lactose or cit-
rate or from amino acids by starter bacteria and
lactobacilli, is usually present at fairly high con-
centrations in Cheddar cheese and is considered
to contribute to cheese flavor, although high
concentrations may cause off-flavors. Thus, the
oxidation of lactate to acetate probably contrib-
utes to Cheddar cheese flavor.

In Romano cheese, L-lactate predominates
initially, reaching a maximum of around 1.9%
at 1 day. The concentration of L-lactate begins
to decrease after 10 days, reaching 0.2-0.6% af-
ter 150-240 days of ripening. Some of the de-
crease is due to racemization to o-lactate, which
reaches a maximum (up to 0.6% in some
cheeses) at around 90 days and then declines
somewhat. In some cheeses, acetate reaches
very high levels (1.2%) at around 30 days, but
decreases thereafter. The agents responsible for
the metabolism of acetate have not been identi-
fied, but yeasts (Debaryomyces hansenii) may
be involved. Presumably, the oxidation of lac-
tate to acetate also occurs in other hard and
semi-hard cheeses, but studies in this area are
lacking.

The metabolism of lactate is very extensive in
surface mold-ripened varieties, such as Cam-
embert and Brie. The concentration of lactic acid



in these cheeses is around 1.0% at 1 day. The
lactic acid is produced exclusively by the meso-
philic starter and hence is L-lactate. Secondary
organisms quickly colonize and dominate the
surface of these cheeses, initially Geotrichum
candidum and yeasts, followed by Penicillium
camemberti, and, in traditional manufacture, by
Brevibacterium linens and other coryneform
bacteria (see Chapter 10). G. candidum and P.
camemberti rapidly metabolize lactate to CO2

and H2O, causing an increase in pH (Figure 11-
3). Deacidification occurs initially at the surface,
resulting in a pH gradient from the surface to the
center and causing lactate to diffuse outward.
When the lactate has been exhausted, P. cam-
emberti metabolizes proteins, producing NH3,
which diffuses inward, further increasing the
pH. The concentration of calcium phosphate at
the surface exceeds its solubility at the increased
pH, and it precipitates as a layer of Ca3(PO4)2 at
the surface, thereby causing a calcium phosphate
gradient within the cheese (Figure 11-4). The
elevated pH stimulates the action of plasmin,
which contributes significantly to proteolysis.
Although surface microorganisms secrete very

potent proteinases, they diffuse into the cheese
to only a very limited extent; however, pep tides
produced at the surface may diffuse into the
cheese. The combined action of increased pH,
loss of calcium (necessary for the integrity of the
protein network), and proteolysis is necessary
for the very extensive softening of the body of
Brie and Camembert (Karahadian & Lindsay,
1987; Lenoir, 1984).

The pH of Blue cheese also increases substan-
tially during ripening (Figure 11-5), but in con-
trast to surface mold-ripened cheeses, the extent
of the increase is greater at the center than at the
surface. One would expect that catabolism of
lactic acid would be responsible for the increase
in pH, but the only published data available sug-
gest that Blue cheese contains a high concentra-
tion of lactic acid (^ 1.2%, see Table 11-1). Per-
haps the increase in pH is due to the production
of NH3 on the catabolism of amino acids.
Among Blue cheeses, the increase in pH appears
to be least in Danablue, in which low levels of
NH3 are produced.

Large changes in pH also occur in surface
smear-ripened cheeses, especially at the surface

Table 11-1 Concentration of L(+)- and o(-)-Lactate in Various Cheeses

Lactate (g/100 g Cheese)

Cheese Type Age (Weeks) L(+) D(-)

Cheshire 15 0.75 0.66
23 0.74 0.73

Colby 16 0.71 0.68
0.57 0.51

Egmont 20 0.62 0.37
Gouda 10 0.84 0.31

15 0.66 0.55
0.69 0.42

Blue 8 0.65 0.61
0.74 0.43

Camembert 6 0.17 0.02
8 0.04 0.01
3 0.57 0.02

Feta - 0.97 0.88



(Figure 11-6). In these cheeses, lactate in the
surface layer is catabolized by yeasts, which are
the first microorganisms to colonize the surface.
The increase in pH at the surface is a critical fac-
tor in the ripening of these cheeses, since Brevi-
bacterium linens, the characteristic microorgan-
ism in the smear, does not grow at a pH below
5.8 (see Chapter 10).

The catabolism of lactic acid is also critical
in Swiss-type cheeses, but the causative agents
and effects are different from those in surface

mold-ripened and smear-ripened cheeses. On
transfer to the warm room, Propionibacterium
sp., the characteristic microorganisms in Swiss-
type cheeses, multiply by 2-3 log cycles and
metabolize lactate, preferentially the L-isomer,
to propionate, acetate, and CO2 (Figures 10-13
and 10-14):

outside Distance (mm) outside
surface surface

Figure 11-2 Acetate concentration gradients in 20 kg blocks of Cheddar cheese inoculated with P. pentosaceus
1220 and ripened at 120C and 85-90% RH for 3, 6, and 10 months. The cheeses were wrapped in plastic film with
an oxygen transmission rate (O2TR) of 27 ml O2 m~2 24 hr1 (black symbols) or 112 ml O2 nr2 24 hr1 (white
symbols).
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Figure 11-3 Rate of lactic acid metabolism (•), ammonia production (•), and pH changes (+) in Brie cheese
sampled at the center (A), surface (B), and corner (C) during ripening.
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Figure 11-4 Schematic representation of the gradients of calcium, phosphate, lactic acid, pH, and ammonia in
ripening of Camembert cheese.
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Figure 11-5 Changes in the pH of two batches (A, A) of an Irish Blue cheese during ripening.



The CO2 generated is responsible for eye devel-
opment, a characteristic feature of these variet-
ies. Most of the CO2 produced diffuses through
the curd and is lost, but if the growth of Propi-
onibacterium sp. is adequate, sufficient CO2 is
produced to induce good eye formation. The
acetic acid and especially the propionic acid pro-
duced in this fermentation contribute to the fla-
vor of Swiss-type cheeses.

A common defect in many cheeses arises
from the metabolism of lactate (or glucose) by
Clostridium spp. to butyrate, H2, and CO2 (Fig-
ure 11-7). This reaction leads to late gas blow-
ing and off-flavors in many cheese varieties un-
less precautions are taken, such as good hygiene,
addition of NaNO3 or lysozyme, bactofugation,
or microfiltration.

The significance of the primary fermentation
of lactose to L-lactate in cheese manufacture is
well recognized (see Chapters 5, 6, and 10). The
foregoing discussion indicates that the metabo-
lism of lactose and lactate in cheese during rip-
ening is well understood. Quantitatively, these
changes are among the principal metabolic
events in most cheese varieties. In comparison
with other biochemical changes during cheese
ripening, however, the conversion of lactose to
lactate may have relatively little direct effect on
the flavor of mature cheese. Nonetheless, since it
determines the pH of cheese, it is of major sig-
nificance in regulating the various biochemical
reactions that occur in cheese during ripening.
The isomerization of lactate probably has little
impact on cheese flavor, but its conversion to

Time (days)

Figure 11-6 Changes in the pH in the surface (SI), middle (^), and core (Q) layers of Taleggio cheese during
ripening.
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propionate and/or acetate is probably signifi-
cant, and when it occurs, the metabolism of lac-
tate to butyrate has a major adverse effect on
cheese quality.

11.5 CITRATE METABOLISM

The relatively low concentration of citrate in
milk (~ 8 mM) belies the importance of its me-
tabolism in some cheeses made using meso-
philic cultures (for review, see Cogan & Hill,
1993). Most of the starters used in cheese pro-
duction—Lc. lactis subsp. lactis, Lc. lactis
subsp. cremoris, Lactobacillus ssp. and Sc. ther-
mophilus—do not metabolize citrate, but a mi-
nor component of mixed-strain mesophilic start-
ers, such as those used for Dutch-type cheeses,
contain strains of Lc. lactis subsp. lactis and
Leuconostoc spp., which metabolize citrate to
diacetyl in the presence of a fermentable sugar

during manufacture and early ripening (see Fig-
ure 5-12). The CO2 produced is responsible for
the small eyes characteristic of Dutch-type
cheeses.

Diacetyl is a very significant compound for
the aroma and flavor of unripened cheeses, in-
cluding Cottage cheese and Quarg, and many
fermented milks. It contributes to the flavor of
Dutch-type cheeses and possibly also Cheddar.
Acetate may also contribute to the flavor of
these cheeses.

Approximately 90% of the citrate in milk is
soluble and is lost in the whey. However, the
concentration of citrate in the aqueous phase of
cheese is roughly 3 times that in whey, reflecting
the concentration of colloidal citrate. Cheddar
cheese contains 0.2-0.5% (w/w) citrate, which
decreases to 0.1 % at 6 months through the meta-
bolic activity of some mesophilic lactobacilli,
many of which catabolize citrate to ethanol, ac-
etate, and formate (see Figure 5-11) late in the

Figure 11-7 Metabolism of glucose or lactic acid by Clostridium tyrobutyricum, with the production of butyric
acid, CO2, and H2.



ripening when numbers of NSLAB have in-
creased sufficiently.

11.6 LIPOLYSIS AND RELATED EVENTS

Pure triglycerides elicit an oily sensation in
the mouth but are devoid of flavor stricto senso.
However, lipids have a major effect on the flavor
and texture of foods, including cheese. The in-
fluence of lipids on cheese texture is discussed
in Chapter 13.

Lipids contribute to cheese flavor in three
ways:

1. They are a source of fatty acids, espe-
cially short-chain fatty acids, which have
strong and characteristic flavors. Fatty
acids are produced through the action of
lipases in a process referred to as lipoly-
sis. In some varieties, the fatty acids may
be converted to other sapid and aromatic
compounds, especially methyl ketones
and lactones.

2. Fatty acids, especially polyunsaturated
fatty acids, undergo oxidation, leading to
the formation of various unsaturated alde-
hydes that are strongly flavored and cause
a flavor defect referred to as oxidative
rancidity. Lipid oxidation appears to be
very limited in cheese, probably owing to
its low redox potential (-250 mV).

3. Lipids function as solvents for sapid and
aromatic compounds produced not only
from lipids but also from proteins and lac-
tose. Lipids may also absorb from the en-
vironment compounds that cause off-fla-
vors.

Of the various possible contributions of lipids
to cheese flavor, lipolysis and modification of
the resultant fatty acids are the most significant.

The degree of lipolysis in cheese varies
widely between varieties, from about 6 mEq free
fatty acids in Gouda to 45 mEq/100 g fat in Dan-
ish Blue (Gripon, 1987,1993). Lipases in cheese
originate from milk, rennet preparation (paste),
starter, adjunct starter, or nonstarter bacteria. Li-
polysis in internally bacteria-ripened varieties,

such as Gouda, Cheddar, and Swiss, is generally
low but is extensive in mold-ripened and some
Italian varieties. In general, in those varieties in
which extensive lipolysis occurs, lipases origi-
nate from the coagulant (rennet paste, which
contains pre-gastric esterase, as used in some
Italian varieties) or from the adjunct culture
(Penicillium spp., which produce a number of li-
pases [Gripon, 1987, 1993] in mold-ripened va-
rieties).

11.6.1 Lipases and Lipolysis

Lipases are hydrolases that hydrolyze esters
of carboxylic acids (EC group 3.1.1):

/P /£>
R1—C— OR2 + H2O ^-R1C—OH + R2OH

Lipases have little or no effect on soluble es-
ters, and they prefer to act at the oil-water inter-
face of emulsified esters. Thus, lipases are dis-
tinguished by the physical state of the substrate
rather than by the type of bond hydrolyzed.

Lipases exhibit various types of specificity:

• They are usually specific for the outer ester
bonds of tri- or diglycerides (i.e., snl and
sn3 positions). Thus, initially they hy-
drolyze triglycerides to 1,2- and 2,3-di-
glycerides and later to 2-monoglycerides.
The fatty acid at the sn2 position migrates
to the vacant snl or sn3 position and is then
released by lipase (Figure 11-8). Therefore,
lipases eventually hydrolyze triglycerides
to glycerol and 3 fatty acids. In most
cheeses, lipolysis probably does not go be-
yond the first step.

• Lipases usually exhibit specificity for fatty
acids of certain chain length.

• Some lipases exhibit specificity for satu-
rated or unsaturated fatty acids.

Although some lipases may be optimally ac-
tive at neutral or acid pH values, most have an
alkaline pH optimum. Lipases are inactivated by
fatty acids and therefore are activated by Ca2+,
which precipitates the fatty acids as insoluble



Triglyceride 1,2-Diglyceride 2,3-Diglyceride

1-Monoglyceride 3-Monoglyceride 2-Monoglyceride

Glycerol

Figure 11-8 Hyydrolysis of a triglyceride by a lipase.

soaps and removes them from the reaction envi-
ronment. The whey proteins (3-lactoglobulin and
blood serum albumin bind fatty acids and stimu-

late lipase activity. Lipases are activated by bile
salts, which emulsify the triglyceride substrate.
Some lipases, referred to as lipoprotein Upases,



are also stimulated by lipoproteins, which pro-
mote the adsorption of the enzyme at the oil-wa-
ter interface. An example is blood serum lipase,
which is the indigenous lipase in milk.

11.6.2 Indigenous Milk Lipase

Milk contains an indigenous lipoprotein li-
pase (LPL) that is well characterized
(Olivecrona & Bengtsson-Olivecrona, 1991;
Olivecrona, Vilaro, & Bengtsson-Olivecrona,
1992). The enzyme enters milk as a result of
leakage through the mammary cell membrane
from the blood where it is involved in the me-
tabolism of plasma triglycerides. Bovine milk
contains 12 mg lipase/L (10-20 nM). Under op-
timum conditions, it has a turnover of 3,000 s"1

and could theoretically release sufficient fatty
acids in 10 s to cause hydrolytic rancidity. How-
ever, most of the lipase (> 90%) is associated
with the casein micelles, and the fat occurs in
globules surrounded by a lipoprotein membrane
(the milk fat globule membrane [MFGM]).
Thus, the substrate and enzyme are compart-
mentalized, and lipolysis does not occur unless
the MFGM is damaged by agitation, foaming,
freezing, or homogenization, for example. Inap-
propriate milking and milk-handling techniques
at the farm and/or factory may cause sufficient
damage to the MFGM to permit significant li-
polysis and thus off-flavors in cheese and other
dairy products.

LPL is rather nonspecific for the type of fatty
acid but is specific for the snl and sn3 positions
of mono-, di-, and triglycerides. Therefore, li-
polysis in milk leads to preferential release of
short- and medium-chain acids, which in milk
triglycerides are esterified predominantly at the
sn3 position. Since more than 90% of the LPL in
bovine milk is associated with the casein mi-
celles, it is incorporated into cheese curd. LPL is
relatively heat labile and is extensively inacti-
vated by HTST pasteurization although heating
at the equivalent of 780C for 10 s is required for
complete inactivation. Significantly more li-
polysis occurs in raw milk cheese than in pas-
teurized milk cheese (Figure 11-9). Milk LPL

probably contributes to this difference but the
NSLAB microflora of raw and pasteurized milk
cheeses also differ markedly.

11.6.3 Lipases from Rennet

Good quality rennet extract contains no Ii-
polytic activity. However, rennet paste used in
the manufacture of hard Italian varieties (e.g.,
Romano, Provolone) contains a potent lipase,
pregastric esterase (PGE), which is responsible
for the extensive lipolysis in and the characteris-
tic "piccante" flavor of such varieties. The litera-
ture on PGE was comprehensively reviewed by
Nelson, Jensen, and Pitas (1977) and updated by
Fox and Stepaniak (1993).

PGE, also called lingual or oral lipase, is se-
creted by glands at the base of the tongue. Suck-
ling stimulates the secretion of PGE, which is
subsequently washed into the abomasum by
milk and siliva. Rennet paste is prepared from
the abomasa of calves, kids, or lambs slaugh-
tered after suckling. The abomasa are partially
dried and ground into a paste, which is slurried
in milk or water before being added to cheese
milk. Rennet pastes are considered unhygienic,
and their use is not permitted in several coun-
tries, including the United States. Instead, par-
tially purified PGEs are used.

Calf, kid, and lamb PGEs have been partially
purified from commercial preparations and calf
PGE from oral tissue. The enzyme is a glycopro-
tein with an isoelectric point of 7.0 and a mo-
lecular weight of about 49 kDa. The gene for rat
lingual lipase has been cloned and sequenced,
and the primary structure of the enzyme has
been deduced. PGE is highly specific for short-
chain acids esterified at the sn3 position and
therefore releases high concentrations of highly
flavored short- and medium-chain acids from
milk fat. The specificity of calf, lamb, and kid
PGEs differ slightly, and consequently the flavor
characteristics of Italian cheese differ slightly,
depending on the source of the PGE used. Most
other lipase s are unsuitable for the manufacture
of Italian cheese because of incorrect specificity,
but it has been claimed that certain fungal Ii-



pases may be acceptable alternatives (see Fox &
Stepaniak, 1993). The use of PGE to accelerate
the ripening of other cheese varieties is dis-
cussed in Chapter 15.

11.6.4 Microbial Lipases

Lactococcus spp. and Lactobacillus spp. have
lower levels of lipolytic activity than other bac-
teria (e.g., Pseudomonas) and molds. However,
in the absence of strongly lipolytic agents and

when present at high numbers over a long pe-
riod, as in ripening cheese, lipases and esterases
of lactococci and lactobacilli are probably the
principal lipolytic agents in Cheddar and Dutch-
type cheeses made from pasteurized milk. Asep-
tic cheeses acidified with GDL instead of starter
have low concentrations of free fatty acids that
do not increase during ripening. The lipase and
esterase activity of LAB appears to be entirely
intracellular. Cell-free extracts of various dairy
LAB are most active on tributyrin at pH 6-8 and

Weeks

Figure 11-9 Liberation of free fatty acids in Cheddar cheese made from raw milk (•), pasteurized milk (•), and
(A) microfiltered milk.
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at 370C. They have little or no activity on trig-
lycerides of long-chain fatty acids (e.g., > Ci0).
There appears to be considerable interstrain
variation in esterase and lipase activity, and
some strains appear to possess two esterases.
Starter bacteria can liberate free fatty acids from
mono- and diglycerides produced in milk by
other lipases (e.g., milk LPL or Upases from
gram-negative bacteria).

The intracellular esterase and lipase of two
Lactococcus strains have been isolated and char-
acterized (Chich, Marchesseau, & Gripon, 1997;
Holland & Coolbear, 1996). At present, little is
known about the genetics of these enzymes. Iso-
lation of lipase- and esterase-negative variants
of Lactococcus would permit the significance of
these enzymes in cheese ripening to be assessed.

Both mesophilic and thermophilic lactobacilli
possess (mainly) intracellular esterolytic and Ii-
polytic activity (Gobbetti, Fox, & Stepaniak,
1996; Khalid, El-Soda, & Marth, 1990). The
esterolytic and lipolytic activity in cell
homogenates of a number of lactobacilli was
characterized by El-Soda, Abd El-Wahab,
Ezzat, Desmazeaud, and Ismail (1986), and an
intracellular lipase and an intracellular esterase
from Lb. plantarum were purified and character-
ized by Gobbetti, Fox, and Stepaniak (1997) and
Gobbetti, Fox, Smacchi, Stepaniak, and
Damiani(1997).

Micrococcus, which constitutes part of the
nonstarter microflora of cheese, especially
the surface microflora, produces lipases
that may contribute to lipolysis during ripening
(Bhowmik & Marth, 199Oa, 199Ob). The non-
starter microflora of cheese may also include
Pediococcus spp., which are weakly esterolytic
and lipolytic (Bhowmik & Marth, 1989;
Tzanetakis & Litopoulou-Tzanetaki, 1989).

An intracellular lipase of Propionibacterium
shermanii was partially characterized by
Oterholm, Ordal, and Witter (1970); it probably
contributes to lipolysis in Swiss varieties. Brevi-
bacterium linens, a major component of the sur-
face of smear-ripened cheeses, possesses intrac-
ellular lipases and esterases. An intracellular
esterase has been purified and characterized
(Rattray & Fox, 1997).

Extensive lipolysis occurs in mold-ripened
cheese, particularly Blue varieties. In some
cases, up to 25% of the total fatty acid may be
free (see Gripon, 1987, 1993). However, the im-
pact of free fatty acid on the flavor of Blue mold-
ripened cheeses is less than in hard Italian variet-
ies, possibly owing to neutralization as the pH
increases during ripening and to the dominant
influence of methyl ketones on the flavor of
Blue cheese. Lipolysis in mold-ripened varieties
is due primarily to the lipases of Penicillium
roqueforti or P. camemberti, which secrete po-
tent, well-characterized extracellular lipases
(see Gripon, 1993). P. camemberti appears to
excrete only one lipase, which is optimally ac-
tive at around pH 9.0 and 350C. P. roqueforti
excretes two lipases, one with a pH optimum at
around 8.0, the other at around 6.0. The acid and
alkaline lipases exhibit different specificities.
Geotrichum candidum produces two lipases
with different substrate specificities (see
Charton, Davies, & McCrae, 1992; Sidebottom
etal, 1991).

Psychrotrophs, which usually dominate the
microflora of refrigerated milk, are a potentially
important source of potent lipases in cheese but
are considered not to be very important unless
their numbers exceed 107 cfu/ml. Many psy-
chrotroph lipases are heat stable and thus may
cause rancidity in cheese over the course of a
long ripening period. The subject of psychro-
troph enzymes in cheese was discussed by
Mortar (1989). Unlike psychrotroph proteinases,
which are largely water-soluble and are lost in
the whey, psychrotroph lipases adsorb onto the
fat globules and are therefore concentrated in
cheese.

11.6.5 Pattern and Levels of Lipolysis in
Selected Cheeses

Lipolysis is considered to be undesirable in
most cheese varieties. Cheddar, Gouda, and
Swiss-type cheeses containing even a moderate
level of free fatty acids would be considered
rancid. However, certain cheese varieties are
characterized by extensive lipolysis (e.g.,
Romano, Parmesan, and Blue cheeses). Only



small qualitative and quantitative differences in
free fatty acids (C2:o-Ci8:3) occur between Ched-
dar cheeses differing widely in flavor. The pro-
portions of free fatty acids (C6:0-Ci8:3) in cheese
are similar to those in milk fat, indicating that
they are released in a nonspecific manner. How-
ever, free butyric acid is usually present at a
higher concentration than can be explained by
its proportion in milk fat, suggesting that it is
liberated selectively. Lipolysis in hard Italian
varieties is extensive and due primarily to the
action of PGE in the rennet paste used in the
manufacture of these cheeses. Lipolysis in Blue
cheese varieties is extensive owing to the action
of Upases from Penicillium spp. The free fatty
acid levels in a number of cheese varieties are
listed in Table 11-2.

11.6.6 Catabolism of Fatty Acids

The taste and aroma of Blue cheese is domi-
nated by saturated n-methyl ketones, a homolo-
gous series which, containing an odd number of
carbon atoms from C3 to Q7, is present. Concen-
trations of methyl ketones in Blue cheese fluctu-
ate, presumably due to reduction to secondary
alcohols, but heptan-2-one, nonan-2-one, and
undecan-2-one dominate.

The metabolism of fatty acids in cheese by
Penicillium spp. involves four main steps (Fig-
ure 11-10; see Kinsella & Hwang, 1976):

1. release of fatty acids by the lipolytic sys-
tems (see Sections 11.6.1 to 11.6.5)

2. oxidation of p-ketoacids
3. decarboxylation to methyl ketone with

one less carbon atom
4. reduction of methyl ketones to the corre-

sponding secondary alcohol (this step is
reversible under aerobic conditions)

The concentration of methyl ketones is re-
lated to lipolysis. Methyl ketones can also be
formed by the action of the mold on the keto-
acids naturally present at low concentrations in
milk fat (~ 1% of total fatty acids). They could
also be formed by the oxidation of mono-
unsaturated acids, but evidence for such a path-
way is equivocal.

Table 11-2 Typical Concentrations of Free
Fatty Acids (FFAs) in Some Cheese Varieties

Variety FFA (mg/kg)

Sapsago 211
Edam 356
Mozzarella 363
Colby 550
Camembert 681
Port Salut 700
Monterey Jack 736
Cheddar 1,028
Gruyere 1,481
Gjetost 1,658
Provolone 2,118
Brick 2,150
Limburger 4,187
Goat's milk cheese 4,558
Parmesan 4,993
Romano 6,754
Blue (US) 32,230
Roquefort 32,453

A number of factors affect the rate of methyl
ketone production, including temperature, pH,
physiological state of the mold, and the ratio of
the concentration of fatty acids to the dry weight
of spores. Both resting spores and fungal myce-
lium are capable of producing methyl ketones.
The rate of production of methyl ketones does
not depend directly on the concentrations of free
fatty acid precursors. Indeed, high concentra-
tions of free fatty acids are toxic to P. roqueforti.

Lactones are cyclic esters resulting from the
intramolecular esterification of a hydroxyacid
through the loss of water to form a ring structure:

A fatty acid A6-ketone



a-Lactones and (3-lactones are highly reactive
and are used, or occur, as intermediates in or-
ganic synthesis; y- or 8-lactones are stable and
have been found in cheese. Lactones possess a
strong aroma, which, although not specifically
cheese-like, may be important in the overall fla-
vor of cheese.

y-Lactones and 8-lactones in freshly secreted
milk probably originate from the corresponding
y- and 8-hydroxyacids following release from
triglycerides; they are formed spontaneously
following release of the corresponding hydroxy-
acid. Lactones could also be produced from keto
acids released by lipolysis, followed by reduc-
tion to hydroxyacids. It has been reported that
the mammary gland of ruminants has a 8-oxida-
tion system for fatty acid catabolism, and thus
oxidation within the mammary gland may be the
primary source of lactone precursors. The poten-
tial for lactone production depends on such fac-
tors as feed, season, stage of lactation, and
breed.

8-Lactones have very low flavor thresholds.
y-C12, y-C14, y-C16, 8-C10, 8-C12, S-C14, 8-C15, 8-
C16, and 8-C18 lactones have been identified in
Cheddar cheese, and their concentration corre-
lates with age and flavor intensity, suggesting
that certain lactones are significant in Cheddar
cheese flavor, although this has not been con-
firmed.

The concentration of lactones in Blue cheese
is higher than in Cheddar, probably reflecting
the extensive lipolysis that occurs in Blue
cheese. The principal lactones in Blue cheese are
S-C14 and S-C16.

11.7 PROTEOLYSIS

11.7.1 Introduction

Of the three primary biochemical events (gly-
colysis, lipolysis, and proteolysis) that occur in
cheese during ripening, proteolysis is the most
complex and, in the view of most investigators,

Figure 11-10 p-Oxidation of fatty acids to methyl ketones by Penicillium roqueforti and subsequent reduction
to secondary alcohols.
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