
edge, been successfully developed for use in
cheese plants.

The Hot Wire Probe. The hot wire probe has
achieved the furthest development toward com-
mercial application of all curd firmness sensors,
with most of the research occurring at the Snow
Brand Dairy Products Company (Japan) and the
National Institute for Agronomic Research
(France). Stoelting Inc. (Kiel, Wisconsin) has
commercialized the Optiset II hot wire sensor
(from Snow Brand), which is now operating in
several cheesemaking plants in the United
States.

The principle of measurement is based on
changes in heat transfer from a hot wire to the
milk. A thin platinum wire probe is immersed in
the milk. A constant current is passed through
the wire, generating heat, which is dissipated
readily, by convection currents near the wire,
while the milk is liquid. As the milk coagulates,
its viscosity increases, and generated heat is no
longer readily dissipated. The temperature of the
wire increases, causing an increase in its resis-
tance. The resistance and temperature of the
wire are dynamically measured by monitoring
changes in voltage across the wire, giving a con-
tinuous output signal.

A typical output signal is shown in Figure
6-15. The peak in the first derivative of the out-
put signal corresponds to the onset of gelation.
The instrument does not detect a gel cutting
time; the increase in gel firmness beyond the on-
set of gelation (i.e., the gel point) is not readily
detected by the hot wire, as it has a relatively
small effect on heat dissipation (compared with
the transition from a liquid to a gel). However,
empirical equations have been developed to re-
late the gel point, as detected by the hot wire, to
cut times (at a particular firmness, e.g., 40 Pa) as
determined by low-amplitude strain oscillation
rheometry, the Formagraph, or other laboratory
methods.

Diffuse Reflectance Fiber-Optic Probe. An
infrared diffuse reflectance probe, designed at the
University of Kentucky, was installed in two
cheese plants in the United States in 1993. The
principle of measurement is based on changes in

the light-scattering properties of milk. Infrared
light is emitted from an LED and transmitted
through one branch of a bifurcated cable contain-
ing optical fibers to the tip of a probe in contact
with the renneted milk (Figures 6-16 through
6-18). Light reflected by both the fat globules and
casein micelles is detected by the optical fibers in
the other branch of the bifurcated cable and trans-
mitted to a photodetector. As the milk coagulates,
more light is reflected (due to the aggregation of
the paracasein micelles) and transmitted to the
photodetector, the output signal from which is
directly proportional to the amount of light re-
ceived. As in the case of the hot wire probe, the
peak in the first derivative of the output signal
corresponds to the onset of gelation, which is then
related to the cut time at a given firmness as deter-
mined by laboratory instruments.

6.7 FACTORS THAT AFFECT RENNET
COAGULATION

The strength of the resulting gel (curd tension)
is as important as the coagulation time, if not
more so, especially from the point of view of
cheese yield. The gel assembly process is quite
slow (see Figure 6-6), and in the case of most
cheese varieties a period roughly equal to the
RCT is allowed from the onset of visual coagu-
lation for the gel to become sufficiently firm
prior to cutting. If the gel is too soft when cut, fat
and casein losses in the whey will be high (see
Bynum & Olson, 1982, for a description of the
influence of curd firmness on cheese yield and
for references on this subject). In general, there
is an inverse relationship between RCT and curd
tension, which means any factor that reduces
RCT increases curd tension and vice versa. The
effects of various compositional and environ-
mental factors on the primary and secondary
phases of rennet coagulation are summarized in
Table 6-2.

6.7.1 Milk Protein Level

The coagulation time of milk decreases mark-
edly with protein (and thus casein) content, in

Previous Page



the range 2.0-3.0% (w/w), when rennet is added
on a volume basis (Figures 6-19 and 6-20). Fur-
ther increases in milk protein level (i.e., > 3.0%,
w/w) result in a slight increase in gelation time,
an effect attributable to the decreasing ren-

net: casein ratio, which necessitates an increase
in the time required to generate sufficient hy-
drolysis of K-casein to induce aggregation of
paracasein micelles. At a constant rennetcasein
ratio, the RCT decreases with increasing casein

(b) Time after rennet addition

Figure 6-15 (a) Hot wire sensor for objectively measuring the rennet coagulation of milk, (b) Changes in the
temperature of the hot wire during the course of the rennet coagulation of milk.
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concentration, such as obtained by ultrafiltra-
tion, and vice versa. From a practical viewpoint,
a minimum protein level of 2.5-3.0% (w/w) is
necessary for gel formation in cheese manufac-
ture (i.e., within 40-60 min). The maximum
curd-firming rate (Smax) and curd firmness (G ̂
increase more than proportionally with protein
level (Figure 6-18), with a power law depen-
dence of the latter parameters and protein con-

centration (i.e., Smax <*p«i and G' <*Pn2, where nl
and n2 > 1.0, typically ~ 2.0 [Guinee et al.,
1996]). Hence, small variations in the protein
content of milk, as can occur throughout the
cheesemaking season, exert a relatively large ef-
fect on the coagulation properties of rennet. The
positive effects of the higher milk protein con-
tent on the rennet coagulation properties prob-
ably ensue from the higher level of gel-forming

Figure 6-16 Schematic representation of the fiber-optic sensor developed to measure the diffuse reflectance of
coagulating milk. LED = light emitting diode.
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Figure 6-17 Schematic representation of the diffuse reflectance probe of the fiber-optic sensor.
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protein, which increases the proximity of casein
micelles and thus augments the rate of casein
aggregation.

One of the economic attractions in using ultra-
filtration-concentrated milk in cheesemaking is
the savings that accrue from using less rennet.
Cheese made from ultrafiltration-concentrated
milk ripens more slowly than normal, due partly
to slower proteolysis, for which there may be a
number of causes, including the lower ratio of
rennet to casein.

6.7.2 Milk Fat Level

Increasing fat content in the range 0.1-10%
(w/w) while maintaining the protein level con-
stant (e.g., at 3.3%, w/w) enhances the rennet
coagulation properties, as reflected by decreases
in coagulation time and set-to-cut time and

higher values for Smax and G' (Figure 6-20).
However, the positive effects are much lower

than those obtained by increasing protein con-
tent in the same range. Indeed, in a milk in which
the level of fat plus protein is maintained con-
stant, increasing the fat level results in signifi-
cant decreases in 5max and G'. In commercial
cheese manufacture, where standardization of
milk protein to a fixed level (e.g., by ultrafiltra-
tion of skim milk) is not normally practiced, Smax

and G' increase progressively upon adding
cream to a fat level of about 4% (w/w) and de-
crease rapidly thereafter. The decrease is due to
the dilution effect on the protein, which eventu-
ally offsets the benefits of increasing the fat con-
tent. From physical and structural consider-
ations, the effect of increasing the fat level in a
milk where the absolute level of gel-forming
protein is constant is probably twofold:

Time from rennet addition, min

Figure 6-18 Typical diffuse reflectance profile of rennet-treated milk showing the various stages of rennet co-
agulation process: induction (rennet hydrolysis of K-casein), sigmoidal (aggregation of paracasein micelles and
gel formation), and logarithmic (continued fusion of paracasein micelles and curd firming). The reflectance slope
is obtained from the first derivative of the reflectance ratio; the maximum slope (arrow a) corresponds to the time
of the maximum aggregation rate; arrow b indicates the time at which the gel has become sufficiently firm for
cutting.
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Table 6-2 Effects of Some Compositional and Processing Factors on Various Aspects of the Rennet Coagulation of Milk

Overall

Set-to-Cut Time

Curd Firmness
after a Fixed

Renneting Time
Curd

Firming RateGTRCT
Second
Phase

First
PhaseFactor

U
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ft

ND
ft
U

U
ft
U
Ii
U
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ft

Ii

ND
U
ft
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U
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U
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ft
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U
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U

U

U
U
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ND

ND

ND

Ii
ft

ND

U
ND
U
U
U

+++

+

+++

ND

+

+++
+

ND

ND

ND

++

ND

NE
ND
+

+++
+++

Increasing the casein level
when rennet is added on
a volume basis

Increasing the fat content of milk
when casein level is constant
when fat plus casein levels

are constant
Pasteurization temperature:

6O0C x 15 s
> 720C x 15 s

Milk homogenization
Added CaCI2

0.2-1OmM
> 1OmM

Gelation temperature (4->35°C)
Decreasing gelation pH (6.6^6.0)
Rennet concentration

Key: RCT = rennet coagulation time as determined by the rennet coagulation time assay; GT = gelation time as determined by dynamic methods such as the Formagraph method or
low-amplitude strain oscillation rheometry; NE = no effect; ND = no data available; - = slight negative effect; -- = moderate negative effect; + = slight positive effect; ++ = moderate
positive effect; +++ = large positive effect; ft = magnitude of the rennet coagulation parameter increases; ii = magnitude of rennet coagulation parameter decreases.



1. The concomitant increase in viscosity
with fat content probably restricts the
movement of gel strands and thereby con-
tributes to a higher gel rigidity.

2. Simultaneously, the increasing number of
fat globules causes the gel strands to be-
come more elongated to surround and oc-
clude the obstructing fat globules; this re-
sults in thinner and weaker gel strands.

6.7.3 Pasteurization Temperature

Preheating milk up to about 650C has a benefi-
cial effect on rennet coagulation, owing to heat-
induced precipitation of calcium phosphate and a
concomitant decrease in pH. These changes occur
also at higher temperatures, but their beneficial
effects on rennet coagulation are offset and even-
tually overridden by the combined effects of

Figure 6—20 Effect of increasing level of protein (•) in skim milk or fat (O) in milks containing 33 g/kg protein
on rennet coagulation properties: maximum curd-firming rate (A), curd firmness at 40 min after rennet addition
(B), and set-to-cut time at a firmness of 20 Pa (C).

Milk protein or fat, g/100g Milk protein or fat, g/100g Milk protein or fat, g/10Og
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Figure 6-19 Effect of milk protein level (30 [A], 35 [B], 45 [C], 69 [D], or 82 [E] g/kg) on the elastic modulus
of rennet-coagulated milk. Milks B-E were prepared by ultrafiltration of milk A. Coagulation parameters that
may be derived from the curve are gelation time (point at which G'begins to increase, curd-firming rate (slope of
G' time curve in the linear region), and curd firmness (the value of G' at a given time from rennet addition).

El
as

tic
 s

he
ar

 m
od

ul
us

, P
a



• v/hey protein denaturation and the interac-
tion of denatured (3-lactoglobulin with mi-
cellar K-casein

• the deposition of heat-induced, insoluble
calcium phosphate and the consequent re-
duction, upon subsequent cooling, in the
concentration of native micellar calcium
phosphate, which is important for cross-
linking paracasein micelles, and hence ag-
gregation, during gel formation

The complexation of denatured whey protein
with K-casein adversely affects both the en-
zymatic and nonenzymatic phases of rennet co-
agulation but especially the latter. Increasing the
extent of whey protein denaturation (as a per-
centage of total) to a level greater than 15% by
high heat treatment (e.g., > 8O0C x 15 s) impairs
the rennet coagulation characteristics to such an
extent that the milk is unsuitable for commercial
cheese manufacture (Figure 6-21). Very se-
verely heated milk (e.g., 9O0C x 10 min, 80-
90% total whey protein denatured) is not coagu-
lable by rennet.

If heated milk is cooled, the RCT increases
further (Figure 6-22), a phenomenon referred to
as rennet hysteresis. The effect can be explained
as follows: the adverse influence of the interac-
tion of P-Ig with K-CN on rennet coagulation is
offset to some extent by the beneficial effect of
heat-precipitated calcium phosphate and re-
duced pH. However, heat-induced changes in
calcium phosphate are at least partially revers-
ible upon cooling, and hence the full adverse ef-
fects of the protein interaction become fully ap-
parent upon cooling. In practice, milk should be
pasteurized immediately before cheesemaking
and should not be cold-stored before use.

6.7.4 Cooling and Cold Storage of Milk

Cooling and cold storage of milk (raw or
heated) have adverse effects on the cheese-
making properties of milk. Apart from the
growth of psychrotrophs, two undesirable
changes occur:

1. Some indigenous colloidal calcium phos-
phate dissolves, with a concomitant in-
crease in pH.

2. Some proteins, especially (3-casein, dis-
sociate from the micelles.

These changes are reversed by HTST pasteur-
ization or by heating at a lower temperature,
such as 310C, for a longer period.

6.7.5 Milk Homogenization

Homogenization of milk is practiced in the
manufacture of some cheese varieties in which
lipolysis is important for flavor development,
such as Blue cheese. The objective is to in-
crease the accessibility of the fat to fungal Ii-
pases and thus to increase the formation of fatty
acids and their derivatives (e.g., methyl ke-
tones). Moreover, homogenization is a central
part of the manufacturing process for cheeses
made from recombined milks. Homogenization
reduces fat globule size and increases the inter-
facial area of the fat surface by a factor of 5-6.
Simultaneously, the fat globules become coated
with a protein layer consisting of casein mi-
celles, micelle subunits, and whey proteins.
Hence, the newly formed fat globules behave
as pseudoprotein particles and are able to be-
come part of the gel network. Numerous stud-
ies have been undertaken to evaluate the effect
of homogenization under different tempera-
tures, pressures, and/or milk fat levels. While
some discrepancies exist between the results of
these studies, the main trends indicate that ho-
mogenization lowers the gelation time slightly,
has no effect on the curd-firming rate, and
causes a slight increase in G'. However, the
higher moisture content of cheese made from
homogenized milk, compared with that made
from nonhomogenized milk, suggests that ho-
mogenization may alter the rate of casein ag-
gregation during the later stages of cheese
manufacture (i.e., after cutting).

6.7.6 Renneting (Set) Temperature

The principal effect of set temperature is on
the secondary, nonenzymatic phase of coagula-
tion, which does not occur at temperatures be-



low around 180C. Above this temperature, the
coagulation time decreases to a broad minimum
at 40-450C and then increases again as the en-
zyme becomes denatured. In cheesemaking, ren-
net coagulation normally occurs at around 310C,
well below the optimum temperature. The lower
temperature is necessary to optimize the growth
of mesophilic starter bacteria, which have an op-
timum growth temperature of about 27-280C
and will not grow, nor perhaps even survive,
above 4O0C. In addition, the structure of the co-
agulum is improved at the lower temperature,

which is therefore used even for cheeses made
using thermophilic cultures.

6.7.7 pH

Due to the effect of pH on the activity of the
enzyme, the rennet coagulation time increases
with increasing pH, especially above pH 6.4
(Figure 6-23). The sensitivity to pH depends on
the rennet used. Porcine pepsin is particularly
sensitive, while the microbial rennets are rela-
tively insensitive. Owing to the pH dependence
of the rennet coagulation of milk, factors that

Figure 6-21 Effect of pasteurization temperature (for 15 s) on the level of whey protein denaturation (A), and
effect of the level of whey protein denaturation on maximum firming rate (B), curd firmness 60 min after rennet
addition (C), and set-to-curd time at a firmness of 20 Pa (D).
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might affect the pH of milk (e.g., amount and
form of starter added, addition of CaCl2, ripen-
ing of milk, pH adjustment by addition of acid or
acidogen, mastitis, and stage of lactation) will
affect rennet coagulability. Curd firmness in-
creases markedly with decreasing pH to a maxi-
mum atpH 5.9-6.0. The decrease in curd tension
at lower pH values may be due in part to the
solubilization of colloidal calcium phosphate as
the pH is reduced. The pH of milk increases
markedly in response to mastitic infection and
may exceed 7.0 (i.e., it approaches the pH of
blood, which is around 7.4). Mastitic milk has a
longer RCT and lower curd tension than milk
from healthy cows, probably owing to a combi-
nation of factors, such as high pH, low casein
content, and the generally high somatic cell
count (e.g., > 106 cells/ml) and associated pro-
teolytic activity (which causes extensive hy-
drolysis of asi- and p-caseins). The pH of first
colostrum is around 6; the pH increases to the
normal value (6.7) within about 1 week and then

remains relatively constant for the main part of
lactation, before increasing substantially (to pH
7 or even higher) at the end of lactation.

6.7.8 Added CaCl2

The addition of CaCl2 to milk, which is com-
mon practice, promotes rennet coagulation via
three beneficial changes:

1. an increase in [Ca2+]
2. an increase in the concentration of colloi-

dal calcium phosphate
3. a concomitant decrease in pH (the addi-

tion OfCaCl2 to 0.02%, i.e., 1.8 mM Ca,
reduces the pH by ~ 0.05-0.1 units, de-
pending on protein level)

Hence, the addition OfCaCl2 (to 0.02 g/L, i.e.,
~ 2 mM Ca) enhances the rennet coagulation
properties as reflected by a reduction in gel time
and by increases in the curd-firming rate and
curd firmness (Figure 6-23). However, at addi-

hysteresis
effect

Time after heating

Figure 6-22 Schematic representation of the hysteresis effect on the rennet coagulation time (RCT) of heated
milk. The symbols represent the RCT of raw milk (•), milk immediately after pasteurization (O), and milk 6 hr
after pasteurization (X).
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the positive charge on the casein, making it less
prone to aggregation. As expected, the addition
of calcium chelators (e.g., EDTA and sodium
phosphates) reduces gel firmness. The addition
of NaCl or KCl increases gel firmness up to 100
mM but markedly decreases it at higher concen-
trations, possibly via displacement of micellar
Ca.

Figure 6-23 Effect of various factors on the rennet coagulation time of milk.
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6.7.9 Rennet Concentration

Obviously, the rate of the enzymatic phase of
rennet coagulation is directly related to the
amount of rennet used; there is a good linear rela-
tionship between enzyme concentration and
milk-clotting activity (MCA) (Figure 6-23).
However, there are discrepancies as to the effect
of rennet level on the curd-firming rate and curd
firmness, with some studies showing increases in
the latter parameters and others no effect or slight
decreases, depending on the stage of lactation.

In cheesemaking, the amount of rennet added
is sufficient to coagulate the milk in 30-40 min
(200-220 ml of standard calf rennet [« 60 RU/
ml] per 1,000 L of milk). This level of rennet is
traditional and is presumably based on experi-
ence. From a strictly coagulation viewpoint,
more or less rennet could probably be used with-
out adverse effects (other than the change in
RCT). However, the amount of rennet retained
in the curd is proportional to the amount of ren-
net added to the milk (at least for calf rennet),
and this has a major effect on the rate of pro-
teolysis during ripening. The retention of gastric
rennets (e.g., calf chymosin and bovine pepsin)
increases with decreases in pH at gel cutting and
at whey drainage. On the other hand, the reten-
tion of R. miehei (Rennilase) and R. pusillus
(Emporase) proteinases is not influenced by pH
at cutting or at whey drainage.

There are numerous reports that curd tension
is strongly influenced by the type of rennet used:
calf chymosin gives a more rapid increase in
curd tension than microbial rennets, although the
substrate on which the rennets were standard-
ized for clotting activity is of some significance.
The fact that rennets standardized to equal clot-
ting activity give different rates of curd firming
and behave differently in response to composi-
tional factors, such as Ca2+, suggests possible
differences in the extent and/or specificity of
proteolysis during the primary, enzymatic phase
of rennet coagulation. As far as is known, the
primary phase of coagulation by all the principal
coagulants involves cleavage of the PhC105-

Metioe bond except the enzyme from C. para-
sitica, which hydrolyzes Seri04-Phei05. Possibly,
other bonds are also hydrolyzed by microbial
rennets, although this is not obvious from gel
electrophoretic studies. Further studies on this
point are required.

The amount of rennet used seems to be op-
tional, but the strategy of increasing concomi-
tantly both the level of rennet used and starter
cell numbers does not seem to have been investi-
gated as a possible means of accelerating cheese
ripening.

6.7.10 Other Factors

The rennet coagulation properties of milk
may be influenced by stage of lactation and diet,
which cause changes in milk composition (i.e.,
casein, fat, mineral, and pH levels); degree of
casein hydrolysis (e.g., as influenced by plasmin
and other proteinases); and the health of the cow.
These effects tend to be more marked in coun-
tries, such as Ireland, New Zealand, and Austra-
lia, where milk is largely collected from spring-
calving herds fed predominantly on pasture.
Late lactation milk, especially when the lactose
level is below 4.1% (w/w), is frequently associ-
ated with long coagulation times and low curd
firmness. These defects may be alleviated by
drying off cows at milk yields of above 8 L/d,
improving the quality of the feed, blending late
lactation milk with early lactation milk, and
standardizing the cheesemaking process (e.g.,
pH at set and the renneticasein ratio).

6.8 RENNET SUBSTITUTES

Owing to the increasing world production of
cheese (roughly 2-3% per annum over the past
30 years) and the reduced supply of calf veils
(due to a decrease in calf numbers and a ten-
dency to slaughter calves at an older age), the
supply of calf rennet has been inadequate for
many years. This has led to an increase in the
price of veal rennet and to a search for rennet
substitutes. Despite the availability of numerous



potentially useful milk coagulants, only six ren-
net substitutes (all aspartyl proteinases) have
been found to be more or less acceptable for
cheese production: bovine, porcine, and chicken
pepsins and the acid proteinases from Rhizo-
mucor miehei, R. pusillus, and Cryphonectria
parasitica. (Rhizomucor and Cryphonectria
were previously known as Mucor and Endothia,
respectively.)

In addition to fulfilling the criteria laid down
by legislative agencies regarding purity, safety,
and absence of antibiotics (IDF, 1990), rennet
substitutes must possess the following charac-
teristics (Guinee & Wilkinson, 1992):

• A high MCA:proteolytic activity ratio. A
high ratio, as for example with calf rennet,
prevents excessive nonspecific proteolysis
during manufacture and hence protects
against a weak gel structure, high losses of
protein and fat in the whey, and reduced
yields of cheese solids. Moreover, it avoids
excessive proteolysis during maturation
and thus ensures the correct balance of pep-
tides of different molecular weights and
hence desirable flavor, body, and functional
characteristics in the ripened cheese, mak-
ing it suitable for certain applications (e.g.,
processed cheese products and cheese pow-
der). Excessive proteolysis, especially of (3-
casein, is associated with the development
of a bitter flavor.

• An MCA that is not very pH dependent in
the region 6.5-6.9. A sharp decrease in
MCA combined with increasing pH may
lead to slow gelation and a low curd tension
at cutting, especially if the milk pH at set-
ting is high (e.g., 6.7-6.8, as may occur in
late lactation) or when the casein concentra-
tion is low (e.g., < 2.4%, w/w). These con-
ditions are conducive to low recovery of fat
and reduced cheese yield and can occur in
large factories, where the duration of milk
ripening is short (especially with the use of
direct vat starters) and production steps (in-
cluding cutting) are generally carried out

according to a fixed time schedule. The ad-
dition OfCaCl2Or acidulants (e.g., gluconic
acid-5-lactone) may overcome the latter
problems.

• Thermostability comparable to that of calf
rennet at the pH values and temperatures
used during cheesemaking. This can mark-
edly influence the level of residual rennet in
high-cook cheeses such as Emmental,
Romano, Provolone, and low-moisture
Mozzarella and hence the level of proteoly-
sis, texture, and functionality of the cheese
during maturation (see Chapters 11 and 19).

• Low thermostability of rennets during
whey processing. A heat-stable rennet in
the whey (« 90% of that added to the cheese
milk) may lead to coagulation of formu-
lated milks, which normally include whey
(e.g., infant formulae and calf milk replac-
ers) upon reconstruction.

• The ability to impart desired flavor, body,
and texture characteristics to the finished
cheese.

Chicken pepsin is the least suitable of the
commercial rennet substitutes and was used
widely only in Israel, where it has now been re-
placed by microbial chymosin. Owing to its
low MCA:proteolytic activity ratio, chicken
pepsin promotes extensive degradation of both
ocsi- and (3-caseins in Cheddar cheese, leading
to the development of flavor defects (e.g., bit-
terness) and textural defects (soft body and
greasiness) during maturation. Bovine pepsin is
probably the most satisfactory. Good quality
veal rennet contains about 10% bovine pepsin,
and many commercial "calf rennets" contain
about 50%. Its proteolytic specificity is similar
to that of calf chymosin, and it gives generally
satisfactory results with respect to cheese yield
and quality. The activity of porcine pepsin is
very sensitive to pH greater than 6.6, and it
may be denatured extensively during cheese-
making, impairing proteolysis during cheese
ripening. A 50:50 mixture of porcine pepsin
and calf rennet gave generally acceptable re-



suits, but porcine pepsin has been withdrawn
from most markets.

Although the proteolytic specificity of the
three commonly used fungal rennets is consider-
ably different from that of calf chymosin, they
have given generally satisfactory results when
used in the manufacture of most cheese variet-
ies. However, the proteolytic activity of all the
rennet substitutes is higher than that of calf
chymosin, resulting in higher levels of protein in
the cheese whey and lower cheese yields (Figure

6-24). Prior to the introduction of genetically
engineered chymosin, microbial rennets were
used widely in the United States but not in most
European countries, Australia, or New Zealand.
The extensive literature on rennet substitutes has
been reviewed (see Fox & McSweeney, 1997,
for references).

Like chymosin, all commercially successful
rennet substitutes are acid (aspartyl) proteinases.
The molecular and catalytic properties of the
principal rennet substitutes are generally similar
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Figure 6-24 Increase in the level of N in whey, expressed as percentage protein (A), and estimated decrease in
moisture-adjusted (370 g/kg) yield of Cheddar cheese (B), compared with calf rennet (94% chymosin and 6%
bovine pepsin) when using different coagulants. BP, bovine pepsin (91% bovine pepsin + 9% calf chymosin);
CR/SP, 50:50 blend of calf rennet and swine pepsin; RP, Rhizomucor pusillus\ RM, R. miehei; CP, Cryphonectria
parasitica\ BP, Bacillus polymyxa.



to those of chymosin (see Chitpinityol &
Crabbe, 1998; Foltmann, 1993). Acid protein-
ases have a relatively narrow specificity, with a
preference for peptide bonds to which a bulky
hydrophobic residue supplies the carboxyl
group. Their narrow specificity is significant for
the success of these enzymes in cheese manufac-
ture. The fact that the pH of cheese is far re-
moved from their optima (~ 2 for porcine pep-
sin) is probably also significant. However, not
all acid proteinases are suitable as rennets, be-
cause they are too active even under the prevail-
ing relatively unfavorable conditions in milk and
cheese. The specificity of porcine and bovine
pepsins on asi- and p-caseins is quite similar to
that of chymosin, but the specificity of the fun-
gal rennet substitutes is quite different (see
Chapter 11). Like chymosin, the Phei05-Met106
bond of K-casein is also preferentially hydro-
lyzed by pepsins and the acid proteinases of
Rhizomucor miehei and R. pusillus, but the acid
proteinase of Cryphonectria parasitica prefer-
entially cleaves the SCr1 Q4-PhC105 bond. However,
unlike chymosin, the Rhizomucor and Crypho-
nectria parasitica proteinases also cleave sev-
eral other bonds in K-casein.

The MCA of commercial rennets (calf rennet,
R. miehei, R. pusillus, and C. parasitica) in-
creases with temperature in the range 28-360C.
The MCA of porcine pepsin, calf rennet, and
bovine pepsin at pH 6.6 increases with tempera-
ture up to 440C, 450C and 520C, respectively.
The fungal enzymes (R. miehei, R. pusillus, and
C. parasitica) lose activity at 470C, 570C, and
570C, respectively. The MCA of the pepsins, es-
pecially porcine pepsin, is more pH dependent
than that of chymosin, while that of the fungal
rennets is less sensitive in the pH region 6.2-6.8
(Figure 6-25). The coagulation of milk by C.
parasitica proteinase is also less sensitive to
added Ca2+ than coagulation by calf rennet, but
coagulation by Rhizomucor proteinases is more
sensitive. For a given MCA, the rate of gel firm-
ing depends on the rennet used; this aspect of
milk coagulation should be independent of ren-
net type and may indicate nonspecific proteoly-
sis by the fungal enzymes.

The thermal stability of rennets differs consid-
erably (Figure 6-26). Thermal stability is impor-
tant when the whey is to be used in food process-
ing. The early fungal rennets were considerably
more thermostable than chymosin or pepsins, but
the present products have been modified (by oxi-
dation of methionine residues in the molecule)
and have thermal stability similar to that of
chymosin. The thermal stability of C. parasitica
proteinase is less than that of chymosin at pH 6.6.
The thermal stability of all rennets increases
markedly with decreasing pH (Figure 6-26)
(Thunell, Duersch, & Ernstrom, 1979).

Although they are relatively cheap, rennets
represent the largest single industrial applica-
tion of enzymes, with a world market of about
25 x 106 L of standard rennet per annum.
Therefore, rennets have attracted the attention
of industrial enzymologists and biotechnol-
ogists. The gene for prochymosin has been
cloned in E. coli, Saccharomyces cerevisiae,
Kluyveromyces marxianus var. lactis, Aspergil-
lus nidulans, A. niger, and Tricoderma reesei
(see Foltmann, 1993, and Pitts et al., 1992, for
references). The enzymatic properties of the re-
combinant enzymes are indistinguishable from
those of calf chymosin, although they may con-
tain only one of the isoenzymes, A or B. The
cheesemaking properties of recombinant chy-
mosins have been assessed on many cheese va-
rieties, always with very satisfactory results
(see review by Fox & Stepaniak, 1993). Re-
combinant chymosins have been approved for
commercial use in many, but not all, countries.
Three recombinant chymosins are now mar-
keted commercially: Maxiren, secreted by K.
marxianus var. lactis and produced by Gist
Brocades (the Netherlands); Chymogen, se-
creted by A. niger and produced by Hansen's
(Denmark); and Chymax secreted by E. coli,
and developed by Pfizer (United States). The
genes for Maxiren and Chymogen were isolated
from calf abomasum, while that used for
Chymax was synthesized. Microbial chymosins
have taken market share from both calf rennet
and especially fungal rennets and now represent
about 35% of the total market.



The recombinant chymosins currently avail-
able are identical, or nearly so, to calf chymosin,
but there are several published studies on engi-
neered chymosins (Fox & McSweeney, 1997).
At present, attention is focused on elucidating
the relationship between enzyme structure and

function, but this work may lead to rennets with
improved MCA or modified general proteolytic
activity (i.e., on asr and/or p-casein). The natu-
ral function of chymosin is to coagulate milk in
the stomach of the neonate. It was not intended
for cheesemaking, and the wild-type enzyme

PH

Figure 6-25 Effect of pH on the rennet coagulation time (RCT) of milk using (A) calf chymosin (Q), bovine
pepsin (•), ovine pepsin (O), and porcine pepsin (•); (B) calf rennet (Q) and Rhizomucor miehei (^), R. pusillus
(O), Cryphonectria parasitica (A), and Bacillus polymyxa (A) proteinases.
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Figure 6-26 Effect of heating time at 68.30C on the
residual activity of various coagulants in whey at pH
5.2: calf rennet (Q), bovine pepsin (•), porcine pepsin
(A), Rhizomucor miehei (•), R. pusillus (O), and
Cryphonectria parasitica (A) proteinases.

probably is not the most efficient or effective
proteinase for catalyzing proteolysis in cheese
during ripening. Therefore, it may be possible to
modify chymosin so as to accelerate its action
on specific bonds of casein during ripening and/
or to reduce its activity on others, hydrolysis of
which may lead to undesirable consequences,
such as bitterness. To date, the pH optimum,
thermal stability, kcat, and KM of synthetic pep-
tides have been modified through genetic engi-
neering. We are not aware of any cheesemaking
studies using engineered chymosins, and ap-
proval has not been obtained for their use.

The gene for R. miehei proteinase has been
cloned in and expressed by A. oryzae (Novo
Nordisk A/S, Denmark). It is claimed that this
new rennet (Marzyme GM) is free of other pro-
teinase or peptidase activities that are present in
fungal rennets and may reduce cheese yield. Ex-
cellent cheesemaking results with Marzyme GM
have been reported. Cloning of the gene for R.
miehei proteinase has created the possibility for
site-directed mutagenesis of the enzyme.

6.9 IMMOBILIZED RENNETS

Most of the rennet added to cheese milk is lost
in the whey (more than 90% in the case of Ched-
dar). The loss of rennet represents an economic
loss and creates potential problems for whey
processors. Both problems could be solved
through the use of immobilized rennets. A fur-
ther incentive for immobilizing rennets is the
possibility of producing cheese curd continu-
ously by using a cold renneting technique (i.e.,
renneting at around 1O0C, which allows the pri-
mary phase but not the secondary phase to oc-
cur), which should facilitate process control.
The feasibility of continuous coagulation using
cold renneting principles has been demon-
strated, but the technique has not been com-
mercially successful to date. As discussed in
Chapter 11, the chymosin (or rennet substitute)
retained in cheese curd plays a major role in
cheese ripening. Consequently, if an immobi-
lized rennet was used to coagulate milk, it would
be necessary to add some chymosin (or similar
proteinase) to the curd, and uniform incorpora-
tion of any such enzyme would be problematic,
as has been demonstrated by the use of exog-
enous proteinases to accelerate cheese ripening
(see Chapter 15).

In modern cheesemaking, most operations are
continuous or nearly so. The actual coagulation
step is the only major batch operation remaining,
although the use of small "batches" of milk, as in
the Alpma process for Camembert, makes co-
agulation, in effect, a continuous process. How-
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ever, in large modern Cheddar and Gouda
cheese factories, very large vats are used
(20,000-30,000 L).

There is interest in the manufacture of ren-
net-free curd for studies on the contribution of
enzymes from different sources to cheese rip-
ening. A number of approaches have been used
to produce rennet-free curd (see Fox, Law,
McSweeney, & Wallace, 1993), but an effec-
tive completely immobilized rennet would be
very useful.

Several investigators have immobilized dif-
ferent rennets on a range of supports and have
claimed that these can coagulate milk. However,
it appears that in such studies some enzyme
leached from the support and that this solubi-
lized enzyme was responsible for coagulation.
An irreversibly immobilized rennet was unable
to coagulate milk although it could hydrolyze
nonmicellar casein. Presumably, the K-casein on
the surface of casein micelles is unable to enter
the active site cleft of the immobilized enzyme
owing to steric factors.

Even if immobilized rennets could coagulate
milk, they may not be cost competitive (rennets
are relatively cheap) and would be difficult to
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