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Preface

In 1833, Payen and Persoz treated an aqueous extract of malt with ethanol and precipitated
a heat-labile substance which promoted the hydrolysis of starch. We may say that this was
the point at which enzymes were ‘discovered’. They named their fraction ‘diastase’ from
the Greek word meaning ‘separation’. Having been identified as the component of yeast cell
which causes fermentation, the term ‘enzyme’ was first used by Kühne in 1878, derived from
the Greek term meaning ‘in yeast’. Enzymes played an important role in foods as early as
2000 bc when the Egyptians and Sumerians developed fermentation for use in brewing, bread
baking and cheese making, and then more ‘recently’ around 800 bc when calves’ stomachs
and the enzyme chymosin were used for cheese making.

At the end of the first quarter of the twentieth century, enzymes were shown to be proteins,
and industrial production and commercial use soon commenced. In 1982, the first application
of gene technology to the production of enzymes took place, producing an a-amylase. Six
years later, recombinant chymosin was approved and introduced in Switzerland, signalling
the introduction of a product of gene technology for a food use.

This technology was introduced to the US food enzyme market in 1990. The preface to
the first edition of this book described enzymes as ‘functional catalytic proteins’ and, further-
more, as useful and targeted workforces which, like the more familiar human workforces,
have preferred working conditions, may be trained (cultured) to carry out very specific tasks,
and cannot function when their food (substrate) runs out. This volume is again intended
to provide both a basic grounding for those not experienced in the use of enzymes and to
update the technology published in the first edition. This volume therefore aims to provide a
state-of-the-art account of today’s enzyme technology as applied to food and drink.

New chapters in the second edition look at the use of enzymes in the reduction of
acrylamide, fish processing and in non-bread cereal applications such as flour confectionery.
An important further addition is the chapter on GMO and protein engineering (PE), whereby
modifications are made to the DNA in the cells of the enzyme-producing organisms. This
technology mimics mutations which may occur in nature but at a faster and more targeted
rate and has the ability to deliver highly specialized and purer products.

Authors have been selected not only for their practical, working knowledge of enzymes
but also for their infectious enthusiasm for the subject.

Enzymes are introduced first according to their nomenclature and then by their nature
and mode of action. An explanation of GMO and PE precedes that of enzyme production
processes. Chapters go on to describe the basic theory and practical applications of both
endogenous and exogenous enzymes in food and drink technology and how enzymes improve
raw materials and influence and modify the biochemical and physical events that we describe
as ‘food processing’. Endogenous enzymes in food raw materials have long played a role
in food production. Today, however, enzymologists and geneticists, working together with
food development technologists and with a view to legislation and market requirements, have
helped and improved upon nature to bring us varieties of food and drink that were unheard
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xiv Preface

of a relatively short time ago. Newer examples of these are the replacement of emulsifiers,
reduction in acrylamide and better utilization of food by-products.

Our thanks go to all the contributors to this book for sharing their practical approach to
the subject. We hope that the reader finds the volume as rewarding as we did its preparation.

Robert J. Whitehurst
Maarten van Oort
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1 Enzymes in food
technology – introduction

Maarten van Oort

Enzymes are proteins that enhance (or accelerate) chemical reactions. This process is
called catalysis and enzymes thus catalyze chemical reactions.1 In enzymatic reactions,
the molecules present at the beginning of the reaction are called substrates. Enzymes convert
substrates into different molecules, called products. All processes in nature require enzymes
in order to occur at significant rates. Enzymes are selective for their substrates and therefore
catalyze only a few reactions from among many possibilities.

Like all catalysts, enzymes work by lowering the activation energy for a reaction. This is
illustrated in Fig. 1.1.

Catalysts, like enzymes, act by lowering the energy difference between the reactants
(A, B) and the transition state. This lowers the activation barrier for the reaction, allowing it
to proceed more rapidly.

When the energy �G is lowered by a relatively small amount of 5.71 kJ mol−1 (a
typical H-bond in water has an energy of 20 kJ mol−1), a 10-fold rate enhancement can be
obtained. Lowering of the activation energy �G by 34.25 kJ mol−1 leads to a 106-fold rate
enhancement.

Since lowering of the kinetic barrier also accelerates the reverse reaction, the equilibrium
of the reaction remains unchanged.

As with all catalysts, enzymes are not consumed by the reactions they catalyze, nor do they
alter the equilibrium of these reactions. However, enzymes do differ from most other catalysts
by being much more specific. Although almost all enzymes are proteins, not all biochemical
catalysts are enzymes, since some RNA molecules called ribozymes also catalyze reactions.2

1.1 HISTORY

In the nineteenth century, Pasteur studied the fermentation of sugar to alcohol by yeast. He
concluded that this fermentation was catalyzed by ‘ferments’ within the yeast cells. Pasteur
believed that these ferments displayed their activity only within living organisms.

Near the end of the nineteenth century, Kühne first used the term enzyme, which comes
from Greek ‘in yeast’, to describe the activity already investigated by Pasteur. The word
enzyme was used later to distinguish non-living substances, such as the enzymes we know
today, from ferments, whereby ‘ferment’ is used to describe chemical activity produced by
living organisms.

Also at the end of the nineteenth century, Buchner made a significant contribution to
enzymology by studying the ability of yeast extracts, lacking living yeast cells, to ferment
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Uncatalyzed

G
Catalyzed

Reaction coordinate

X

∆∆Gcat

(the reduction
in ∆G   by the
catalyst)

A + B

A + B
P + Q

P + Q

‡

‡

‡

Fig. 1.1 Lowering the activation energy of a reaction.

sugar. He found that the sugar was fermented even when there were no living yeast cells
present.

In 1926, Sumner was able to obtain the first enzyme in pure form. He isolated and
crystallized the enzyme urease from jack beans.

In the middle of the nineteenth century, Northrop and Stanley developed a complex
procedure for isolating pepsin. Their precipitation technique has since been used to crystallize
many enzymes. A few years later, for the first time, an enzyme (a protease) was produced
by fermentation of Bacillus licheniformis. In this way, large-scale production of enzymes
became possible, thus facilitating the industrial application of enzymes.

In 1969, the first chemical synthesis of an enzyme was reported. Since then thousands
of enzymes have been studied by X-ray crystallography and nuclear magnetic resonance
(NMR). Application of genetic engineering techniques improved enzyme production effi-
ciency and even allowed improvement of the properties of specific enzymes by means of
protein engineering and evolutionary design. In 2004, the first computer-designed enzymes
were reported.

1.2 NOMENCLATURE OF ENZYMES

Enzymes are usually named according to the reaction they carry out. Typically, the suffix
‘ase’ is added to the name of the substrate (e.g. glucose-oxidase, an enzyme which oxidizes
glucose) or the type of reaction (e.g. a polymerase or isomerase for a polymerization or
isomerization reaction). The exceptions to this rule are some of the enzymes studied orig-
inally, such as pepsin, rennin and trypsin. The International Union of Biochemistry (IUB)
initiated standards of enzyme nomenclature which recommend that enzyme names indicate
both the substrate acted upon and the type of reaction catalyzed. Detailed information on
nomenclature can be found on the IUB homepage.3
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Introduction 3

Enzymes can be classified by the kind of chemical reaction catalyzed. Officially, six
groups of enzymes have been classified:

� EC 1 oxidoreductases: catalyze oxidation/reduction reactions which generally involve
the transfer of electrons. Examples are oxidases or dehydrogenases.

� EC 2 transferases: transfer a functional group (e.g. a methyl or phosphate group) and
these generally involve the transfer of a radical. Examples are: transglycosidases, e.g. of
monosaccharides; transphosphorylases and phosphomutases, e.g. of a phosphate group;
transaminases, e.g. of an amino group; transmethylases, e.g. of a methyl group; and
transacetylases, e.g. of an acetyl group.

� EC 3 hydrolases: catalyze the hydrolysis of various bonds. The hydrolase reaction gen-
erally involves addition or removal of water. Examples are: hydrolases, including es-
terases, carbohydrases, nucleases, deaminases, amidases and proteases; hydrases such as
fumarase, enolase, aconitase and carbonic anhydrase.

� EC 4 lyases: cleave various bonds by means other than hydrolysis and oxidation. This
reaction involves the splitting or forming a C=C bond. Examples are desmolases.

� EC 5 isomerases: catalyze isomerization changes within a single molecule and involve
changing the geometry or structure of a molecule. An example is glucose-isomerase.

� EC 6 ligases: join two molecules with covalent bonds.

1.3 ENZYMOLOGY

Any living cell inside human beings, animals, microorganisms, plants, etc., is the site of
enormous biochemical activity called metabolism. Metabolism is the process of chemical
and physical change which goes on continually in a living organism; build-up of new
tissue, replacement of old tissue, conversion of food to energy, disposal of waste materials,
reproduction – all the activities that we characterize as ‘life’. However, hardly any of these
biochemical reactions take place spontaneously. Enzymatic catalysis is needed to make these
biochemical reactions possible. In this way, enzymes are responsible for bringing about all
chemical reactions in living organisms. Without enzymes, chemical reactions would take
place at a rate far too slow for the pace of metabolism.

1.3.1 The function of enzymes in nature

Enzymes serve a wide variety of functions inside living organisms. They are indispensable
for signal transduction and cell regulation, often via kinases and phosphatases.4 They also
generate movement, with myosin hydrolyzing adenosine triphosphate (ATP) to generate
muscle contraction and also moving cargo around the cell as part of the cytoskeleton.5 Other
ATPs in the cell membrane are ion pumps involved in active ion transport. Generally, it can
be said that the metabolic pathways in a cell are determined by the types and amount of
enzymes present in that cell.

Enzymes have an important function in the ‘digestive systems’ of mammals and other
animals. Enzymes such as amylases break down large starch molecules; proteases break
down large protein molecules. The result of these breakdown reactions is the formation
of smaller fragments, which can easily be absorbed by the intestines of animals. Starch
molecules, for example, are too large to be absorbed as such, but enzymes hydrolyze starch
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chains into smaller molecules such as dextrins, maltose and eventually glucose, which can
then be absorbed. Different enzymes digest different food substances. In ruminants, which
have herbivorous diets, microorganisms in the gut produce enzymes like cellulase to break
down the cellulose cell walls of plant fibres.6

Several enzymes can work together in a specific order, creating metabolic pathways. In
a metabolic pathway, one enzyme takes the product of another enzyme as a substrate. After
the catalytic reaction, the product is then passed on to another enzyme. Sometimes more
than one enzyme can catalyze the same reaction in parallel; this can allow more complex
regulation: with, for example, a low constant activity being provided by one enzyme but an
inducible high activity from a second enzyme.

Enzymes determine what steps occur in these pathways. Without enzymes, metabolism
would neither progress through the same steps, nor be fast enough to serve the needs of
the cell. A metabolic pathway such as glycolysis could not exist without enzymes. Glucose,
for example, can react directly with ATP to become phosphorylated at one or more of its
carbons. In the absence of enzymes, phosphorylation is insignificant. However, if the enzyme
hexokinase is added, phosphorylation at carbon 6 of the glucose molecule occurs extremely
fast, leading to a large excess of glucose-6-phosphate versus the products formed by the slow
non-catalyzed reactions. Consequently, the network of metabolic pathways within each cell
depends on the set of functional enzymes that are present.

1.3.2 Chemistry of enzymes

Enzymes are generally globular proteins, having a size range from just over 60 to more
than 2500 amino acids, that is, a MW of ±6000–250 000. The activities of enzymes are
determined by their three-dimensional structure.7 Most enzymes are much larger than the
substrates they act on. It is therefore even more remarkable that only a small part of the
enzyme molecule is directly involved in catalysis.7 This small section is called the active
site and this site usually contains not more than a few (3–4) amino acids which are directly
involved in the catalytic process. The substrate is normally bound by the enzyme in close
proximity to, or even in, the active site.

1.3.3 Specificity of enzymes

One of the most relevant and also intriguing properties of enzymes is their specificity.
Some enzymes exhibit absolute specificity. This means that these enzymes catalyze only one
particular reaction. Other enzymes will be specific for a particular type of chemical bond or
functional group. In general, there are four distinct types of specificity:

� Absolute specificity: highly specific enzymes catalyze only one reaction.
� Group specificity: group specific enzymes act only on molecules that have specific

functional groups, such as amino, phosphate or methyl groups.
� Linkage specificity: such enzymes act on chemical bonds of certain nature, regardless of

the rest of the molecular structure.
� Stereochemical specificity: stereospecific enzymes act only on a particular steric or

optical isomer and not on their isomeric counterparts.
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Fig. 1.2 Complementary geometric shapes.

The specificity of enzymes is determined by complementary shape, charge, hy-
drophilic/hydrophobic characteristics of the substrates and their three-dimensional organi-
zation.8 The three-dimensional interaction has been described in various interaction models.
The two most relevant are described.

1.3.3.1 ‘Lock and key’ model

Emil Fischer suggested as early as 1894 that enzyme specificity was caused by specific
complementary geometric shapes of both the enzyme and the substrate (see Fig. 1.2).

Thanks to these shapes, enzyme and substrate would fit exactly into one another.9 This is
often referred to as ‘the lock and key’ model. However, while this model explains enzyme
specificity, it fails to explain the stabilization of the transition state that enzymes achieve. The
‘lock and key’ model has proven inaccurate and the induced fit model is the most currently
accepted model for enzyme–substrate–coenzyme interaction.

1.3.3.2 Induced fit model

In 1958, Koshland10 suggested a modification to the lock and key model: since enzymes
are rather flexible structures, the active site is continuously reshaped by interactions with
the substrate as the substrate interacts with the enzyme. As a result, the substrate does not
simply bind to a rigid active site; the amino acid side chains which make up the active site are
moulded into the precise positions that enable the enzyme to perform its catalytic function.
In some cases, such as glycosidases, the substrate molecule also changes shape slightly as it
enters the active site.11 The active site continues to change until the substrate is completely
bound, at which point the final shape and charge are determined.12

1.3.4 Mechanisms

Enzymes can act in several ways, whereby each enzyme lowers the energy needed for the
reaction to occur or to proceed. These mechanisms are described briefly as follows:

� Lowering the activation energy by creating an environment in which the transition state
is stabilized. This can be achieved by binding and thus stabilizing the transition-state
conformation of the substrate/product molecules.

� Lowering the energy of the transition state, but without distorting the substrate, by creating
an environment with the opposite charge distribution to that of the transition state.
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� Providing an alternative pathway. For example, temporarily reacting with the substrate to
form an intermediate enzyme–substrate (ES) complex, which would be impossible in the
absence of the enzyme.

� Reducing the reaction entropy change by bringing substrates together in the cor-
rect orientation to react. Considering an energy effect (�H‡) alone overlooks this
effect.

1.3.5 The enzyme–substrate complex

A theory to explain the catalytic action of enzymes was proposed by Arrhenius at the
end of the nineteenth century.13 He proposed that the substrate and enzyme formed some
intermediate transition state which is known as the ES complex. This can be schematically
represented as shown in equation (1).

E + S
K1−→←−

K−1

ES (1)

The existence of intermediate ES complexes has been demonstrated in the laboratory, for
example, using catalase and a hydrogen peroxide derivative.

From this intermediate ES complex, the reaction proceeds with the formation of the
product(s) and the enzyme then returns to its original form after the reaction is concluded.

1.3.6 Chemical equilibrium

Many chemical reactions do not go to true completion. Enzyme-catalyzed reactions do not
form an exception to that chemical ‘law’, which is due to the reversibility of most (enzyme-
catalyzed) reactions.

Equilibrium is a sort of steady-state condition which is reached when the forward reaction
rates equal the backward rates. Enzyme activity studies are always based on the principle of
equilibrium reactions.

1.4 ENZYME KINETICS

Enzyme kinetics is a fundamental way of describing, predicting and calculating how en-
zymes bind substrates, turn these into products and also how fast and efficiently this is
happening.

Early last century, a quantitative theory of enzyme kinetics was proposed,14 but the
experimental data were not useful since the logarithmic pH-scale was not known yet. This
scale was introduced a little later15 together with the concept of buffering. Later on, when
these early experiments were repeated, the equations were confirmed and referred to as
(Henri–) Michaelis–Menten kinetics.16 This work was further developed and resulted in
kinetic equations which are still in use.17

The model for enzyme action, as first elucidated by Michaelis and Menten,16 suggests the
binding of free enzyme to the reactant forming an enzyme-reactant complex. This complex
undergoes a transformation, releasing product and free enzyme. This is schematically shown
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in equation (2).

ES
K2−→E + P (2)

E + S
K1−→←−

K−1

ES
K2−→E + P (3)

When reactions (1) and (2) are combined into reaction (3), a model for enzyme catalysis is
obtained. First, the enzyme (E) and substrate (S) come together to form an ES complex; the
reaction occurs by which the substrate is converted into the product of the reaction and then
the ES complex is broken apart, yielding enzyme (E) plus product (P).

The Michaelis–Menten model assumes that only a negligible amount of ES complex
reverts to reactants (i.e. k1 � k−1 in equation (1)). The rate of formation of product (shown
in equation (4)) can be determined from equation (2) in the mechanism written above:

Rate of formation of product is K2 [S] (4)

and the rate of formation of the intermediate ES (equation (5)) can be determined from
equations (1) and (2) in the mechanism written above:

Rate of formation of ES = K1[E][S] − (K2 + K1)[ES] (5)

Using the steady-state approximation, that is, the assumption that the concentration of
intermediates (ES) stays constant while the concentrations of reactants and products change,
the equation for the rate of formation of the product can be calculated as follows:

δ[P]

δt
= K2[E0][S]

[S] + Km
(6)

Here [E0] is the initial concentration of free enzyme, [S] is the substrate concentration
and Km is a constant specific to a given enzyme known as the Michaelis–Menten constant.
The value of Km relates to the rate constants shown in equations (1) and (2), as given by the
following equation:

Km = K−1 + K2

K1
(7)

The Michaelis–Menten constant (Km) is very important, because it can be determined
experimentally and describes the catalytic power of an enzyme. Km can also be used to
predict the rate of an enzyme-catalyzed reaction when the starting conditions (enzyme and
substrate concentration) are known.

The major contribution of Henri14 was to think of enzyme reactions in two stages. In the
first, the substrate binds reversibly to the enzyme, forming the ES complex. In the second
reaction, the enzyme catalyzes the chemical step and releases the product.

Enzymes can catalyze up to several million reactions per second. Enzyme rates depend
on solution conditions and substrate concentration. Conditions that denature the protein
reduce or eliminate enzyme activity. Such conditions are high temperature, extreme pH
or high salt concentrations. Raising substrate concentration tends to increase activity. To
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find the maximum speed of an enzymatic reaction, the substrate concentration is increased
until a constant rate of product formation is seen. Saturation happens because, as substrate
concentration increases, more and more of the free enzyme is converted into the substrate-
bound ES form. At the maximum velocity (Vmax) of the enzyme, all the enzyme active sites are
bound to substrate, and the amount of ES complex is the same as the total amount of enzyme.
However, Vmax is only one kinetic constant of enzymes. The amount of substrate needed to
achieve a given rate of reaction is also important. This is given by the Michaelis–Menten
constant (Km), which is the substrate concentration required for an enzyme to reach one-half
of its maximum velocity. Each enzyme has a characteristic Km for a given substrate, and this
can show how tight the binding of the substrate is to the enzyme. Another useful constant is
kcat, which is the number of substrate molecules handled by one active site per second.

The efficiency of an enzyme can be expressed in terms of kcat/Km. This is also called the
specificity constant and incorporates the rate constants for all steps in the reaction. Because
the specificity constant reflects both affinity and catalytic ability, it is useful for comparing
different enzymes against each other, or the same enzyme with different substrates. The theo-
retical maximum for the specificity constant is called the diffusion limit and is about 108–109

(M−1 s−1). At this point, every collision of the enzyme with its substrate will result in catal-
ysis, and the rate of product formation is not limited by the reaction rate but by the diffusion
rate. Enzymes with this property are called catalytically perfect or kinetically perfect.

1.5 FACTORS AFFECTING ENZYME ACTIVITY

Knowledge of basic enzyme kinetic theory is important in order to understand the basic
enzymatic reaction mechanism and to select methods for enzyme analysis.

Several factors affect the rate at which enzymatic reactions proceed, such as temperature,
pH, enzyme concentration, substrate concentration and the presence of any inhibitors or
activators.

1.5.1 Enzyme concentration

In order to study the effect of increasing the enzyme concentration upon the reaction rate,
the substrate must be present in an excess amount; that is, the reaction must be independent
of the substrate concentration. Any change in the amount of product formed over a specified
period of time will be dependent upon the level of enzyme present. These reactions are said
to be ‘zero order’ because the rates are independent of substrate concentration and are equal
to some constant k. The formation of product proceeds at a rate which is linear with time.
The addition of more substrate does not serve to increase the rate. In zero-order kinetics,
allowing the assay to run for double time results in double the amount of product.

The amount of enzyme present in a reaction is measured by the activity it catalyzes. The
relationship between activity and concentration is affected by many factors such as temper-
ature, pH, etc. Highest enzyme activity is generally measured when substrate concentration
is unlimiting.

1.5.2 Substrate concentration

It has been shown experimentally that if the amount of the enzyme is kept constant and the
substrate concentration is then gradually increased, the reaction velocity will increase until
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it reaches a maximum. After this point, increases in substrate concentration will not increase
the velocity. It is theorized that when this maximum velocity is reached, all of the available
enzyme is converted to ES, the ES complex. Michaelis constants have been determined for
many of the commonly used enzymes. The size of Km tells us several things about a particular
enzyme:

1. A small Km indicates that the enzyme requires only a small amount of substrate to
become saturated. Hence, the maximum velocity is reached at relatively low substrate
concentrations.

2. A large Km indicates the need for high substrate concentrations to achieve maximum
reaction velocity.

3. The substrate with the lowest Km upon which the enzyme acts as a catalyst is frequently
assumed to be enzyme’s natural substrate, though this is not true for all enzymes.

1.5.3 Allostery

Allostery or allosteric regulation is the regulation of an enzyme or other protein by binding an
effector molecule at the protein’s allosteric site. The allosteric site is a site other than the active
site of the enzyme. Effectors that enhance the enzyme’s activity are referred to as allosteric
activators, whereas those that decrease the protein’s activity are called allosteric inhibitors.
Following this mechanism, allosteric inhibition is a form of non-competitive inhibition (see
Section 1.5.6.3).

The term allostery comes from the Greek allos, ‘other’, and stereos, ‘space’, referring
to the regulatory site of an allosteric protein being separate from its active site. Allosteric
regulation is a natural example of feedback control.

1.5.4 Cofactors

Many enzymes require the presence of other compounds, called cofactors, which are needed
in order to demonstrate their catalytic activity. This entire active complex is referred to as the
holoenzyme; that is, the apoenzyme (protein portion) plus the cofactor (coenzyme, prosthetic
group or metal-ion-activator) together is called the holoenzyme.

A cofactor may be:

1. a coenzyme – a non-protein organic substance which is dialyzable, thermostable and
loosely attached to the protein part;

2. a prosthetic group – an organic substance which is dialyzable and thermostable which is
firmly attached to the protein or apoenzyme portion; and

3. a metal-ion-activator – these include K+, Fe++, Fe+++, Cu++, Co++, Zn++, Mn++,
Mg++, Ca++ and Mo+++.

Enzymes usually bind these cofactors in or close by the active site. Furthermore, some
enzymes can additionally bind other molecules than substrates or cofactors and these are
often molecules inhibiting the enzyme or are interfering with the catalytic process. In this
way the enzymatic reaction can be regulated by the cell. Some enzymes do not need any
additional components to show full activity. However, others require non-protein molecules
called cofactors to be bound for activity. Cofactors can be either inorganic (e.g. metal ions
or iron–sulphur clusters) or organic compounds, (e.g. flavin or haem). Organic cofactors can
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be either prosthetic groups, which are tightly bound to an enzyme, or coenzymes, which
are released from the enzyme’s active site during the reaction. Coenzymes include NADH,
NADPH and ATP. These molecules act to transfer chemical groups between enzymes.

The tightly bound cofactors are usually found in the active site and are involved in
catalysis. For example, flavin and heme cofactors are often involved in redox reactions.

1.5.5 Coenzymes

Coenzymes are small organic molecules that transport chemical groups from one enzyme to
another.18 Some of these chemicals such as riboflavin, thiamine and folic acid are vitamins.
Such compounds cannot be made in the body and must be acquired from the diet. The
chemical groups carried include the hydride ion (H−) carried by NAD or NADP+, the acetyl
group carried by coenzyme A, formyl, methenyl or methyl groups carried by folic acid and
the methyl group carried by S-adenosylmethionine.

Since coenzymes are chemically changed as a consequence of enzyme action, it is useful
to consider coenzymes to be a special class of substrates, or second substrates, which are
common to many different enzymes. For example, about 700 enzymes are known to use
coenzyme NADH.19

Coenzymes are usually regenerated and their concentrations maintained at a steady level
inside the cell.

1.5.6 Inhibitors

Enzyme inhibitors are substances which alter the catalytic action of the enzyme and conse-
quently slow down, or in some cases, stop catalysis.

Most theories concerning inhibition mechanisms are based on the existence of the ES
complex. Substrate inhibition will sometime occur when excessive amounts of substrate are
present.

There are three common types of enzyme inhibition – competitive, non-competitive and
substrate inhibition. Besides these inhibitor types, a mixed inhibition exists as well.

1.5.6.1 Competitive inhibitors

Competitive inhibition occurs when the substrate and a substance resembling the substrate
are both added to the enzyme. The ‘lock–key theory’ of enzyme catalysts is used to explain
why inhibition occurs.

The concept holds that one particular portion of the enzyme surface has a strong affinity for
the substrate. The substrate is held in such a way that its conversion to the reaction products
is more favourable. However, when an inhibitor which resembles the substrate is present, it
will compete with the substrate for the position in the active site. When the inhibitor is bound
to the active site of the enzyme, it blocks this position in the active site, but is not converted
by the enzyme. In this way, the active site remains blocked. Hence, the observed reaction is
slowed down because a part of the available enzyme sites is occupied by the inhibitor. If a
dissimilar substance which does not fit the site is present, the enzyme rejects it, accepts the
substrate and the reaction proceeds normally.

In competitive inhibition, the maximal velocity of the reaction is not changed, but higher
substrate concentrations are required to reach a given velocity, increasing the apparent Km.
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1.5.6.2 Uncompetitive inhibition

In uncompetitive inhibition, the inhibitor cannot bind to the free enzyme, but only to the ES
complex. The EIS complex thus formed is enzymatically inactive. This type of inhibition is
rare, but may occur in multimeric enzymes.

1.5.6.3 Non-competitive inhibition

Non-competitive inhibitors are considered to be substances which, when added to the enzyme,
alter the enzyme in a way that it cannot accept the substrate.

Non-competitive inhibitors can bind to the enzyme at the same time as the substrate; that
is, they never bind to the active site. In this way a complex is formed of enzyme, inhibitor
and substrate (EIS). Both the EI and EIS complexes are enzymatically inactive. Because the
inhibitor cannot be driven from the enzyme by higher substrate concentration (in contrast to
competitive inhibition), the apparent Vmax changes. But because the substrate can still bind
to the enzyme, the Km stays the same.

1.5.6.4 Mixed inhibition

This type of inhibition resembles the non-competitive, except that the EIS complex has
residual enzymatic activity.

In many organisms, inhibitors may act as part of a feedback mechanism. If an enzyme
produces too much of one substance in the organism, that substance may act as an inhibitor
for the enzyme at the beginning of the pathway that produces it, causing production of the
substance to slow down or stop when there is sufficient amount. This is a form of negative
feedback. Enzymes which are subject to this form of regulation are often multimeric and
have allosteric binding sites for regulatory substances. Irreversible inhibitors react with the
enzyme and form a covalent adduct with the protein.

1.6 INDUSTRIAL ENZYMES

For centuries, enzymes have been employed in a variety of applications such as beer and
cheese production. Both in the past and currently, enzymes have been derived from natural
sources such as the tissue of plants and animals; Table 1.1 summarizes these. However, over
the years, advancements in biotechnology have resulted in newer and more highly efficient
varieties of enzymes.

The industrial success of enzymes can be attributed to certain key benefits that enzymes
offer in comparison with chemicals. The combination of catalytic function, specificity and
the ability to work under reasonably mild conditions makes enzymes the preferred catalyst
in a variety of applications.

Industrial enzymes are prepared and commercialized as partly purified or ‘bulk’ enzymes,
as opposed to highly purified enzymes for analytical or diagnostic use. Industrial enzymes
may be derived from a wide variety of plant, animal or microbial sources, although most pro-
duction processes rely on microbial sources. Microbial enzymes are either extracellular, such
as the proteases and carbohydrates, which account for a large proportion of total sales, or in-
tracellular, such as glucose oxidase. Intracellular enzymes usually remain associated with the
cell and therefore have to be released, unless the microorganism itself is used as the catalyst.
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Table 1.1 Enzymes widely sourced from animals and plants used in food manufacturing technology.

Enzyme Source Action in food Food applications

α-Amylase Cereal seeds, e.g.
wheat, barley

Starch hydrolysis to
oligosaccharides

Bread making, brewing
(malting)

β -Amylase Sweet potato Starch hydrolysis to
maltose

Production of high malt syrups

Papain Latex of unripe
papaya fruit

Food and beverage
protein hydrolysis

Meat tenderization, chill haze
prevention in beer

Bromelain Pineapple juice and
stem

Muscle and connective
tissue protein hydrolysis

Meat tenderization

Ficin Fig fruit latex As bromelain As bromelain and papain but
not widely used due to cost

Trypsin Bovine/porcine
pancreas

Food protein hydrolysis Production of hydrolyzates for
food flavouring (mostly
replaced now by microbial
proteinases)

Chymosin (rennet) Calf abomasum κ -Casein hydrolysis Coagulation of milk in cheese
making

Pepsin Bovine abomasum As chymosin + more
general casein hydrolysis
in cheese

Usually present with chymosin
as part of ‘rennet’

Lipase/esterase Gullet of goat and
lamb; calf abomasum;
pig pancreas

Triglyceride (fat)
hydrolysis

Flavour enhancement in
cheese products; fat function
modification by
interesterification

Lipoxygenase Soya bean Oxidation of unsaturated
fatty acids in flour

Bread dough improvement

Lysozyme Hen egg white Hydrolysis of bacterial
cell wall polysaccharides

Prevention of late-blowing
defects in cheese by
spore-forming bacteria

Lactoperoxidase Cheese whey; bovine
colostrum

Oxidation of thiocyanate
ion to bactericidal
hypothiocyanate

Cold sterilization of milk

The real breakthrough of enzymes occurred with the introduction of microbial proteases
into washing powders. The first commercial bacterial, Bacillus protease was marketed in
1959 and the first major detergent manufacturer started to use it around 1963. The industrial
enzyme producers sell enzymes for a wide variety of applications. The estimated value of
world market is presently about US$ 2.2 billion. Detergents (30%), textiles (12%), starch
(12%), baking (11%), biofuel (9%) and animal feed (8%) are the main industrial applications,
which use about >80% of industrially produced enzymes.

Industrial enzymes represent the heart of biotechnology. Advancements in biotechnology
and genomics have aided the discovery of fresh enzyme sources and production strains for
commercialization. The operating conditions and performance of enzyme candidates can be
tuned to provide the desired performance.

Enzymes can be used not only for chemical processes, but also for mechanical and physical
processes. An example of a chemical reaction is the use of amylases to replace acid in the
hydrolysis of starch. The use of cellulose degrading or modifying enzymes instead of pumice
stone for the abrasion of denim is a perfect example of enzymes replacing a mechanical
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process. Employing protease enzymes, one can easily perform physical processes such as
high temperature resistance for laundry cleaning.

With advances in biotechnology, the horizon of enzyme applications is getting broader day
by day. Enzymes are now being used in newer processes that could compete with synthetic
processes which were previously not commercially viable. For example, several companies
are nowadays developing newer enzymes that could convert cellulosic biomass into ethanol
to be blended in fuels. Other examples include the use of enzyme technology when making
sugars from starch, which helped turn high fructose corn syrup production into a multi-billion
dollar industry.

Most industrial enzymes are produced by modified microorganisms (by recombinant DNA
techniques) for the following reasons:

1. Higher expression levels.
2. Higher purity (% enzyme protein vs. % other components).
3. Cheaper production due to the above.
4. Recombinant DNA techniques open the door to engineering the enzyme protein.
5. Enzymes can be expressed which originate from organisms which have low expression

levels or which are pathogenic.

Protein engineering (item 4 in the list above) can improve enzymes with regard to, for
example, oxidation resistance, improved processing tolerance, changed substrate specificity,
improved thermostability and improved storage stability, for example, in detergent systems
containing bleach agents.

Recombinant DNA techniques may open the door to the application of enzymes from
so-called extremophiles. These are microorganisms which can, in contrast to mesophiles,
grow under extreme conditions. Such organisms grow under the following conditions:

� Thermophiles (high temperature > 90◦C stability)
� Psycrophiles (extreme low temperatures, 0◦C or lower)
� Thermoacidophiles (high temperature, low pH)
� Barophiles (high pressure)
� Halophiles (high concentrations of salt)
� Alkaliphiles (high pH)
� Acidophiles (low pH)

It can be imagined that such organisms either produce a different range of enzymes than
mesophiles, or produce enzymes with extreme characteristics, such as temperature or stability
and activity at extreme pH values.

1.7 FOOD ENZYMES

1.7.1 Food biotechnology

The food industry is using a wide variety of crop plants and animal products as basis
for their manufacturing processes, leading to an even wider variety of consumer products.
Biotechnology, which has been used to manufacture food products for more than 8000 years,
offers ways to improve the processing of raw materials into final products. Bread, alcoholic
beverages, vinegar, cheese and yogurt and many other foods have been made using enzymes
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which were found in various microorganisms. Today, biotechnology is still affecting the food
industry by providing new products, lowering costs and improving processes on which food
producers have long relied. Without a doubt, this will continue into the future.

Using biotechnology, improvements in functionality, nutritional value, sensoric properties,
like flavour and texture have been achieved as well as improvements in the processing itself,
using new tools, such as enzymes, emulsifiers and improved starter cultures. Biotechnology
also offers improved ways to deal with waste problems, food safety problems, packaging
issues, etc.

1.7.2 Food enzyme application

Enzymes can modify and improve the functional, nutritional and sensoric properties of
ingredients and products, and therefore enzymes have found widespread applications in
processing and production of all kinds of food products.

In food production, enzymes have a number of advantages. First and most important is
that enzymes are used as alternatives to traditional chemical-based technology. Enzymes
can thus replace synthetic chemicals in a wide range of processes. This allows advantages
in environmental performance of processes by lowering energy consumption levels and
biodegradability of products. Furthermore, since enzymes are more specific in their action
than chemical reactants, enzyme-catalyzed processes have fewer side reactions and by-
products (waste products). The result is higher quality products and less pollution. Enzymes
can catalyze reactions under very mild conditions, allowing mild processing conditions which
do not destroy valuable attributes of foods and food components. Finally, enzymes allow
processes to be carried out which would be otherwise impossible.

The first commercial food product produced by biotechnology was an enzyme used in
cheese making. Prior to biotech techniques, this enzyme had to be extracted from the stomach
of calves, lambs and baby goats, but it is now produced by microorganisms that were given
the gene for this enzyme.

The food industry uses more than 55 different enzyme products in food processing. This
number will increase as we discover how to capitalize on the extraordinary diversity of the
microbial world and obtain new enzymes that will prove important in food processing. A
summary of enzymes used in various food applications is shown in Table 1.2.

1.8 GENETIC ENGINEERING

Since the early 1980s, companies which produce enzymes have been using genetic engineer-
ing techniques to improve production efficiency and quality and to develop new products.
There are clear advantages here for both industry and consumers, with major improvements in
enzyme production giving better products and processes. However, progress is being slowed
down because the debate on some other, more controversial applications of biotechnology –
such as genetic engineering in animals – is continuing throughout Europe.

1.9 ENZYME ALLERGY

To date, there have been no reports of consumer allergies to enzyme residues in food. The
levels of enzyme residues appearing in foods are so low that they are highly unlikely ever
to cause allergies. Like all proteins, enzymes can cause allergic reactions when people have
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Table 1.2 Enzyme usage in food applications.

Enzyme Source Action in food
Application in food
technology

α-Amylase Aspergillus spp.
Bacillus spp.
Microbacterium
imperiale

Wheat starch hydrolysis Amylase dough softening,
increased bread volume, aid
in the production of sugars
for yeast fermentation

α-Acetolactate Bacillus subtilis Converts acetolactate to
acetoin

Reduction of wine maturation
time by circumventing need
of decarboxylase for
secondary fermentation of
diacetyl to acetoin

Amyloglucosidase Aspergillus niger
Rhizopus spp.

Hydrolyzes starch dextrins
to glucose
(saccharification)

One stage of high fructose
corn syrup production;
production of ‘lite’ beers

Aminopeptidase Lactococcus lactis
Aspergillus spp.
Rhizopus oryzae

Releases free amino acids
from N-terminus of proteins
and peptides

Debittering protein
hydrolyzates accelerating
cheese maturation

Catalase Aspergillus niger
Micrococcus luteus

Breaks down hydrogen
peroxide to water and
oxygen

Oxygen removal technology,
combined with glucose
oxidase

Cellulase Aspergillus niger
Trichoderma spp.

Hydrolyzes cellulose Fruit liquefaction in juice
production

Chymosin Aspergillus awamori
Kluyveromyces lactis

Hydrolyzes κ -casein Coagulation of milk for
cheese making

Cyclodextrin
glucanotransferase

Bacillus spp. Synthesize cyclodextrins
from liquefied starch

Cyclodextrins are food grade
microencapsulants for
colours, flavours and vitamins

β -Galactosidase
(lactase)

Aspergillus spp.
Kluyveromyces spp.

Hydrolyzes milk lactose to
glucose and galactose

Sweetening milk and whey;
products for lactose-intolerant
individuals; reduction of
crystallization in ice cream
containing whey; improving
functionality of whey protein
concentrates; manufacture of
lactulose

β -Glucanase Aspergillus spp.
Bacillus subtilis

Hydrolyzes β -glucans in
beer mashes

Filtration aids, haze
prevention in beer production

Glucose isomerase Actinoplanes
missouriensis
Bacillus coagulans
Streptomyces lividans
Streptomyces
rubiginosus

Converts glucose to
fructose

Production of high fructose
corn syrup (beverage
sweetener)

Glucose oxidase Aspergillus niger
Penicillium
chrysogenum

Oxidizes glucose to
gluconic acid

Oxygen removal from food
packaging; removal of
glucose from egg white to
prevent browning

Hemicellulase and
xylanase

Aspergillus spp.
Bacillus subtilis
Trichoderma reesei

Hydrolyzes hemicelluloses
(insoluble non-starch
polysaccharides in flour)

Bread improvement through
improved crumb structure

(continued )
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Table 1.2 (Continued)

Enzyme Source Action in food
Application in food
technology

Lipase and esterase Aspergillus spp.
Candida spp.
Rhizomucor miehei
Penicillium roqueforti
Rhizopus spp.
Bacillus subtilis

Hydrolyzes triglycerides to
fatty acids and glycerol;
hydrolyzes alkyl esters to
fatty acids and alcohol

Flavour enhancement in
cheese products; fat function
modification by
interesterification; synthesis of
flavour esters

Pectinase
(polygalacturonase)

Aspergillus spp.
Penicillium funiculosum

Hydrolyzes pectin Clarification of fruit juices by
depectinization

Pectinesterase Aspergillus spp. Removes methyl groups
from galactose units in
pectin

With pectinase in
depectinization technology

Pentosanase Humicola insolens
Trichoderma reesei

Hydrolyzes pentosans
(soluble non-starch
polysaccharides in wheat
flours)

Part of bread dough
improvement technology

Pullulanase Bacillus spp.
Klebsiella spp.

Hydrolyzes 1–6 bonds that
form branches in starch
structure

Starch saccharification
(improves efficiency)

Protease
(proteinase)

Aspergillus spp.
Rhizomucor miehei
Cryphonectria
parasitica
Penicillium citrinum
Rhizopus niveus
Bacillus spp.

Hydrolysis of κ -casein;
hydrolysis of animal and
vegetable food proteins;
hydrolysis of wheat glutens

Milk coagulation for cheese
making; hydrolyzate
production for soups and
savoury foods; bread dough
improvement

been sensitized through exposure to large quantities. For this reason, enzyme companies take
a variety of protective measures and some enzymes are produced as liquids, granules, in
capsules or as immobilized preparations to limit worker exposure.

1.10 SUMMARY AND CONCLUSIONS

From the earliest application of enzymes derived from plant or animal origin, enzymologists
and biotechnologists continue to develop an increasingly sophisticated range of enzymes for
specific food applications. To name but a few examples, their products enable the removal
or minimization of chemicals used for food processing, minimization of waste, facilitate
processes which may otherwise be impractical or uneconomic, enhance nutrition, texture
and extend shelf life. The more recent techniques of protein engineering of enzymes will
enable technologists to drive these valuable tools into the future.
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2 GMO and protein engineering
Xiaoli Liu

2.1 INTRODUCTION

Although there are still intense public debates about using genetically modified organisms
(GMOs), especially regarding transgenic plants and animals, general fear, due to lack of
knowledge, is subsiding, especially in the scientific community. After several decades of
experience gained through experiments, it is now possible to evaluate GMOs on the basis
of safety, environmental issues and economical effects in a more rational manner. As a matter
of fact, GMOs are playing increasingly important roles in various industries and everyday
life. These include the following:

� Pharmaceuticals: Drug proteins (hormones, antibodies, vaccines, etc.) produced by ge-
netically modified microorganisms, plants or animals including cells; for example human
insulin produced by recombinant Escherichia coli (E. coli).

� Materials for food or food processing: Nutrient materials such as amino acids and
vitamins produced from GMOs, enzymes as food processing aids, enriched crops such as
β carotene enriched rice (‘the Golden Rice’), bovine chymosin produced from genetically
modified yeast and fungi for cheese manufacturing.

� Agricultural products: Crops and vegetables with improved properties such as pesticide
resistant, insect resistant or crops with improved nutritional values; for example insect-
resistant corn, slow softening tomatoes and oil seeds containing higher concentrations of
polyunsaturated fatty acids.

� Research: Gene knockouts as tools for understanding life phenomena and for functional
studies of drugs and health food ingredients.

� General industry: Biocatalysts taking the place of conventional catalysts in chemical
reactions for better efficiency, safer working conditions and less environmental concern;
genetically engineered microorganisms (GMMs) or enzymes produced from GMMs used
in bioconversions for manufacturing chemicals and pharmaceutical intermediates.

The creation of GMOs involves using recombinant DNA technologies (sometimes referred
to as genetic engineering, genetic modification/manipulation or gene splicing). Recombinant
DNA technology is considered one of the greatest advancements of the twentieth century,
which also sets the foundation for modern biotechnology encompassing protein engineering,
cell engineering and metabolic engineering. Since the initial experiments of DNA recombi-
nation conducted in 1970s,1–3 recombinant DNA technology has thrived along the way and
now it has become a common practice in biological laboratories and corporate research units.
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Using this technology, one can do the following: clone a single gene in order to facilitate
the production of the gene product, which can be a protein or an enzyme; rearrange several
genes in a fusion state for efficient bioconversions; engineer the genes of metabolic pathways
of an organism in order to efficiently produce a specific product; create cloned cells which
can be cultured; or generate transgenic plants or animals as the embodiment of biopharma-
ceutical working force. The number of isolated genes has increased explosively, as can be
seen from the great number of Gene bank databases. It is too ambitious to try to review all
of them. Therefore, this chapter is intended rather to show the essence of the technology and
to demonstrate through examples how the technology can be applied to produce industrial
enzymes in a much more efficient way.

Recombinant DNA technology was later expanded to the area of protein/enzyme engi-
neering, the concept of which was first put forward by Ulmer.4 Once a gene is isolated,
the gene can be changed or modified by various methods at specific positions in order to
‘tune’ the protein it encodes, thereby giving it more desirable properties. Alternatively, a
gene can be spliced randomly and recombined to generate a gene mixture (library), which
contains altered versions or mutants of the original gene. The library can then be screened or
selected for target products with the desired properties. In this chapter, the essence of protein
engineering technology will also be demonstrated through examples, showing how it can be
applied in the modification of enzymes to give them better performances.

The genus Streptomyces are gram-positive, soil-dwelling, filamentous bacteria, which are
known as antibiotic-producing microorganisms. Different from most bacteria, Streptomyces
show complicated morphogenic characteristics in multicellular differentiation. Therefore,
these organisms are regarded as intermediates between bacteria and fungi. Streptomyces are
known for producing secondary metabolites including active anti-tumour agents, enzyme
inhibitors as well as antibiotics. They are also used as producers of industrial enzymes.
For example, commercial glucose isomerases that are used in high fructose syrup production
are from Streptomyces olivaceus, Streptomyces olivochromogenes, Streptomyces rubiginosus
and Streptomyces murinus. Another enzyme of great economical impact, a transglutaminase
that is used in the quality improvement of processed meat and fish products and for textural
improvement of noodles, comes from Streptomyces mobaraensis.5 The mycelia lifestyle of
Streptomyces often results in viscous broths and unfavourable pellet formation during deep-
liquid cultivation processes. For this reason, the application of Streptomyces as a general
producer of industrial enzymes is, so far, still limited. However, fermentation technologies
have developed rapidly, and together with the discovery of numerous unique enzymes,
Streptomyces are attracting more and more attention in industry. Streptomyces are ‘an enzyme
treasure trove’, as commented by Professor Horinouchi of Tokyo University.6

The genetics of Streptomyces was intensively studied in the 1960s and 1970s.7 Besides
cell morphology, genetic phenomena such as chromosomal recombination through trans-
formation, conjugation and transduction within Streptomyces species and the presence of
plasmids were discovered and investigated thoroughly. The application of recombinant DNA
technology in studying genes of Streptomyces developed rapidly in 1980s and the first man-
ual on genetic manipulation of Streptomyces was published in 1985.8 Today, the complete
genome sequences of three species, Streptomyces coelicolor, Streptomyces avermitilis and
Streptomyces griseus, have been determined,9–11 which provide valuable tools for studying
genes and related functions. Streptomyces have very large genome size among bacteria and
the number of genes encoding proteins exceeds some of the eukaryotic microorganisms such
as Saccharomyces cerevisiae (S. cerevisiae). Gene clusters for the biosynthesis of antibiotics
and other functional products are abundant. Knowledge of Streptomyces suggests this genus
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to be a microorganism with great industrial potential. Therefore, this chapter focuses on how
to take advantage of Streptomyces for producing industrially valuable enzymes.

Lastly, like other technologies, there are pros and cons about the application of recombi-
nant DNA technology and protein engineering. It is important to control these technologies
so that they can be used in beneficial ways. Regulations and guidelines for evaluating the
use of GMOs and general issues regarding safety as well as environment are introduced and
discussed.

2.2 RECOMBINANT DNA TECHNOLOGY

Recombinant DNA technologies involve isolating a target gene, connecting it with a carrier,
transforming it into another organism and use that organism to propagate the gene product.
This process is also called ‘cloning’. There are a few elemental factors that need to be
considered in order to succeed in cloning a gene:

� Donor organism: A donor is the organism that provides the gene of interest. It can be
derived from mammalian sources, plants or, in most cases, from microorganisms. The
choice of a proper donor depends on the specific requirements for the property of the gene
product. The donor can be found through either a screening process designed for locating
the gene of interest or through a DNA matching process performed on genome DNA with
known partial gene sequence information.

� Host organism: A host is the organism in which the target gene can be replicated,
transcribed and further translated into products of interest. In most cases, the host organism
is chosen because of its easy reproduction. It can also be mammalian cells, plant cells
or an insect system. Choosing the correct host organism is very important for successful
expression of a target gene. Although, unfortunately, there are no definite rules in this
respect, it has been generally established that homologous gene expression, that is genes
of one origin expressed in the same or closely related organism, is the better choice.
Nevertheless, a vast number of heterologous expressions succeeded in the bacterium
E. coli support the conclusion that it is a rather universal host. Choosing a host cannot be
separated from choosing a vector. The choice of a host–vector system as a set should be the
consideration for the purpose of each target expression. Table 2.1 lists some commonly
used host–vector systems such as E. coli (pUC18/19), Bacillus subtilis (pUB110) and
Streptomyces lividans (pIJ702).

� Vector: A vector is the carrier, as mentioned above, which is capable of carrying the target
gene and replicating it in the corresponding host cells and has the property to integrate
into the chromosome of the host. The most commonly used vector is closed double-helix
circular plasmid DNA. It usually contains an ori region for replication and typically some
antibiotic-resistant genes as selection markers and multiple restriction sites for splicing
and joining it with target genes. It can also be single-stranded phage DNA or cosmid
DNA. Figure 2.1 shows a typical plasmid map of pIJ702, a commonly used vector for
Streptomyces hosts.12 A shuttle vector is a vector with the characteristic of functioning in
multiple hosts of different genus.

� Target gene: A target gene can be isolated from the donor organism by ‘shotgun cloning’ (a
method which will be described later) or by using primers designed from known sequences
of the target gene. These sequences can be deduced from N-terminal or internal amino
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Table 2.1 Commonly used vector–host systems.

Host Vector Promoter Supplier

Escherichia coli pUC18/19 lac Takara Bio Inc., Toyobo
pET T7 Novagen
pBAD BAD Invitrogen
pCold csp Takara Bio Inc.
pPROTet Ltet0-1 Clontech Laboratories, Inc.
pMAL tac NEB
pTXB T7 NEB

Bacillus subtilis pUB110 ATCC37015
pC194 ATCC37034
pE194 ATCC37128

Brevibacillus choshinensis pNY326 P5 Takara Bio Inc.
pNCMO2 P2 Takara Bio Inc.

Streptomyces pIJ702 The John Innes Foundationa

Pichia pastoris pPIC AOX1 Invitrogen
pFLD FLD1 Invitrogen

Pichia methanolica pMET AUG1 Invitrogen

Saccharomyces cerevisiae pAUR101 (integration) Takara Bio Inc.
pYES GAL1 Invitrogen
pAUR123 ADH1 Takara Bio Inc.
pLP-GADT7, pLP-GBKT7 ADH1 Clontech Laboratories, Inc.
pESC GAL1, GAL10 Stratagene

Schizosaccharomyces pombe pAUR224 CMV Takara Bio Inc.

Kluyveromyces lactis pKLAC1 (integration) ADH1 NEB

Aspergillus pPTRI (integration) Takara Bio Inc.
pUC18/19b Takara Bio Inc., Toyobo

Insect cells Baculovirus polyhedrin Invitrogen, Novagen, Clontech
pIEx ie1 Novagen

Drosophila melanogaster pMT Metallothionein Invitrogen
pAC Actin 5C Invitorgen

Plant cells

Mammalian cells Lentivirus CMV Invitrogen
Adenovirus CMV Invitrogen, Stratagene, Clontech
Retrovirus CMV, TRE Stratagene, Clontech
pFRET SV40 Invitrogen
pTriEx CMV Novagen

a Not for sale.
b Homologous DNA recombination.

acid sequences of the corresponding protein. A target gene can also be made synthetically
on the basis of knowledge of the known sequences. If a target gene is from eukaryotic
organisms such as mammalian cells, the gene should be obtained from a cDNA library
in order to remove the introns that are processed in mammalian cells but not in the
prokaryotic host.

� Tool enzymes: The discovery of a group of enzymes (endonucleases or restriction en-
zymes) which cleave or splice double-helix DNA molecules marked the beginning of
recombinant DNA technology. Restriction enzymes are necessary tools because they can
cleave DNA molecules at specific sites, producing ‘sticky ends’ or ‘blunt ends’ depending
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BamHI 1
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Fig. 2.1 Restriction map of pIJ702.

on the action pattern of the enzyme. DNA molecules can be rejoined by a ligase, which
is able to connect different gene segments with complementary sequences together, for
example to ligate the isolated target gene to plasmid carriers. Another important enzyme
used in the manipulation of DNA is a polymerase, which is used in the amplification
of DNA molecules by a ‘polymerase chain reaction’ (PCR). The starting double-strand
DNA molecules are first denatured by heat to single-strand DNA molecules that serve
as templates. Primers with complementary sequences are annealed to the template DNA
and in the presence of the constructing units of DNA molecule, that is deoxynucleoside
triphosphates (dNTPs) of four kinds and other necessary elements such as buffers and
ions, the enzyme reaction is carried out repeatedly through denaturing–annealing cycles
with an increased amount of DNA molecules after each cycle. The polymerases are high
temperature (>90◦C) stable enzymes, allowing the reaction to be performed automatically
through a thermal cycler without having to add more enzymes through the cycles. The
development of PCR made the process of cloning more precise and efficient. Table 2.2
lists some of the major enzymes used as tools to manipulate DNA molecules.

� Introduction of recombinant DNA molecules into host cells: Three methods are cur-
rently used to introduce foreign DNAs into host cells. The first is to use competent E. coli
cells.13 Host cells are cultivated and treated with CaCl2, which allows the cells to take up
foreign DNA at a frequency of typically 107–109 colonies per gram supercoiled plasmid
DNA. Another method involves exposing the cells and DNA molecules to an electrical
field (electroporation).13 This method is used in both transforming DNA into bacteria
and eukaryotic cells with a typical frequency of 109–1010 colonies per gram DNA with
bacteria. The third method involves using protoplast cells generated by treating cells with
polyethylene glycol or sucrose and lysozyme, allowing cells to be able to take up foreign
DNA at a lower frequency of 106–107 colonies per gram supercoiled plasmid DNA.8 The
frequency of transformation depends on the state of the cells and treatment conditions.

� Isolation of the recombinant clone: Once a recombinant DNA (target gene in a plasmid)
is introduced into the host cell, cells are cultivated and placed on agar plates, often con-
taining chemicals such as antibiotics for easy selection of recombinant clones. Colonies
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Table 2.2 Enzymes used in recombinant DNA technologies.

Restriction enzymes
Cohesive end: ApaI, BamHI, EcoRI, HindIII, KpnI, NcoI, NdeI, PstI, SacI,
SalI, SphI, XbaI, XhoI, etc.

Blunt end: AccII, DraI, EcoRV, PvuII, SmaI, SnaBI, etc.

DNA polymerases
For PCR: Taq, Pfx, KOD, Tth, Pfu, etc.
For modification: T4 DNA polymerase, DNA polymerase I, Klenow
fragment (DNA polymerase I, large fragment)

For sequence: �Tth DNA polymerase, Taq
Reverse transcriptases
Moloney murine leukemia virus (MMLV), avian myeloblastosis virus (AMV)

Ligases
T4 DNA ligase, E. coli DNA ligase, T4 RNA ligase, Taq DNA ligase

Polynucleotide kinase
T4 Polynucleotide kinase

Alkaline phosphatase
Bacterial (BAP), calf instein (CIAP), shrimp (SAP)

Nucleases
S1 nuclease, mung bean nuclease, exonuclease I, DNase I, RNase I,
RNase H, etc.

with the required gene can be screened, selected or confirmed by assaying enzyme activ-
ities, detecting proteins with antibodies or in situ hybridization with probes derived from
known DNA sequences.

� Fermentation or cultivation technologies for expression: Once a recombinant DNA
(target gene in a plasmid) is introduced into the host cell and the recombinant organism
isolated, fermentation or cell cultivation technologies are necessary for optimal expression
of the cloned gene. Understanding of the metabolism of the recombinant organism or
cell system and the characteristics of regulating elements such as gene promoters and
regulators are essential in this respect. Traditional techniques for growing an organism
under optimum production conditions are also applicable.

2.2.1 ‘Shotgun’ cloning

This technique was practised quite in the past at the early stage of recombinant DNA
technology. It is practised even today when no or limited protein sequences of the target are
available. The chromosome DNA of the donor organism is extracted with standard methods
and partially digested with a restriction enzyme such as Sau3AI to create a DNA mixture
with various sizes. The DNA mixture is ligated to an expression plasmid that is introduced
into the host cells to create a library. Then the cells of the library are grown on agar plates
with selection pressure (often antibiotics) applied for isolating the target cells that carry
the plasmid integrated with the desired gene. The selection can be done by measuring the
functional activities of the desired clone or by detecting it with antibodies raised against the
protein. If the partial gene sequence is available, probes can be designed to detect the target
gene at the transcription level; that is to detect the mRNA that has been transcribed from
the gene, especially when the cloned gene cannot be processed into the regular enzyme or
protein with the vector–host system. The host–vector system of E. coli (pUC18/pUC19) is
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often chosen in shotgun cloning because using this system recombinant clones appear as
white colonies in contrast to non-recombinant clones that appear as blue colonies, making
selection of the target clone more efficient. The shotgun cloning method can be risky, but
sometimes it leads to surprising results with the possibility of finding new enzymes or cloning
multiple genes at one time.

2.2.2 Self-cloning

When a target gene is expressed in an organism that also served as the donor of the gene,
it is defined as ‘self-cloning’. The recombinant clone can be obtained by plasmid DNA as
the gene carrier or by integrating the gene into chromosomes through integrative vectors. In
either case, expression problems inherent in heterogeneous hosts are encountered less.

2.2.3 Cloning by PCR

The PCR has greatly changed the way of cloning to make it more efficient and precise.
With known (sometimes even very limited) sequence information, the desired gene segments
can be isolated efficiently. For example, if the N-terminal sequence of a desired protein is
acquired, DNA segments as primers can be designed and used to bind to the genome DNA.
This genome DNA is then denatured at a high temperature to serve as a template. DNA
polymerases are used to elongate or amplify the corresponding DNA sequences precisely
through many denaturing–annealing cycles, resulting in a product: the desired gene. It can
then be isolated and joined to a vector for expression. Compared with the traditional shotgun
cloning (Fig. 2.2), the process for isolating a gene is shorter and restriction enzyme sequences
as tags can be introduced into the termini of the gene for later easy handling. However, because
this process is more specific and directed, the chances for isolating different genes fall short
of expectation.

2.2.4 Application examples

2.2.4.1 Example 1: efficient production of a phospholipase D from Streptomyces
cinnamoneum by using recombinant DNA technology

Phospholipase D (EC 3.1.4.4) (PLD) carries out the hydrolysis of phosphatidylcholine (PC)
to phosphatidic acid as well as the synthesis reaction between PC and alcohols, for example
the trans-phosphatidylation reaction between PC and glycerol to produce phosphatidylglyc-
erol (PG). This enzyme is important in synthesizing phospholipids that are used widely
in the pharmaceutical, food and agricultural industries. Recently, phosphatidylserine (PS),
one of the rarely existing natural phospholipids, which can be produced by this enzyme
from soya or egg lecithin, has attracted much attention as a functional food material on the
market because of accumulating evidence on functional effectiveness. Therefore, efficient
production of PLD has become the task of several research groups.14,15 Streptomyces are
known to be able to secrete this enzyme into the culture medium. Fukuda et al.16 screened
several actinomycetes as production strain of this enzyme and found highest activity in a
strain of Streptoverticillium cinnamoneum (reclassified as S. cinnamoneum). The enzyme
was purified to homogeneity and a partial amino acid sequence was determined.17 In order
to clone the gene, a partially digested (Sau3AI) chromosome DNA library was constructed.
The partial amino acid sequences were used to design probes for screening the DNA li-
brary by a radio-labelled in situ colony hybridization technique. Unfortunately, this process



P1: SFK/UKS P2: SFK
c02 BLBK192-Whitehurst July 21, 2009 11:29 Printer Name: Yet to Come

GMO and protein engineering 25

Genomic DNA

Shotgun cloning Cloning by PCR

Amplification of
a target gene by PCR

Primer F Primer R

Target gene

Target gene

Ligation to the vector

Transformation

Partial digestion by
a restriction enzyme

Vector

Screening for a target
gene

Clone

Gene library
 (> 5 × total
DNA volume)

Transfer colonies on plates

Transformation

Subcloning

Fig. 2.2 Comparison of shotgun cloning and cloning by PCR.

only yielded a truncated gene. The PCR technique was then employed to ‘walk’ the chro-
mosome to obtain the complete gene. Because the determined partial amino acid sequences
showed high similarity with the PLD from Streptomyces antibioticus, the gene information of
S. antibioticus was also used for designing primers. The isolated gene and its regulatory ele-
ments are introduced into a shuttle vector of E. coli and S. lividans (pUC702) and introduced
into S. lividans protoplast cells for expression. The enzyme activity from the recombinant
microorganism was found 15 times higher than the original production strain and this high
production is due to the strong promoter of the native pld.18 When the constructed expression
vector was introduced into E. coli and yeast cells, however, the expression level was only



P1: SFK/UKS P2: SFK
c02 BLBK192-Whitehurst July 21, 2009 11:29 Printer Name: Yet to Come

26 Enzymes in Food Technology

one-twentieth and one-quarter, respectively, of that of the original strain. Zambonelli et al.15

reported that when the pld gene from Streptomyces PMF was cloned and expressed in E. coli,
dramatic decrease in the recombinant E. coli cell growth accompanied by plasmid instability
was observed, suggesting possible toxic effect caused by the PLD enzyme on cell membrane.
These experiences demonstrated the importance of selecting a proper vector–host system in
order to successfully express a target gene. The genus Streptomyces has a very high G+C
content in its genomic DNA (>70%). So far, the best expression system in Streptomyces is
that established by Hopwood et al.,8 generally involving the use of Streptomyces originated
vector (pIJ702) with S. lividans as the host. Ogino et al.’s18 new expression system with
the strong promoter of native pld stimulated the development of other industrially important
enzymes.

2.2.4.2 Example 2: expression of a phospholipase A2 from
Streptomyces violaceoruber

Phospholipase A2 (EC3.1.1.4) (PLA2) is an enzyme that specifically acts on the fatty acid
in sn-2 position of phospholipids. When used as a processing aid in treatment of egg yolk or
lecithin, it is kept at a constant temperature for a certain period of time. After the treatment,
the temperature of the yolk is raised in order to inactivate the enzyme, or in the case of lecithin,
further purification procedures are followed. The treated egg yolk and lecithin have improved
emulsifying properties and are widely used in food processing. Phospholipases, including
PLA2, are found in most cells and tissues including animal tissues that are historically
consumed by humans. A commercial PLA2 enzyme is extracted and purified from porcine
pancreas. However, in recent years, enzymes from animal origins are less favoured because of
very high production costs and their relatively high risk of disease potency in manufacturing
and handling. Besides that, supply problems have caused some turmoil in the food industry
in several regions of the world. These problems can be prevented by producing the enzyme
using microorganisms which can be grown in a fermenter, thus preventing regional supply
limitations. There are two approaches in this respect: one is by cloning and expressing the
gene of pancreas origin into eukaryotic microorganisms such as the fungus Aspergillus, and
the other is to produce a real microbial enzyme.

A PLA2 enzyme from S. violaceoruber was purified and cloned by Sugiyama et al.19 The
expression efficiency of the system of Ogino as described in Section 2.4.1 was evaluated for
expression of the gene. The cloning strategy is shown in Fig. 2.3. The vector containing the
pld expression cassette (promoter, signal peptides, pld gene and terminator) was spliced and
rejointed to produce pUC702-EX with the pld gene and the signal peptide removed (details
not shown). The process involves using restriction enzymes to digest and ligate the DNA and
PCR techniques to combine different DNA molecules. The pla2 gene and its 5′ upstream
sequences including a site for peptidase recognition (encoding a signal peptide) were isolated
from the chromosome DNA of S. violaceoruber by using the PCR technique, and an SphI
restriction site was introduced at both ends of the gene in order to ligate it to the expression
plasmid pUC702-EX to construct pUC702-EX-PLA2. After transformation into host cells of
S. violaceoruber, the enzyme activity of the cultivated cells was found more than 30 times
higher than that of the original host. Compared with the result reported on the expression
of a second PLA2 gene from S. violaceoruber into E. coli host, in which case the enzyme
has been produced in E. coli as inclusion bodies within the cell,20 the vector–host system of
pld promoter of S. lividans (reclassified as S. violaceoruber) proves powerful in expressing
genes of the Streptomyces origin.
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Fig. 2.3 Cloning of pla2 in an expression vector, pUC702-EX.

2.2.4.3 Example 3: cloning and expression of a sphingomyelinase gene from
Streptomyces cinnamoneus by PCR

Sphingomyelinase (E.C.3.1.4.12) (SMase) is an enzyme that hydrolyzes sphingomyelin to
produce ceramide and PC. This enzyme is clinically important because it has been reported
to be involved in cell differentiation, ageing and apoptosis in mammalian cells. Industrially,
the enzyme can be used in production of ceramide, an excellent moisturizer for skin care
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products. Some sphingomyelinases are reported to have phospholipase C activities, which
hydrolyze phospholipids into diacylglycerol and phosphate ester. Therefore, the enzyme
can also be used in the processing of lecithin, for example in the oil degumming process.
Several Streptomyces strains were screened by measuring the production of diacylglycerol
in the culture medium after incubation with PC from egg yolk. It was found that a strain of
S. cinnamoneus is likely producing this enzyme. Using partitioning with ammonium sulphate,
DEAE-toyopearl and Resource Q ion-exchange chromatography, the enzyme was purified
to homogeneity and its N-terminal amino acid sequence was determined. In order to clone
the gene, a pair of primers was designed according to the N-terminal amino acids sequence
and the sequence of a conservative region near the C-terminal.21 The PCR technique was
employed to amplify the gene with the chromosome DNA from S. cinnamoneus as templates.
The cloning strategy is shown in Fig. 2.4. Luckily a fragment of around 800 bp was obtained.
The fragment was sequenced and primers were designed to ‘walk’ the remaining sequences
outwards the fragment along the chromosome by the inverse PCR technique. A fragment
was obtained of 999 bp encoding the total 333 amino acids of the enzyme. After cloning this
fragment into the vector–host system of pIJ702–S. lividans, the recombinant cells produced
increased sphingomyelinase enzyme activities, thus confirming that the complete gene was
isolated successfully.

The gene was again expressed into the host–vector system of pUC702-EX–S. lividans with
the vector containing the pld promoter and terminator of S. cinnamoneum, and approximately
more than 1000 times higher enzyme activities were detected compared with that of the
original strain in which the activity of the enzyme is barely detectable.

An original gene coding a new sphingomyelinase was successfully isolated and expressed.
This enzyme has shown potential for a new process of oil refining. Other applications such as
removing trace amounts of sphingomyelin in egg yolk lecithin to produce a highly purified
PC for the pharmaceutical industry are under investigation.

2.3 PROTEIN ENGINEERING

Recombinant DNA technology has proven so far to be a powerful tool in the efficient
production of a target enzyme. Practices of the technology have evidently brought merits
in reducing energy requirement and raw materials used in the manufacturing of enzymes,
hence reducing production costs. As a result, enzymes as biocatalysts have now become
quite easily available and this in turn facilitates enzyme applications in various industries.
However, besides cost factor and availability, other problems with enzymes are encountered.
Originated from living forms, enzymes usually only work on specific substrates under specific
conditions that do not always fit the real (industrial) situation; for example, an enzyme is
often not robust enough: it will not work at the required pH conditions or it loses its
functionality easily at an elevated temperature, extreme pH or when in contact with solvents.
Sometimes, a reaction does not perform well, simply because the enzyme is not the right
candidate, meaning it cannot recognize the substrate in an efficient way (Km value of the
enzyme being too large) or the reaction speed (turnover number of the enzyme) is too
low. To solve these problems, one approach is to embark on the task of screening natural
resources of microorganisms – though often tedious and stressful – until the right enzyme
is found. In this case, a variety of reliable microbial resources and suitable cultivation
conditions are needed. Another approach is to try to modify what is already at hand in order
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Fig. 2.4 Cloning strategy of SMase encoding gene.

to improve the properties. This modification process is called ‘protein engineering’. Because
of the characteristics specific to enzymes, it is not feasible to manipulate either a protein
at its conformational state or its primary structure freely without losing physical functions.
However, thanks to recombinant DNA technologies, the modification of a protein or an
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enzyme can be done at the genetic level. The gene encoding the protein can be changed in
such a way that a specific amino acid or acids is/are exchanged against other amino acids.
Alternatively, new amino acids can be inserted or deleted. The altered gene is then expressed in
a proper host and mutants carrying the modified gene can be screened or selected for suitable
properties.

2.3.1 Strategies of protein engineering

The choice of strategies and methods for obtaining an enzyme with desired properties
relies both on how much is known about the existing protein and what target property is
required. If an enzyme has been purified, its structural information is obtained (through X-ray
crystallography or NMR) and the active site is clearly understood, one could postulate quite
precisely which amino acids are crucial for carrying out the catalytic reactions or keeping
the enzyme stable. In that case, rational mutagenesis methods are best employed. The most
commonly used rational mutagenesis methods are also called site-directed mutagenesis,
including saturation and cassette mutagenesis. On the other hand, if the tertiary structure
of an enzyme has not been determined, random mutagenesis methods will be the only
choice. Practically, this is often the case. Random mutagenesis methods include both non-
recombinative and recombinative, with the use of techniques involving error-prone PCR,
bacterial mutator strains and DNA shuffling, to name just a few.

2.3.1.1 Rational mutagenesis methods

Efforts to answer questions such as how to rationally improve the thermostability or the
catalytic efficiency of an enzyme towards a substrate were made several decades ago. For ex-
ample, in trying to increase the thermostability of an enzyme, initial studies were carried out
by comparing homologous enzymes with very similar properties but from different sources,
such as enzymes from thermophiles and mesophiles, in order to elucidate possible rules of
amino acid exchanges for better thermostability. These studies have led to the discovery of
amino acid substitutions like Lys to Arg, Ser to Ala, Gly to Ala, Ser to Thr, etc., that most
likely contribute to increased thermostability.22 It was found later that increased thermosta-
bility was related more to increased compactness and rigidity of the tertiary structure of an
enzyme.23 This is caused by the inherent force in driving a protein sequence to its physi-
ological conformation. It becomes clear that increased hydrophobic forces, resulting from
amino acid substitution from Ala to Gly in α-helical structures of an enzyme, likely result
in increased thermostability. Other forces such as hydrogen bonds, long-range electrostatic
and ion binding also have some effects. The increased number of disulphide bridges between
cysteine residues does not have an obvious effect, although it does stabilize an enzyme in
a different way (see Section 3.4.1). Thus, in order to increase the stability of an enzyme,
substitution of amino acids in helical structures aiming at enhanced hydrophobic activities is
one of the rational measures to take. Trying to improve other properties, such as increasing
the catalytic efficiency of an enzyme towards a specific substrate, however, is much more
complicated. It depends on the structure and size of the substrate, the structure and surround-
ing environment of the substrate-binding site, possible interactions between amino acids at
the reaction site with the substrate, and so on. Rational design of the mutation site sometimes
needs the help of computer modelling and mathematical simulations.
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Fig. 2.5 Diagram of the site-directed mutagenesis method. Source: QuickChange R© II site-directed mu-
tagenesis kit (Stratagene).

Site-directed mutagenesis
This is the most commonly used technique in rational mutagenesis. Once an amino acid (or
amino acids) to be changed has been decided, primers are designed which include the DNA
sequence encoding for the amino acid to be substituted (with the rest of the sequences intact).
These are applied for PCR amplification of the gene that has been integrated on a vector
and served as the template. Figure 2.5 shows the diagram of the method of site-directed
mutagenesis with the PCR technique. With this method, amino acids located anywhere on
the gene can be exchanged against the other 19 naturally occurring amino acids. The site-
directed mutagenesis method in which one crucial amino acid is exchanged against all other
19 amino acids, in order to find the best mutation, is called saturation mutagenesis. The
method of site-directed mutagenesis on a region (with several amino acids) including all
possible combinations (cassettes) is called cassette mutagenesis.
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2.3.1.2 Random mutagenesis

Since the technique for determining the tertiary structure of an enzyme is not yet efficient
enough and often no information is available on which amino acid should be changed,
random mutagenesis is the obvious choice. A library containing as many mutants as possible
is created and mutants with desired properties are then selected or screened. There are many
methods developed for efficiently creating mutant libraries with a size large enough for
finding the potential mutants. These include non-recombinative and recombinative methods.
Non-recombinative methods include error-prone PCR and the use of bacterial mutator strains
in order to introduce mutations randomly within a gene sequence. Recombinative methods
involve splicing and rejoining of identical or very similar DNA sequences (homologous
recombination) or distinctively different DNA sequences (non-homologous recombination).
The libraries constructed are then screened or selected with appropriate methods for the
targeted enzyme mutants. The recombinative method is also called directed evolution, which
can be performed both in vivo and in vitro.

Error-prone PCR
The enzyme DNA polymerase, which carries out DNA amplification reactions, usually
has very high fidelity. However, occasionally wrong nucleotides may be incorporated at a
frequency in the order of 10−4 (such as Taq-polymerase in Ref. [24]. The reaction conditions,
such as MgCl2 concentration or the substrate concentrations of dCTP and dTTP or the amount
of the Taq-enzyme, can be adjusted in order to obtain a desired error rate, ideally resulting
in one or two amino acid changes per gene.

Bacterial mutator strains
Some bacteria like wild-type E. coli have the ability of spontaneous mutation at a rate of
2.5 × 10−4 mutations per 1000 nucleotides of DNA carried on a plasmid after 30 generations
of growth. These strains are used as mutagenesis agents. The gene of a target enzyme is
cloned into a plasmid and the plasmid is then introduced into the mutagenesis strain. After
cultivation, a population of the strain with various mutations is created and is then screened
for desired mutants.

DNA shuffling
Stemmer25 first brought forward the concept of this technique. A population of starting DNA
sequences is randomly fragmented and reassembled into full-length, chimerical sequences by
PCR. The starting DNA sequences can be from the same family and are highly homologous
(also called family shuffling). The so-called single gene shuffling is to fragment the starting
gene and to introduce mutations while reassembling the gene by taking advantage of the
error function of polymerases during PCR reactions under specific conditions. Compared
with error-prone PCR, single gene shuffling likely results in more mutations while family
shuffling allows large segment exchanges of sequences between genes, thereby significantly
accelerating the efficiency of enzyme modification. This method has been extended to recom-
bination of non-homologous DNA sequences including whole genome shuffling which more
or less corresponds to the classical mutagenesis by breeding. Figure 2.6 shows a diagram of
DNA shuffling.
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2.3.2 Gene expression systems

Modified genes generated by all kinds of methods need to be expressed in suitable hosts so
as to be screened or selected for the desired properties. The most commonly used host is
a gram-negative bacterium E. coli because a vast amount of knowledge has been accumu-
lated about this system. Other systems include gram-positive bacteria Bacillus, Clostridium,
Lactococcus, Staphylococcus and Streptomyces, and eukaryotic systems such as yeast and
the adenovirus system. The principle for choosing a suitable expression host is the same as
described in Section 2.2 on host organism.
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2.3.3 Selection and screening

In order to sort out the mutant protein with properties of interest, a strategic selection or
screening method is crucial. Selection involves applying one or more procedures in the assay
system so that only desired mutants are left over. Screening puts all the expressed mutants
under an assay system for the desired property. The results of these assays are compared and
mutants with the best performance are chosen. Very often the selected mutants are not good
enough, therefore mutagenesis needs to be repeated. During each round of mutagenesis, small
changes are accumulated until eventually a mutant stands out as a satisfactory candidate.

There can be rules applicable to selection methods for certain desired properties, for
example thermostability. Mutants can be treated at a required temperature for a certain period
of time so that, after the treatment, only surviving mutants have the desired thermostability.
In most cases, however, selection or screening methods have to be tailored for individual
enzymes for specific requirements of their properties to be improved.

2.3.3.1 High-throughput screening

Because most mutations are negative and only small portions of subtle changes lead to
real improvement of an enzyme, a library with a sufficient number of mutants should be
constructed and screened in order to find the desired mutants. If an easy detection system
is available, such as determining positive mutants with a colour reagent, an automatic ap-
paratus can be applied for efficient screening. Nowadays, high-throughput screening has
become a routine practice in research facilities involved in developing industrially feasible
enzymes.

2.3.4 Applications of protein engineering – a powerful
tool for the development of enzymes as
applied biocatalysts

2.3.4.1 Examples for improving thermostability and altering pH optimum

Industrial enzymes need to be stable in their working environments. To improve an enzyme’s
stability at elevated temperatures is one of the earliest attempts of protein engineering. A
review by Goodenough26 has summarized the factors related to thermostability. By under-
standing the chemistry of folding and unfolding of proteins, hydrophobic forces are found
to be the major driving force for folding, thus having a major role in thermostability. Pro-
tein engineering, by increasing the hydrophobic forces of secondary helical structures, has
proven a feasible strategy for increasing the thermostability of a known protein structure.
Liu and Wang27 have reported on engineering a glucoamylase from Aspergillus awamori
for increased thermostability. Glucoamylase (EC3.2.1.3) is one of the most important en-
zymes in the food industry. It catalyzes the hydrolysis reaction of starch molecules from
non-reducing ends. The condition for using the enzyme requires a high temperature, which
improves the reaction rate, reduces viscosity of the syrup for easy processing and reduces the
risk of bacterial contamination. The tertiary and the secondary structure of the enzyme have
been determined, but their structure–function relationship remained unclear. Liu and Wang27

have performed a so-called ‘molecular dynamics simulation’ and found out that the 11th
α-helix out of the 13 α-helixes, which is located on the surface of the catalytic domain, is
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very unstable. When the enzyme unfolded at the denaturing temperature, the position of the
catalytic base was shifted from the hydrophobic interior provided by 12th and 13th helixes
to the surface. The sites (amino acid residues) that needed to be altered for engineering
the enzyme in order to increase its thermostability were determined. According to previous
studies, which showed that the introduction of disulphide bonds between flexible regions
most likely contributes to thermostability, the mutants were obtained that formed disulphide
bonds across the 11th helix and increased the enzyme’s thermostability. Exchanging several
Gly residues near the 12th and 13th helixes into Ala, in order to increase the hydrophobicity
of this region, also resulted in increased thermostability.

The food enzyme industry continually tries to improve the total process of hydrolyzing
starch to high fructose syrup. This process involves the actions of at least three enzymes: an
α-amylase for liquefying starch, the above-mentioned glucoamylase for releasing glucose
units and a glucose isomerase (xylose isomerase to be precise) to convert glucose to fructose.
These enzymes are naturally occurring and have pH optima at 5.5–6.0, 4–4.5 and 7.0–8.0,
respectively. Therefore, traditionally these three steps have to be performed separately, and
between reactions the pH has to be adjusted for the best performance of each enzyme. This
causes an unnecessary increase of salt concentration and extra procedures have to be followed
for removal or purification. Since the tertiary structures of several glucoamylase enzymes
were determined, protein engineering was a convenient method for changing the enzyme
into a more suitable biocatalyst. Fang and Ford reported on engineering the glucoamylase
from A. awamori to alter its pH optimum.28 The enzyme has two Glu residues (at 179
and 400) at the catalytic site. One of these acts as the catalytic acid, the other as the
catalytic base. The pH dependence of an enzyme is determined by the ionization of the
catalytic groups that are influenced by various interactions around their microenvironments.
With this enzyme, modifications of Glu179 and Glu400 which affect their ionization state
(indicated by pK1 and pK2, respectively) will likely change its pH optimum. By comparing
the structure of the enzyme with that from other sources, such as Arxula adeninivorans,
S. cerevisiae, S. diastaticus and Saccharomycopsis, it was found that the amino acid at
position 411 near the catalytic site was different in enzymes from different microorganisms:
some enzymes had a Gly at this position, whereas a Ser was found in the enzymes from other
sources. Since the enzymes from other sources have pH optima more or less shifted to the
alkaline side, S411 was estimated to play an important role in determining the pH optimum
of the enzyme. For that reason, this residue was chosen as the target site for mutagenesis.
Mutants created include S411G, S411A, S411C, S411H and S411D with the serine residue
being replaced with Gly, Ala, Cys, His and Asp, respectively. S411G, S411A and S411C
were created in order to eliminate the hydrogen bonds between SER411 and Glu400 of
the catalytic base so that the carboxylate ion form is destabilized, which results in an
increased pK1. The mutants with His and Asp as replacement of serine aimed at eliminating
the hydrogen bond and introducing positive or negative charges. As a result, S411H and
S411D both showed an increased pK1 but decreased pK2. The former could be explained
as that the positive charge of histidine stabilizes the electrostatic interactions between that
of histidine and the catalytic acid of Glu179, the latter due to increased size of the side
chain. Electrostatic force is also considered to have some effects on the pH property of the
enzyme.

These examples show that understanding of protein structures is important in determining
the sites for mutation and site-directed mutagenesis is an efficient way to improve an enzyme’s
property to suit better to industrial applications.
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2.3.4.2 Example for increasing catalytic efficiency

An example given by Toyama et al.29 demonstrates how to use directed mutagenesis to
engineer a Streptomyces cholesterol oxidase to increase its catalytic efficiency. Cholesterol
oxidase (EC1.1.3.6) catalyzes the oxidation of cholesterol to 5-cholesten-3-one as well as
the isomerization of steroid with a trans A:B ring junction to produce 4-cholesten-3-one.
This enzyme is useful for detecting the cholesterol level in human serum and for analyzing
steroid contents of food materials. Comparison of the known primary sequence and tertiary
structure of Streptomyces cholesterol oxidase with that of Brevibacterium sterolicum reveals
that the two enzymes share very high homology (59% identity and 92% similarity). The
amino acids located at the substrate-binding site are identical, but several amino acids nearby
this site are different. These amino acids form a loop that seems to act as a lid over the
active site. Because the Streptomyces cholesterol oxidase has a much higher kcat/Km than that
of the enzyme from B. sterolicum, indicating better catalytic efficiency, these loop-forming
amino acids are presumed important for substrate-binding activities. Mutants created at these
sites using the site-directed mutagenesis method are evaluated for catalytic efficiency. Two
mutants (V145Q and S379T) have altered activities. V145Q showed a lower activity towards
all substrates while S379T showed a slightly higher kcat and smaller Km, resulting in 1.8 times
higher catalytic activity towards substrate cholesterol and 6 times higher catalytic activities
towards pregnenolone.

Catalytic efficiency is the determinative factor for an enzyme reaction to be able to compete
with reactions carried out by chemical catalysts. The possibility of improving the catalytic
properties of an enzyme has a fundamental impact on the expansion of enzyme applications
as catalysts.

2.3.4.3 Example for altering substrate specificity

Recently, Iwasaki’s group at Nagoya University in Japan reported on altering the substrate
specificity of a Streptomyces PLD dramatically by site-directed saturation mutagenesis.30

PLD is an important enzyme used for synthesizing functional phospholipids from natural
lecithin of soya or egg yolk, in the presence of an alcohol (see Section 2.2.4.1). However,
this enzyme is not capable of synthesizing phosphatidylinositol, an important phospholipid
that has functions in lowering the triacylglycerol levels of serum and liver.31 A PLD enzyme
from Streptomyces antibiotics was purified and the tertiary structure was determined both
with the intact enzyme and its inactive form (mutant H168A) in complexation with dihex-
anylphosphatidylcholine. The tertiary structure and knowledge on the reaction mechanism
of the enzyme were used to predict three sites, W187, Y191 and Y385, which are crucial
for substrate recognition. Compared with other alcohol molecules, inositol is rather bulky.
Therefore, the mutagenesis strategy is designed to create mutants at these three positions
that will have a broader space for easier access of bulky molecules. Saturation mutagenesis
methodology was applied to create the mutant library.

Simultaneous mutation at three positions yields 203 = 8000 variants (20 natural amino
acids). To achieve 95% coverage in screening, it is needed to screen 23 694 colonies. The
current method for detecting phosphatidylinositol by either high performance liquid chro-
matography (HPLC) or thin layer chromatography (TLC) is time consuming and it is almost
impossible to screen this size of the library by conventional assay systems. Therefore, a
tailored method for detecting mutants having phosphatidylinositol-synthesizing activity was
designed. In this method, the product (phosphatidylinositol) is oxidized with periodate to
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form a lipid aldehyde, which in turn reacts with 4-hydrazino-7-nitrobenzofurazan (NBD-
hydrazine) to form a strong fluorescent NBD-hydrazone. By this method, high-throughput
screening was employed and approximately 10 000 mutants were screened. Among them, 25
positives were detected to be able to synthesize phosphatidylinositol and its various isoforms.

This example has demonstrated not only the importance of correct prediction of amino acid
residues as the target for mutagenesis but also the importance of a proper detection system
for selecting or screening the desired mutants. Both are crucial for efficient modification
of an enzyme. To do this, an optimal combination of knowledge of physical, structural and
enzyme chemistry is necessary.

2.3.4.4 Examples for changing selectivity

Some enzymes recognize and act on multiple substrates while others carry out side reactions.
Protein engineering can also be applied to change the selectivity of enzymes. Porcine pan-
creatic PLA2 has been modified for better selectivity towards negatively charged substrates
by site-directed mutagenesis.32 PLA2, as described in Section 2.2.4.2, is a useful enzyme not
only in the food industry but also in the production of phospholipids of fine chemical grade
for drug delivery systems. The enzyme recognizes and hydrolyzes multiple phospholipids
with the head group being zwitterionic or negatively charged. The crystal structure of the
enzyme was determined and amino acid residues in the region for binding with the head
group of phospholipids were analyzed. In this region, two positively charged amino acid
groups, Arg53 and Arg43, are presumed responsible for binding favourably to negatively
charged phospholipids. Adjacent to this region was a negatively charged Glu46 that was fur-
ther identified as a residue that might unfavourably influence the binding with the negatively
charged head group of phospholipids. A mutant for exchanging the Glu to Lys (E46L) was
introduced by site-directed mutagenesis. This mutant was found indeed to be able to bind
more efficiently to substrates with the negatively charged head group.

Another example for changing the selectivity of enzymes by protein engineering is a
reduction of the hydrolyzing activity of a malto-oligotrehalose synthase over its synthesiz-
ing activity in order to increase the yield of trehalose production. Malto-oligosyltrehalose
synthase (EC 5.4.99.15, MTSase) catalyzes an intramolecular transglycosylation reaction to
produce a non-reducing malto-oligosyltrehalose by converting the α-1,4-glucosidic linkage
at the reducing end of malto-oligosaccharide to an α,α-1,1-glucosidic linkage. The malto-
oligosyltrehalose can then be hydrolyzed by malto-oligosyltrehalose trehalohydrolase (EC
3.2.1.141, MTHase) to produce trehalose, a widely used sugar as food preservative, stabilizers
and cosmetic ingredients. Besides the synthesizing reaction, MTSase also carries out the hy-
drolysis reaction of starch molecules to produce glucose instead of malto-oligosyltrehalose.
The ratio of hydrolysis over transglycosylation influences the yield of trehalose production.
One attempt to modify the enzyme in order to reduce the selectivity for hydrolysis was
reported by Fang et al.33–35 The enzyme was selected from Sulfolobus solfataricus. Enzyme
kinetic studies revealed possible amino acid residues (Asp228, Glu255 and Asp443) in the
active site, which are crucial for the catalytic reactions. Amino acid residues close to this site
(+1 and −1) were suggested as being responsible for selecting catalytic reactions towards
transglycosylation or towards hydrolysis. Therefore, site-directed mutagenesis at these re-
gions was chosen to try to enhance the selectivity towards transglycosylation. A mutant at
the +1 region, F405Y, was found to decrease hydrolysis. The exchange from Phe to Tyr
decreases the hydrophobic interactions between the enzyme molecule and the substrate.
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Subsequent mutagenesis at this region was performed for general understanding of the rule
in order to create mutants with least selectivity for hydrolysis so that the industrial production
of trehalose can be greatly improved. These mutants, including F405M, F405S and F405W,
showed that the decrease of hydrophobic interactions between the enzyme and substrate
indeed, generally, led to the better selectivity towards transglycosylation versus hydrolysis.
However, with mutant F405Y the highest yield of trehalose was obtained, indicating that
it is a potentially better suited biocatalyst. However, mutants designed for decreasing the
hydrophobic interactions between the enzyme and substrate at the −1 region did not give
a positive mutant, indicating the complexity of forces and interactions that exist within the
microenvironment of an enzyme’s three-dimensional structure.

2.3.5 Safety concerns

It has been demonstrated that protein engineering is a powerful tool for improving an
enzyme’s physiochemical characteristics, such as catalytic properties and selectivity, to
make the enzyme better suited for its working conditions. Enzymes used as processing aids,
such as those used for bioconversions, are usually separated from products after the reaction.
These bioconversion products are further purified, and in such cases the safety concern of
engineered enzymes is less substantial. However, where the enzyme is added to food materials
and remains in the food after processing, even if denatured at the end, safety concern is the
main issue for consumer judgement. Enzymes modified by protein engineering usually have
high homology with the wild type and only subtle changes in conformation and structures are
made. Hence, it is arguable that these enzymes will pose dramatic safety threats. However,
some changes might influence the digestibility of an enzyme and the resulting peptides might
impose adverse health effects such as causing allergenic reactions. Therefore, it should be
kept in mind that proper safety evaluations should always be performed before putting a
modified enzyme into the market. Engineered proteins or enzymes are nevertheless new
materials and should be released only after stringent safety assessments.

2.4 REGULATIONS

Despite the fact that transgenic organisms generated by genetic engineering and protein
engineering are still bashed in most places of the world, products originated from using
these technologies are penetrating our lives. These products are under strict regulations to
guarantee the well-being of our society. Countries such as Japan and those of the European
Union (EU) have set strict rules for regulating products that originate from the application
of these modern biotechnologies. The regulations are based on environmental concerns, as
well as human and animal health.

In Japan, the Food Safety Commission was founded in 2003; one of its responsibilities
is to evaluate the safety of genetically modified food or feed. The standards and guidelines
that have been established since then can be found on the official home page of Food Safety
Commission (http://www.fsc.go.jp/senmon/idensi/index.html):

� The safety assessment of genetically modified foods (seed plants).
� Guidelines for safety assessment of recombinant crossbred plants.
� Standard for safety assessment of food additives produced by recombinant

microorganisms.
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� Standard for the safety assessment of non-protein food additives such as amino acids that
are produced from recombinant microorganisms and are highly purified.

� Guidelines for the safety assessment of feed and feed additives produced by recombinant
technology.

In the EU, legislation provides for a single authorization procedure for food consisting
of (or containing) GMOs. Act 1829/2003 regulates GMOs for food and feed use, food and
feed containing GMOs, or food and feed produced from or containing ingredients produced
from GMOs. Act 1830/2003 further regulates GMOs that have acquired authorization for
labelling and traceability to ensure consumer’s rights on making choices regarding these
products. Enzymes for food use are classified as food additives in Japan, but in the EU, with
the exception of lysozyme and invertase, they are classified as processing aids.

Enzymes for food processing that are produced by recombinant DNA technology and
protein engineering are regulated by Ministry of Health, Labour and Welfare in Japan, but
they are exempted from the current regulation Acts in EU.

2.4.1 Regulations on self-cloning

Enzymes are produced by extraction from plants or animal tissue, or by isolation from
microorganisms. Enzymes produced by recombinant DNA technologies are in most cases
derived from genetically modified microorganisms (GMMs). Enzyme production procedures
involve separating the enzyme from its production strain or releasing the enzyme from the
strain by breaking down the microbial cells. Usually, this is followed by purification steps
and, at the end of the process, removal of microbial remnants. Therefore, the presence of
GMMs in the final enzyme products is rare. The enzyme manufacturing process can be
carried out under contained conditions with proper care not to release the GMMs into the
environment. Enzyme manufacturers, not enzyme users in this case, need to guarantee the
contained uses of GMMs.

Council directives 98/81/EC and 90/219/EEC (http://europa.eu) regulate the contained
use of GMMs. According to these directives, GMMs ‘mean a microorganism in which the
genetic material has been altered in a way that does not occur naturally by mating and/or
natural recombination’. And within the terms of this definition, the techniques listed in
Annex I, Part B, are not considered to result in genetic modification. These include the
following:

� in vitro fertilization;
� natural processes such as conjugation, transduction and transformation;
� polyploid induction.

In Annex II, Part A (council directive 90/219/EEC), GMMs that can be excluded from
the directive are listed. These GMMs are yielded through techniques matching the following
criteria:

� Mutagenesis.
� Cell fusion (including protoplast fusion) of prokaryotic species that exchange genetic

material by known physiological processes.
� Cell fusion (including protoplast fusion) of cells of any eukaryotic species, including

production of hybridomas and plant cell fusions.
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� Self-cloning consisting in the removal of nucleic acid sequences from a cell of an organism
which may or may not be followed by reinsertion of all or part of that nucleic acid (or a
synthetic equivalent) with or without prior enzymic or mechanical steps. Reinsertion is
done into cells of the same species or into cells of phylogenetically closely related species
which can exchange genetic material by natural physiological processes. The resulting
microorganism is unlikely to cause disease to human, animals or plants. It is further stated:
‘Self-cloning may include the use of recombinant vectors with an extended history of safe
use in the particular microorganisms.’

This implies that no special measures need to be taken with self-cloning microorganisms.
This self-cloning concept has also been adopted in Japan for evaluation of GMMs for food
and food enzyme production. In Japan, because enzymes are classified as food additives,
enzymes produced from GMMs are subject to authorization before being launched into the
market. The Food Safety Commission carries out the safety assessment on enzymes from
GMMs according to ‘the standard for the safety assessment of food additives from GMMs’.
The enzyme to be evaluated must be already in the list of food additives. There are two
occasions when enzymes produced from GMMs do not need safety assessment:

� GMMs are self-cloning strains;
� GMMs are constructed by techniques based on natural occurrence.

By definition, a self-cloning strain contains only nucleic acids from phylogenetically same
species. The definition of strains based on natural occurrence is rather vague; however, the
authors have constructed a strain of Streptomyces that harbours a plasmid of the Streptomyces
origin with all genetic structures (promoters, terminators and the target gene, pla2) originat-
ing from Streptomyces (unpublished). The enzyme (PLA2 Nagase) produced by this strain,
which is regarded as naturally occurring, is identical to the wild type and is thus exempted
from the safety assessment process. This case demonstrates that DNA recombination be-
tween closely related microorganisms, which exchange genes between species naturally, can
be considered self-cloning as well. Enzymes produced by recombinant DNA technologies
within the self-cloning criterion are treated no different from enzymes produced by strains
that are improved by traditional mutagenesis techniques.

Public concerns on GMOs also originate from ethical reasons. A survey conducted by
Bruce Small, a senior scientist in the social research unit of AgResearch in Hamilton,
New Zealand, found that 58% of respondents agreed that gene transfer within species was
acceptable.36 The concept of self-cloning seems more amenable to the public.

2.4.2 Cloning and expression of genes between
Streptomyces should be considered as ‘self-cloning’

Streptomyces are phylogenetically closely related microorganisms. A lot of species of Strep-
tomyces share extremely high homology of 16s rDNA (>95%) and most of them have
sex plasmid which causes natural chromosomal gene exchange through conjugation. The
physiological mechanisms for gene exchange involve cell contact, formation of ‘pock’ and
exchange of large fragments of plasmid DNA with the recipient chromosome.37, 38 Evidences
of gene exchange can also be shown by the fact that many species have identical gene or gene
clusters, even if they are phylogenetically different.39 Because of these genetic characteristics
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of Streptomyces, the British Genetic Manipulation Advisory Group (GMAG) has viewed that
the whole genus should be regarded as a single entity for the purposes of the categorization
of recombinant DNA. Gene transfers (cloning genes from one species into another species)
between non-pathogenic Streptomyces should be classified as ‘self-cloning’.40

2.5 FUTURE PROSPECTS

Recombinant DNA technology serves to obtain more efficiently what we need from nature
and protein engineering aims to improve what nature has to offer. The increasing possibility of
future energy crisis and environmental problems strengthens the need for reducing chemical
processes and using milder enzymatic processes or processes involving microorganisms (in
other words ‘bioprocesses’). There is no doubt that recombinant DNA technology and protein
engineering will be the driving forces in this respect.

Recently, the creation of an unnatural catalyst was reported that can catalyze the Kemp
elimination – a model reaction for proton transfer from carbon by combining computer de-
sign with in vitro-directed evolution.41 Jiang et al.42 also reported the creation of an aldolase
to cleave carbon–carbon bonds by computational design. These exciting developments of
technologies in designing catalysts from scratch have opened a new phase towards biopro-
cesses taking over conventional chemical processes. Together with continuous refinement of
related techniques in recombinant DNA and protein engineering, bioprocesses will become
more and more feasible. The next industrial revolution indeed may not be too far away.
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3 Production of industrial enzymes
Tim Dodge

The use of enzymes in food applications has been around for centuries.1 Some of the
first examples were the use of naturally occurring enzymes in the source substrate, such as
α-amylases that are naturally present in grains used for brewing. Enzymes were also extracted
from both plant and animal sources. Then came the use of microbially produced enzymes,
where the enzymes were the natural products of the microbial culture. Today, most enzymes
are still produced microbially; however, many of the enzymes are no longer native enzymes,
but engineered versions. Protein engineering allows the properties of the enzyme to be
optimized for its specific use. Many of the applications today are only possible by the use of
these specialized products.

Protein engineering is practised through the use of recombinant DNA (rDNA) technology.
The same rDNA technology is also utilized to design the microbial strains used to produce
the enzyme. The hosts used for enzyme manufacture are becoming more limited in number.
At the same time, the source of the enzyme is coming from a wider variety of organisms.
This creates a host–platform-centred approach that offers numerous advantages. Efforts can
be focused on developing the molecular biology tools required for the smaller set of host
organisms. More in-depth knowledge can be gathered and applied to improve these strains by
conferring the properties important for industrial enzyme manufacture. These include factors
such as fast and efficient growth on simple media, high extracellular enzyme expression and
low level of other background proteins, among others. These advantages go beyond those
just for strain development, but also for the fermentation, recovery and formulation process.
Developing numerous processes for different enzymes is simplified when the same host strain
is used, as knowledge of the strain is leverageable. Specifically, the requirements for growing
and recovering from the same strain remain the same and this provides a basis to develop
a process unique to each enzyme. Requirements for growing the strain remain the same and
process conditions become more similar. This advantage continues through to the industrial
production plant, where similar processes can reduce capital equipment requirements and
ease plant operations.

3.1 APPLICATIONS RESEARCH AND PROTEIN
ENGINEERING

Although this topic will be covered in more detail in another chapter, we will nonetheless
introduce the subject here. Modern industrial biotechnology is highly integrated and not just
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in the production process. The enzyme molecule itself plays a role in its own manufacture
and thus the development of the production process is integrated with the development of
the molecule.

Most new industrial enzymes are engineered for better performance in their applications.
Progress in molecular biology has greatly improved the possibilities to generate libraries of
enzyme variants, but a key challenge is to develop good screening tools that can identify the
best candidates. Or popularly expressed: ‘What you screen for is what you get.’ A thorough
understanding of the application in which the enzyme has to work is essential for selecting
the right enzyme. The screening system should allow working with large variant libraries,
be robust and simulate the performance in the final application. The difficulty will often
be to translate the requirements for optimal effect under industrial conditions to a set of
biochemical assays that can be used for screening. Typical examples are properties like
thermostability, pH stability and pH profile, ionic strength requirements, protease resistance,
inhibitor sensitivity and substrate or product specificity. Ideally, screening for higher specific
activity and for good expression in the production host organism is included from the
beginning of an enzyme-engineering programme. In many cases, high throughput screening
for expression in small scale can give an indication, but systematic work with larger scale
fermentations is needed to reveal yield potential of a new enzyme. Also parameters like
solubility in concentrated solution and stability are important for recovery and downstream
processing and should be used to select the final enzyme candidate. No matter how well the
screening system has been designed, it is always necessary to include extensive full-scale
application trials of the final candidates to confirm the correlation between the screening
system and the final end use.

One example of a new food enzyme would be an α-amylase used in bread dough modi-
fication. It needs a certain ratio of endo to exo activity on the starch in the flour. Too much
exo activity and especially maltogenic activity results in poor dough quality. The correct
activity can prevent the retrogradation of starch and prolong the shelf life of baked breads.
An enzyme can be engineered to give the appropriate properties to meet the demanding needs
of the process.2 But the end product needs to be easily blended into the dough. Spray-dried
enzyme can be used, but enzymes tablets have also been shown to be a useful delivery
method. To keep the size of the tablet small, the enzyme activity to solids ratio needs to be
high, setting the requirement for enzyme purification from the fermentation broth.

As can be seen, the needs of the final product have effects on the properties of the enzyme,
not only from an activity standpoint, but also from a purification and formulation standpoint.

3.2 STRAIN DEVELOPMENT

3.2.1 Introduction

Once an efficient enzyme for a given application has been identified, the next important
step is to select a production host. The majority of industrially produced food enzymes are
manufactured using microorganisms. With the idea of platforms, previously mentioned in
this chapter, enzyme manufacturers usually have a library of less than a dozen microbial
species for their expression needs. The two main ones are Bacillus species and filamentous
fungi.3 These hosts are preferred due to the following properties: they are good secreters (a
secreted enzyme will be easier to recover from the broth than an intracellular enzyme), they
are recognized as safe hosts by regulatory authorities, they can be genetically manipulated
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and they can be cultivated in fermenter to reach a high biomass concentration. Rational
prediction of the best host, based on the enzyme to be produced, can often be made. Homol-
ogous expression (e.g. Bacillus enzyme in a Bacillus host) is generally more efficient than
heterologous expression (e.g. eukaryotic enzyme in a Bacillus host). However, if a new type
of enzyme has to be produced, it is worthwhile to attempt expression in a battery of hosts to
determine the best candidate.

It must be emphasized that the paragraph above refers to genetically modified organisms
(GMOs). Non-GMOs are also used in the production of food enzymes. Often, the food
enzyme manufacturers have a wide range of products as options to meet customers’ specific
needs.

3.2.2 GMO versus non-GMO

The main advantage of using non-GMOs for food enzymes production is their larger accep-
tance by the consumer.4 On the other hand, GMOs offer numerous advantages, both for the
customers and the producer. An enzyme produced by a recombinant organism is generally
cheaper because it can typically be expressed at higher levels compared to non-GMOs. The
final products also tend to have higher purity as GMO strains are engineered to overexpress
the target enzyme per total background host protein.

An enzyme will be labelled as recombinant based on the following guidelines: (1) the
enzyme amino acid sequence is the same as can be found in nature but the organism used to
produce it is non-native,5 (2) the organism used to produce it has been genetically modified
(e.g. stronger promoter in front of the gene6) and/or (3) the enzyme itself (i.e. its amino acid
sequence) has been engineered.2 To keep with the idea of minimizing the impact of genetic
engineering on the environment, a recent development in strain construction has been to
remove the antibiotic marker which often accompanies the gene coding for the enzyme of
interest.7

Product labelling is regulated by the Food and Drug Administration (FDA) in the US, and
by the European Union in Europe.

3.2.3 Example: construction of a Bacillus subtilis
production host

In order for an enzyme to be produced by a host organism, the gene coding for the enzyme
of interest has to be introduced into the host, together with other DNA structures allowing
its transcription, translation and secretion. Figure 3.1 shows the minimum gene components
required to produce an enzyme extracellularly. In brief, the promoter initiates transcription,
the ribosome binding site (RBS) is necessary to initiate translation, the signal sequence (S.S.)
targets the protein to the membrane to allow its secretion, the gene X encodes the enzyme of
interest and the terminator marks the end of transcription. Often an antibiotic marker is added
after the gene X to permit the selection of a correct recombinant clone. If the enzyme is to

S.S. Gene XRBS

Promoter Terminator

S.S. Gene XRBS

Promoter Terminator

Fig. 3.1 Typical structure of an expression cassette for enzyme production by microorganisms. RBS:
ribosome binding site; S.S.: signal sequence. Gene X encodes for the enzyme of interest.
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Table 3.1 Examples of targets for genetic engineering in the microbial production of enzymes.

Target Expected effect from engineering Reference

Promoter Stronger promoters will provide more mRNA 12

Signal sequence Modifications in the signal sequence can improve secretion 13,14

Gene X Protein engineering can result in an enzyme more efficient in its
application

15

Host Deletion of side activities, improvement of physiology or
metabolism

16,17

be produced intracellularly, the S.S. is omitted. The cassette of interest can be introduced in
the host on a replicating plasmid (an extrachromosomal DNA molecule which is capable of
replicating independently) or integrated on the chromosome by single or double crossover.
Integration on the chromosome is usually preferred as it results in increased stability and
consistency of the strain to express the target enzyme.8

3.2.4 Goals of genetic engineering

Genetic engineering usually has as its first goal improvement of the target enzyme production
yield. It can also be used to remove side activities, such as proteases. Proteases can degrade
the target enzyme or they can alter the organoleptic qualities of the food product in which
the enzyme is applied.

To improve product yields, bottlenecks in transcription, translation and/or secretion need
to be eliminated. For example, transcription, which is the conversion of genomic DNA into
messenger RNA (mRNA), can be improved by increasing the strength of the promoter,7 or
by introducing multiple copies of the expression cassette into the host. The mRNA itself can
be stabilized by modifying its 5′ end.9,10

Each element shown in Fig. 3.1 can be the target for genetic engineering. Table 3.1
presents different targets and the effect expected from their engineering.

3.2.5 Food enzyme production in the ‘omics’ era

A significant revolution in biology in the last decade is marked by the arrival of the ‘omics’
era (e.g. Ref. [11]). These methods include rapid sequencing of whole genomes, monitoring
of mRNA expression, analytical protein measurements (especially mass spectrometry) and
small molecule identification and quantification. These have resulted in the new fields of
genomics, transcriptomics, proteomics and metabolomics. Availability of these data has
resulted in greater understanding of the host as a whole, which leads to even safer production
systems and enzyme products.

3.3 MICROBIAL FERMENTATION

The fermentation unit operation is the step at which enzyme is produced. A microbial culture
is the biocatalyst used to generate the enzyme. This culture must first be propagated to
generate sufficient catalyst. Enzyme is then produced, sometimes in conjunction with the
microbial culture growth and at other times in a different phase where microbial growth has
slowed or even stopped.
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3.3.1 Culture maintenance and storage

The most common method of culture storage is in a frozen state. Bacterial cultures are
typically grown under optimal conditions. A cryopreservative agent, such as glycerol or
dimethyl sulphoxide, is added and the suspension dispensed into individual vials before
quick freezing on dry ice. Mechanical freezers, at either −20◦C or −70◦C are typically used,
but for short-term storage. For longer term storage, liquid nitrogen freezers, where the vials
are held in the vapour phase, are preferable. Such procedures allow for high viability and
maintenance of phenotype, even when stored for years.

3.3.2 Seed preparation

Most industrial enzyme fermentations are carried out in vessels ranging in size from 30 m3

to 300 m3. This piece of equipment is typically one of the most expensive in the production
plant. To optimize use of the production fermenter, seed vessels are used in order to reduce
the time required for growth in the large fermenter.

Traditional seed trains have consisted of a series of increasingly larger vessels, typically
10-fold at each stage. This was often required for strains with fastidious growth requirements.
The host–platform-based approach removes this need. Strains are designed or adapted to go
from vial directly to production fermentation. However, as stated above, the actual process
used will be devised to optimize the use of capital. This will typically entail a single seed fer-
menter that can be inoculated directly from the culture vial. A longer growth time can typically
be tolerated in this smaller fermenter while time in the larger production fermenter is lowered.

Conditions in the seed fermenter are optimized for fast and efficient growth. These same
conditions are usually the desired conditions for the start of the production fermenter. Transfer
from the seed to production fermenter is performed while the culture is in the exponential
growth stage.

3.3.3 Production fermentation

3.3.3.1 Sterilization

One of the unique and essential features of the fermentation operation is the need for
sterilization. Microorganisms are ubiquitous in the environment, present in air, soil and
water. The desire is to produce a single microbial catalyst in order to produce enzyme. In
order to achieve this goal, all other microorganisms need to be killed or removed from the
process. This is typically achieved by either heat inactivation or filtration. Heat steriliza-
tion can be achieved through either high temperature (near 150◦C) with short contact time
(3–5 min) in a continuous operation or lower temperature (near 121◦C) with longer con-
tact time (30–60 min) in a batch operation. Media with insoluble components generally
require batch sterilization. Soluble media or feed solutions are better suited for continuous
sterilization. Air is usually sterilized by depth filtration.18

3.3.3.2 Mass and heat transfer

Most industrial enzyme fermentations are aerobic processes; that is, they require oxygen as
an electron acceptor to supply energy to the culture. This oxygen requirement results in two
specific issues for the fermentation equipment: oxygen mass transfer and heat removal. A
schematic of an industrial fermenter is shown in Fig. 3.2.
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Cooling through jacket 
and/or internal pipes  

Air through ring sparger  

Radial flow impellers for 
gas transfer and axial flow 
impellers for bulk mixing  

Multiple feed ports for 
addition of nutrients and 
pH control agents

Fig. 3.2 Industrial fermenter.

Oxygen is only sparingly soluble in water solutions. Under typical fermentation con-
ditions, solubility is around 0.5 mM. To supply the required oxygen, pressurized air is
introduced at the bottom of the fermenter. As the air travels upward in the vessel, oxygen
is transferred from the gas to the liquid phase. The soluble oxygen is consumed by the
organisms, usually with the concomitant production of carbon dioxide, which alternatively
is transferred from the liquid to the gas phase. The spent air leaves the fermenter depleted in
oxygen and enriched for carbon dioxide. High pressure increases the solubility of both gases
in the liquid. Increased airflow increases the oxygen content of the spent air, also increasing
the solubility in the liquid. Power is added to the liquid through impellers driven by a motor.
This power is used to break the incoming air into smaller bubbles increasing the surface
area for mass transfer. All of these requirements (pressure, airflow and power) increase the
complexity of the fermentation equipment.

In an aerobic fermentation process, heat is generated through the transfer of power from
the agitator motor to the liquid (mechanical heat). Additional heat is also generated by
the organism through the respiration of oxygen (metabolic heat). Metabolic heat typically
dominates in aerobic fermentations. Heat must be removed through cooling surfaces in
the fermenter. A jacket around the surface of the fermenter is almost always used. As the
size of the fermenter increases, the volume increases faster than the surface area of the
cylindrical vessel. Thus, in order to keep similar surface area for cooling, pipes can be added
on the inside of the fermenter, further increasing the complexity of the equipment. The heat
generated is transferred to a cooling liquid, usually water, that is circulated through the jacket
and cooling pipes. Heat is dumped to the environment, typically in cooling towers. In some
cases mechanical chillers are needed to give additional cooling.

High oxygen demand requires sophisticated and expensive equipment and high utility
usages. Most processes, however, can be improved under these conditions. Trade-offs will
be made between process performance and capital and operating costs. Most aerobic fer-
mentation processes can be adapted to the equipment in which it must operate.

3.3.3.3 Catalyst growth

The first stage of the production fermenter is very similar to the conditions in the seed tank.
The microbial catalyst needs to multiply in order to have sufficient concentration for maximal
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enzyme production later in the fermentation. Fast specific growth rate is desired in order to
maximize production of the protein production machinery within the microorganism. The
number of ribosomes, the key organelle responsible for protein production, is increased at
high growth rate.19

3.3.3.4 Enzyme production (growth vs. non-growth associated)

Some enzymes are best produced while the culture is actively growing and faster growth
results in faster enzyme production. This is called growth-associated enzyme production.
Metabolic enzymes are examples of proteins that are typically growth associated. Many
hydrolytic enzymes are typically produced as secondary metabolites. Such products are
produced during slow specific growth rates or even under non-growth conditions. This is
called non-growth-associated production. These simplifications actually apply to only a small
number of products. Most will exhibit a mixed production mode.

Platform organisms made specifically to produce enzymes most often use promoter sys-
tems that are induced under non-growth-associated conditions. Some examples are the alka-
line protease promoter from B. subtilis, the α-amylase promoter from Bacillus licheniformis
and the cellobiohydrolase I promoter from Trichoderma reesei.

3.3.3.5 Batch versus fed-batch versus continuous

The fermentation can be operated in three basic modes, batch, fed-batch and continuous.20 In
batch mode, all medium components are added at the beginning of the process. The culture
is inoculated and allowed to grow at a maximum, but uncontrolled rate. As nutrients are
consumed or waste products accumulate, growth will slow down and eventually stop. When
a limiting nutrient is exhausted, growth will stop and the fermentation ends. A batch process
can be effective for growth-associated enzyme production.

Continuous processes will feed nutrients and remove culture-containing medium at the
same rate as the nutrient addition. A steady state can be achieved that can be maintained for
weeks. Growth rate can be controlled by the rate of feed addition. Continuous fermentation
is also well-suited for growth-associated enzyme production.

Fed-batch fermentation is the most dominant mode of operation for enzyme production.
It is well-suited for non-growth-associated production. The typical feed is a limiting nutrient,
usually the carbon-energy source. As with continuous processes, fed-batch can control growth
rate through the rate of feed addition. This has the additional advantage of helping control
oxygen consumption and thus heat generation. Fed-batch fermentations are easier than batch
fermentations to adapt to equipment that may limit either the mass or heat transfer available
to the process.

Some cultures are sensitive to gradients of substrates or waste products. In such cases,
bulk mixing of the liquid in the fermenter is of great importance. Axial flow impellers force
the circulation of liquid in the fermenter to reduce these gradients. However, these impellers
are poor at reducing bubble size and increasing the rate of oxygen transfer. Radial flow
impellers are much preferable for mass transfer. Once again, fermenter design will be a
trade-off between the needs for bulk mixing and those for oxygen mass transfer.

Surface fermentation
Not all industrial fermentation processes are based on submerged (mostly liquid) cells. In fact,
surface (mostly solid substrate) fermentation processes such as Japanese ‘koji’, French ‘blue
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cheese’, composting have longer tradition. Surface fermentations typically employ moist
non-submerged particulate or non-particulate substrates (grains, legumes, agro-industrial
residues, fresh cheese), preferably sterile and formed into high surface area matrices. In some
cases, a mix of nutrients is also added to the solid substrate and microbial seed is grown in
submerged fermentation process before inoculating the matrix. Some advanced design solid
substrate fermentors have even provided, continuously or intermittently, nutrient and/or pH
controlling solution to the substrate matrix. The greatest production design challenge is
the supply of oxygen, removal of gases and heat of respiration from the substrate matrix,
homogeneous conditions and contamination control. As a result, scale of operation of surface
fermentation processes tends to be smaller than that of submerged type.

3.4 DOWNSTREAM PROCESSING

3.4.1 Bridging the gap

Fermentation broth is not fit for sale as a product. It contains live microbial cells and rDNA.
Because of the high water content of the broth and the presence of proteases and peptidases,
the produced enzymes are prone to degradation. The concentration of enzyme is too dilute
for the application. For these reasons, fermentation broth needs to be further processed in
order to refine the enzyme product such that it becomes resilient to uncontrolled storage
conditions, is safe and convenient to use in the application and can deliver the benefit to the
consumer in a cost-effective manner.

Collectively, the manufacturing processes used to refine the enzyme product are referred
to as downstream processing. A wide variety of techniques are available to accomplish the
goals laid out above. The choice of specific operations is dictated not just by the nature of
the fermentation broth, the biochemical and biophysical properties of the enzyme and the
refining needs of the product, but also by practical considerations such as availability of
a certain unit operation in the manufacturing site, and site-specific recycling and disposal
options for non-product containing side streams.21

Downstream processing often requires the addition of materials such as filter aids, floc-
culants, buffer salts, acids and bases to adjust pH. These materials need to meet food safety
requirements which are put forward by regulatory and government bodies. In addition, they
need to conform to religious dietary restrictions in major markets such as kosher, chometz
free and halal. This constrains the source of raw materials and reduces flexibility to change
materials once a product has been approved for food use. Similar constraints exist for down-
stream processing operations and facilities.22

Consumers prefer preservative-free foods. The food enzyme industry, despite being only
a very minor contributor to the overall preservative content of a food product, is adapting
to that need and downstream process technology is evolving to deliver on that goal. Aseptic
processing techniques are increasingly adopted.23

3.4.2 Basic downstream process

With the exception of some lipid modifying enzymes, the majority of recombinant enzymes
used in food processing are soluble in aqueous buffers. Modern microbial production strains
are engineered to secrete soluble enzymes into the medium, where the enzyme accumulates
during the fermentation. At its most basic level, the downstream process just needs to remove
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Fig. 3.3 Basic downstream process for enzyme recovery from fermentation broth.

the cells from the fermentation medium and concentrate the resulting clarified filtrate enough
to facilitate formulation of the product, as shown in Fig. 3.3.24, 25

The preferred mode of fermentation at large scale is fed-batch fermentation, which takes
2–10 days to complete. Downstream process equipment is usually sized such that the broth
can be processed in about 1–2 days so as not to limit plant throughput by downstream
bottlenecks. In order to make use of all downstream equipment at all times and to keep the
number and size of downstream tanks small, cell separation and concentration and sometimes
even formulation are performed simultaneously. As a consequence, downstream equipment
operates in continuous mode or with rapid cycling on batch equipment.

There are several choices of scalable unit operations that can run in this fashion. Continu-
ous cell separation can be achieved by centrifugation on disk stack or decanter centrifuges or
by microfiltration. Rotary vacuum drum filters provide semi-continuous filtration and plate-
and-frame filter presses operate in batch mode and are cycled many times to filter the whole
broth volume. The choice for concentration is more limited; it is typically accomplished
by ultrafiltration via synthetic membranes with a molecular weight cut-off small enough to
retain all of the enzyme. In some cases, evaporation may be an option, but it is usually too
expensive and does not remove dissolved salts or small molecular weight impurities.

The product of a basic downstream process is a crude enzyme concentrate. In addition to
the target enzyme, this concentrate contains residual soluble and colloidal components from
the fermentation feed stocks and other products from the microbial metabolic activity. Other
components are residual process aids, such as antifoam oils and flocculants, non-product
enzymes that are produced by the host organism and some bioburden from environmental
microbes.

3.4.3 Purification

If the specifications of the enzyme product require lower concentration of the non-enzyme
components in the crude concentrate, some form of purification is required. This can be
as simple as a polish filtration to remove colloidal particles and bioburden, which is of-
ten integrated with the formulation of liquid products. Removal of salts and other perme-
able solids can be accomplished by adding a diafiltration step to the ultrafiltration. Non-
UF-permeable impurities, such as biopolymers or side activities, can often be reduced by
careful selection of the conditions used during cell separation: pH, salt content, flocculant
type and means of addition to the process can have a significant impact.26, 27

If these measures are not sufficient to produce an acceptable product, more specific purifi-
cation process steps are needed. The first choice of bulk purification methods is precipitation
of the impurities. If the soluble impurities can be induced to form a solid phase, it can simply
be removed by filtration. More involved are techniques to precipitate the target enzyme,
because they require the addition of two unit operations, one for collection of the precip-
itate, another to dissolve it again and clarify it.28 The cleanest enzyme products are made
by crystallization of the enzyme. Due to the highly selective nature of crystal formation,
the solids formed in such a process are inherently very pure and the obtainable product
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purity is determined by the efficiency with which the pure crystals can be isolated from the
impurity-rich mother liquor.29, 30

Chromatography is another choice for making purified enzyme products. This is usually
the most expensive option and is only economical for a small number of enzyme products
that are used in very low doses.31

3.4.4 Sustainability

Sustainability of manufacturing operations calls for all non-product side streams to be used
as raw materials in other processes. The cell solids are inactivated by treatment with heat
or chemicals and are used as a source of complex nutrients. Ultrafiltration is the most
cost-effective way to concentrate the enzyme solution and the ultrafiltration permeate is
typically rich in dissolved salts and micronutrients, which are welcome additives to biological
treatment of wastewater. Ultrafiltration permeate can be concentrated by reverse osmosis
(RO). The resulting RO concentrate becomes a source of complex nutrients in fermentation
processes and the RO permeate is reclaimed as process water.

3.5 ENZYME FORMULATION

The final stage of enzyme production is product formulation. The resulting enzyme concen-
trate from the fermentation and downstream process is typically not capable of being utilized
in the food applications. The enzymes need to be provided in a form that is useful for each
application. In general these forms are either solids or liquids. Not only does the enzyme
need formulations for use in the application, but formulation is also required to supply the
desired shelf life during storage of the enzyme prior to use. It is important that the excipients
and diluents utilized for product formulation are also acceptable in the food product.

3.5.1 Solid product formulation

In solid product forms, the liquid enzyme concentrate is mixed with stabilizing excipients or
diluents and then converted to a dry form. The drying process can be accomplished through
processing such as spray drying or encapsulation. Spray drying has been utilized for decades
and is still one of the common production modes for enzyme products. Other modes of
drying such as freeze drying can provide additional benefits to the products, but are typically
more expensive.

3.5.1.1 Spray drying

In the spray drying process, the liquid enzyme concentrate is mixed with stabilizers and
diluents so that the resulting product has the desired activity for the application as well as
being stable. After the materials are mixed, the resulting suspension is atomized into small
droplets through a nozzle either with pressurized air or through a rotary nozzle (spinning
disc). The atomized liquid is introduced at the top of the spray tower and is exposed to
high temperature air, up to 170◦C. However, due to the evaporative cooling, the exhaust
temperatures will be near 100◦C and the actual enzyme powder experiences an even lower
temperature. The resulting powders are very homogeneous. However, they tend to have very
low particle sizes which can be very dusty. To control the dust, the powders can be blended
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with low levels of oil. This is very effective in reducing any materials which may become
airborne.

The spray-dried powder can also be incorporated into other product forms. These can be
as simple as agglomerated powders or more sophisticated as structured particles. The powder
can be agglomerated to form larger particles and reduce dust. This is done by putting the
powder into mixing equipment and adding a binder material while mixing, which results in
binding the powder together and forming larger particles. The agglomeration process can
also be carried out in a fluid bed granulator. In this process, the powder is suspended in an
air stream and, while suspended, an atomized spray of binder is applied through a nozzle.
As the particles pass through the atomized liquid they will become wet, stick together and
then dry in that form. This process is carried out multiple times, thus resulting in larger and
larger particles. Both of these methods are somewhat uncontrolled and the resulting product
has a broad size distribution.

In specialized equipment, such as multi-stage driers, the spray drying and agglomeration
processes can be carried out simultaneously. In this process, the enzyme concentrate and any
added stabilizers are atomized though a nozzle similar to a standard spray drier. However,
any fine powders are evacuated from the drying chamber and subsequently re-introduced
into the drying chamber near the point of liquid atomization. This results in the dry particle
rewetting and agglomerating with other nearby particles. By controlling the airflows in the
system, it is possible to target a narrow size distribution of the final agglomerated particles.

The spray-dried powders can also be incorporated into more structured particles such
as extrudates, high shear granules or spray-chilled particles. These particles can offer other
advantages including improved stability and particle integrity. They also have the possibility
of including other food use agents and customized enzyme release mechanisms. In the
extrusion process, the spray-dried powder is mixed with other materials such as sugars,
starches, buffers and binders. The materials are mixed together to create a dough-like material.
This mixture is pressed through a perforated plate and the resulting ‘noodles’ are either cut-
off at regular intervals or allowed to fall-off on their own. There is also the possibility of
converting these cylindrical particles into spheres via a device known as a marumerizer.
Finally the particles are dried in a fluid bed drier. In the high shear process, dry ingredients
including the enzyme powder are added to the process bowl. While being mixed with a
plough shear mixer and a high-speed chopper, wet binding materials can be added. The
shearing action generates small particles which can be dried similarly to the extrusion
process. Finally, the spray-dried powder can be incorporated into a molten fat or wax. This
mixture is then atomized through a rotary nozzle into a cooled chamber essentially equivalent
to a spray-drier tower. The particles cool and harden as they fall, resulting in very spherical
particles.

3.5.1.2 Encapsulation

Finally, solid enzyme products can be further encapsulated to customize delivery of the
enzyme. By creating a core-shell particle where the enzyme is included in the core, a
functionalized coating can be added. These coatings can not only further improve the stability
of the enzyme product, but can also be triggered to release the enzyme under desired
conditions. These triggers could include pH, heat, shear or water activity just to name a few.
The enzyme core unit can be those already described, such as agglomerates, extrudates, high
shear granules or spray-chilled particles. Additionally, the enzyme core may be generated
using a fluid bed coater. In the fluid bed process, an inert carrier is suspended in a hot air
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stream within a process chamber. While the particles are suspended, an air atomized enzyme
liquid is introduced into the chamber. The atomized droplets are captured on the carrier and
subsequently dried. The carrier/enzyme particles pass through the atomized liquid multiple
times until the desired enzyme concentration is obtained. The fluid bed process can also be
utilized to apply the functional coating to any of the enzyme core units described simply by
changing from the enzyme solution to a solution of the desired coating material. By utilizing
triggers, the enzymes can be delivered into the food application at the appropriate time, thus
maximizing its effectiveness or chemistry.

3.5.1.3 Enzyme tablets

Another useful delivery format is to provide the enzyme in a tablet form. Tablets can offer
many advantages. The enzyme can be incorporated into the tablet from any of the forms
previously discussed, including spray-dried powders, agglomerates and coated particles.
Similar to enzyme blends, tablets can incorporate multiple enzyme activities as well as
other components that can benefit the particular application being applied. However, tablets
eliminate the possibility of segregation that blends can encounter. The tablets thus provide
a consistent dose of enzymes and other components compared to blends. Finally, handling
and dosing of tablets into the application is far easier, less dusty and cleaner compared to a
powder blend.

3.5.2 Liquid product formulation

Enzymes can also be utilized in a liquid form. These product formulations can be chal-
lenging as they are more dynamic systems compared to solids because of the presence
of water. Stabilizers that are used in liquids include common carbohydrates such as su-
crose and dextrose, sugar alcohols and polyols. These excipients stabilize enzymes by
maintaining the protein structure and therefore prevent denaturation. Additionally upon
preventing aggregation, these materials help in maintaining a soluble product. At high lev-
els, they help to control the water activity which can play a role in controlling microbial
growth. Preservatives are also added, which will be discussed in a later section of this
chapter.

The liquid product formulation process is usually integrated with the downstream pro-
duction process. After the enzyme has been concentrated, the enzyme stabilizers are added
followed by a filtration process. The filtration is done to remove any undissolved solids
and/or to reduce the level of microbial burden in the formulated product. The filtration pro-
cess can be carried out using standard filtration equipment such as a rotary vacuum drum
filter (RVDF), plate and frame or depth filtration. The resulting products are transparent and
commonly range from clear to amber in colour.

3.5.3 Blends

Many of the products that are used in food applications contain more than one enzyme activity.
Enzyme manufacturers can produce these blends through combining already formulated
intermediates, such as spray-dried or encapsulated solids, or liquids in defined ratios. For
the solid product blends, it is important that the intermediate products are similar in size and
density. This allows for good mixing and homogeneity while also reducing the likelihood
of segregation during shipping and handling. The blending operation can also be utilized to



P1: SFK/UKS P2: SFK
c03 BLBK192-Whitehurst July 21, 2009 11:40 Printer Name: Yet to Come

56 Enzymes in Food Technology

reduce the activity of a product by blending with a non-active diluent. Liquid blends are also
possible, but the compatibility of the intermediate products is an important consideration so
that unstable products are not created.

The blending process can be carried out in a variety of equipment. For liquid products, it
is typically carried out in a batch process using a single tank with a mixer present. It can also
be done continuously utilizing in-line mixing. If necessary a filtration step can be employed
post mixing. Solid product blends can be made in a variety of blending equipment, such as
ribbon blenders, plough shear mixers, Nauta mixers or fluid bed apparatus.

3.5.4 Preservatives

The most common preservatives utilized for food applications to control microbial contam-
ination are sodium benzoate and potassium sorbate. They are both effective at low pH and
can control a broad spectrum of organisms. However, one of the major food trends today is to
reduce or remove the level of preservatives in the products. This is being driven by consumer
desire. Subsequently, all the materials that go into the production of food products, such
as enzymes, need to be preservative free and this can be a challenge for enzyme products.
As long as the solid products are protected from moisture, the likelihood of any microbial
or fungal growth during storage is extremely low. In the case of liquids, the situation is
even more challenging. To control microbial growth during storage, the environment of the
solution is manipulated against it. This can be done by controlling the water activity, pH or
osmolality. Also, more and more natural preservatives are being developed that are effective
at controlling microbial growth. These natural preservatives include certain plant extracts or
peptides that inhibit microbial growth.

3.6 SUMMARY

Even though the use of enzymes in food industry is well established, the adoption of new
technologies in recent years has resulted in considerable progress for the production of such
enzymes. Improvements in protein engineering have yielded enzymes which are more effi-
cient, stable and have less side activities. Efforts have been made towards the development
of plug-in platforms, that is limiting the number of hosts in which an enzyme can be pro-
duced. Baseline processes, including fermentation, downstream processing and formulation,
developed for each host, are a starting point for the production of a new enzyme. This
standardization allows for a shorter development time.

Most fermentations for food enzyme production require the preparation of a sterile
medium. They are usually aerobic, requiring pressure, airflow, power and cooling. Fermen-
tations are most often run in the fed-batch mode, although batch and continuous processes
can also be found.

Since most food enzymes are secreted into the fermentation medium, downstream pro-
cessing simply requires removal of cells by filtration or centrifugation, followed by a concen-
tration step to make the product ready for formulation. In cases where higher purity product
is required, a purification step typically followed the concentration step. The choice of unit
operations depends on the capabilities of the plant as well as compliance with government
food safety regulations and religious dietary restrictions. Where feasible, sustainability of
production is achieved by recycling of water and biomass.
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Finally, a formulation step is often required, to allow for use in the application and/or
to extend shelf life. Most often for food applications, the enzyme is formulated in the solid
state, although some liquid formulation examples can also be found. Tablets are a popular
form of delivery, as they can allow for homogenous blends of products and a consistent
dose delivered. Preservatives are used to control microbial growth in enzyme products.
Customer preferences have been evolving towards less preservative use, or at least more
natural preservatives.
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4 Asparaginase – an enzyme for
acrylamide reduction in food products

Beate A. Kornbrust, Mary Ann Stringer, Niels Erik Krebs
Lange and Hanne Vang Hendriksen

4.1 INTRODUCTION

In 2002, it was discovered that relatively high concentrations of acrylamide are found in
common carbohydrate rich foods prepared by baking or frying. Acrylamide is classified as
‘probably carcinogenic to humans’1 and its occurrence in food products has therefore caused
intensive debate concerning the potential health risk through dietary exposure.2, 3 Extensive
international research programmes have been established to investigate and evaluate this risk.
Until the results from these studies are available, Joint FAO/WHO Expert Committee on Food
Additives (JECFA) has recommended to producers that appropriate efforts be made to reduce
the concentration of acrylamide in food.2 For consumers, the existing recommendation to
eat a well-balanced diet high in fruit and vegetables has not been changed.

Figure 4.1 gives an overview of the acrylamide values found in some typical food products
with relatively high acrylamide contents. The values shown are from the European Commis-
sion’s monitoring database4 and the figure illustrates the median and 25th and 75th percentile
values for acrylamide content in each food product category. The classification system used
in this database has grouped similar products into broadly inclusive categories. Both within
and between categories, acrylamide contents vary widely, reflecting the variety of product
recipes, production parameters and raw materials used in the affected foods. Additional
public databases can be found in the summary of Stadler and Scholz.5

Daily intake of acrylamide varies globally depending upon local eating and cooking habits.
In a typical western diet, fried and baked potato products, biscuits, crisp bread and coffee are
among the foods accounting for the most significant proportion of dietary exposure, either
because of high acrylamide content or because of a high daily intake.2, 6 Average daily intake
estimated by JECFA is 1 µg kg−1 body weight/day and by the FDA is 0.4 µg kg−1 body
weight/day.7 For comparison, the WHO reported guideline values for acrylamide in drinking
water are 0.1–0.5 µg L−1.8

To date no direct legislative regulation for maximum acrylamide content in food products
has been made. However, in Germany the so-called signal value and minimization concept
has been implemented. In this programme, food products are classified into groups, and signal
values are determined for each of these. If acrylamide levels above the signal value are found,
food control authorities contact the food producer and initiate a dialogue on minimization.9

Several different research groups have established that acrylamide is generated by Maillard
reactions between asparagine and reducing sugars, with asparagine contributing the back-
bone of the acrylamide formed.4,6,10–14 Maillard reactions, also known as non-enzymatic
browning reactions, typically occur at temperatures above 100◦C and are responsible for
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Fig. 4.1 Acrylamide content (ppb) of several typical food categories; median (diamond), 25th and 75th
percentile values (bar) are illustrated in Ref. [4].

significant colour and flavour developments in fried and baked starchy products. While the
relative importance of different intermediates in acrylamide formation is still discussed,
the basic pathway, as generally accepted, is illustrated in Fig. 4.2.10–13,15–18 Water content,
temperature and pH have been identified as critical parameters for acrylamide formation,
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Fig. 4.2 Schematic overview of acrylamide formation from a reducing sugar and the amino acid as-
paragine.
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that is low water content and high temperature favour formation and low pH reduces forma-
tion.15 Several alternative formation pathways have been identified but the general agreement
is that these are of far lesser quantitative importance.15, 17, 19, 20 An overview of studies of
acrylamide formation and the major contributing factors has been given by Zhang and
Zhang.21

As removal of acrylamide from prepared food products is impractical, reduction strategies
have focused on limiting the formation of acrylamide. Due to the high number of affected
product categories, the differences in acrylamide levels in these products and the broad
variety of parameters influencing formation, a range of methods and strategies have been
developed.4, 6, 22

For cereal food products, moisture content and thermal input (time/temperature) play
a key role in acrylamide formation. The CIAA toolbox 200722 suggests the possibility of
lowering acrylamide levels by baking products to achieve less colour development but the
same final moisture content as is found in traditional products by utilizing lower baking
temperatures for longer times. Konings et al.23 and Ahrne et al.24 found 75% reduction of
acrylamide in crisp bread when baking temperature and oven speed were reduced. Other
technologies for reduction of acrylamide include adding amino acids, which compete with
asparagine in Maillard reactions, adding Ca++, lowering pH, optimizing ingredients and
carefully selecting raw materials to favour those low in acrylamide precursors.22 By lowering
pH, the rate of formation of key Maillard reaction intermediates is decreased. However, even
though significant acrylamide reduction has been reported in literature, addition of acids
is probably of limited utility due to the development of acidic off-flavours, and potentially
insufficient browning and leavening of biscuits.23, 25, 26 An example of ingredient optimization
is the replacement of ammonium bicarbonate by other suitable leavening agents, such as
sodium bicarbonate. Ammonium bicarbonate enhances acrylamide formation by indirectly
catalyzing the formation of sugar fragments, hereby generating more reactive carbonyls that
can take part in the Maillard reactions.4, 27, 28 Amrein et al.25 reported that the combined
use of sodium bicarbonate and sodium acid pyrophosphate (SAPP) in hazelnut biscuits led
to a 50% reduction in acrylamide compared to the use of ammonium bicarbonate. Raw
material control mainly focuses on low asparagine content, since this is the limiting factor
for acrylamide formation in cereal products.29 Asparagine content in wheat flour differs
widely between varieties and harvests and with whole wheat and fibre content. Studies have
shown that more asparagine is found in high fibre flours (i.e. flours with higher ash content),30

resulting in increased acrylamide levels in final products.31, 32

For potato-based products, several studies have shown that the sugar content of the tuber
correlates directly with the acrylamide concentration in the final products.27,28–36 Controlling
sugar levels is therefore currently the primary measure employed by the industry to reduce
acrylamide levels in chips and French fries. This is done by selecting potato cultivars with
low reducing sugar content and by controlling storage conditions from farm to factory.
Optimal storage temperature is between 8◦C and 10◦C, while storage at lower temperatures
leads to significantly increased levels of reducing sugars. Future concepts include breeding
new potato varieties with low reducing sugar and asparagine content. An enzymatic solution
focusing on removal of the reducing sugars has been suggested but is complicated by the fact
that so many different sugars can participate in the reaction. Reported product recipe changes
for potato products comprise adding competing amino acids, lowering pH and dipping in
Ca++-solutions.4,37–40 Relevant process changes include decreasing cooking temperatures
or cooking duration, where especially vacuum frying has proven very efficient for reducing
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acrylamide levels in sliced potato chips.41 Varying blanching regimes with respect to both
time and temperature and introducing longer soaking treatments have been shown to reduce
acrylamide by simply washing out the precursors.22, 38, 39

In coffee, no significant mitigation opportunities have yet been identified.22 Acrylamide
formation starts rapidly at the beginning of the coffee roasting, reaching a maximum level
approximately halfway through the roasting cycle, at which point acrylamide levels start
decreasing due to breakdown or depletion. Final levels in roasted coffee beans are approx-
imately 20–30% of the initial maximum level. Consequently, darker roasting tends to give
lower acrylamide levels. Also storing of packed, roasted coffee decreases acrylamide levels
significantly. However, both freshness and degree of roasting are important quality param-
eters, meaning that mitigation based on these parameters is far from optimal. Trials on
alternative roasting technologies are still in the exploratory phase.22

A drawback to some of the current acrylamide-reducing technologies is that these will not
only affect acrylamide levels but also potentially impact final product characteristics, such as
colour, texture and flavour, due to a general reduction in Maillard reactions.23 Additionally,
health or nutritional implications should be considered, for example loss of minerals and
vitamins during intensive blanching of potatoes, and increased fat uptake upon frying at lower
temperatures and longer times. For cereal products, replacement of ammonium bicarbonate
with sodium bicarbonate will reduce acrylamide values, but at the same time increase sodium
intake. Also, the use of refined flour instead of whole grain flour may reduce acrylamide
levels, but will provide a less desirable product due to the lower fibre content.22, 23

An alternative approach to a general reduction of Maillard reactions is to focus on removal
or reduction in the level of the specific precursor, asparagine. This can be done by controlling
raw materials and is furthermore the scope of various plant-breeding programmes. Another
option is to apply the enzyme asparaginase, which catalyzes the hydrolysis of asparagine to
aspartic acid and ammonia. This enzyme reduces the level of free asparagine while leaving
other amino acids unaffected.

Initially, tests in simple chemical model systems containing only asparagine and glucose
or fructose showed that asparaginase could significantly reduce acrylamide formation in
these systems.12, 42 Subsequently, asparaginase has been tested in laboratory models of a
variety of cereal food and potato-based food products. The resulting acrylamide reductions
have ranged from 50% to 90%, suggesting that asparaginases could potentially be used to
make a broad impact on dietary acrylamide exposure.12,42–48 However, since commercial
asparaginase products have only very recently become available at pricing and production
scales appropriate to the food industry, asparaginase application technology is still very new.
Published data are therefore limited and full-scale industrial experience scarce.

In coffee or other roasted products, a few patent publications have included treatments
in which using asparaginase leads to a reduction of acrylamide formation during roasting.
US patent 7 220 44049 describes a process where asparagine is extracted from green beans
using water. The extract containing solubles and asparagine is treated with an asparaginase
and returned to the beans before roasting. In WO 2005/004620,50 a process where cocoa
beans are treated in an asparaginase solution before roasting is described. In both cases, an
acrylamide reduction exceeding 10% is obtained.

This chapter will give an introduction to asparaginases, followed by a review of acrylamide
reduction achieved by applying asparaginase to cereal and potato-based products and coffee.
Advantages and potential limitations of using asparaginase will be illustrated and necessary
considerations for enzyme application will be highlighted. Data shown and discussed are
derived mainly from Novozymes laboratory testing.
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4.2 ASPARAGINASE

Asparaginases (l-asparagine amidohydrolases, EC 3.5.1.1) catalyze the hydrolysis of the
amide group of the side chain of asparagine to produce aspartic acid and ammonium.
Asparaginases are broadly distributed among living organisms, including animals, plants
and microbes.51, 52 Asparaginases participate in basic amino acid catabolism by shuttling
asparagine to aspartic acid which, after subsequent conversion to oxaloacetate, can enter
the citric acid cycle.53 In plants, asparagine is used for nitrogen storage and transport; thus
asparaginases play a major role in utilization of this essential resource.54
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Despite their common role in amino acid metabolism, the breadth of asparaginase diver-
sity is not particularly well studied. Borek and Jaskólski52 compared a handful of protein
sequences known to encode asparaginases and concluded that asparaginase activity is found
in three distinct and unrelated protein families, which they called Bacterial-type, Plant-type
and Rhizobium etli-type. These three families correspond to the three asparaginase fam-
ilies currently recognized in the pFam protein family database as Pf00710, Pf01112 and
Pf06089.55 Family Pf00710 includes most of the asparaginases known from bacteria, ar-
chaea and fungi and a few animal asparaginases.56, 57 Pf01112 includes plant asparaginases
and glycosylasparaginases from a variety of organisms. Pf06089 is a smaller and less-studied
family that includes only one characterized enzyme from R. etli. The asparaginases described
in the rest of this section, where sequences are known, belong to the Pf00710 family.

Many enzymes with asparaginase activity are quite specific for asparagine, but also have
a low level of activity towards glutamine, which is very close in structure to asparagine.58, 59

Enzymes that are active on both amino acids but prefer glutamine as a substrate are called
glutaminase-asparaginases (EC 3.5.1.38). Crystallographic analyses of microbial asparagi-
nases and glutaminase-asparaginases have shown that they share the same basic structure
and catalytic mechanism.60, 61
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Some microbes produce a periplasmic or extracellular asparaginase or glutaminase-
asparaginase in addition to the intracellular asparaginase that participates in basic
metabolism.62–65 In the few cases where both enzymes have been studied, the two forms
of asparaginase are similar in primary amino acid sequence and protein structure, but dif-
fer in other characteristics like pH and temperature activity profiles and, most notably, in
substrate affinity. Secreted microbial asparaginases typically have a much higher affinity
for asparagine than their cytoplasmic counterparts, probably reflecting the need for a pool
of asparagine in the cytoplasm to support protein synthesis. The lower substrate affinities
of cytoplasmic asparaginases could function to accommodate asparagine turnover with-
out depleting asparagine supply.64, 66, 67 The role of the non-cytoplasmic asparaginases is not
known, though there is some evidence that they are involved in obtaining carbon and nitrogen
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for the cell.68 The extracellular asparaginase from Saccharomyces cerevisiae accepts a
broader range of substrates than the cytoplasmic form, consistent with this suggested role.64

Among asparaginases, the periplasmic asparaginase from Escherichia coli (known as
EcA-II and a variety of other names) is especially well studied because of the discovery in
the 1960s that it could be used to treat acute lymphocytic leukaemia. Malignant cells of this
leukaemia lack the ability to synthesize adequate amounts of asparagine, and their survival
is dependent on utilizing asparagine from the blood serum. Asparaginase is therefore used
to deplete the blood serum for asparagine and deprive leukemic cells of this amino acid.69

EcA-II can hydrolyze l-asparagine, d-asparagine and l-glutamine, but shows a strong
preference for l-asparagine as a substrate. The maximal reaction rate on l-glutamine is only
3% of that on l-asparagine. EcA-II does not show product inhibition, except by ammonium at
pH above 8.5.70 Analysis of a very similar asparaginase from Erwinia carotovora has shown
that the catalytic mechanism of these enzymes requires a free carboxyl group. Free as-
paragine and glutamine and their derivatives can be hydrolyzed, as well as carboxyl-terminal
asparagine residues in small peptides. Larger peptides and C-terminal glutamines are not
accepted as substrates.51 The crystal structure of EcA-II has been determined, demonstrating
that EcA-II functions as a tetramer. The tetramer has been described as a ‘dimer of identical
intimate dimers’ in which two active sites are formed at the intimate dimer interface, and
assembled tetramers have four active sites.71 Structural determination of a number of addi-
tional bacterial asparaginases and glutaminase-asparaginases has shown that they function in
similarly assembled tetramers.67 A single asparaginase, from a hyperthermophylic archeaon,
has been shown to function as a dimer.61

EcA-II is currently used as a component of chemotherapeutic treatment and is com-
mercially available. It has been used in a number of studies testing the effectiveness of
asparaginase in the reduction of acrylamide in food products,12, 44–46 but the expense of this
enzyme prohibits widespread use.

Two enzymes have been developed and commercialized specifically for the purpose
of acrylamide reduction, DSM’s PreventASeTM72 and Novozymes’ Acrylaway R©.73 Both
enzymes are extracellular asparaginases that have been cloned from GRAS (generally recog-
nized as safe) fungi which are commonly used for industrial enzyme production. Acrylaway
was found by analyzing gene sequences from Aspergillus oryzae and is produced recombi-
nantly in an A. oryzae host.48 PreventASe was developed in a similar fashion from Aspergillus
niger.74 The extracellular asparaginases from A. oryzae and A. niger share sequence simi-
larity with EcA-II from E. coli, and belong to the Pf00710 protein family, but differ in pH
activity profiles. The enzyme from A. niger has an acidic profile, while the enzyme from
A. oryzae has an optimum closer to neutrality.48, 75 The A. oryzae asparaginase, which was
used for the examples in this chapter, is quite specific for asparagine and has only trace activity
on glutamine. Size exclusion chromatography experiments on native A. oryzae asparaginase
suggest that it also functions as a tetramer, with a size of approximately 255 kDa.76

4.3 ACRYLAMIDE ANALYSIS

Several methods for acrylamide analysis have been established and validated in recent
years.4, 77, 78 As many different food matrices are involved, sample pretreatment and prepa-
ration tend to vary, while the actual detection and quantification of acrylamide is most
often done using mass spectrometry (MS). Samples are thoroughly homogenized and
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extracted preferably using water, but other solvents have also been tested and implemented.
In some set-ups, samples are defatted before extraction. The aqueous extract is cleaned up
by combining different solid phase extractions and analyzed directly by liquid chromatog-
raphy (LC–MS/MS) or gas chromatography (GC–MS). If using GC–MS, derivatization of
acrylamide (bromination) can increase sensitivity and selectivity.4,77–79 Several commercial
analytical laboratories have set up analysis for acrylamide quantification in food products and
are now routinely offering these. Reproducibility of the applied methods has been assessed
by interlaboratory proficiency tests, which revealed relatively large tolerances in the various
matrixes, for example 836–1590 µg kg−1 in the same sample of crisp bread, reflecting the
differences in methodology.80

4.4 APPLICATIONS

Implementing an asparaginase treatment broadly into a range of food products is not a simple
undertaking, since for each product the food matrix or components may influence enzyme
action and reactivity. Furthermore, the range of food products in which acrylamide formation
might be remediated by asparaginase treatment varies greatly from dough-based products
such as biscuits, crisp bread, crackers, cereal and potato-based snacks, to intact vegetable or
cereal products such as French fries, sliced potato chips, breakfast cereals and coffee. The rate
of enzymatic hydrolysis of asparagine is dependant upon physical process parameters, such
as temperature, pH, water activity and time, as well as interactions among these parameters.
In addition, the content of the precursors, free asparagine and reducing sugars, varies greatly
in the affected food products, which will influence acrylamide formation and means that the
reaction-limiting factor differs from product to product.

4.4.1 Application testing in cereal food products

Cereal food products are characterized by a wide and heterogeneous range of recipes, raw
materials, additives and processing conditions. The influence on acrylamide formation of
different processing techniques, such as forming, mixing and baking, or different recipe
parameters is not fully understood.4, 23

A great variety of biscuit types are manufactured today. These are classified based on
characteristics such as the method of dough forming, enrichment with fat or sugar, or sec-
ondary processing. A major distinction between different types of biscuits is the development
of the gluten network which is responsible for dough extensibility and cohesiveness. Short
doughs are characterized by an undeveloped gluten network and show no shrinkage after
cutting, while hard doughs are characterized by a developed gluten network that is elastic
and extensible and tends to shrink. Hard doughs have relatively low fat and low sugar content
and high water content which will facilitate the gluten network development. Long shelf life
bread substitutes, crisp biscuits and semisweet biscuits (e.g. tea biscuits, cocktail crackers)
and snacks (e.g. savoury crackers, pretzels) are included in this category. Hard doughs are
widely found in industrial processing and are typically produced by sheeting and cutting.
Short doughs usually have higher fat and sugar content and therefore low water content,
giving little gluten development. Examples are ginger biscuits and digestives.81

In the following section, the results of asparaginase usage in several hard dough and
short dough products are shown. The examples were chosen to cover a range of recipes
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Fig. 4.3 Acrylamide level in semisweet biscuits as a function of asparaginase dosage (105–1050 ASNU
kg−1 flour) and dough resting times (15 and 30 min at 40◦C).

while focusing on the influence of processing conditions such as temperature, holding time,
combination with other enzymes and water content.

4.4.1.1 Semisweet biscuits

Semisweet biscuits were used as a standard recipe from the hard biscuit range to obtain proof
of concept for acrylamide reduction using asparaginase from A. oryzae. The biscuits were
prepared on laboratory scale with variations in dough holding times and enzyme dosages.48

Results are shown in Fig. 4.3 and images of the final biscuits in Fig. 4.4.
The differences in the control values are caused by experimental variation during process-

ing and baking and analytical variations rather than the different holding times. It is not likely

(a) (b)

Fig. 4.4 (a) Semisweet biscuit prepared in lab bakery: control, no asparaginase addition. (b) Semisweet
biscuit prepared in lab bakery: asparaginase treated.
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that acrylamide formation will depend on dough resting times except in yeast raised doughs,
where the yeast can typically ferment the asparagine. Similar observations were made by
Amrein et al.44 who reported that the relative standard deviation of acrylamide content in
reference samples was 16% in gingerbread trials.

In the samples treated with asparaginase, a significant reduction of acrylamide in the final
biscuits was observed compared to the control. Samples with higher asparaginase dosage had
lower acrylamide levels at the same holding times. At 15-min holding time, reductions of
approximately 20% for 105 asparaginase units (ASNU) kg−1 flour and approximately 85%
for 1050 ASNU kg−1 flour were seen. Increasing the resting time to 30 min also increased
acrylamide reduction to approximately 35% and 90%, respectively. No differences in the
texture and appearance were seen for the enzyme-treated sample compared to the control
(see Fig. 4.4). Similar trials were carried out on industrial scale and acrylamide reductions
up to 90% were achieved (data not shown).

For semisweet biscuits, sodium metabisulphite (SMS) is often used as dough relaxer to
avoid shrinkage after cutting. For some recipes, proteases are used instead of SMS or in
combination with SMS.81 To investigate the potential influence of a protease on the effect of
the asparaginase, both enzymes were tested in semisweet biscuit dough. The asparaginase
and a neutral protease, Neutrase R© (Novozymes A/S), were added during mixing. Acrylamide
content in the final products is shown in Fig. 4.5. In the control only protease was added.
Successful reduction of acrylamide of approximately 80% was achieved, illustrating that the
combined use of asparaginase and Neutrase is indeed possible without negative effects of
the protease on asparaginase. The 80% reduction corresponds well to the result achieved in
the previous trial on semisweet biscuits (Fig. 4.3), even though the acrylamide level in the
sample made with protease alone is somewhat lower than the other control (Fig. 4.3).

Additionally, Graham crackers and cheese crackers were tested for enzymatic acrylamide
reduction at the American Institute of Baking (Manhattan, Kansas, USA) (data not shown).
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Fig. 4.5 Combination of asparaginase and a neutral protease Neutrase R©. Enzyme dosages were
1000 ASNU kg−1 flour of asparaginase and 0.225 AU-NH/kg flour of protease in a semisweet bis-
cuit recipe. Dough holding time was 15 min at 40◦C and 86% relative humidity.
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For Graham crackers, a reduction of 60% at a dosage of 500 ASNU kg−1 flour and 87%
at 1000 ASNU kg−1 flour was seen starting from an acrylamide value of 1040 ppb in the
control sample. Further increases in asparaginase dosage up to 5000 ASNU kg−1 flour did not
improve acrylamide reduction significantly. The observed reduction level is thus comparable
to that achieved in semisweet biscuits, even though the acrylamide level in the untreated
sample is higher in the Graham crackers, which can, for example, be attributed to higher
asparagine content in whole wheat flour compared to refined flour. In cheese crackers, a 75%
reduction of acrylamide was found at an asparaginase dosage of 500 ASNU kg−1 flour. The
control level of 77 ppb acrylamide was low compared to semisweet biscuits and Graham
crackers, which again is caused by ingredient variations in the recipe and differences in
sheeting thickness or in final baking. An enzyme dosage of 500 ASNU kg−1 flour resulted
in a maximum effect in these crackers. Higher dosages were tested without improving the
effect.

Acrylamide reductions between 75% and 87% for Graham and cheese crackers confirm the
findings for semisweet biscuits showing reductions up to 90%. Similar results were reported
by Vass et al.,45 who observed acrylamide reductions in wheat crackers of approximately
85% after asparaginase treatment. Amrein et al.25 investigated acrylamide reduction using
asparaginase as a function of enzyme dosage and incubation time in hazelnut biscuits.
Acrylamide reduction of up to 90% was seen in these trials.

4.4.1.2 Pretzels

Asparaginase treatment of cold extruded pretzels was tested at Reading Bakery Systems
(Reading, Pennsylvania, USA). After extrusion, the pretzels were passed through a cooker
with 1% sodium hydroxide before final baking. Results are shown in Fig. 4.6.
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Fig. 4.6 Pretzels produced at Reading Bakery Systems: enzyme dosage was 250–2000 ASNU kg−1

flour.
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Again a dose response was seen with maximum reduction of more than 90% at 500 ASNU
kg−1 flour. Further increases in dosage did not result in improved acrylamide reduction in
the final pretzels.

4.4.1.3 Crisp bread

Crisp bread is a flour-based product made from a dough having a very high water content
and held at a low temperature (6◦C) during production and handling. Typically rye flour or
whole meal flour is used for production.81 Crisp bread trials were carried out at lab scale as
previously described.48 The water content was limited to 65 bakers% (% w/w flour) as higher
water content could not be handled in the laboratory sheeting. The activity of the A. oryzae
asparaginase is determined at 37◦C. Lower temperatures are expected to reduce the activity
of the enzyme significantly.48 To investigate the potential influence of dough temperature,
trials were made at 10◦C, 15◦C and 20◦C, keeping a relatively high and constant asparaginase
dosage of 2100 ASNU kg−1 flour. Compared to semisweet biscuits, where the optimal dosage
is 500–1000 ASNU kg−1 flour, the high dosage was chosen to compensate for the reduced
enzyme activity at low temperatures. Two dough resting times were tested, 30 and 60 min.

Acrylamide values in the control samples were 910 ppb (30 min) and 740 ppb (60 min).
Variations in control values were also seen for semisweet biscuits and are related to processing
and analytical variations. In asparaginase-treated samples, acrylamide reduction of 80–90%
was achieved even at the lowest dough temperature of 10◦C, showing that the higher enzyme
dosage was adequate at low temperature. No effect of resting time was found. Asparaginase
performance was better than expected at such low temperatures, possibly because the high
water content in the recipe positively influences the enzyme–substrate interaction. Trials
carried out on industrial scale showed a reduction of approximately 50% acrylamide in the
final product (results not shown).

4.4.1.4 Ginger biscuits

Ginger biscuits are classified as a short dough biscuit with a high sugar and fat content. Trials
for ginger biscuits were carried out as previously described.48 In Fig. 4.7, the acrylamide
content in ginger biscuits, made from dough with varying water content and either with or
without asparaginase, is illustrated. The water content in the recipe was calculated as the
sum of added water and the water content naturally present in the ingredients.

Acrylamide levels measured in the control biscuits with different water contents varied
between 530 and 640 ppb, while levels in the enzyme treated ranged from 60 to 530 ppb. The
influence of water content in the enzyme-treated samples is clearly visible. By increasing
water content from 11% to 19% in the recipe, acrylamide reduction in the final biscuits
increased up to 90%. The negative influence of low water content is most likely related to
limited enzyme–substrate contact caused both by improper mixing in such dry dough and by
low diffusion rates. Amrein et al.44 reported similar results when testing asparaginase from
E. coli in ginger bread. Here, the acrylamide content was reduced by 55%, while approx-
imately 75% of the free asparagine was hydrolyzed by the enzyme. Low mobility of the
substrate and enzyme in the dough was given as an explanation for the incomplete hydrolysis
and subsequent partial reduction in acrylamide.

To confirm lab experiments, external trials were carried out at the American Institute
of Baking where ginger snaps (estimated to have approximately 18% water content) were
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Fig. 4.7 Level of acrylamide in ginger biscuits made from dough of varying total water content
(added + content in ingredients) and with or without asparaginase (1000 ASNU kg−1 flour). Dough
was sheeted for biscuit preparation except for samples with calculated water of 11%, which had to be
pressed in a form to make the final biscuit.

produced. Maximum acrylamide reduction achieved was 50% using an enzyme dosage of
2000 ASNU kg−1 flour. Increasing dosage had no additional effect.

Asparaginase from A. niger has been tested in different foods and similar reductions of
up to 80% in crackers and biscuits and up to 90% reduction in Dutch honey cakes have been
reported. Process temperature, water content, incubation time, point of enzyme addition,
recipe and free asparagine content are reported as the main influencing factors that have to
be considered for acrylamide reduction.47

4.4.1.5 Aroma profiles

For all trials done, no differences in final product characteristics regarding taste and appear-
ance were noted. Crisp bread, crackers and semisweet biscuit samples produced at laboratory
scale and pretzels produced at Reading Bakery Systems were analyzed for their volatile aroma
components by headspace chromatography (Simec AG, Switzerland). The results showed
no significant differences in occurrence and intensity of the volatile aroma peaks identified
in the controls and asparaginase-treated samples. This indicated that the enzyme treatment
had not influenced aroma and taste of the final product. Amrein et al.44 also found that taste
and colour of ginger bread was not affected by asparaginase treatment. These results are
consistent with the assumption that by the selective hydrolysis of asparagine, acrylamide
formation is reduced, but at the same time other amino acids and reducing sugars are left
unaffected and can participate in Maillard reactions.

4.4.1.6 Conclusions – asparaginase in cereal food products

To summarize, asparaginase can be successfully applied for acrylamide reduction in a range
of cereal-based recipes without changing the taste and appearance of the final product.
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Asparaginase has been shown to work in both hard and short doughs, and at temperatures
between 10◦C and 40◦C. Acrylamide reduction of 50–90% was seen for the different recipes
and process parameters. For cereal food applications, enzyme performance is dependant upon
processing conditions, for example temperature, pH and resting time, and most importantly
water availability. Within biscuit types, acrylamide reduction seems to be generally lower
in short dough biscuits in comparison to hard dough biscuits, which is probably an effect
of the low water content in short dough recipes. Recommended dosage must therefore be
determined and optimized for each individual application. Complete acrylamide removal
can probably not be achieved due to low enzyme and substrate mobility in recipes with low
water content. Furthermore, alternative asparagine-independent formation pathways may
contribute small amounts of acrylamide to the final product.

4.4.2 Application testing in potato products

4.4.2.1 Introducing asparaginase in potato processing

Potato-based products are among the food products containing the highest levels of acry-
lamide. This is directly correlated to the very high level of free asparagine naturally present
in potatoes compared with cereals and grains, for example 1–7 mg g−1 potato fresh weight
versus 0.1–0.3 mg g−1 flour.79, 82 Levels of acrylamide in commercial potato products vary
considerably, reflecting huge differences in both raw materials as well as in processing. Re-
ported levels in French fries range from 5 to 4653 ppb, with a median of 186 ppb, and levels
in sliced potato chips range from 5 to 4215 ppb, with a median of 528 ppb.5 Products reaching
the maximum levels are, however, rare as illustrated by the much lower 75th percentile values
for the same products: 363 ppb for French fries and 938 ppb for potato chips (see Fig. 4.1).

Compared with dough-based products, where introduction of an exogenous enzyme is
relatively simple, French fries and potato chips consist of intact pieces of potato, making
contact between enzyme and substrate far from optimal and an enzyme treatment potentially
much more complicated. An important initial consideration is whether it is possible for an
enzyme like asparaginase to passively penetrate a potato piece, or if asparagine must diffuse
out of the cells to an externally applied enzyme. Experiments in apples have shown that when
soaking apple cubes in a solution containing pectin methyl esterase, enzyme penetrated only
the superficial zone, while enzyme was also found in the core zone when aided by vacuum
impregnation.83 Pore sizes in plant cell walls are estimated to be approximately 3.5 nm
meaning that only smaller molecules can penetrate the cell wall. Since the cell membrane
will prevent non-specific protein uptake, molecules that have accessed the cell wall will stay
in the intercellular spaces irrespective of size.83 For two known marker proteins, a Stokes
radius of 3.55 nm corresponds to a molecular weight of 66 kDa (bovine serum albumin) and
of 2.73 nm to 43 kDa (ovalbumin). As the A. oryzae asparaginase has an estimated native
size of 255 kDa, very little, if any, enzyme will be able to enter a typical plant cell. Therefore,
asparagine diffusion out of the cells must instead be facilitated by disruption of the cell
wall/cell membrane to improve enzyme–substrate contact in an intact piece of potato. This
can be achieved by, for example, heat treatment, as in blanching.

A schematic presentation of the reactions happening in a potato strip during frying is
shown in Fig. 4.8. Under typical conditions, the core temperature will not exceed 105◦C
due to the high water content in the interior, while the surface temperature is much higher
and dependant upon oil temperature.84 Since acrylamide is mainly formed at temperatures
above 120◦C and at low water content, highest acrylamide levels will be expected to form
in the surface region. This was confirmed by Gökmen et al.84 who found up to 17 times
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Temperature in the 
core: 100–105°C

Temperature in the 
crust: >120°C

Acrylamide formation takes place in 
the outer parts of the potato where 
temperature >120°C and water
content is low.

Asparagine and sugars are 
transported to the surface with the 
evaporating water

Fig. 4.8 Reactions in a potato strip during frying at oil temperatures >150◦C. The surface layer is
estimated to be approx. 2 mm (drawing is consistent with results in Gökmen et al.84).

more acrylamide in the surface than in the core when frying at 190◦C. Based on this model,
depleting or reducing asparagine in the outer layer would be expected to hinder or at least
reduce acrylamide formation quite significantly. However, identifying the action radius of
an externally applied enzyme and comparing this to the acrylamide formation zone is not
simple and remains speculative. Also, since diffusion of asparagine is a dynamic process,
fresh asparagine is very likely transported from the core towards the surface along with
evaporating water evolved during drying and frying.

4.4.2.2 Industrial production of French fries

In addition to the theoretical considerations concerning enzyme–substrate interaction in the
treatment of an intact potato strip, practical considerations have to be made regarding the
production process. A typical industrial French fry process is illustrated in Fig. 4.9.

Potatoes are initially washed, sorted, steam peeled and cut. Following cutting, the potato
strips are blanched in 2–3 sequential steps typically at 65–85◦C for 10–30 min. Blanching is
done to inactivate the endogenous enzymes in the potato, to partially cook the potato and to
leach out reducing sugars in order to prevent excessive browning of the final product. After
blanching, the potato strips are quickly dipped in a warm phosphate salt solution (SAPP) to
prevent greying of the final product. The dip is optionally combined with a dip in glucose to
control the final colour. The potatoes are dried in a drier with hot circulating air at 75–95◦C
for 5–20 min giving a weight loss of 5–25%. Finally, the potato strips are par-fried before
being quick-frozen and packed. Final frying is done at the restaurant or by consumers.

4.4.2.3 Lab-scale testing of asparaginase in French fries

The most simple and direct application point for an enzyme in the French fry production
process would be during blanching, where the peeled, cut potato strips are held in hot water
for 10–30 min, giving an enzyme a sufficient span of time for action. Unfortunately, typical
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Par-frying, 60 s, 175°CPar-frying, 45–60 s, 175–195°C
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Drying, 10 min, 85°C

Steam peeling

SAPP and glucose dip 30–60 s

Cutting

Sorting – size, quality

Freezing

(a) Industrial process

Cutting

Hand peeling

Drying, 10 min, 85°C

Freezing

Frying, 2.5–3 min, 175°C

Acrylamide analysis

Blanching, 4 min, 85°C+10 min, 70°C

Dip in water or enzyme, 60 s, 40–55°C

(b) Lab set-up

Fig. 4.9 (a) Industrial production of French fries.85 The par-fried frozen product is packed and shipped
to the customer where final frying is done. SAPP: sodium acid pyrophosphate. (b) The set-up used for
lab-scale production of French fries.

blanching temperatures are too high for standard asparaginase treatment, meaning that an
extra process step at a lower temperature has to be introduced in the process. For initial testing
in lab scale, the enzyme treatment was therefore established as an extra soak in an enzyme bath
at 40–55◦C that follows blanching and is just prior to drying (SAPP and glucose dips were
not included). A 20-min treatment time was used in the enzyme bath, resulting in acrylamide
reductions of up to 85%.48 However, introducing 20 min of extra processing time in an
industrial full-scale operation is far from optimal, so an alternative set-up using a short time
dip treatment (1 min, 40–55◦C) and exploiting the holding time in the drier (10 min, 85◦C)
for enzyme action was tested instead. This 1-min additional process step is basically identical
to the dip in SAPP and glucose currently used in the industry, except for a lower temperature.

Results from a short dip treatment can be seen in Fig. 4.10. As shown, acrylamide levels
are reduced as the enzyme dosage is increased, reaching a maximum effect at 10 500 ASNU
L−1 of 59% reduction versus the control sample. A short dip in water (sample 0) also reduced
the acrylamide level but only by 26%. One sample was soaked in water for 20 min instead
of 1 min to see if the longer soaking time could potentially bring down the acrylamide level
further. Acrylamide reduction reached 58%, showing a significant effect of the longer time
in water. The longer water soak works by washing out more sugar and asparagine from
the potatoes. Similar results have been seen in other studies where prolonged blanching or
soaking was shown to result in 25–70% reduction, depending upon treatment temperature
and time.35, 38, 39 By comparing treatment results in Fig. 4.10, it can be seen that a 1-min
dip at the highest asparaginase dosage gave an acrylamide reduction (59%) comparable to
that achieved with a 20-min soak in water (58%). This illustrates that the time required for a
certain level of reduction is decreased significantly in the presence of asparaginase.

During the short dipping treatment, the asparaginase will reduce the asparagine level
in the bath directly, which can potentially improve washout of asparagine. In addition, the
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Fig. 4.10 Acrylamide levels in French fries made from blanched potato sticks that were given no treat-
ment (control), a 1-min dip in water (0) or enzyme solution of increasing dosage (1000, 4000, 8000,
10 500 ASNU L−1). 0/20 min: Blanched potato sticks soaked in water for 20 min instead of the 1-min
dip. Bars indicate minimum and maximum of duplicate samples. Experimental conditions: enzyme bath:
1 min, 55◦C, drying: 10 min, 85◦C.

enzyme is also active during the subsequent drying step. To illustrate this, an experiment
comparing no holding time during drying and the standard 10-min drying time was made.
For the samples having no holding time during drying, the treated potatoes were instead
dried using a paper towel. Acrylamide levels after a 1-min dip in water or in enzyme solution
followed by paper towel drying and frying were the same (500 ppb and 491 ppb), showing
no effect of the enzyme treatment and demonstrating that the 1-min holding time in the bath
alone was insufficient for any significant enzyme action. When the enzyme ‘coated’ potato
strips were held for 10 min in the drier (a heating cabinet) following the dip, a clear effect
was seen, with a reduction in acrylamide levels of 35% when compared to the similar dip
in water (433 vs. 668 ppb acrylamide). In this experiment, the control sample had 927 ppb
acrylamide, and the treated sample with standard drying had 433 ppb acrylamide, giving a
53% reduction, while the similar dip in water resulted in 668 ppb acrylamide, equivalent to
a 28% reduction. These levels are similar to the results shown in Fig. 4.10.

4.4.2.4 French fry pilot-scale testing

Asparaginase treatment of French fries was also tested on larger scale in a pilot potato
processing facility at the University of Idaho. Results are shown in Fig. 4.11. Acrylamide
levels were decreased significantly by the enzyme treatment, dropping from 960 ppb in the
control sample to below 200 ppb. No significant differences in acrylamide levels were found
for the different enzyme dosages tested (5000 or 7500 ASNU L−1) or the dip times (0.5, 1
or 3 min). The insignificance of dip time confirmed the importance of the subsequent drying
step as the time interval for the actual enzyme action. The reductions achieved ranged from
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Fig. 4.11 Acrylamide, asparagine (Asn) and aspartic acid (Asp) levels in French fries made from
blanched potato sticks dipped in water for 1 min (0-1) or in enzyme solution (5000 or 7500 ASNU
L−1) for 0.5, 1 or 3 min (−0.5, −1, −3) at 60◦C. Control: no treatment. Results were obtained from a
French fry production trial in pilot scale (batch size 10 kg). Blanching was done in two steps: 5 min at
90◦C followed by 10–15 min at 70◦C. Potatoes were then cooled to 60◦C and dipped in the enzyme bath
for 0.5, 1 or 3 min. Enzyme dose was 5000 or 7500 ASNU L−1.

72% to 88%, with an average of 83% across dosages and dip times. The 1 min dip in water
resulted in only 4% reduction in acrylamide.

Asparagine and aspartic acid were analyzed in selected samples of the final French fries.
As seen in Fig. 4.11, asparagine was reduced by around 50% in the 7500 ASNU L−1 min
sample measured against the control. Aspartic acid increased in parallel, even though final
levels of aspartic acid were lower than what would be expected from converted asparagine.
The finding that not all asparagine was hydrolyzed possibly reflects the fact that the majority
of enzymatic activity was on the surface or in the outer layers of the potato strip, while the
asparagine and aspartic acid analyses were done on the entire French fry. The calculated
asparagine reduction was therefore an average achieved over the whole potato strip. The
actual asparagine reduction in the outer layers, where acrylamide is primarily formed, was
probably higher, which is also consistent with the higher acrylamide reduction achieved.
Pedreschi et al.43 have tested the asparaginase from A. oryzae in lab scale in French fries
using a 20-min treatment time in the enzyme bath. Sixty-two per cent acrylamide reduction
was observed, while asparagine levels measured directly in the treated potatoes showed a
drop of 58%.43

4.4.2.5 Sliced potato chips

Compared with the production of French fries, production of sliced potato chips is a very
fast process with a total processing time from raw potatoes to finished and packed product of
30–45 min. Major processing steps are illustrated in Fig. 4.12. The blanching step is optional
and only included for potatoes that are high in sugar content to control final colour.
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Fig. 4.12 (a) Industrial production of sliced potato chips.85 (b) The set-up used for lab-scale production
of sliced potato chips.

Asparaginase treatment of sliced potato chips was tested on both un-blanched and blanched
potato slices by introducing an extra processing step just before frying, as shown in Fig. 4.12.
Holding (15 min) the blanched slices in water without enzyme gave an acrylamide level of
1686 ppb, which was reduced to 659 ppb when asparaginase was included in the bath. If
the slices were not blanched prior to the enzyme treatment, no reduction in acrylamide
was observed (water, 3500 ppb acrylamide; enzyme treatment, 3752 ppb acrylamide). The
effect of a blanching treatment followed by a soak in water was thus significant compared
to just a soak in water, resulting in 1686 ppb versus 3500 ppb acrylamide, corresponding
to a 52% reduction. Similar results have been reported in several other studies.38, 39 As was
observed for French fries, adding an asparaginase to the water increased the reducing effect
significantly, achieving a maximum of 81% reduction (659 ppb vs. 3500 ppb acrylamide) in
this experiment. The negative results obtained from treating the un-blanched slices confirm
that some kind of pretreatment for opening the cell wall or cell membrane structure is required
to release asparagine into the surrounding liquid hereby facilitating contact with the enzyme.

4.4.2.6 Limitations on asparaginase performance

To further investigate the rate-limiting step in the treatment of potato slices, a test was run
with increased enzyme dosage and prolonged treatment time. From a production point of
view, a long treatment time of up to 3 h is not an option since the final product completely
changes its characteristics and can no longer be considered a chip. However, as a means of
studying the system and defining the rate-limiting step, such tests can be valuable. Results
are shown in Fig. 4.13. The control sample was blanched and thereafter fried directly, while
all other samples were given a treatment in water or enzyme solution for 10 or 180 min after
blanching and before frying. The effect of the longer holding time is obvious, especially
for the enzyme-treated samples, where acrylamide levels as low as 30 ppb were reached.
Very little effect was seen of increasing the enzyme dosage five times for neither the 10
nor the 180 min samples, showing that reaction time more than enzyme dosage is a limiting
factor. This further indicates that the system is probably diffusion limited and controlled by
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Fig. 4.13 Acrylamide levels in blanched sliced potato chips treated for 10 or 180 min (−10 or −180)
at 50◦C in water or enzyme solution. Enzyme dosage was 10 500 ( = 1×) or 52 500 ASNU L−1 ( = 5×).
Control sample was just blanched. Blanching was done at 80◦C for 1 min. Frying was done at 180◦C for
3 min.

enzyme–substrate contact. As was also seen for treatment of French fries, the boosting effect
of the asparaginase is obvious when comparing the Water-180 sample with the Enzyme-10
sample (Fig. 4.13). These two treatments give similar acrylamide reductions (660 ppb vs.
600 ppb acrylamide), but require very different lengths of time to achieve it.

Ciesarová et al.46 have tested asparaginase from E. coli in roasted pancakes made from
peeled and shredded potatoes and using both fresh potatoes as well as a dried potato premix.
In the fresh potatoes, acrylamide reductions of 45–97% were achieved at a treatment time
of 30 min and with increasing enzyme dosage, while in the dry premix reductions ranged
from 70% to 97%. Reductions found by Ciesarová et al.46 are thus in the same range or
higher than the present results in French fries and sliced potato chips. The higher reduction
in treated pancakes probably results from the longer treatment time and, more importantly,
the much smaller size of the potato pieces, since these were shredded before being roasted.
This will clearly facilitate enzyme–substrate contact.

4.4.2.7 Dough-based potato products

Fabricated potato chips or snacks are typically dough-based products, having dried potato
flakes or granules as the major ingredient. Potato flakes and granules are both produced by
drying potato mash, but processing and final product characteristics differ. Since dough is
a much more homogenous system than intact potatoes, enzyme–substrate contact will be
better. However, the low water content characteristic of many snack doughs will present a
disadvantage by limiting diffusion.

In Fig. 4.14, results are shown from a test of asparaginase in fabricated potato chips. When
chips were made with a dough water content of 40%, a very efficient reduction was achieved



P1: SFK/UKS P2: SFK
c04 BLBK192-Whitehurst July 21, 2009 11:51 Printer Name: Yet to Come

78 Enzymes in Food Technology

0

1000

2000

3000

4000

5000

6000

0 210 1050 2100 4200

ASNU/kg DS

A
cr

yl
am

id
e 

(p
p

b
)

Fig. 4.14 Acrylamide in fabricated potato chips using increasing levels of enzyme in the dough. Dosages
were 210–4200 ASNU kg−1 dry matter. Dough resting time was 45 min at room temperature.

(up to 95%) and a very clear dosage response was seen (Fig. 4.14). When chips were made at
a lower water content of 33%, the maximum reduction achieved was 48% and this response
was constant across dosages from 1000 to 5000 ASNU kg−1 flour (data not shown). Similar
results identifying water content as a very critical parameter were seen in ginger nut biscuits
(Fig. 4.7).

Potato-based snack pellets are an intermediate dried, extruded product made from dough
using either potato flakes and/or granules. The snack pellets are fried, seasoned and packed
at the final producer. Testing in snack pellets was done on industrial pilot scale without any
process changes. Asparaginase was added with the water to the dry ingredients during mixing
before the dough was extruded cold and dried. The snack pellets were then fried, and the
final product analyzed for acrylamide. Results are shown in Fig. 4.15. Acrylamide reduction
reached 95% at the highest enzyme dosage. These results show that the asparaginase worked
very efficiently in a dough containing 35% water, which illustrates that enzyme performance
depends very much on the specific recipe and probably on water activity more than water
content.

In a study by Vass et al.,45 addition of asparaginase (from E. coli) to a potato cracker dough
resulted in 70% reduction in acrylamide in the final product, confirming the potential for such
a treatment. Reduction in a similar wheat cracker product was higher (85%), presumably
related to the much lower initial asparagine content in wheat compared to potato. Also
A. niger asparaginase has been tested for acrylamide reduction in potato-based fabricated
chips, showing up to 90% reduction.47

4.4.2.8 Conclusion – asparaginase in potato-based products

In summary, the results reviewed here show that it is clearly possible to significantly reduce
final acrylamide levels in fried potato-based products by manipulating the asparagine level
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Fig. 4.15 Acrylamide in fried potato snacks after enzyme treatment of the potato snack pellet dough.
Dosages were 1750–5250 ASNU kg−1 dry matter. Holding time was 20 min at 35◦C.

with an asparaginase. This is somewhat unexpected for two reasons. First, most studies on
acrylamide formation in potato products have shown that reducing sugars are the limiting
factor for acrylamide formation in this type of product, and have proposed focusing on
this reactant to reduce acrylamide formation.27,28,33–36 The results presented and discussed
here and in the cited studies show clearly that lowering asparagine levels alone can result
in significant reduction of acrylamide formation. Second, for intact potato products like
French fries and sliced potato chips, bringing asparaginase in contact with asparagine is an
additional challenge, as the potato structure is thought to be impenetrable for the enzyme.
Experimental results suggest that cell wall and membrane disruption of the potato cells is
essential to facilitate contact between substrate and enzyme. The rate-limiting factor seems
to be the diffusion of asparagine to the enzyme, which is mainly located on the outside of the
intact potatoes pieces. Asparaginase treatment, therefore, most likely has a primary impact
on asparagine found in the outer layers of the potato stick, which is also where acrylamide
formation is highest.

Since asparaginase treatment is effective when applied in a short dip process step similar to
steps in current industrial French fry production, process modifications required for industrial
implementation are minor and potentially worthwhile relative to the reductions achieved. The
major issue to be solved for implementation in industrial scale is control of the temperature
of the enzyme bath, since this has to be kept within the limits of enzyme activity and
stability. Considering current blanching practice, some cooling of the blanched potatoes will
therefore be required before entering the enzyme bath. For sliced potato chips, potential
industrial implementation will require more significant process changes, including a short
heat treatment or blanching step and a holding time to accommodate enzyme activity.

In potato-based dough products, water content or water activity appears to be the most
critical factor for enzyme performance, and experiments indicate that at least 35–40% water
is needed for maximum performance. At lower water contents, performance can very likely
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be improved and optimized based on enzyme dosage, temperature and holding time, or
alternatively the asparagine containing ingredient treated in a separate step with maximum
water present.

4.4.3 Application testing in coffee

4.4.3.1 Introducing asparaginase in coffee processing

Coffee is the roasted kernel of the coffee cherry. In the coffee process, first the fruit flesh
is removed, then the kernel is dried, resulting in green coffee beans. These are then roasted
at temperatures exceeding 180◦C. Green coffee beans contain asparagine as well as sugars,
with sucrose being dominant. Since the high roasting temperatures catalyze a degradation
of sucrose to glucose and fructose, subsequent formation of acrylamide can take place.
Acrylamide forms mainly during the early stages of roasting. During extended roasting,
especially at very high temperatures, accumulated acrylamide will break down again.86, 87

Roasted coffee beans have been analyzed to contain 220–375 ppb acrylamide (see Fig. 4.1)
resulting in 5–10 µg L−1 in brewed coffee.88 In coffee-drinking countries, this may constitute
28–36% of the total daily exposure to acrylamide.88

Coffee beans contain approximately 0.5 g asparagine and 50 g sucrose per kg.89 No data are
available on localization within the bean, but they are expected to be rather evenly distributed.
As described for intact potato pieces (see 4.4.2.1), a major portion of the asparagine is
probably present inside the cells and thus not easily accessible.

The green coffee bean has a very tight structure where less than 7% of its pore volume
has a diameter of 10 nm or more.90 The diameter of many enzymes is in the order of
5–10 nm, consequently only a limited part of the bean is accessible to a relatively large
enzyme like asparaginase (see also 4.4.2.1). Thus, diffusion of asparagine out of the cells
is likely to be the rate-limiting factor for treatment with asparaginase, accentuating the
importance of distributing the asparaginase as evenly as possible over the whole bean in
order to minimize the distance between enzyme and substrate.

To improve enzyme–substrate contact in the coffee bean, various techniques can be applied
to actively aid diffusion. Vacuum infusion is known from fruit and vegetable processing,
where it has proven quite effective in getting enzymes into the inner part of plant cells given
that these contain a certain minimum amount of occluded air.83 Applying pressure may have
the same beneficial effect, but this technique has not yet been tested. Thermomechanical
pretreatments like steam explosion may help open up the bean structure, but will also change
roasting kinetics.

4.4.3.2 Laboratory-scale testing

Wet green beans typically have a pH of around 5.5, so fungal asparaginases, like the asparag-
inase from A. oryzae, can be applied without pH adjustment; the dosage may range from
2500 to 10 000 ASNU kg−1 green beans.

The following three techniques could be applied to enable enzyme–substrate contact in
the bean:

1. Soaking coffee beans in an enzyme bath: This is an easy process but it will also result
in extraction losses of, for example, aroma precursors, thereby lowering both the yield in
terms of final product weight and aroma formation. Furthermore, rather large changes in
the roasting kinetics are expected.
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2. Vacuum infusion: Depending on the water absorbtion capacity of the coffee bean, a
proper amount of enzyme solution is sprayed evenly onto the beans and vacuum is
applied until the enzyme solution is absorbed. This procedure does not result in yield
loss, and a loss of aroma precursors is also unlikely, except for the most volatile aroma
components.

3. Pressure infusion: The procedure is similar to vacuum infusion, but pressure is applied
instead of a vacuum. It can be assumed that no volatile aroma precursors are removed in
this way.

Following the enzyme application in all three processes, the beans can be incubated at
temperatures up to 50◦C for a defined amount of time to accommodate enzyme activity.
In laboratory trials using the vacuum infusion method, 18 h were found to be sufficient to
overcome diffusion hindrances. After incubation the beans are dried, for example in an oven,
and roasted.

As a wet process is unavoidable when working with this type of enzyme application, a
certain rearrangement of the solutes in the bean will take place and during drying sugars and
amino acids will most likely become more concentrated at the surface. Therefore, it must
be anticipated that the roasting kinetics will change somewhat, even when using vacuum or
pressurized application processes.

Figure 4.16 illustrates results from a trial in which either water or enzyme solution was
added to green coffee beans using vacuum infusion. The beans were then roasted for varying
times. Acrylamide levels in the untreated control beans were highest at the shortest roasting
time, and lower for longer times, consistent with the pattern of degradation of acrylamide
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Fig. 4.16 Effect of roasting and asparaginase treatment on acrylamide formation in vacuum-infused
green coffee beans. Control sample had no treatment at all, Water sample is beans vacuum-infused with
water and Enzyme sample is beans vacumm-infused with an enzyme solution. After vacuum infusion the
green beans were oven dried and then roasted. 3 minutes roast corresponds to an insufficently roasted
bean. 4–4.5 minutes roast results in a medium to darker roasted bean. Roasting took place in a household
roaster.
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Fig. 4.17 Asparaginase and aspartic acid content of treated and untreated green coffee beans before
roasting. The sum of asparagine and aspartic acid is set to 100%. Process conditions: enzyme dosage:
4000 ASNU/kg beans; vacuum: 30 min, incubation for 18 hours at 50◦C, subsequent drying of the beans
overnight at 70◦C.

known to occur during extended roasting. Similar results have been described by Lantz
et al.86 and Bagdonate et al.87

Results illustrated in Fig. 4.16 also show that wetting the green beans caused a lower
acrylamide formation in the early stages of roasting, but had very little or no effect when
making a medium to dark roast. The addition of asparaginase clearly reduced the amount
of acrylamide formed compared with both the untreated (control) and water-treated green
beans.

Figures 4.17 and 4.18 illustrate results from an enzyme dosage response trial using vacuum
infusion. Figure 4.17 shows the relative amounts of asparagine and aspartic acid in the green
beans before and after vacuum treatment using only one enzyme dosage, while Fig. 4.18
shows the acrylamide content of medium roasted beans after treatment with different doses
of asparaginase.

The results in Fig. 4.17 show that the amount of asparagine in the green bean was much
higher than that of aspartic acid. Wetting the bean resulted in a reduction in asparagine levels
by 20% relative to the control, while addition of asparaginase enhanced this effect giving an
overall reduction in asparagine level of 40%.

Figure 4.18 shows that with a dosage of 4000 ASNU kg−1 green beans or above, the
formation of acrylamide was reduced by 40–50% after a medium roast. In this experiment,
a trial was also made in which green beans were treated with a mannanase together with the
asparaginase, to see if the mannanase could increase enzyme and substrate diffusion. The
main polysaccharides in coffee beans are arabinogalactan (approximately 30% w/w bean)
and galactomannan (approximately 15% w/w bean). Mannanase degrades galactomannan,
and could aid in opening the bean structure. The results in Fig. 4.18 show that mannanase
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Fig. 4.18 Acrylamide reduction as a function of asparaginase dosage. Hundred per cent acrylamide
corresponds to 130 ppb. Process conditions: Acrylaway (or asparaginase) dosages: 525–20 000 ASNU
kg−1 beans; mannanase dosage: 2000 Units kg−1 beans; vacuum treatment with enzyme for 30 min, heat
treatment for 18 h at 50◦C, drying of the beans overnight at 70◦C and roasting in a kitchen coffee roaster
for 4 min.

addition did improve acrylamide reduction, possibly because the solubilized galactomannan
led to an increase in pore size.

4.4.3.3 Conclusion – asparaginase in coffee

Experiments reviewed here show that the asparaginase from A. oryzae can effectively remove
a sufficient amount of asparagine from green coffee beans and thereby reduce final acrylamide
content in the roasted beans by 30–60%, depending on processing conditions and efficiency
and degree of roasting. An additional wet processing step is introduced in the coffee process
so that solubles and aroma precursors may be redistributed in the bean. Therefore, possible
adjustments to the roasting procedure may be needed and should be investigated. Since many
other beans and nuts are also roasted, this technology may potentially be applied to products
like cocoa, almonds and peanuts, thus opening up for acrylamide reduction in a wider range
of different foods.
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45. Vass, M., Amrein, T.M., Schönbächler, B., Escher, F. and Amado, R. (2004) Ways to reduce acrylamide
formation in cracker products. Czech Journal of Food Sciences 22, 19–21.
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5 Enzymes in dairy product manufacture
Barry A. Law

5.1 INTRODUCTION

The dairy foods sector of the food manufacturing industry is a traditional user of enzymes. The
best-known dairy enzyme preparation is, of course, rennet, a collective name for commercial
preparations containing acid proteases extracted from animal tissues.1 These products clot
milk by removing a highly charged peptide fragment from κ-casein on the surface of micellar
casein, the majority form of milk protein. Destabilized casein micelles aggregate and form
the structure of the milk clot that is then acidified by lactic cultures to make cheese curd.2

Although this use of enzymes is the single most important in the dairy sector, modern
production methods have made possible other applications to meet changing needs and
priorities. For example, in the UK and USA the shortage of calves from which to source
traditional rennet has led to the development of enzyme production technology with yeasts
moulds and fungi as the primary source. Over half of the total milk coagulating enzymes
used in these regions are microbial in origin, mostly from genetically modified (GM) food
yeast and mould containing copies of the calf gene for the production of chymosin, the
main acid proteinase involved in milk clotting. The other main type of microbial rennet
(now called ‘coagulant’) is made from non-GM mould, Rhizomucor miehei. This topic of
coagulant production and use in the dairy industry will be described and discussed in detail
in this chapter.

In addition to the use of milk-clotting enzymes to make cheese, the dairy industry also
makes use of enzymes such as lipases, non-coagulant proteases, aminopeptidases, lactases,
lysozyme, lactoperoxidase and transglutaminase. Some of these applications are traditional
(lipase for flavour enhancement) whilst others are relatively new (lactose hydrolysis, acceler-
ated cheese ripening, control of microbiological spoilage, modification of protein function-
ality) and all will be discussed in detail below. Table 5.1 summarizes the range of enzymes
used in dairy products.

5.2 MILK-CLOTTING ENZYMES

5.2.1 The nature and identity of rennets and coagulants

The first commercial standardized rennet preparation was made and sold by Chr. Hansen
A/S, Denmark in 1874, and was probably the first commercial enzyme of any type. It was
then, and still is by definition an extract of ruminant abomasum, ideally containing mainly
chymosin, the enzyme which is specific for κ-casein hydrolysis and casein destabilization.
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Table 5.1 Enzymes used in dairy technology.

Enzymes Application examples

Acid proteinases Milk coagulation
Neutral proteinases and peptidases Accelerated cheese ripening, debittering, enzyme-modified

cheese, production of hypoallergenic milk-based foods
Lipases Accelerated cheese ripening, enzyme-modified cheese,

flavour-modified cheese, structurally modified milk fat products
β -Galactosidase Lactose-reduced whey products
Lactoperoxidase Cold sterilization of milk, milk replacers for calves
Lysozyme Nitrate replacer for washed-curd cheeses and cheeses with

eyes (e.g. Emmental)

However, dependent on the age of the calves from which it is extracted, rennet can contain
more or less pepsin, another acid protease with a wider casein substrate range. Both chymosin
and pepsin, and indeed all of the milk coagulating enzymes used in cheese technology, are
classified as aspartic proteinases with the Enzyme Commission (EC) number 3.4.23. Because
there are now several different types and sources of milk-clotting enzymes on the market,
the International Dairy Federation (IDF/FIL) official definitions decree that the name ‘ren-
net’ be reserved for enzyme preparations from ruminant stomachs, and other milk-clotting
enzymes (mainly the microbial ones) should be named ‘coagulants’.1

As far as the cheese technologist is concerned, the rennets and coagulants are most
usefully categorized by their source, not only to distinguish animal, vegetable, microbial and
GMO-sourced preparations, but also to select the most suitable enzyme for any particular
cheese variety. This is a very important aspect of cheese manufacturing technology, affecting
the yield of cheese, its storage life and its final quality of flavour/texture after maturation.
These interrelationships are discussed in detail in Section 5.4.3. For now, we will consider
the range of rennets and coagulants available in Table 5.2.

5.2.2 Main characteristics of rennets and coagulants from
different sources

Of the animal rennets, calf rennet is widely regarded as the ideal milk-clotting enzyme
for cheese making. This is partly through traditional familiarity with the product through
long use, but the preference also has a sound scientific basis in that calf rennet is typically
80–90% chymosin (EC 3.4.23.4). This means that most of the casein breakdown in the
cheese vat is directed very specifically at κ-casein to clot the milk, and not at the other
caseins. Non-specific proteolysis of α- and β-casein during curd formation can result in the
loss of casein nitrogen in the whey, reducing the yield of the cheese process. The second
enzyme in calf rennet, pepsin (EC 3.4.23.1) is thought by traditional cheese makers to
add to the ripening qualities of rennet in maturing cheese, but there is no hard evidence
for this. Indeed, cheese makers now make excellent quality long-hold cheeses (especially
Cheddar) using pure chymosin from GM yeast and fungi expressing cloned copies of the calf
(pro)chymosin gene.

Sheep, goats and pigs can provide rennet preparations that are enzymatically similar to
calf rennet, but not ideally suited to clotting cows’ milk.3 Rennet ‘paste’ is a crude form
of rennet made from the macerated stomachs of suckling calf, lamb or kid and contains
pregastric lipase to add piquancy to the flavour of the cheese. It is mainly used in traditional
Italian cheeses.
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Table 5.2 Main types and sources of milk-clotting enzymes (rennets and coagulants) used in cheese
making.

Type Source
Component
enzyme(s)

Technological
characteristics

Animal
Calf rennet;
bovine rennet

Bovine stomachs Chymosin A and B,
pepsin and gastricin

High ratio of κ -casein:
general casein hydrolysis;
maxim yield; traditional
texture and flavour in hard
and semi-hard cheeses

Rennet paste Calf, kid or sheep
stomachs

As calf rennet +
pregastric lipase

Optimum coagulation and
yield, with piquant flavour
production

Sheep, pig and
kid rennet

Corresponding
animal stomach

Chymosin, pepsin
and gastricin

Not widely used; best used
with milk from same animal

Vegetable Cynara cardunculus Cyprosin, cardosin Produced locally on small
scale for artisanal cheeses

Microbial
Miehei coagulant
type L, TL and XL

Rhizomucor miehei R. mucor aspartic
proteinase

Native L-type enzyme is too
heat stable and proteolytic
for hard cheese
manufacture; destabilized
TL and XL chemical variants
are used for cheeses in this
category (see Section
5.4.3 for details)

Pusillus coagulant Rhizomucor pusillus R. mucor aspartic
proteinase

Similar properties to L-type
miehei enzyme, but more
pH-sensitive

Parasitica
coagulant

Cryphonectria
parasitica

C. parasitica
aspartic proteinase

Very heat resistant – use
confined to high-cook
cheeses like Emmental

Fermentation-
produced
chymosin
(ChymaxTM;
MaxirenTM)

Kluyveromyces
lactis;a Aspergillus
nigera

Calf chymosin Identical to calf chymosin in
all respects

a Genetically modified to express copies of the calf prochymosin gene.

Many plants produce proteinases that clot milk. However, plant coagulants are not pro-
duced on a commercial scale, but made locally (mainly in Portugal) for artisanal cheese
making.1 The principle plant coagulant in use for these speciality cheeses is extracted from
the cardoon flowers of Cynara cardunculus.4 Recent cheese making trials with goat’s milk
cheese5, 6 suggest that this type of coagulant may be applicable for accelerated cheese ripen-
ing. However, there is no reliable commercial source of cardoon rennet at the time of writing.
Local users make their own preparations ‘in house’.4

The best-known and most widely used microbial coagulant is that produced from R. miehei
(Table 5.2). Its usage volume is now greater than that of extracted natural calf rennet. The
commercial product is a mixture of aspartyl proteinases (EC 3.4.23.23) and is commercially
available in three types. The native, unmodified enzyme (‘type L’) is very heat stable and
hydrolyzes all of the caseins, not just κ-casein. Although this has been used successfully
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to make soft, short-hold cheese varieties, its non-specific proteolytic action reduces yields
of cheeses whose curd spends a long time in the whey (hard and semi-hard cheese), and
caused bitterness in long-hold cheeses. The heat resistance of the enzyme is also a potential
drawback in cheese plant from which the whey is processed as a food ingredient. The
heat treatment and processing does not eliminate the activity of the coagulant and it can
cause protein breakdown in other food products in which whey protein is a supplementary
ingredient (sausages, meat pies, soups, etc.).

To overcome these problems, dairy enzyme producers have developed heat-labile versions
of the R. miehei coagulant (‘TL’ and ‘XL’) using chemical oxidation to modify methionine
side chains. These enzymes can be denatured by pasteurizing the whey and they are also
less specific than the native proteinase. These coagulants are a good alternative to microbial
chymosin (see below) in the manufacturing of ‘vegetarian’ cheeses, but the texture of hard
cheese made with them becomes crumbly more quickly than that of cheese made with
chymosin. Also the flavour profile of hard cheese made with fungal rennet is not the same as
chymosin-made cheese.

The most widely used alternative to calf rennet in the cheese industry worldwide is
fermentation-produced chymosin (FPC), which currently accounts for half of the world
production of enzyme-coagulated cheese.7

It is produced by large-scale fermentation of GM Kluyveromyces lactis or Aspergillus
niger. In both cases, the microorganism has been modified using gene technology by the
incorporation of the calf prochymosin gene into the host organism with a suitable promoter
to ensure its efficient secretion into the growth medium. The enzyme is relatively easy to
harvest and purify from the culture, unlike the earlier production system using Escherichia
coli to produce chymosin in inclusion bodies.1, 8

Recently, a new FPC from camels (Camelus dromedarius) has become available,7 and its
suitability for Cheddar cheese is documented by9 showing that the enzyme’s high C/P ratio
resulted in yield improvements even over calf-derived FPC.

The details of cheese making with alternative rennets and coagulants are beyond the scope
of this chapter and the reader should study Technology of Cheesemaking10 for full coverage
of the topic.

5.2.3 Production of rennets and coagulants

Animal rennets are secreted from the stomach mucosa as inactive proenzymes that can
easily be extracted by maceration with water, weak brine or a buffer solution. A preservative
(usually sodium benzoate) is normally added at this stage to prevent microbial growth during
the next stages of production, involving filtration and acidification to activate the proenzymes.
After neutralization to pH 5.5 and a second filtration to clarify the extract, the preparation is
standardized to the ‘advertised’ milk-clotting activity, sterile filtered and packaged as a liquid
enzyme product to be transported and stored refrigerated. Animal rennets are not purified
products, but contain whatever enzymes were secreted by the mucosal tissue at the time of
slaughter. However, the enzymes in good-quality calf abomasal tissue are mainly chymosin
and pepsin and only standardization is necessary.

Microbial coagulants are produced by submerged fed-batch fermentation of the production
organisms Rhizomucor or Cryphonectria. The fermentation is usually for several days,
after which the enzyme is recovered as a crude filtrate, concentrated by ultrafiltration and
standardized. No attempt is made by the manufacturer to purify the product by removing other
co-produced enzymes such as lipases and starch hydrolases, though the production strains of
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the mould are selected to minimize these contaminants. Nevertheless, it is important to note
that Rhizomucor coagulants contain significant amounts of starch-degrading enzymes which
pass through to the cheese whey and are not removed by whey processing. Whey protein
concentrates (WPCs) from cheese plants using microbial coagulants should not therefore be
used in the formulation of sauces and other food products containing starch as a thickener.

FPC is mainly sourced from either GM yeast (K. lactis) or the GM filamentous fungus
(A. niger). Both organisms have a long history of safe use in food fermentations and in
food enzyme production. The genetic modifications employed are fully approved as safe in
Europe and North America. Law and Goodenough11 summarized the GM techniques used to
enable these organisms to secrete calf chymosin. Harboe and Budtz1 described the generic
production scheme used for the fermentation and isolation of the coagulant product, which
is similar to that used in the production of microbial rennets. Special emphasis is put on an
acidification step in the FPC production process to ensure that the source organism is killed
and that the DNA is broken down before the enzyme is isolated from the fermentate. The FPC
sourced from Aspergillus by Chr. Hansen A/S is purified by chromatography to minimize the
activity of non-coagulant enzymes and to provide added product purity assurance to cheese
makers and consumers.1

5.2.4 Formulation and standardization of
rennets and coagulants

The most common type of rennet/coagulant product is the liquid form, inexpensive to pro-
duce, easy to measure out for addition to the cheese milk and easy to mix. All products are
formulated in a similar way irrespective of their source and the same types of stabilizers
(sodium chloride, buffer, sorbitol, glycerol) are used. The only permitted preservative is
sodium benzoate, but some manufacturers also sterilize their products by filtration to prevent
microbial growth in the stored liquid products. Some rennets and coagulants are sold as pow-
ders or tablets, especially for shipment to hot countries. Whether dry or liquid, the products
are all standardized so that a particular volume or weight always has the same milk-clotting
activity, or ‘strength’. Rennet/coagulant strength is determined by an international standard
method, IDF standard 157,12 developed jointly by IDF, International Standards Organisa-
tion (ISO) and the Association of Official Analytical Chemists (AOAC). This standard uses
International Milk Clotting Units (IMCU) and measures clotting at the pH of most milk
(6.5). Standard 157 uses a calf rennet preparation as the reference standard and is used
to standardize rennets and FPC. A similar standard method is also available for microbial
coagulants (IDF Standard 17613). The standard method for determining rennet composition
(% chymosin and pepsin) is IDF 110B.14 The application technology and enzymology of
rennets and coagulants is a major subject that is too big to cover in this chapter, but is
described and discussed in great detail in Technology of Cheesemaking.10

5.3 LACTOPEROXIDASE

Lactoperoxidase (LP) (EC 1.11.1.7) occurs naturally in raw milk, colostrum and saliva; it
is thought to be part of the protective system for suckling animals against enteric infec-
tions. Lactoperoxidase is bactericidal to gram-negative bacteria and bacteriostatic to gram
positives. It is a peroxidase that uses hydrogen peroxide to oxidize the thiocyanate ion to
hypothiocyanate the active bactericidal molecule. Law and John15 demonstrated that the LP
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‘system’ (LPS) (LP + thiocyanate + hydrogen peroxide) irreversibly inhibits the membrane-
energizing d-lactate dehydrogenase in gram-negative bacteria, leading to cell death. In gram-
positive bacteria, the membrane ATPase is reversibly inhibited and this may be the basis of
bacteriostasis, rather than death.

Although all raw milk contains LP and thiocyanate, there is not sufficient natural hydrogen
peroxide to activate the enzyme system (LPS). Several methods have been devised to increase
hydrogen peroxide levels in commercial raw milk supplies to provide a ‘cold sterilization’
system for countries with insufficient energy resources for heat treatment to preserve raw
milk before consumption. Its efficacy in eliminating psychrotrophic gram-negative spoilage
bacteria from raw milk stored at 4◦C was demonstrated by Reiter and Marshall.16 Although
hydrogen peroxide alone can be used as a preservative in these countries, it must be used
at 300–500 mg L−1 to be effective, and at this concentration it destroys some vitamins and
impairs the functionality of the milk proteins. With the LPS, hydrogen peroxide can be
generated in situ using glucose oxidase and free hydrogen peroxide levels are too low to
damage the milk. Even if chemical peroxide is used instead of glucose oxidase, it needs to be
added at only 10 ppm to activate the LPS. Law and Goodenough11 have summarized these
options.

5.4 CHEESE-RIPENING ENZYMES

5.4.1 Types of enzyme available commercially

The enzymes and enzyme ‘packages’ used to modify, enhance or accelerate the maturation
of cheese are generally composed of more than one class of enzyme, and for the sake of
clarity they are discussed here as a technological group, rather than as individual classes.
The classes used in commercial ripening technology include many hydrolases represented by
proteinases, peptidases and lipases, and if current research is successful, this list may soon
extend to metabolic enzymes such as acetyl-CoA synthases and amino acid-catabolizing
enzymes to generate volatile esters and sulphur compounds.

Considering the very extensive worldwide research effort and literature on the enzymol-
ogy of cheese ripening,17 it is remarkable that only a few enzyme companies have success-
fully developed commercial enzyme packages for cheese technology, other than the ageing
enzyme-modified cheese (EMC) production methods used to make flavour ingredients for
processed cheese and cheese-like foods.18, 19

This state of affairs is partly due to the poor availability of commercial enzyme prepara-
tions that are both dedicated to cheese ripening and of proven efficacy. The research literature
contains hundreds of reports of small-scale and pilot-scale enzyme trials with well-known
cheese varieties but few reach the market. Thus, in contrast with the widespread use of animal
(bovine, porcine, caprine) and fungal (Aspergillus, Candida, Rhizomucor) lipases and pro-
teolytic enzymes in the manufacture of EMC, only one commercial system, AccelaseR has
been widely trialled in the manufacture of the established cheese varieties and their reduced
fat variants.

This product was developed by IBT Ltd., now part of Danisco, from the author’s basic and
applied research into the role of starter enzymes and cell lysis in flavour development.20, 21

Smith22 has described the efficacy of the commercial system. It is made up of a food-grade
microbial endopeptidase (proteinase) active against all of the casein components in cheese,
together with general and specific lactic acid bacteria (LAB) aminopeptidases, and undefined
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esterases and flavour enzymes present in LAB cell homogenates. Extensive trial data from
commercial cheese manufacture suggest that, when the product is added to cheese curd, the
cheese reaches the equivalent of 9 months’ maturity in only 5 months. In addition, this enzyme
treatment is claimed to reduce bitterness due to certain cultures and to enhance flavour notes
such as ‘sulphur’, acid and Cheddar. The precise mechanism of flavour enhancement is not
defined but, like its research prototype, this product increases the amino acid pool in cheese,
provides taste enhancement directly and increases the supply of flavour and aroma precursors
in the presence of added LAB biomass. The emerging research on amino acid-catabolizing
enzymes in LAB also suggest that Accelase may not only increase the cheese amino acid
pool, but also increase its enzymatic turnover to flavour and aroma compounds.

Enzymes such as ‘Rulactine’ (Rhone-Poulenc) and ‘Flavorage’ (Chr. Hansen, US, Inc.)
have been marketed as cheese-ripening enzymes, but little information is available as to their
efficacy and market uptake. ‘Rulactine’ is a proteinase from Micrococcus sp. and ‘Flavorage’
contains a lipase from Aspergillus sp. together with proteolytic enzymes.

The research literature suggests that one day cheese makers will knowingly benefit from
enzymes that convert amino acids into sulphur volatiles, esters, aldehydes, amines, ammonia
and fatty acids. However, many obstacles stand in the way of commercialization, not least the
instability and low production levels of these enzymes in their natural host microorganisms.
Also, some of these conversions require enzyme/cofactor complexes that are only sustainable
in whole cell environments, and GM variants of the wild-type cheese bacteria with selectively
enhanced activities may be the only route to the technology.

Before leaving the topic of enzyme availability, it is worth mentioning the very interesting
approach23 using urokinase added to cheese milk to activate plasminogen to plasmin in the
cheese. The increased plasmin activity accelerates proteolysis during maturation, and would
presumably accelerate texture development in hard and semi-hard cheese as a consequence.
If this enzyme technology could be economically viable, it would link up well with various
forms of peptidase enrichment (‘Accelase’ and GM peptidase mutants). The activation of
plasmin as an indigenous milk proteinase component of a ripening system after whey separa-
tion and curd formation would also overcome one of the practical difficulties of incorporating
enzymes intimately into the cheese matrix and is discussed next.

5.4.2 Enzyme addition technology

As is the case with most good scientific ideas, technology transfer to the real world of process
innovation and product manufacture presents unique and often unforeseen challenges. Thus
was clearly the case when proteolytic enzymes were introduced into cheese. Figure 5.1
illustrates the stages in the manufacture of hard and semi-hard cheese that could be the
addition points for ripening enzymes. This plan applies to any enzyme, but the process
implications are more serious in the case of proteinases, hence the emphasis.

Proteinases added to break down casein in cheese are needed only in very small amounts
because, like all enzymes, they are catalysts and a small quantity will convert a large amount
of substrate. This is fine from the point of view of cost and conversion efficiency, but it means
mixing grams of the active enzyme with tonnes of cheese. Putting enzymes evenly into the
complex cheese matrix is difficult enough in itself, but the problem of distributing such
small amounts is far from trivial. Enzyme addition to the cheese milk at point A (Fig. 5.1)
would be ideal logistically, because the starter and rennet are also added here and thoroughly
mixed in. However, unlike these traditional parts of the recipe, ripening proteinases quickly
begin removing soluble peptides from caseins. These peptides are lost into the whey when
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Fig. 5.1 Possible enzyme addition points (*) during the manufacture of hard and semi-hard cheese.

the cheese curd is separated, causing unacceptable losses to cheese yield. Also, the early
breakdown of caseins disrupts their orderly structure, prevents proper gel formation and
renders the curds too soft and unworkable in the later stages of curd acidification, prior to
salting and pressing into cheese. Add to these problems the loss of added enzymes into the
whey (at a rate of about 95%) and it is clear that addition of proteinases directly to the milk
is not an option. If peptidase preparations were very inexpensive, they could be added by
this route, but most large cheese plants sell their whey as concentrates to be added to foods
for their functionality. Any carry-over of ripening enzymes would have to be removed or
destroyed before the whey was processed and sold.

Enzyme microencapsulation is the obvious solution to the above problem, to protect ca-
seins in the milk and ensure physical entrapment of the enzymes in the curd gel matrix.
Options include fat, starch or gelatine capsules, but none of these has a satisfactory ‘release’
mechanism in cheese. The author’s research group developed a special type of phospho-
lipid liposomes24, 25 as an effective technology to overcome this problem. Proteinases and
peptidases were entrapped in the liposomes and added to cheese milk. Most of the ripening
enzymes were entrapped in the water spaces of the curd particles and very little was lost in
the whey. The liposomes were degraded naturally in the cheese matrix after whey separation
and this allowed full contact between the protein matrix and the ripening enzymes. However,
although the technique has since been adopted in numerous experimental cheese trials,26 the
high cost of the pure phospholipids necessary to make stable, high-capacity liposomes rules
this out as a large-scale commercial technology. More recently, liposomes have been available
commercially in the form of proliposome mixture (Prolipo-DuoTM, Lucas Meyer, France)
and used to put enzymes into Cheddar cheese.27 However, an economical assessment of this
technology compared with the earlier work with ‘home-made’ liposomes has not been made
yet. Other approaches to proteinase encapsulation have been summarized by Kailasapathy
and Lam,28 including the use of food-grade gums, and this seems to offer new opportunities
for cheese-like products. However, the cheese regulations in the major cheese-producing
countries would currently not permit gums as ingredients in natural cheese.

The semi-hard cheeses typified by Gouda and Edam are made by a process which includes
a curd ‘washing’ stage to replace some of the whey with water to reduce acidity. Although
this stage (point B in Fig. 5.1) and the soft curd stage (point C) offer a further opportunity



P1: SFK/UKS P2: SFK
c05 BLBK192-Whitehurst July 21, 2009 12:2 Printer Name: Yet to Come

96 Enzymes in Food Technology

to introduce enzymes uniformly into the cheese matrix, they both create problems through
premature curd softening, yield reduction and loss of ‘unincluded’ enzyme from the curds.
Washed-curd cheeses are brine-salted, rather than dry-salted, and this may appear to offer an
enzyme addition point (E in Fig. 5.1), but researchers can predict that enzyme penetration
from brine into the closed texture of pressed cheese would be very low, ruling out this route,
and making washed-curd cheese very difficult to treat with ripening enzymes.

In dry-salted cheese varieties, such as Cheddar, the addition of enzymes to milled curd
with the salt (point D, immediately before pressing to form cheese blocks) was originally
proposed29 for laboratory-scale cheese making and this was successfully adapted to a 180
L vat scale.30 However, this technique is difficult to adapt and scale up to automated salting
equipment which is used in large throughput cheese plants. Although enzymes can be
granulated with dry salt, this is an expensive process for cheap ingredients and it is not
widely used. An alternative method for enzyme addition was patented recently, involving
mixing curds and enzyme in a vessel to which ‘negative pressure’ is applied, so that the
enzyme is ‘sucked in’ to the curd matrix.31 However, it is not clear how the problems of
even distribution and alteration of curd moisture and structure are solved by this invention.
Although Wilkinson and Kilcawley32 suggested in their review that mechanical injection of
enzymes may offer new solutions to addition at the finished cheese stage, there are no such
efficacious technologies on the market at this stage.

Whatever physical method is employed to place enzymes into cheese curd, some kind of
vehicle is needed to disperse them and this is either water or some other natural constituents
of cheese (salt, fat, etc.).

Thus, this whole area of enzyme addition technology is in urgent need of radical new ideas
from the research base, but researchers also need feedback from cheese technologists and
business economists. For example, there is sufficient know-how in molecular and applied
enzymology to devise matrices and support materials to create microparticulate enzyme
complexes which could both liberate and metabolize amino acids, fatty acids and sugars to
known flavour and aroma compounds. Such expertise has been generated in the fields of low-
water enzymology, immobilized enzyme science, cellular enzymology and membranology,
but as yet there has been no incentive to apply this to cheese-ripening research. This is
understandable in current circumstances, because the logical route to the use of complex
enzyme systems that are easy to put into cheese is via whole cell technology – nature has
done the work for us, so why undo it? The simple answer is that nature designed microbial
cells for efficient life processes, not for efficient cheese-ripening technology, and the natural
microbial cell chemistry and architecture need modification to put the (technologically)
right combinations together. Gene technology can do this for us within the whole cell
technology concept but however safe this is made, the tide of media and consumer opinion is
firmly against developments along this route. Nevertheless, whole cell options are available,
some without GM and some with and they are currently favoured by companies involved in
developing cheese-ripening systems.17

5.4.3 Enzyme-modified cheese technology

EMC is not really cheese from the consumer food point of view. It is a highly flavoured
ingredient for processed cheese, cheese-flavoured snack foods and sauces, made by incu-
bating emulsified cheese homogenates with animal or GRAS (generally recognized as safe)
microbial lipases and proteinases. This technology was first approved in the USA in 1969
and its products quickly came into large-scale use in processed cheese in 1970. All of the
major dairy ingredient suppliers now have extensive and relatively sophisticated EMC-based
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Fig. 5.2 Production flow diagram for enzyme-modified cheese (EMC).

flavour product lines; their production methods are based on patents and a large body of
proprietary knowledge,19 but the general flow of the process is universal (Fig. 5.2).

The raw material for EMC manufacture is young bland hard or semi-hard cheese, cheese
off-cuts and/or fresh salted Cheddar cheese curd. This is blended to homogeneity with
emulsifying salts as a semi-liquid slurry (40–45% solids), pasteurized for 10 min at 72◦C,
then cooled ready for enzyme treatment. The incubation temperature for enzyme treatment
depends on the flavour reactions to be used to make the product. For example, 25–27◦C
is suitable for making a blue cheese flavour product using a Penicillium roqueforti mould
culture to grow and metabolize milk fatty acids to the characteristic methyl ketones. However,
the slurry would need a pretreatment at 40–45◦C with a lipase to generate sufficient short
and medium chain free fatty acids for rapid development of blue cheese flavour.

The most common emulsifiers and stabilizers used in EMC production include mono- and
diglycerides, phosphates, citric acid and xanthan gum. Antioxidants are usually added in the
form of plant oils and fat-soluble vitamins (e.g. tocopherols). The basic flavours generated
enzymatically can be ‘topped up’ using food-grade nature-identical aroma compounds such
as aldehydes, lactones and alcohols, or refined by fermentation with dairy cultures of LAB
and moulds.

Cheddar, Parmesan, Romano, Swiss-type and Gouda-flavoured EMCs require a composite
enzyme treatment, using lipases, proteinases and peptidases to develop the characteristic
savoury, pungent and lipolyzed notes in balance. The choice of incubation temperature (or
indeed temperatures) is critical for the balance of these flavour notes, but is generally in the
range of 40–55◦C. This range is also governed by a compromise between the need for a short
incubation time at high temperature for process efficiency and reduction of microbiological
spoilage on one hand; and the need to avoid temperature denaturation of the enzymes. EMC
producers would like to have more robust microbial enzymes that could produce the required
flavour biochemicals from the raw material in a few hours at temperatures up to 70◦C.
However, this might create new shelf life and users’ problems from residual enzyme activity
in the product. Currently, EMC products are pasteurized at 72◦C for 30 min after enzyme
incubation to destroy residual activity and eliminate spoilage microorganisms.

EMCs are spray dried or packaged as pastes of different water content, dependent on
customer preference and intended food use.

5.5 LYSOZYME

Lysozyme (EC 3.2.1.17) is a hydrolase widely distributed in nature; it is bactericidal to many
gram-positive species because it breaks down their cell walls. The enzyme is a mucopeptide
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N-acetyl muramoylhydrolase, available commercially from hen egg white or Micrococcus
lysodeikticus. The food-grade preparations are from egg albumin.

Lysozyme is sold by the major dairy enzyme suppliers as an alternative control agent
for ‘late blowing’, the textural defect of slits and irregular holes caused by the butyric
fermentation in Gouda, Danbo, Grana Padano, Emmental and other important hard and
semi-hard cheese varieties. Traditionally the defect, caused by Clostridium tyrobutyricum
in raw milk, has been controlled by the addition of potassium nitrate to the cheese milk.
However, this practice will be phased out because it is associated with the production of
carcinogens, and lysozyme has become the preferred control agent.11, 33 C. tyrobutyricum is
a spore former and as such cannot be killed by pasteurization, hence the need to treat the
milk by alternative methods. Lysozyme kills vegetative cells and also inhibits outgrowth of
spores in cheese; it is stable for long periods in the cheese matrix and because it binds to
the cheese curd, little of the enzyme is lost on whey separation. Although lysozyme also
inhibits the LAB used as starters in cheese making, they are less sensitive than the Clostridia
and a typical enzyme dose rate of 500 units mL−1 is sufficiently selective (commercial
lysozyme preparations contain about 20 000 units mg−1). Nevertheless, some thermophilic
lactobacilli used in Grana cheese making are very sensitive, but can be ‘conditioned’ by
unknown mechanisms by repeated growth on lysozyme-containing media.33

Lysozyme also inhibits the growth of Listeria monocytogenes in yoghurt and fresh cheese
with high acidity (<pH 5.0), but the effect is not consistent enough to rely on in commercial-
fermented milk products, and in any case high acidity is usually sufficient in itself to inhibit
these pathogens.

5.6 TRANSGLUTAMINASE

With the recent availability of commercial microbially derived transglutaminase (protein-
glutamine γ -glutamyltransferase; EC 2.3.2.13) preparations, there has been considerable
interest in their application to the gelation of caseins and whey proteins, though this is not
a widespread technology yet. However, transglutaminase is effective in reducing syneresis
in acid milk gels and has been investigated as a method of improving the texture and shelf
life of yoghurt.34 Specifically, transglutaminase has been shown to improve the emulsifying
properties of milk proteins35 and increases the viscosity and water-holding capacity of
yoghurt.36

5.7 LIPASE

Although lipases are used in cheese flavour technology as components of the ripening systems
already discussed in this chapter, they are also used to produce modified milk fat products
for other food applications.37

5.7.1 Lipolyzed milk fat (LMF)

LMF has a creamy, buttery and cheesy aroma derived from short to medium chain fatty acids
and fatty acid chemical derivatives released from milk fat by lipases. The raw material sub-
strate for manufacturing LMF is either condensed milk or butter oil emulsified to maximize
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the fat surface area to activate the lipase. Lipases are added and left in contact with the sub-
strate at the optimum temperature for the enzyme(s) used, until the required flavour/aroma
is achieved, or until a predetermined acid degree value (ADV) is reached, corresponding to
a measurable release of fatty acids by the lipase.

The product is pasteurized, spray dried or otherwise adjusted to a standard solids content
and packaged. LMF products include chocolate coatings and syrups, butter flavours for
margarine, artificial creams and sauces, flavourings for coffee whiteners and cheese flavour
additives.38

The type of lipase used to make LMF products depends on the intended food applica-
tion. Generally, good LMF products for use in baked products can be made using pancre-
atic lipase preparations, lamb and kid pregastric esterase and fungal/mould lipases from
A. niger, Geotrichum candidum and P. roqueforti. Some bacterial lipases are also suitable
(Achromobacter lipolyticum and Pseudomonas lipase) but the LMFs for bread baking should
not be prepared with Achromobacter, Penicillium or Geotrichum lipase to avoid soapy and
musty flavours. Furthermore, the pregastric esterases are also known to produce too high a
proportion of butyric acid for bread making, in which they tend to produce rancid, sweaty
flavour notes.37

This technology and its food applications have been comprehensively reviewed recently,
and the interested reader can find detailed information therein.39

5.7.2 Lipase-catalyzed intra- and intermolecular modification
of milk fat

Chemical interesterification, acidolysis, alcoholysis and transesterification have been used
for many years to modify the physical/functional properties of milk fat, but more recently
lipase technology has replaced this chemical technology to give more precise and ‘cleaner’
processing.39, 40, 41 In particular, milk fat substitutes have been prepared as a partial replace-
ment for the milk fat in baby foods.42 However, fat fractionation by physical methods is the
commercially preferred option for milk fat modification in dairy product applications. Cov-
erage of lipase-catalyzed molecular modification will be confined in this chapter to reference
to the reviews cited above.

5.8 LACTASE

Lactase (β-galactosidase; EC 3.2.1.23) hydrolyzes lactose to its constituent monosaccharide
sugars, galactose and glucose. The enzyme is widespread in animals, but it has only become
important technologically since microbial sources have become readily available.43 The
principal commercial preparations are sourced from A. niger, Aspergillus oryzae, Candida
pseudotropicalis and K. lactis. Lactase applications are in batch an immobilized enzyme
technology favouring the Aspergillus and Kluyveromyces sources, respectively.

5.8.1 Commercial dairy products of lactase technology

Lactase in tablet form (e.g. LactaidR) is sold as an in vitro remedy for lactose intolerance, a
widespread condition (affecting 30–50 million people in the USA, for example) caused by
a deficiency of lactase in the digestive tract. Sufferers experience stomach cramps, bloating
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Fig. 5.3 Flow diagram of lactase-based lactose hydrolysis process using batch solution method and
immobilized enzyme method.

and diarrhoea due to the accumulation of lactose in the gut lumen. LactaidR tablets deliver
active lactase to the gut to break down the ingested lactose and alleviate the intolerance
symptoms.

Hydrolyzed whey syrup is produced from whey, the by-product of cheese making and
casein production. The hydrolysis step can be on the whey itself, or on the permeate from
ultrafiltration (UF) plant used to make WPC. The UF permeate still contains some whey pro-
tein but is enriched in lactose. It is concentrated to 15–20% total solids (TS), demineralized,
usually by ion exchange, though electrodialysis or nanofiltration can be used for this, then
heated according to the type of lactase treatment to be used. The hydrolysis step can be by
batch treatment with yeast lactase, though the use of immobilized enzyme reactor columns
is more efficient, using Aspergillus lactase. Immobilized lactase reactors can achieve up to
90% lactose hydrolysis in whey permeate, whereas the batch process converts only about
70%. However, both processes produce sufficient free glucose and galactose to make the
product sweet, and this property is enhanced by evaporation of the hydrolyate to 60% TS to
make the final syrup. A typical flow diagram for the process is shown in Fig. 5.3.

The whey syrup is made sticky by the high concentration of glucose and galactose, so it is
not dried, but sold and used in that form. It is used in food manufacture to replace sweetened
condensed milk, sugar and skim milk in many products such as ice cream, milk desserts
and sauces. The syrup is also an excellent caramel ingredient and as a sweetener/binder in
cereal bars.
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6 Enzymes in bread making
Maarten van Oort

6.1 INTRODUCTION

Baking is a common name for the production of baked goods, such as bread, cake, pastries,
biscuits, crackers, cookies, pies and tortillas, where wheat flour is both the most essential
ingredient and key source of enzyme substrates for the product. Wheat’s popularity is also
due to the ease at which it grows under a variety of moderate temperature conditions, soils,
regions and seasons.

All wheats belong to the genus Triticum, of the Gramineae family. Common wheat
(Triticum aestivum) and durum wheat (Triticum durum) are the two major wheat groups
which are used for food applications. Bread is the product of baking a mixture of flour, water,
salt, yeast and other ingredients. The basic process involves mixing of ingredients until the
flour is converted into a dough, followed by baking the dough into bread.

The aims of the bread-making processes are to produce dough that will rise easily and
have properties required to make good bread for the consumer. To make good bread, dough
made by any process must be extensible enough to expand during proofing. Bread dough
must also be elastic. Elastic dough has the strength to hold the gases produced while rising
and stable enough to hold its shape and cell structure.

6.1.1 Wheat

Wheat is one of the major crops in the world with an annual production of around 550 million
ton. Depending on the region, either corn, wheat or rice is the dominant food grain.

Compared with corn and rice, wheat contains the unique gluten-forming proteins, which
are intrinsically linked to baking.

6.1.2 Wheat flour constituents

Endosperm is the interior of a wheat kernel and makes up about 83% of the whole grain of
wheat and once ground down to a powder, is flour.

Flour contains mostly starch. However, other components in the flour also clearly af-
fect its properties. The main components are starch (70–75%), protein (9–14%), lipids
(1–3%), non-starch carbohydrates (1–2%), ash (around 0.5%), lipids (1–2.5%) and moisture
(13–14%).
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Fig. 6.1 Schematic representation of amylose.

6.1.3 Starch

Starch is the most abundant component and the most relevant reserve constituent of cereals.
Starch consists primarily of d-glucopyranose polymers linked together by α-1,4 and α-
1,6 glycosidic bonds. The glycosidic linkages in starch are in the alpha (α) configuration.
This is determined by the orientation of the hydroxyl ( OH) group on C1 of the pyranose
ring. The α-linkage allows starch polymers to form helical structures. The significance of
the helical geometry becomes clear when starch is compared with cellulose. Cellulose is a
glucose polymer with β-1,4 linkages between the glucopyranose subunits. Because of this
configuration, cellulose forms sheeted structures whereas starch polymers are usually helical.
This has a strong effect on physicochemical properties and enzyme susceptibility.

In starch there are two types of polymers, amylose and amylopectin.
Amylose (Fig. 6.1) is essentially a linear polymer, although it is known that some branches

are present.1 From the shape of the amylose chain, it becomes clear that this molecule forms
helices due to the α-linkages.

Amylopectin (Figs 6.2(a) and (b)) is a branched molecule and is on average a much larger
polymer than the amylose polymers.

The structural differences between the two polymers determine the differences in starch
properties and starch functionality. Some of the functional differences are listed in Table 6.1.

Although amylose is usually illustrated as a linear chain, the molecule is often helical.
The interior of the helix contains hydrogen atoms and can be considered as hydrophobic.
This in turn allows amylose to form complexes with free fatty acids, fatty acid components
of certain lipids, some alcohols and also iodine.

Complexation with lipids is an especially well-known property of the amylose helix
and can alter the properties of starch, such as gelatinization temperature, viscosity and
retrogradation, considerably.

Native starch granules are insoluble in cold water. However, upon heated with water,
granules undergo a substantial change resulting in a complete change of properties and
behaviour. This irreversible process is named gelatinization, which in wheat occurs between
52◦C and 85◦C.

During heating in water, linear amylose molecules start leaking out of the starch granule,
and with continued heating additional amylose and also amylopectin leach out.

After heating, solubilized starch polymers and remaining insoluble granular fragments
start to reassemble into an organized structure again. Ultimately, a crystalline structure is
formed. This process is known as retrogradation. Linear amylose molecules have a greater
tendency to reassociate and form crystalline and gel structures than the larger amylopectin
molecules.2

The process of retrogradation is closely linked to the problem of staling in baked products.
This will be discussed further in Section 6.2.
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what that means for the whole structure (b).

Table 6.1 Different characteristics of amylose and amylopectin.

Characteristic Amylose Amylopectin

Shape Essentially linear Branched
Linkage α-1,4 (±1/1000 α-1,6) α-1,4 and α-1,6 (±1/25)
Molecular weight Typically 105–106 107–109

Films Strong Weak
Gel formation Firm Non-gelling/soft
Colour with iodine Blue Reddish brown
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6.1.4 Gluten

Wheat protein is seen as the most important factor governing bread-making quality.3–5 A
high protein content is related to good bread-making quality. There are also a number of other
factors, together described as protein ‘quality’ that determine the bread-making potential of
a wheat flour.6

In wheat kernels, 80% of the protein is found in the endosperm. Wheat flour proteins
have been classified into four types based on their solubility7: albumins, soluble in water;
globulins, soluble in salt solutions; gliadins, soluble in 70% ethanol; and glutenins (partly)
soluble in dilute acid or alkali. The bulk of the protein is formed by the latter two: gliadins and
glutenins. All these fractionations lead to broad overlapping classes of proteins, indicating
the complexity and variability of the various classes. There is also only a limited relationship
between the amounts of each of the Osborne fractions and the final bread-making quality.8

When flour is mixed with water, a viscoelastic mass is formed. From this mass, starch
can be washed out and then gluten remains. On a dry basis, gluten contains around 70–85%
protein, 5–15% carbohydrates (starch and non-starch polysaccharides (NSP)), 3–10% lipids
and 1–2% ash.5, 9

Gluten proteins contain relatively high amounts of glutamic acid, which exists as glutamine
in the wheat kernel, proline, hydrophobic amino acids and the sulphur-containing cysteine.
Glutamine and also the hydrophobic amino acids ensure sufficient hydrogen bonding during
mixing. This helps in film formation. Proline, because of its ring structure, disrupts the α-
helix formation that normally occurs in protein polymers. The result is a higher percentage
of β-sheet structure, which helps in giving gluten the necessary elasticity. The sulphur-
containing amino acids ensure the formation of disulphide bridges between protein chains
and also within protein chains, giving the protein network sufficient strength.

The effect of all these amino acids together is a rapid continuous film formation which
gives wheat dough its unique viscoelastic properties and gas holding capacity.10

The viscoelastic behaviour of wheat gluten sets it apart from other grains or other vegetable
protein sources.11 The formation of gluten is the result of interaction between the two major
classes of wheat proteins, the gliadins and glutenins. When flour is mixed with water, a
viscoelastic mass is formed, to a large extent due to this interaction.

The sulphur-rich glutenins are able to form polymeric networks. The sulphur-poor gliadins
are present mainly as monomers. Glutenins consist of a high molecular weight (HMW)
group and a low molecular weight (LMW) group of proteins. Both groups are able to
form disulphide polymeric networks. Gliadins behave as a viscous liquid, whereas glutenins
behave as a cohesive elastic solid.12 In the gluten network, these properties are combined
into a protein network with viscoelastic properties, which enables gas cells to be retained in
a dough during the bread-making process. This highly specific property allows wheat flour
to be used for production of a variety of yeast leavened or chemically leavened products.

The composition and strength (quality) of the gluten is partly determined by the presence
and abundance of individual glutenin subunits. The relative amounts of each subunit are
determined by genetic factors, growing conditions and fertilization. Glutenin polymers are
very heterogeneous in composition and size. Certain fractions of the HMW glutenins are
highly correlated with loaf volume, whereas others are not.13, 14 A glutenin fraction that is
insoluble in sodium dodecyl sulphate (SDS) solution, has been called glutenin macropolymer
(GMP).15 This fraction has been studied in great detail and evidence has been presented
showing that this GMP can be seen as a wheat quality parameter.16
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A large number of HMW glutenin subunits have been sequenced, relations between various
proteins and protein fractions have been established; the influence of glutenin subunits and
combinations of subunits on bread-making quality has been investigated.17 Nevertheless,
there is still a great deal unknown, mainly due to the complexity of the gluten network and
the large amount of various subunits in the network.

Oxidizing and reducing agents have shown to affect the gluten structure. Ascorbic acid,
potassium bromate and cysteine have been used for decades as dough improvers. Modi-
fication of the redox status of disulphide bonds or thiol groups significantly changes the
polymerization of glutenin subunits of wheat gluten. This in turn affects the mechanical and
viscoelastic properties of the dough.

6.1.5 Non-starch polysaccharides

NSP originate from the cell wall of the aleurone and the endosperm of the wheat kernel. NSP
represents different polysaccharides. One group of polysaccharides is built up by pentose
sugars and some hexose sugars. These are called pentosans and main components are pentose
sugars arabinose (A) and xylose (X). The structure of arabinoxylans (AX) is a linear backbone
of β-1,4 linked xylose residues carrying single arabinose residues on their C-3 position or
both on C-2 and C-3 positions. The molecular weight of AX ranges from 20 000 to 5 000 000
D.18, 19 AX together with cellulose, β-glucans, arabinogalactan-peptide and other minor
constituents like galactomannan, glucomannan and xyloglucan are referred to as NSP. Some
arabinose residues are esterified with ferulic acid (FA). FA (4-hydroxy-3-methoxycinnamic
acid) is the natural component of water extractable AX (WE-AX) and water unextractable
AX (WU-AX), although free, soluble bound FA and insoluble bound FA all have been found
in flour and in gluten.20

Despite their low content in flour (2–3% at normal extraction rates), pentosans are very
important in determining dough properties, gluten quality and final bread quality.21, 22 Due
to their high water binding capacity, AX play a regulatory role with respect to the water
economy in bread making.23 Furthermore, gluten properties and also dough properties are
influenced by interactions between proteins and pentosans.24

WE-AX have some unique physical properties, such as binding up to 10 times its own
weight of water,18, 25 formation of highly viscous solutions26 and gels due to covalent cross-
linking.27, 28 All these properties have direct functional implications in gluten formation and
dough properties. In general, it is believed that WE-AX have a positive effect on bread
making,29 whereas WU-AX are reported to have a strong negative effect on bread-making
quality.30–32 However, Wang24 has shown that both WE-AX and WU-AX have similar effects
on gluten yield, GMP yield, on the composition of gluten and GMP, and on the properties of
gluten and GMP.

The negative effects of WU-AX (and WE-AX) on bread-making quality is the main
reason why arabinoxylan-modifying enzymes are successfully implemented in almost all
bread-making procedures all over the world.33

Thanks to the feruloyl adducts (Fig. 6.3), pentosans are subject to oxidative gelation.26, 27

Many studies have been carried out on the oxidative gelation of both WE-AX and also
WU-AX.22, 28,34–36 Among various oxidative systems, peroxidases and laccases have been
successfully applied as gelling agents of AX solutions.28, 37, 38

This oxidation is generally assumed to occur through cross-linking of free FA residues.
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One possible mechanism is through dimerization of FA residues on adjacent arabinoxylan
chains. Proteins also participate in the gelation process, since the gel fraction contains about
25% protein and is dissolved by proteases.27, 35 This indicates that FA is also coupled to
the protein, most likely to tyrosine and/or cysteine residues. In total three different possible
mechanisms were suggested as explanation for this phenomenon35, 39: Cross-linking of two
FA moieties through their aromatic rings; cross-linking of a FA reside with the ring structure
of tyrosine amino acid moieties; or cross-linking of two tyrosine rings.

In feruloylated AX, laccase catalyzes gelation by dimerization of feruloyl esters. Although
there was no evidence for a coupling of thiol compounds to phenoxyl radicals, it has been
proposed that these phenoxyl radicals, oxidized by laccase from that FA, are involved in
the conversion of the thiol compounds into disulphide bonds and thus influence the overall
dough firming which is seen upon use of laccase.36, 40

6.1.6 Lipids

Wheat flour lipids form a highly heterogeneous group of molecules with different chemical
structures and compositions. The lipids can be divided into free lipids and bound lipids.41

Both fractions contain polar and non-polar components. Polar lipids can be divided into gly-
colipids and phospholipids. The glycolipids are predominantly composed of monogalactosyl
diglycerides (MGDG) and digalactosyl diglycerides (DGDG), whereas lysophosphatidyl-
cholines (LPC) and phosphatidylcholines (PC) are major components of the phospholipid
class of lipids. Both classes are also highly heterogeneous with respect to the position and
the structure of the esterified fatty acids. The non-polar lipid class is mainly composed of
triglycerides.42 The fatty acids in the various lipids are dominated by linoleic acid, whereas
other fatty acids, such as palmitic and oleic acid are found in lower levels.43

Bound lipids are mainly bound to starch and to a lesser extent to proteins. Starch lipids
(around one third of total) comprise mostly LPC. These lipids form inclusion complexes
with amylose during gelatinization, whereby the LPC fatty acid chains form complexes with
the hydrophobic interior of the amylose α-helices.44 Such complexes may already exist in
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the native starch as well. These lipids are therefore effectively unavailable before most of the
starch is gelatinized.

The non-starch lipids consist of similar levels of polar and non-polar lipids. Part of this
fraction is most likely bound to proteins.45

Polar lipids are known to play a role in dough stability and processing tolerance of yeast-
leavened baked products. The ability of the polar flour lipids to form lipid monolayers at
the gas/liquid interface is believed to positively influence the gas retention in the dough.
Furthermore, polar flour lipids and gluten proteins interact as well. This interaction is also
believed to positively affect gas retention.46, 47

6.2 ENZYMES IN BREAD MAKING

Bakery products have undergone radical improvements in quality over the past 10 years in
terms of flavour, texture and shelf life. The usage of enzymes is the biggest contributor to
these improvements. Among the enzymes used in food applications, those used in bakery
industry constitute nearly one-third of the market.

Baking enzymes are used as flour additives and they are used in dough conditioners to
replace chemical ingredients and to perform other functions in a label-friendly way.

The baking industry predominantly makes use of five types of enzymes (Table 6.2).
Amylases are used to convert starch to sugar and to produce dextrins. For strengthening
and bleaching of the dough, oxidases are used. Hemicellulases and proteases are the en-
zymes which have an effect on wheat gluten. While hemicellulases improve gluten strength,
proteases reduce gluten elasticity. All these enzymes together play an important role in main-
taining bread volume, crumb softness, crust crispiness, crust colouring or browning and in
maintaining freshness.

6.2.1 Amylases

α-amylases (EC 3.2.1.1) are the enzymes which are most frequently used in bakeries.48 The
reasons for this are their positive influence on bread volume, crumb grain, crust and crumb
colour, flavour development and anti-staling effect.49, 50 There is also evidence that amylases
have an effect on dough development.51

6.2.2 Classification

Amylases belong to the family of glycohydrolases (GH), based on structural and amino acid
similarities.52 Various amylases are found in GH families 13, 14 and 15. Besides α-amylases

Table 6.2 General effect of enzymes in bread making.

Improved
gluten
network

Gas retention/
increased
volume

Improved
colour and
flavour

Improved
crumb
structure

Improved
shelf life
properties

Amylase X X X X
Protease X
Xylanase X X X
Oxidase X X X
Lipase X X X X
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Fig. 6.4 Attack sites and breakdown products for various starch degrading enzymes.

(1,4-α-d-glucan glucanohydrolase EC 3.2.1.1), also maltogenic amylase (EC 3.2.1.33), β-
amylase (EC 3.2.1.2), amyloglucosidase (also named glucoamylase, EC 3.2.1.3), pullulanase
(EC 3.2.1.41) and isoamylase (EC 3.2.1.68) belong to these families. In the above schematic
overview (Fig. 6.4) the action of these enzymes on a starch molecule is shown.

α-Amylase is an endo-acting enzyme that randomly hydrolyzes the α-1,4 glucosidic link-
ages in polysaccharides, resulting in short chain dextrins. The α-amylases degrade damaged
starch in wheat flour into small dextrins of DP2-DP12,9, 53 thus allowing yeast to work con-
tinuously during dough fermentation, proofing and the early stage of baking. This results in
improved bread volume and crumb texture. In addition, the small oligosaccharides and sugars
such as glucose and maltose produced by amylases enhance the reactions for the browning of
the crust and baked flavour. If the amylase content is low, this leads to low dextrin production
and poor gas production. This in turn results in inferior quality bread with reduced size and
poor crust colour.

However, this is not the only effect of α-amylases. As demonstrated by Pritchard,54

one of the main effects is the reduction of dough viscosity during starch gelatinization.
Gelatinization of non-damaged starch granules starts at 55◦C. This leads to amylose leaking
out of the granules and initial melting of amylopectin crystallites. These events lead to a
sharp increase in dough viscosity, which terminates oven spring. When α-amylases attack
gelatinized starch, this will result in a prolonged oven spring and thus larger volume.48

Wheat and wheat flour contain endogenous enzymes, of which amylases take an important
part. However, the level of α-amylase in some flour is sometimes very low55 and thus there is
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a need for wheat flours to be supplemented with α-amylase. These can be added in the form
of malt flour or fungal amylases. Since the 1960s, bakers have supplemented the naturally
occurring enzymes in wheat flour to minimize natural differences caused by, for example,
weather conditions.

6.2.3 Amylases in bread making

α-Amylases are endoglucanases. This means that they hydrolyze random α-1,4 and α-1,6
linkages. Amylases can act only on damaged or gelatinized starch, since these are suscepti-
ble to enzymatic attack. The amount of damaged starch is dependent on wheat variety and
especially on milling conditions. Standard UK flour has a higher percentage of damaged
starch in order to increase water binding in the dough. Suitable dosages of fungal amylase
lead to the desired improvement of dough and the final product. However, extensive degra-
dation of damaged starch due to too high levels of α-amylase leads to sticky dough.

In Figs 6.5(a) and (b) the effect of increasing levels of a fungal α-amylase on volume,
crumb structure and stickiness is shown67 using two different flour qualities.

The volume and crumb structure (manual scores) improve with increasing levels of
amylase added to the flour. This effect is seen with different flour types, although the extent
of the effect is flour dependent. Even though the positive effects increase with the amylase
dose rate, there is an optimum dose level, since the stickiness of the dough also increases,
leading, in this case, with flour 1 to an unworkable dough at higher amylase dose levels.

6.2.4 Other amylases

Pullulanase and isoamylase are the two best-known debranching enzymes. Both enzymes
are capable of hydrolyzing α-1,6 glucosidic linkages, thereby releasing side chains from the
branched amylopectin molecule.

β-Amylase and amyloglucosidase are typical exo-acting enzymes, cleaving α-1,4 glu-
cosidic linkages at the non-reducing end of linear chains in the starch molecule, thereby
catalyzing successive removal of β-maltose and β-glucose, respectively.9, 56 β-Amylase is
stopped by α-1,6 linkages, whereas amyloglucosidase can bypass the side chains and thus, in
theory, can completely degrade starch to β-glucose.57 These latter four classes of amylases
all have a limited effect on dough properties and bread quality.

6.2.5 Anti-staling enzymes

Bread rapidly looses its freshness and is subject to microbial spoilage. Changes in flavour
and texture, other than due to microbial spoilage, taking place during storage are commonly
called staling. This phenomenon, which makes bread hard and dry, is often attributed to
starch retrogradation. Changes that are observed are crumb firming, increased crumb-texture
harshness, increase in opacity of the crumb, loss of crust crispness, disappearance of fresh
bread flavour and appearance of stale bread flavour.58 All these factors result in a loss of
consumer acceptance of the product.

About 85 million ton of wheat flour is used every year to bake bread. By adding specific
agents, such as emulsifiers or enzymes, bread stays fresh longer. It is assumed that 10–15% of
bread is thrown away because it not longer fulfils the consumer demands for quality, crumb
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Fig. 6.5 (a) Effects of increasing levels of a fungal α-amylase on specific volume (left) and crumb structure
(right). (b) Effects of increasing levels of α-amylase on dough stickiness (score of 5 is not sticky; 0 is most
sticky).

softness, taste, etc.; the possibility of keeping it a few days longer fresh could save 2 million
ton of flour per year. This is 40% of the annual bread consumption in the US.

Starch retrogradation is seen as the main factor responsible for the observed
changes.32, 59, 60 However, several authors state that in addition to starch retrogradation gluten,
lipids and/or specific dextrins also play important roles in bread staling.61–66 Furthermore,
there are several other factors also having an effect on crumb softness, without necessarily
involving starch retrogradation.67

� The quality of wheat flour in terms of endogenous enzymes and percentage starch damage
has an influence on the total amylase efficiency and thus on the bread quality.
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� It is well known that bread volume has a clear relationship with crumb softness. Higher
specific volume leads to a softer bread crumb. Fine crumb structure with thin cell walls
gives a softer crumb than a coarse structure with thick cell walls.

� Formulation also has a clear influence on staling since any ingredient, like shortening,
having an effect on volume will also have an effect on softness.

� Processing has a certain influence on staling as well. Sponge and dough processing gives
a different structure and softness compared with straight dough processing. In the same
way a twisting step, resulting in a finer and more uniform crumb, will also positively
affect softness.

� Finally, storage conditions play a role in staling since storage at lower temperature en-
hances starch retrogradation and thus will have a clear influence on crumb softness.

In the beginning of this century, the extended shelf life (ESL) concept was introduced in
the US. This concept used already existing enzyme technology in order to achieve dramatic
improvements in industrial bread making. These improvements were significantly ESLs for
industrial bread up till 11 days, strongly reduced stale bread returns and also strongly reduced
logistic complexity and costs due to a reduced number of transport routes.68

The most visible applications of ESL have been in bread and, to a lesser extent, in snack
cakes. However, important improvements are also feasible in other grain-based food products,
ranging from cookies via cakes to frozen dough products.

Following these improvements, the demand for even longer shelf lives became obvious.
The objectives for further ESL developments can be found within four major areas69: texture,
flavour, microbial stability and crumb moistness.

With regards to texture, with the use of specific enzymes, like bacterial amylases or
intermediate stable maltogenic amylases (see section on amylases) sufficient softness can
be obtained. However, sufficient crumb elasticity (or crumb resilience or crumb springiness)
is more difficult to achieve. Since it is not fully understood which structures determine
resilience, that is gluten, starch, amylopectin, modified amylopectin, etc., it is extremely
difficult to find enzymes and/or ingredients which positively influence resilience.

When bread is kept for a longer time, a stale bread flavour develops and the well-known
fresh bread flavour and aroma disappear.70 Removal or masking of this stale flavour is
a prerequisite for ESL. Keeping bread soft for a longer period may be feasible by using
proper enzymes, but the microbial deterioration has to be suppressed. Increasing the level
of propionate in the dough is not an option, due to problems with taste and yeast growth.
Longer storage times will result in enhanced evaporation of water from the crumb, via the
crust to the outside, thus leaving an unacceptable dry crumb. Specific precautions are needed
in order to prevent this.

Further, ESL developments will lead to highly interesting opportunities for industrial bak-
ing. Merchandizing, for example showing bread on displays in groceries and supermarkets,
baking to inventory – just as is done for cookies and biscuits – and further optimization of
distribution and transportation are currently being discussed.

Fungal amylases have limited effect on staling. These enzymes act predominantly on
damaged starch, but at the temperature at which starch starts to gelatinize, fungal amylases
are already inactivated and thus cannot act on starch when it has become accessible.

Bacterial amylases are much more heat stable and these enzymes have a significant ac-
tion on gelatinized amorphous starch. Modification of gelatinized starch results in a clear
anti-staling effect. However, since bacterial enzymes are extremely heat stable, these
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Fig. 6.6 (a) Effect of various starch degrading enzymes on crumb softness as a function of time. (b) Effect
of various starch degrading enzymes on crumb elasticity (springiness or resilience).

enzymes exhibit residual enzymatic activity after baking, which can lead to excessive starch
degradation, causing a collapse of the bread upon storage after baking. Only at very low dose
rates, bacterial amylases can safely be used, but the risk of overdosing remains significant.71

Maltogenic amylase (glucans, 1,4-α-maltohydrolase, EC 3.2.1.33) produces maltose (and
some longer maltodextrines) in the α-configuration. The enzyme is most active between 60◦C
and 70◦C and is able to degrade amylopectin to a greater extent than fungal amylases or
β-amylase.

In the above graph (Fig. 6.6(a)), the effects of several different amylases on crumb
freshness are shown.72
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Table 6.3 The effects of various amylases on staling.

Enzyme Mechanism Thermostability Softening Springiness

α-Amylase (A. oryzae) Mainly endo Low + Very limited
α-Amylase (A. niger) Mainly endo Intermediate + Little
α-Amylase (B. amyloliquefaciens) Endo High ++++ Negative
α-Amylase (Maltogenic) Exo and endo Intermediate ++++ Positive
β -Amylase (e.g. from wheat) Exo Low + Little

As can be seen in Fig. 6.6, maltogenic intermediate stable amylase has a significant effect
on crumb softness as function of storage time. A specific bacterial amylase even has a greater
effect on softness, but this same enzyme completely ruins the crumb elasticity (Fig. 6.6(b)),
whereas the maltogenic enzyme gives the crumb a relatively good springiness, even after
prolonged storage.

Fungal amylase and β-amylase have a very limited effect on crumb softness and on crumb
resilience. The effects of these enzymes are comparable with effect of distilled monoglyc-
eride.

The maltogenic amylase has a thermostability which is in between those of fungal amy-
lase and bacterial amylase.73 Therefore the enzyme is able to reduce retrogradation of
amylopectin. It can hydrolyze glucosidic linkages in gelatinized starch before it is inacti-
vated during the baking process. Since the enzyme is inactivated at the end of the baking
process, it does not excessively hydrolyze starch. Apart from the optimal thermostability of
this enzyme, it has other benefits compared with fungal or bacterial enzymes.74

The enzyme can degrade amylase and amylopectin into maltose and longer maltodextrines,
and in doing so it does not need an unblocked non-reducing end. This indicates that the
enzyme is also capable of attacking starch through an endo-type mechanism. Besides that,
these maltodextrines are also assumed to have an anti-staling effect by specifically blocking
interactions between starch and gluten.62, 63 The effects of various amylases on staling are
summarized in Table 6.3.

6.3 XYLANASES

Numerous studies have been performed to demonstrate the positive effects of pentosans-
modifying enzymes, which are presented by industry as pentosanases, xylanases, arabinoxy-
lanases and/or hemicellulases, here further referred to as xylanases.29,75–78 The way these
enzymes are considered to have their effect is by reducing the water binding of WU-AX
and by solubilizing WU-AX and later also WE-AX into smaller molecules.79, 80 Another
effect ascribed to xylanases is to offset reduced gluten coagulation caused by pentosans
by hydrolyzing the pentosans to an extent whereby this effect is not longer occurring.81

Hamer79 reported that the use of xylanases in a batter significantly improved gluten coagula-
tion. The resulting gluten also was shown to have a much better bread-making quality. This
effect was explained by the absence of any detectable pentosans in the remaining gluten,
whereas normally 2–3% pentosans were attached to gluten. These gluten-linked pentosans
were considered to have a steric hindrance effect on gluten coagulation.82 Currently, indus-
trial xylanases are sold to the starch industry for processes whereby gluten and starch are
separated, which are based on this principle.
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6.3.1 Classification

Glycoside hydrolases have been classified into 93 families52 based on sequence homologies,
which reflect structural and mechanistic features.

Xylanases (endo-1,4-β-d-xylanase, EC 3.2.1.8) can be classified in at least three ways.
The first is based on molecular weight and pI.83 They either have HMW or LMW and have
either a high (basic) or low (acidic) pI. The second is based on crystal structure. This can be
derived indirectly by a determination of DNA sequence. Endo-β-1,4-xylanases are generally
classified in families 5, 8, 10 (formerly family F), 11 (formerly family G), 16, 26 and 43.52

However, the majority belong to families 10 and 11 and are found to frequently have an inverse
relationship between their pI and molecular weight. The family 10 xylanases are generally
larger and more complex than the family 11 xylanases. The third classification is based on
kinetic properties, substrate specificity or product profiles. Virtually all xylanases are ‘endo’
acting, as readily determined by chromatography, but the more detailed determination of
kinetic properties, measuring the relative reaction rates on various substrates and determining
the kinetics of intermediate product formation, is much less common.84

Unfortunately, only very few studies have been performed in order to relate sequence or
structural family classification to action patterns, substrate specificity or functionality (e.g.
in bread making).

Family 10 xylanases occasionally exhibit endocellulase activity; they generally have a
higher molecular weight, and they occasionally will possess a cellulose-binding domain.
Also in general these enzymes are considered to be less specific.85

Members of family 10 (including all plant xylanases, such as xylanase from cereals) will
act on both PNP-xylobiose and PNP-cellobiose (artificial chromogenic substrates); however,
the overall catalytic efficiency on PNP-xylobiose is about 50 times higher. This suggests that
family 10 enzymes act mainly on xylan. Family 10 xylanases are capable of attacking the
glycosidic linkages immediately next to branching points and the endoxylanases require two
unsubstituted xylopyranosyl residues between the branches.85

Even though all xylanases are endo acting, they show variations in their product profiles.
Some enzymes generate predominantly xylose and xylobiose and others predominantly (or
exclusively) form xylotriose or a range of other/higher oligosaccharide products. Family 10
xylanases have relatively HMWs, and they tend to form oligosaccharides with a low degree of
polymerization (DP). These xylo-oligosaccharides can be further degraded by β-xylosidases
(EC 3.2.1.37), which remove xylose from the non-reducing end of the polymeric xylan
residue.

Family 11 xylanases are true xylanases. They do not have cellulase activity; they con-
sistently exhibit a LMW, and they can have either a high or low pI. They are formed by
both bacteria and fungi. The positions of many amino acids are essentially identical in the
family 11 xylanases from bacterial (Bacillus circulans) and fungal (Trichoderma harzianum)
origins. Thus, there has been a tremendous conservation of the basic structure of the catalytic
site of family 11 xylanases during evolution.86, 87 This is remarkable when considering the
differences in functionality between the two classes of enzyme in bread making. Family 11
endoxylanases require three consecutive unsubstituted xylopyranosyl residues and thus also
in this way can be distinguished from family 10 xylanases.88

Some xylanases belonging to GH families 5, 8 and 43 have been identified89–91 (see Ref.
[52] with the EC code for xylanase 3.2.1.8. for an overview). These have not been studied
in any detail and their bread-making potential has not been elucidated in any detail. Among
these, one example is the xylanase from Pseudoalteromonas haloplanktis TAH3a belonging
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to glycoside hydrolase family 8.92–94 This enzyme is a typical psychrophilic enzyme and
presents a high catalytic activity at low temperatures. It is not homologous to family 10
or 11 xylanases, but has 20–30% identity with glycoside hydrolase family 8 members
(formerly family D), a family that comprises mainly endoglucanases, but also lichenases and
chitosanases.

6.3.2 Mechanism

The mechanism of action of xylanases in bread preparation is still not clearly elucidated.
Many types of hemicellulase preparations have been used for the applications mentioned
above, and are commercially available. They are produced by microbial fermentation using
various microorganisms as enzyme sources. Many of these enzymes are produced by ge-
netically modified microorganisms. All documented commercial uses of xylanases relate to
enzymes belonging to either glycoside hydrolase family 10 or family 11, as defined previ-
ously. Examples of commercial xylanases are the xylanases from Bacillus sp., Trichoderma
sp., Humicola sp. and Aspergillus sp.

It has been assumed for a long time that, depending on the application, preferential attack of
WE-AX or WU-AX is needed, whereas activity towards the other fraction is not desired.29 In
bread making, endoxylanases that have a preference towards WU-AX have been considered
beneficial.29, 95 The difference in substrate selectivity is therefore an important parameter
in developing and selecting proper xylanases.26 Comparison of selectivities and activities
of a Bacillus xylanase and an Aspergillus xylanase showed that the Bacillus enzyme has
a clear preference for WU-AX, whereas the Aspergillus xylanase more readily hydrolyzed
WE-AX.96 Nevertheless, both enzymes have a certain (although not the same) positive effect
on bread making, confirming the findings of Wang24 that both WE-AX and WU-AX affect
gluten network formation in a similar negative manner. This means that hydrolyzing either
one of these components can have a positive effect.

Figure 6.7 shows that the positive effect of xylanases is more pronounced when bread is
made with low protein flour.97

Fig. 6.7 Effect of a xylanase, in terms of per cent volume increase, on flour types with varying protein
contents.
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Again this is in line with the results from Wang.24 A negative influence on gluten formation
will be more difficult to handle in low protein flour than in high protein flour. Offsetting the
negative effect will therefore be more effective in low protein flour.

6.3.3 Xylanases in bread making

Xylanases are broadly used in bread making, and depending on the application there is
generally an appropriate xylanase or a mix of different xylanases that gives the desired
effects in terms of dough-handling properties;29 stability and oven spring98 and volume.95

This immediately indicates that there is not one single xylanase giving all desired effects in
any application, but that the xylanase type(s), usage and dose rates need to be optimized in
each case.

In spite of all research that has been done on xylanases and in spite of the wide accept-
ability of this type of enzymes, there is still no complete understanding of the mechanism
and effects of different xylanases. This becomes obvious from a range of experiments (re-
sults not shown) in which four different xylanases (a monocomponent genetically modified
organism (GMO)) – Aspergillus xylanases, an Aspergillus xylanase produced by solid state
fermentation (thus having a wide range of side activities), a bacterial (Bacillus) xylanase and
a fungal (Trichoderma) xylanase – are compared for different applications. Each of these four
enzymes, in spite of similar dose rates, has a different effect on dough and bread properties
when tested in different applications, varying in mixing time, water addition, mixing type and
bread type. This indicates that there is not one single xylanase which performs equally well
under all circumstances. Bakeries and bread improver companies need to establish optimal
dose rates and optimal xylanase blends for each application and they can do this by trial and
error only. There is no way to predict the performance of a xylanase.

6.4 LIPASES

Since a few years lipases (glycerol ester hydrolases, EC 3.1.1.3) and phospholipases (A2
and A1 type; EC 3.1.1.4 and EC 3.1.1.32, respectively) are recognized as an additional tool
for improving bread-making properties and in particular for their strong, positive effects on
dough conditioning and dough characteristics.

Lipases hydrolyze ester bonds of acylglycerols, yielding mono- and diacylglycerols, free
fatty acids and, in some cases, also glycerol. Lipases preferably hydrolyze ester bonds at
the sn-1 and sn-3 position of the glycerol molecule.99 Lipases usually function at lipid-air
or lipid-water interfaces and their activity is sharply increased by the presence of organized
lipid structures, which are normally found at such interfaces.100, 101

Lipases can generally be divided into four groups, according to their specificity: substrate
specific lipases, regioselective lipases, fatty acid specific lipases and stereospecific lipases.

6.4.1 Mechanism

The structure of a bread dough can be seen as a foam structure. The individual gas cells are
separated by a continuous gluten film in which the starch granules are also embedded.

Bread-making quality is largely determined by the gas cell stability.102 The distribution
of the gas bubbles in the dough and also their size are largely determined by the flour
quality, the ingredients and the mixing conditions. Some studies have focused on the role
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Fig. 6.8 Effect of addition of various wheat lipids on bread volume (adapted from Ref. [97]). Guy,
R.C.E.; Sahi, S.S. (2002) Comparison of effects of xylanases with fungal amylases in five flour types. In:
Recent advances in enzymes in grain processing. Courtin, Veraverbeke and Delcour eds. Lab. Food Chem.,
Catholic University Leuven, Belgium.

of gluten proteins on the gas holding capacity,103 but there is also evidence that a lipid film
surrounding the gas cell is also contributing to the gas cell stability.47, 104 Surface-active
materials (emulsifiers) are able to counteract instability of gas cells. In fact these ingredients
prevent coalescence and disproportionalization of gas cells by stabilizing the interface.

Initially, positive effects of lipase action were explained by assuming that lipases break
down non-polar lipids, such as triglycerides, thereby removing a negative component from the
dough. As can be seen in Fig. 6.8,105 non-polar lipids generally have a negative effect on bread-
making properties. It is well-known fact that triglycerides do not form stable monolayers
at the lipid-air interface, and following this logic it is understandable that breakdown of
triglycerides was considered to be positive. The 1,3 specific lipases were also assumed not
to attack the polar lipids, which seemingly have a positive effect on bread-making quality.106

The current generation of lipases hydrolyze both polar lipids (see Fig. 6.9) as well as
non-polar lipids. The resulting products show clear structural resemblance to well-known
emulsifiers, such as DATEM and SSL. In that way, lipase action results in the stabilization
of gas cells. However, there is a clear difference in effects of specific 1,3 specific lipases and
lipases having other specificity, that is towards polar lipids.

Figure 6.9 shows the effect of lipase and phospholipase action on the structure of spe-
cific lipids. DGDG (digalactosyl-diglyceride) is converted into DGMG (the monoglyceride
variant), and phosphatidylcholine (lecithin) is converted into lysophosphatidylcholine.

6.4.2 Lipases in bread making

1,3 Specific lipases are claimed to improve dough-handling properties, to increase dough
strength and stability, to improve dough machinability and to increase oven spring. Besides
this, such lipases also improve crumb structure and crumb whiteness.107 The first generation
of lipases in baking were almost exclusively of this type and were claimed to be alternatives
to chemical dough strengtheners and emulsifiers. However, the technical and commercial
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Fig. 6.9 Molecular structure of various wheat lipids before and after lipase hydrolysis (adapted from
Ref. [105]).

benefits were limited. The second generation were enzymes with much broader specificity,
acting also on polar lipids. These enzymes exhibited phospholipase activity as well as lipase
activity. Phospholipases act much more like emulsifier replacers.108 Both types of lipases
were shown to give an increase in surface pressure of gas cells, although the effect of
phospholipases was much more pronounced.108 A similar increase in surface pressure is also
obtained by addition of DATEM. Increased surface pressure leads to a better distribution
of more stable, smaller gas cells. This results in finer, more silky crumb structure with
optically whiter colour, better dough-handling properties and, to a certain extent, a larger
loaf volume.109 However, the surface pressure alone cannot account for the positive effects
of the enzymes or of the emulsifier.108 Further research is needed in order to elucidate the
reaction mechanism of the various lipases, their breakdown products and the effects of these
products in the bread-making process.

A third generation lipase is currently entering the baking market. These enzymes are
protein engineered in order to give a better effect in high speed mixing and no-time dough
processes. Especially in these processes, the first and second generation lipases were not
very successful. Furthermore, the third generation lipases that become available now have a
lower affinity for short chain fatty acids, leading to lower release of such fatty acids, which
result in lower risk for off-flavour formation upon prolonged storage of the baked goods and
upon use of butter or milk fat in baked products.

Lipases are also claimed to have a direct effect on the gluten network.110, 111 This can partly
be explained by the generation of free fatty acids, which can be oxidized by endogenous
lipoxygenase, leading to an increased oxidation potential which in turn may positively affect
gluten network formation. Furthermore, lipase may influence the interaction between gluten
proteins and lipids and the interactions between starch and lipids. Especially, the anti-staling
and crumb softening effects of lipases are said to be the results of amylose–lipid complex
formation.112, 113 These effects could not be obtained by simply adding monoglycerides to
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the dough, indicating that the amount of emulsifier-like structures formed due to the lipase
action is not fully explaining positive lipase effects.108

Concluding, it will be clear that there is still a lot of uncertainty about the mechanism of
lipase action in dough and in bread making. More research with even more specific lipases
is needed in order to reach well-defined conclusions.

6.5 OXIDOREDUCTASES

Oxidoreductases are widely distributed among microbial, plant and animal organisms. These
enzymes catalyze the exchange of electrons or redox equivalents between donor and acceptor
molecules. This occurs in reactions involving electron transfer, proton abstraction, hydrogen
extraction, hydride transfer, oxygen insertion or other key steps.114 In general two half
reactions, one oxidative and one reductive, take place and at least two substrates (one
reducing and one oxidizing) are activated or transformed.

To accomplish this physiological function, oxidoreductases have various redox-active
centres.115 Common redox centres include amino acids, metal ions, metal complexes (e.g.
Fe-S clusters; heme cluster) or coenzymes (e.g. FAD, NAD, pterin, PQQ).

Many oxidoreductase substrates, such as carbohydrates, unsaturated fatty acids, phenolics
and thiol-containing proteins, are important components of wheat flour. Their modification by
oxidoreductases may lead to new functionalities, quality improvements and/or cost reduction.

6.5.1 Classification

Oxidoreductases can be classified according to their amino-acid sequence, their three-
dimensional structure or their application, that is type of catalysis and/or cofactor depen-
dence.114 In the latter classification according to application, four groups can be distinguished:

� Oxidases
� Peroxidases
� Oxygenases
� Dehydrogenases/reductases

Within each of these groups, various subtypes exist, mainly dependent on differences in
active centres. Within the baking industry, several oxidases have been investigated and some
have been commercialized.

6.5.2 Oxidases in baking

In bread making, bread improvers and dough conditioners are widely used and accepted.
The main action of these agents is to help rebuild the gluten network and the GMP, in
order to improve texture, volume, freshness and also dough machinability and stability.
Dough conditioners are specifically meant for gluten strengthening. Gluten strengthening
results in improved rheological and handling properties of the dough. Such conditioners
also have a long history in bread making and are well known. Non-specific agents, such
as iodates, peroxides, ascorbic acids, potassium bromate and azodicarbonamide, all have a
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Fig. 6.10 Breakdown and rebuilding of gel protein during dough mixing and dough rest.16 Weegels,
P.L.; Hamer, R.J.; Schofield, J.D. (1997), Depolymerization and repolymerization of wheat glutenin during
dough processing II. Changes in composition. J. Cereal Science. 25: 155–263.

gluten strengthening effect by inducing the formation of protein–protein bonds that strengthen
the protein network and thereby strengthen and stabilize the dough.116

The glutenin sub fraction, which is unextractable in SDS solution (gel protein or GMP) and
which is highly correlated to various quality parameters of bread, is changing during bread
making. During dough mixing, GMP partly depolymerizes, which leads to more SDS-soluble
glutenin. During resting, these extractable proteins repolymerize, thus increasing GMP again
(see Fig. 6.10).16 This process of disaggregation and rebuilding can be influenced by longer
or shorter mixing; but the whole process is catalyzed by oxidoreduction reactions.

It is generally accepted that the properties of dough and its three-dimensional protein
network are dependent on the arrangement and number of disulphide bonds and sulfhydryl
groups of the protein. The vital contribution of disulphide bonds to dough stability has been
shown by rheological studies,117 and it is specifically this group of reactive groups that are
targeted by oxidative agents or oxidases.

After mechanical development of the gluten network, the three-dimensional protein struc-
ture needs to be stabilized by oxidants. Small amounts of oxidizing reagents, such as potas-
sium bromate or dehydroascorbic acid, improve the dough handling and baking character-
istics of wheat flour; loaf volume increases and bread crumb improves as well.118 Bromate
is assumed to oxidize LMW, SH-containing peptides (glutathione) into disulphide bonds.119

On the other hand, a small amount of cysteine or reduced glutathione sharply increases the
extensibility of dough. Both the viscous and elastic component of dough deformation are
increased by addition of these reducing agents.117

In general, due to the great number and also the complexity of oxidoreduction reactions
occurring during bread making, the effects of oxidative reagents are only poorly under-
stood.120–122

Oxidizing effects can also be obtained by using enzymes instead of chemical dough
conditioners. In Table 6.4, a number of oxidases are listed which are currently used in
commercial bread making or which have been investigated specifically for this purpose. As
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Table 6.4 Oxidases investigated and/or commercialized for
bread-making applications.

Enzyme EC number

Glucose oxidase 1.1.3.4
Hexose oxidase 1.1.3.5
Pyranose oxidase 1.1.3.10
Sulfhydryl oxidase 1.8.3.2
Glutathion oxidase 1.8.3.3
Glutathione dehydrogenase (DHA reductase) 1.8.5.1
Diphenyl oxidase (catechol oxidase) 1.10.3.1
Laccase 1.10.3.2
Ascorbic acid oxidase 1.10.3.3
Peroxidase 1.11.1.7
Glutathion peroxidase 1.11.1.19
Lipoxygenase 1.13.11.12
Tyrosinase (polyphenol oxidase) 1.14.18.1

can be seen, there is quite some variety in enzymes from different subclasses, which all are
claimed to give a beneficial effect in bread making. The reactions of most of these enzymes
in wheat dough are schematically shown in Fig. 6.11.

Glucose oxidase and hexose oxidase most likely catalyze their reactions following a
similar reaction mechanism. Glucose, preferably in the β form, is oxidized by glucose
oxidase to form gluconolacton, which is immediately converted into glucuronic acid. For
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the reaction the presence of oxygen is required. Oxygen serves as an electron acceptor.
In this reaction hydrogen peroxide is formed. One explanation of the reaction mechanism
is that hydrogen peroxide, in the presence of endogenous peroxidase, naturally occurring in
flour, promotes the oxidation of sulfhydryl ( SH) groups to disulphide (S S) bridges in the
gluten network, as well as the formation of a gel from the water-soluble pentosans.123, 124

Another explanation is that hydrogen peroxide reduces the level of reduced glutathione,
which normally has a weakening effect on the gluten network formation.125

The increase in gluten network results in increased strength of the gluten structure in
the dough. This leads to improved dough stability, reduced dough stickiness and improved
dough machinability. These improvements in turn lead to increased volume, improved crumb
structure and better softness of the baked product. However, there are also studies which do
not support these theories, since no evidence could be found for increased or changed gluten
structures.126 The main difference between glucose oxidase and hexose oxidase is that the
latter can use various monosaccharides and even oligosaccharides as a substrate.

Lipoxygenase converts polyunsaturated fatty acids, more specifically those containing
a cis, cis-1–4-pentadiene moiety, to fatty acid peroxy radicals. This reaction also requires
the presence of oxygen. The free radicals react further to yield monohydroperoxides with
conjugated double bonds and these compounds can react further with a wide variety of
products.121, 127

In bread making, lipoxygenase from soya bean flour has been used for decades not only
for its bleaching effect, resulting in a whiter crumb,128 but also for its improving effect
on dough rheology (viscoelasticity), on mixing tolerance, loaf volume and on the gluten
stability.129–132 The hydroperoxides react with the naturally occurring yellow carotenoid
pigment in wheat flour, leading to a reduction of the yellow colour. Furthermore, it has been
claimed that lipoxygenase has a direct oxidizing effect on gluten formation.121, 133,134 This
effect cannot be ascribed to hydroperoxides, since addition of lipid hydroperoxides did not
show any effect.135, 136 Most of the oxygen uptake by wheat dough during mixing is due to the
oxidation of free and esterified polyunsaturated fatty acids (PUFAs).137–141 The improving
effect of lipoxygenase may thus be due to the oxidation of gluten proteins through the
co-oxidation of accessible thiol groups of the gluten protein by the enzymatically oxidized
lipids.142–146

Wheat flour itself also contains lipoxygenase, but the activity of this enzyme is confined
to free linoleic acid, linolenic acid and monoglycerides containing these fatty acids.147

Currently there are no other commercial sources of lipoxygenases other than enzyme-
active soya bean flour and, to a lesser extent, flour from other beans (e.g. faba beans). With
the current trend towards liquid bread improvers, either water based or oil based, the usage of
soya bean flour is gradually reducing as a consequence of the limited solubility of soya bean
flour. This increases the necessity for a microbial lipoxygenase. However, it seems extremely
difficult to find a lipoxygenase with exactly the right specificity. Also in soya beans there are
three distinct isoforms of lipoxygenase (LOX1, LOX2 and LOX3), of which only LOX1 and
LOX3 have a positive effect on loaf volume. LOX2 is mainly responsible for undesirable
aroma formation in bread dough.148

Polyphenol oxidases (PPO) are normally involved in enzymatic browning reactions. Enzy-
matic browning is the enzymatic oxidation of phenols leading to the formation of pigments.
The colour of those pigments varies widely in colour and intensity.149

Several names are in use for PPO, including phenolase, creolase, tyrosinase, diphenolase,
catecholase, laccase, etc. According to the official nomenclature, two kinds of enzymes are
classified under the trivial PPO name. The first group, catechol oxidases (or diphenol oxidase)
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(EC 1.10.3.1) catalyzes two distinct reactions in the presence of oxygen: the hydrolxylation
of monophenols into o-diphenols and the oxidation of the o-diphenols into o-quinones.
Both reactions require oxygen. The second group, laccases (EC 1.10.3.2) oxidizes both o-
diphenols and p-diphenols, thereby forming the corresponding quinines. However, laccases
can also act on monophenols. A third group of enzymes exists, which is contributing to
the confusion about nomenclature of those enzymes: tyrosinase (or polyphenol oxidase,
EC 1.14.18.1). The latter also catalyzes phenol oxidation, but by a different mechanism,
involving two electron transfers.150 Oxidation of tyrosine moieties in proteins can also lead
to the formation of new covalent bonds, for example with cysteine groups, which in turn
leads to changed rheological properties.151–153 In spite of positive findings,154, 155 there are
currently no commercial tyrosinases available for baking.

Laccases (EC 1.10.3.2) are copper containing enzymes that have been extensively tested
for baking applications but this has not resulted in a successful commercial product. Laccases
are claimed to increase dough stability and dough strength and to reduce dough stickiness.65

Both laccases and peroxidases (cf. below) catalyze the oxidative gelation of arabinoxylans
in model systems.36 In bread systems, it has been demonstrated that laccase reduces the
extractability of arabinoxylans due to cross-linking of AX chains as a result of dimerization
of FA residues.23 It has also been suggested that these enzymes only catalyze the formation
of a sugar network and not the formation of a gluten network.156 It is more likely, though, that
both cysteine and tyrosine residues are also involved in oxidative cross-linking reactions.33

In this reaction, laccase is assumed to catalyze the formation of thiol radicals as a result of
the formation of phenoxyl radicals. Finally, proteins may also be coupled to arabinoxylan
chains by FA moieties and tyrosine or cysteine residues.27, 157

Currently, several industrial laccases are for sale (for use in textile, in juice, in brewing),
but none of them has been commercialized directly for the baking industry and thus there
are little or no laccase sales for baking applications.

Peroxidases (EC 1.11.1.7) are also able to catalyze the oxidation of phenolic groups.
Peroxidases use hydrogen peroxide as electron acceptors and can use a wide variety of
substrates, leading to the formation of radicals which can react further, non-enzymatically,
with other substrates.158 In this way, peroxidase shows a dough strengthening effect, leading
to improved volume and crumb characteristics.158 Peroxidase causes oxidative gelation of
soluble flour arabinoxylans (pentosans). This oxidative gelation of pentosans by hydrogen
peroxide is ascribed to FA residues. One possible mechanism is through dimerization of FA
residues on adjacent arabinoxylan chains.159 Proteins also participate in this gelation, since
the gel fraction contains around 25% protein. In this case, the mechanism is by coupling FA
residues to tyrosine or cysteine residues in protein chains.

Peroxidases are commercially available, although the only food grade version is derived
from plant material (soya bean hulls), whereas microbial-derived peroxidases are commer-
cialized for non-food applications, such as the production of textile materials.

Sulfhydryl oxidase (EC 1.8.3.2) catalyzes the formation of disulphide bonds from a
variety of thiol groups. This enzyme was originally used for removal of cooked flavours in
UHT milk.160 It was speculated that sulfhydryl oxidase would give a similar effect as that
of chemical oxidants161 and that chemical oxidants would therefore lead to formation of
disulphide bonds between protein chains. For this reason the enzyme has been extensively
studied for its effect in bread making. However, it was found that the enzyme had no effects
on loaf volume, dough strength, dough stability and mixing tolerance.161 The conclusions
were that sulfhydryl oxidase had no or very limited affinity for thiol groups in protein chains,
but only for small thiol containing molecules.
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Nevertheless, the enzyme has been commercialized since it was claimed that there was a
positive synergism with glucose oxidase162 and it has been available for a number of years.
Nowadays it has been withdrawn from the market for baking enzymes.

Amino acid oxidase (EC 1.10.3.3) and Dehydroascorbic acid dehydrogenase (EC 1.8.5.1)
are both mentioned in relation to the oxidation and reduction of ascorbic acid (AA) in wheat
dough and the concomitant oxidation of glutathion. The improving effect of AA is mediated
through its oxidation in dehydroascorbic acid (DHA). The latter compound is able to oxidize
two thiol groups into a disulphide bridge.163 Although AA oxidase has been characterized in
wheat flour by many researchers,164–166 the possible oxidation of AA by other enzymes167

or by non-enzymatic reactions165, 168 cannot be excluded.
Reduction of DHA into AA with the concomitant formation of disulphide bridges from

thiol groups is an enzymatic reaction, especially when the thiol groups are from glutathion.
134, 169 Glutathion DHA reductases are present in wheat flour and wheat bran.170 This enzyme
is specific for glutathion and inactive against cysteine and cysteine-containing peptides.

In spite of the clear effects these enzymes have on the oxidation reduction systems in
wheat dough, none of them has been commercialized.

Concluding remarks on oxidases may be that in spite of extensive research done globally
on oxidases, the commercial success is so far rather limited. One of the reasons that has
frequently been given is the requirement of oxidases for molecular oxygen. Since the amount
of oxygen in a dough is limited and also taken up by yeast, this could explain the limited
success of oxidases. However, incidentally, very positive results have been obtained with
oxidases.171 This, in combination with the lack of complete mechanistic understanding of
the oxidation processes occurring in dough, leads to the conclusion that positive oxidase
effects must be possible. Most likely the right oxidases still need to be discovered and
commercialized.

6.6 PROTEASES

Proteolytic enzymes, also referred to as proteases, proteinases and peptidases, catalyze the
hydrolysis of peptide bonds in proteins. A wide variety of proteases exist in nature; in plant
material, animal tissue and in many different microorganisms. Commercially, proteases are
by far the largest group of enzymes sold for a wide variety of applications.

Commercial proteases can be of cereal (or other plant materials), animal, fungal or
bacterial origin. In contrast to, for example, amylases, proteases do not differ much in terms
of heat stability. They differ widely, however, in terms of pH dependence and even more in
terms of catalytic specificity.

6.6.1 Classification

Proteases can be divided into two subclasses: endoproteases and exoproteases. The first
group hydrolyzes peptide bonds of proteins in the interior of the polypeptide chain, thereby
generating smaller peptides and sometimes even free amino acids. Endoproteases can be
further subdivided into four groups:

Serine proteases (EC 3.4.21. . .)
Cysteine proteases (EC 3.4.22. . .)
Aspartic proteases (EC 3.4.23. . .)
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Metalloproteases (EC 3.4.24. . .)
(. . . indicates that various sub-types exist.)

This classification is based on the catalytic mechanism of the enzymes and specific
functional groups or molecules involved in the catalytic action.

Exoproteases or peptidases cleave the protein chain at the end, thereby generating free
amino acids and sometimes even small peptides. Peptidases are usually subdivided into two
classes, each with various subclasses:
Carboxypeptidases (EC 3.4.16. . ., EC 3.4.17. . ., EC 3.4.18. . .)
Aminopeptidases (EC 3.4.11. . .)

This subdivision is based on the specificity of the enzymes, that is from which side of an
amino acid the peptide bond is hydrolyzed.

6.6.2 Proteases in baking

The most important functional component in wheat flour is gluten. Therefore, anything that
influences or modifies the gluten network or the individual gluten proteins, and thus the
ability to form a network, will have a strong influence on the dough and final bread quality.
Degradation of gluten proteins has an immediate effect on the covalent interactions in the
gluten network.

Proteases have a long history in bread making and were traditionally used to treat ‘bucky’
dough resulting from overly strong and too elastic flours.172 Originally the aim of protease
addition was to improve softness, dough-handling properties and dough machinability.172, 173

However, proteases have more functional effects. Functional effects of proteolytic enzymes
are reduction of mixing time; improvement of dough machinability; improvement of gas
retention due to better extensibility; improved pan flow in bun and roll production; improve-
ment of grain and crumb texture; improved water absorption; improved colour; and improved
flavour.174, 175

When achievement of such changes in dough characteristics is the purpose of protease
addition, it makes sense to add an endo-acting protease. Hydrolyzing internally located
peptide bonds will have a much more dramatic rheological effect than a removal of a
terminal amino acid by the action of an exo-acting peptidase.176

Apart from effects coming from added enzymes, there are numerous reports on effects
from proteases coming from infections on wheat,177, 178 from lactobacilli used in sourdough
preparations179 and from endogenous enzymes, for example in sprouted wheat.172, 180 Infec-
tions can result in significant degradation of endosperm protein, lower amounts of storage
protein, lower dough consistency, increasing resistance to extension and lower loaf volume.

6.6.2.1 Bread flavour

Limited proteolytic hydrolysis, as seen in sourdough, has a positive effect on bread flavour.
Bread crumb flavour is to a large extent formed by 2-acetylpyroline, whereas bread crust
is to a large extent determined by a limited number of volatile compounds formed during
fermentation.181 Many of these volatiles originate from fatty acid oxidation or from microbial
metabolized amino acids. In sourdough, the level of free amino acids is much less than in
normal bread182 and the microbial conversion of certain amino acids (ornithine, leucine,
phenylalanine) leads to improved bread flavour.77, 181 Enhanced proteolysis in sourdough
leads to the formation of higher levels of free amino acids and thus to improved sensorical
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properties compared with yeasted dough.183 During this proteolysis, mainly HMW glutenin
subunits are broken down, leading to increased glutenin solubility and reduced ability for
network formation.184

The effects of proteases are strongly dependent on bread-making methods used, on flour
quality and on the presence of other functional ingredients. In a short process, the effects of a
protease on mixing requirements were found to be negligible, whereas effects on volume and
bread score were strongly dose dependent: at low dose rate there was a clear improvement in
volume and bread score, whereas, at especially higher dose rates, overall bread score greatly
reduced.185 On the other hand, in a sponge and dough system, proteases greatly reduced
mixing time.186 In shelf stable bread systems, proteases reduced the firmness of the crumb
more than other enzymes and also reduced moisture migration.187 In both cases, effects of
these proteases on dough volume were limited, but proteases had a strong reducing effect on
crumb firmness and bread score.185, 186

Most of the effects mentioned are derived from modification of the gluten proteins. Limited
proteolytic hydrolysis with a degree of hydrolysis (DH) of 0–5%, leads to an increase in gluten
solubility, in combination with an improvement of the emulsifying and foaming properties
of the gluten. The released soluble peptides had decreased functional properties.188

Proteases can have major disadvantages. The action of the proteases is not limited in time,
they continue after mixing and weaken the dough structure in time. This phenomenon in-
creases the risk of weakening the dough and increases the stickiness of the dough. Sometimes
their action is even enhanced by the pH drop during fermentation. The use of proteases in
baking requires strict control of the bulk fermentation and proofing conditions of the dough.
Almost all proteases are inactivated during baking. Especially care should be exercised when
using neutral Bacillus proteases and papain, which should be dosed very carefully as over-
dosing will slacken the dough too much. This may result in dough collapse before baking or
a lower bread volume and a more open crumb structure. Particularly in Europe, where the
flours are weaker than in the US or Canada, the risk of overdosing a protease is very much
present. Furthermore, proteases also increase stickiness because by hydrolytic action, water
is released from the gluten. This means that in practice proteases are little used in bread
making in Europe.

6.6.2.2 Freshkeeping

Proteases have also been investigated in relation to freshkeeping. As mentioned above, there
are several ingredients (emulsifiers, fats, mono- and oligosaccharides) and processing tools
(specific amylases) known to retard bread staling. As there was not always a good correlation
between starch structure and staling, other flour constituents were also investigated. The role
of flour proteins in the crumb firming process has been studied but it was found that they
were less important than starch.189

Nevertheless, upon using an intermediate thermostable or thermostable protease in baked
goods a pronounced effect on crumb softness and on retarding the staling of baked products
was found.190 The enzymes used had specific characteristics; no adverse effect on dough
rheology, on crumb structure or the volume of the resulting bread; low activity at room
temperature; and a relatively high optimum temperature. Such an activity pattern guarantees
limited protein breakdown at temperatures encountered during mixing and proofing and
higher breakdown in the early stage of the baking process. The enzymes used showed similar
effects on a range of baked products.
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6.7 OTHER ENZYMES

Besides amylases, xylanases, lipases, oxidases and proteases, several other (classes of)
enzymes have been investigated for their effects in bread making and several other types
mentioned above have been reported to have beneficial effects on one or more characteristics
of dough or bread. And indeed some of them have been commercialized.

6.7.1 Transglutaminase

In the preparation of yeast-leavened goods from weak wheat flour, the dough often has an
unsatisfactory stability. Such a dough has not been able to retain the carbon dioxide gas
that is formed during fermentation. For this reason, it is generally common to add oxidizing
compounds to the flour to improve the resistance to stretching.191 Because of the effort to
reduce the addition of chemicals to foodstuffs and instead to use natural auxiliaries, like
enzymes, the problem arose of improving the resistance of dough without the addition of
inorganic chemicals. It has been found that transglutaminase improves the resistance of
dough, particularly yeast dough from wheat flour, in a manner comparable to potassium bro-
mate.192, 193 Transglutaminase (TGase; synonym: Protein-Glutamine-γ -Glutamyltransferase
and Protein-glutamine:amine γ -glutamyl-transferase; EC 2.3.2.13) is an enzyme accessible
from various sources that is widespread in the animal and plant kingdoms. It is known that
transglutaminase has a cross-linking effect on proteins independent of the redox system of
the dough, not involving the thiol groups and disulphide bonds in the dough. The basic
reaction is shown in Fig. 6.12.

However, the effect on the rheological properties of dough is similar to oxidation and
the effects are the result from an increased number of disulphide bonds. The need for
TGase for improvement of the stretching properties depends in individual cases on the
nature of the flour. TGase can be added in different ways in the preparation of baked goods.
The enzyme preparation can be used together with the remaining components of a bread
improver system, but it can also be mixed with the flour at the mill. This has the advantage
that the dosage can be based on the properties of the flour, that is on its natural gluten
properties. In this way, a flour of consistent baking properties can always be supplied to the
baker. Thus, TGase is preferably added to weak wheat flours in order to strengthen gluten
properties.

The effect of TGase on the dough can be visualized in an extensogram (see
Table 6.5).

Addition of TGase leads to strongly increased dough resistance and a reduced extensibility.
Combining TGase with a protease can overcome too strong effects of the coupling enzyme.
The results of TGase addition on bread quality can be seen in Table 6.6.

In addition to the desired increase in the dough resistance, a reduction in extensibility
is sometimes observed, which leads to an earlier breakage of the dough when testing ex-
tensibility. It has been found that this undesired side effect can be excluded by combining

Glu – C – NH2 +  H2N - Lys

O

Glu – C – NH - Lys

O

Transglutaminase

Fig. 6.12 Schematic representation of the transglutaminase reaction.
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Table 6.5 Effect of transglutaminase on dough properties.

Dough property No enzyme
2000 U TGase
kg−1

2000 U TGase kg−1 +
0.3 g protease kg−1

Water uptake (%) 54.1 54.2 54.1
Dough resistance (EE) 230 510 400
Extensibility (mm) 182 120 170
Ratio of resistance/extensibility 1.3 4.25 2.35
Energy (cm2) 80 75 122

transglutaminase with a protease. Furthermore, the volume of baked goods is increased and
their crumb properties are improved by the use of a protease. The dough prepared using
TGase can be worked up into high-quality bakery products under conventional conditions;
wheat bread, rolls and variety breads are representative of such products.

6.7.1.1 Transglutaminase in gluten-free bread

Celiac disease (CD) is a chronic enteropathy caused by the intake of gluten proteins from
widely prevalent food sources, such as wheat, rye, barley and possibly even oats. The
ingestion of gluten causes an inflammatory response resulting in the destruction of the villous
structure of the small intestine.194 Currently, the only effective treatment for CD is the strict
lifelong renunciation of gluten-containing foods.195 Because cereal products, and especially
bread, are part of the basic diet in many countries, there is a high demand for gluten-free
breads.

In view of the fact that gluten is the major structure forming protein in wheat bread and
that gluten is responsible for the viscoelastic properties, it is technically a big challenge
to produce high quality gluten-free bread. Various ingredients (gums, dairy powders, rice,
sorghum, starches) mimicking the properties of gluten have been evaluated.107, 196–200 Also
enzymes (amylases, xylanases, proteases) have been evaluated in the manufacturing of
gluten-free products.185, 201

One of the main problems associated with gluten-free bread is obtaining a good structure.
Transglutaminase can be a tool to improve the structure of gluten-free breads. The quality of
these products is significantly better with the formation of a stable protein network. When the
enzyme is used in combination with the right protein substrates, for example milk proteins,
or egg proteins, protein networks are formed, resulting in improved volume, crumb structure
and overall quality.202

Table 6.6 Effect of transglutaminase on bread characteristics.

No. Additive/kg flour Dough quality
Volume
(mL/10 rolls) Crumb porosity

1 None Soft 1850 Open
2 500 U TGase Woolly, solid 2000 Fine
3 2000 U TGase Woolly, short 1750 Dense, solid
4 2000 U TGase + 0.3 g protease Woolly 2200 Fine
5 500 U TGase + 0.2 g ascorbic acid Woolly, solid 2100 Fine
6 1000 U TGase + improver Woolly, solid 2300 Fine
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6.7.2 Endoglycosidases

Type II endoglycosidases are a category of hydrolases which are capable of cleaving spe-
cific internal glycosidic linkages found in glycoproteins. These endoglycosidases cleave
all or part of the carbohydrate moiety from a glycoprotein, depending on the location
of the reactive glycosidic linkage in the glycoprotein. Examples of Type II endoglycosi-
dases include endo-β-N-acetylglucosaminidases (Endo-D, Endo-H (EC 3.2.1.96), Endo-L,
Endo-CI, Endo-CII, Endo-F-Gal and Endo-F), endo-α-N-acetylgalactosaminidase, endo-β-
N-galactosidases, peptide-N-(N-acetyl-β-glucosaminyl), aspergine amidase F (PNGaseF EC
3.5.1.52) and glycopeptide N-glycosidase (Peptide N-glycosidase EC 3.2.2.18).

Wheat gluten proteins are to a certain extent also glycosylated. Glycans were detected on
both gliadin and glutenin polypeptides. Covalently aggregated LMW glutenins were shown
to contain N-glycans with xylose, which demonstrated their sorting in the Golgi apparatus.203

Tests done with purified endoglycosidases revealed enhanced dough relaxation.158 This
was explained by assuming better gluten network formation after removing side chains from
gluten proteins which could hinder the building-up of a gluten network.

Since endoglycosidases are an intrinsic side activity of almost all xylanases, cellulases,
glucanases and pectinases, there was limited commercial interest in large-scale production
of such enzymes. The trend seen in the last decade to produce more and more enzymes from
GMOs and even producing protein-engineered enzymes has resulted in the availability of
‘mono-component’ xylanases; that is xylanases which are purer as a result of the manufactur-
ing process. This trend may lead to increased interest in these endoglycosidase side activities,
since it is clear from the above that observed differences in performance of various xylanases
may very well be the result of the presence or absence of non-xylanase side activities.

6.7.3 Cellulases

For cellulose breakdown the combined action of several enzymes is required. Cellulase (endo-
1,4-β-d-glucanase EC 3.2.1.4) is the most relevant one. Five general types of cellulases, based
on the type of reaction catalyzed, can be identified.

(1) Endocellulase breaks internal bonds to disrupt the crystalline structure of cellulose and
expose individual cellulose polysaccharide chains; (2) exo-cellulase cleaves 2–4 units from
the ends of the exposed chains produced by endocellulase, resulting in the tetrasaccharides
or disaccharide such as cellobiose. There are two main types of exo-cellulases (cellobio-
hydrolases (CBH); EC 3.2.1.91) – one type working progressively from the reducing end,
and one type working progressively from the non-reducing end of cellulose; (3) cellobiase
or β-glucosidase hydrolyzes the endocellulase product into individual monosaccharides; (4)
oxidative cellulases that depolymerize cellulose by radical reactions, as for instance cel-
lobiose dehydrogenase and (5) cellulose phosphorylases that depolymerize cellulose using
phosphates instead of water. The breakdown of cellulose is schematically shown in Fig. 6.13.

Most fungal cellulases have a two-domain structure with one catalytic domain, and one
cellulose-binding domain, that are connected by a flexible link. This structure is adapted for
working on an insoluble substrate and it allows the enzyme to diffuse two-dimensionally on
a surface in a caterpillar way. However, there are also cellulases (mostly endoglucanases)
that lack a cellulose-binding domain. These enzymes might have a swelling function.

Wholemeal bread formulations differ from those of standard bread as the former contains
a higher level of both water-soluble and insoluble fibre ingredients. Soluble fibres consist
of water extractable (WE) arabinoxylan, β-glucans and gums, whereas insoluble fibre is
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Fig. 6.13 Cellulose breakdown by endo- and exo-cellulases and cellobiase.

made up of lignin, cellulose and hemicellulose or water unextractable (WU) arabinoxylans.
Wholemeal flour contains the entire seed of a plant and thus antioxidants, vitamins and
fibres, which are beneficial to human health. Refined flour, used for standard white bread,
has normally had the bran and the germ removed leaving only the endosperm.

The high fibre content of wholemeal bread may influence the dough consistency and
weaken the gluten structure. This will ultimately lead to high water absorption, loss of
extensibility and reduced fermentation tolerance. The final bread may show a reduced loaf
volume, increased crumb firmness and a less pleasant taste and flavour. In addition, the crumb
will be less white compared to normal bread.

Baking enzymes are therefore added to wholemeal formulations to improve dough and
bread characteristics. In addition to the above-mentioned enzymes, cellulases are slowly find-
ing their way into some bakery applications. The addition of cellulase enhances crumb struc-
ture, resulting in a more regular and fine crumb and, consequently, improved whiteness.204

The positive effect is due to break down of cellulose fibrils enabling better gluten devel-
opment and improved proofing stability, increased dough tolerance and enhanced volume,
texture and appeal in wholegrain bread types.

One of the relevant enzyme activities present in normal cellulase preparations is a CBH
with bread improving activity.205 The most important effects are an improved bread vol-
ume and an improved crumb structure, which are not accompanied by bad dough-handling
properties due to stickiness of the dough (Table 6.7).

Like most sectors of the food industry, the bakery market has been presented with the
opportunity of rising demand for healthy ‘wellness’ products promising nutritional benefits.
Since consumption of whole grains has been linked to improvements in cardiovascular health
as well as reducing the risk of certain cancers and lowering blood pressure, this move towards
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Table 6.7 Effect of cellobiohydrolase on dough characteristics and loaf volume.

Addition
Dosage
(ppm)

Dough
quality

Volume
(%)

Crumb
structure

Reference 0 100 0
Xylanase 50 0 107 +
Xylanase 100 + 112 +
Cellobiohydrolase (CBH) 5 + 107 +
Cellobiohydrolase (CBH) 10 +++ 110 ++
Xylanase + CBH 50 + 5 +++ 112 ++
Xylanase + CBH 50 + 10 +++ 115 +++

health-boosting foods has caused sales of wholegrain and high-fibre breads to rise rapidly in
recent years with all major manufacturers offering wholegrain versions of their core bread
brands to keep up with this demand.

6.7.4 Mannanases

β-Mannanase (1,4-β-d-mannan mannanohydrolase; EC 3.2.1.78) catalyzes the hydrolysis
of β-1,4 mannose linkages of the backbone of β-mannans. These polysaccharides are found
in various seeds and beans where they play an important role in the mechanical resistance
and the swelling that occurs during germination. Mannans are also a major component of
the hemicellulose fraction in soft woods.

There are several other types of enzymes that participate in the complete decomposition
and conversion of the mannan, for example exo-β mannanase (1,4-β-d-mannan mannohy-
drolase; EC 3.2.1.xx–unassigned), exomannobiohydrolase (1,4-β-d-mannan mannobiohy-
drolase; EC 3.2.1.100) and β-mannosidase (EC 3.2.1.25).

Galactomannans and galactoglucomannans form a second group of hemicellulolytic struc-
tures present in plant cell walls. They are the major hemicellulose fraction of gymnosperms,
in which they represent 12–15% of the cell wall biomass. Galactomannans are most com-
monly found in the family of Leguminoseae, in which they represent up to 38% of seed dry
weight, but have also been identified in species of other plants such as Ebenaceae and Palmae.
They consist of a backbone of β-1,4-linked d-mannose residues, which can be substituted
by d-galactose residues via an α-1,6-linkage (Figs 6.14(a) and (b)). Depending on the source
of the polysaccharide, mannose/galactose ratios can vary from 1.0 to 5.3.

(a)

(b)

Water-insoluble

Water-solubleMannose
Galactose

Mannose
Galactose

Glucose
Acetyl

Fig. 6.14 (a) Schematic representation of the galactomannan structure. (b) Schematic representation of
the galactoglucomannan structure.
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Table 6.8 Effects of β -mannanase and guar on the anti-staling properties of bread.

Improver Xylanase Mannanase Guar Freshness (4 days)
Dough
consistency

1 39.000 62 0 1 2
2 39.000 0 0.1% 2 3
3 39.000 62 0.1% 1 1

Galactoglucomannan is the major hemicellulolytic component of softwood. Two different
structures can be identified within this group of polysaccharides. Both consist of a β-1,4-
linked d-mannose backbone, which can be substituted by α-1,6-linked d-galactose. The
galactoglucomannan backbone also contains β-1,4-linked d-glucose residues. Water-soluble
galactoglucomannan has a higher galactose content than does water-insoluble galactogluco-
mannan and in addition contains acetyl residues attached to the main chain. Approximately,
20–30% of the backbone glucose and/or mannose residues are esterified with acetyl groups
at C-2 or C-3.

Mannanases are useful in several industrial processes, such as the extraction of vegetable
oil from leguminous seeds and the reduction of the viscosity of coffee extracts during manu-
facture of instant coffee. In the pulp and paper industry, mannanases can act synergistically
with xylanases as biological pre-bleaching agents for soft wood pulp, allowing a significant
reduction of environmental pollution compared with the use of chlorine-based chemical
agents. However, in spite of these potentially interesting applications, the widespread use of
mannanases is limited due to high production costs for the enzyme.

Mannanases are produced by microorganisms such as mould or yeast fungus as well as
Bacillus subtilis, Aeromonas, Enterococcus, Pseudomonas and Streptomyces. Some higher
plants or animals can produce mannanase. Microorganisms used for production of the man-
nanase are usually Trichoderma or Aspergillus sp. fungal strains.

Industrial applications of mannanases in bread making have been described.76, 206 The
use of a β-mannanase in a baking improver in the preparation of baked goods improves
the properties of dough and that of the final baked product. With regards to the dough,
the tolerance can be improved, but also the dough flexibility, dough stickiness and general
handling properties. With regards to the final baked product, mannanase retards staling and
improves crumb structure.206 Interesting is that the addition of a mannanase together with
glucomannan and/or galactomannan such as guar of konjac gum, improves the properties of
the dough and the baked products even further. This is shown in Tables 6.8 and 6.9.206

Table 6.9 Effect of specific enzymes on dough characteristics and shape.

Shape with
Specific

volume with
Dough proofing time proofing time

Improver Consistency Stability 50′ 65′ 50′ 65′

KBrO3 1 − 6 4 100 100
Xylanase (Xyl.) 4 + 7 5 104 103
Xyl. + glucose oxidase 2 + 7 5 106 105
Xyl. + β -mannanase 3 + 7 5 106 105
Xyl. + β -mannanase +
glucose oxidase

2 ++ 7 6 107 107
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6.8 CONCLUDING REMARKS

In the above, enzymes for baking have been discussed with regards to their classification,
mechanism of action, effect and commercial availability. The word enzyme needs a little
extra explanation. When talking about commercial enzyme preparations, these products
are often referred to as, for example, lipase or xylanase or amylase. However, commercial
preparations are hardly ever single enzyme preparations. In most cases commercial products
are blends of enzymes. Besides the main enzyme activity, which often gives the preparation
its name, a range of other enzymes can be present. These other enzymes are either present
as natural side activities coming from the microorganism producing the main activity, or are
deliberately added. This makes comparisons of commercial products very difficult, especially
when looking only at the main activity. For a good comparison, it is absolutely necessary to
test the products in the final application before a comparison is made based on activity, dose
rate or product costs.
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7 Enzymes in non-bread
wheat-based foods

Caroline H.M. van Benschop and Jan D.R. Hille

7.1 INTRODUCTION

Wheat is one of the most important raw plant materials for food products around the
world. For 2008, a production of 658 million tons is estimated.1 Of this total production,
453 million tons will be for human food consumption and 118 million tons for feed. Human
wheat consumption per head is around 67 kg per annum of which the major part is consumed
as bread and paste products, with minor amounts in the form of biscuits, cookies, crackers,
cakes, etc. In some parts of the world other cereals like rye and rice are the main staple food.

Currently most enzymes are used in the production of bread. However, application of
enzymes is growing in other segments of cereal-based products. In this chapter, an overview
will be given of the application of enzymes in wheat-based, non-bread products.

7.2 FUNCTIONALITIES OF ENZYMES IN WHEAT-BASED,
NON-BREAD PRODUCTS

For centuries, baked and cooked wheat-based products have been present in our diets. Wheat
flour derivatives are consumed all over the world in many different forms, varying throughout
the continents and civilizations representing one of the most consumed foodstuffs.

Nowadays, a wide variety of products can be included in this foodstuff category, such
as bread, cakes, muffins, doughnuts, cookies, crackers, biscuits, pasta, noodles, tortillas,
breakfast cereals and many others. These products can be classified depending on product
type (sweetened or unsweetened), method of leavening (biological, chemical or unleavened)
or from a technical point of view, on the basis of their pH, moisture content and water activity.

Most enzymes applied in bread making can also be applied in the other wheat-based
baking applications mentioned above. Depending upon the raw materials used in wheat-based
products, amylases, hemicellulases, lipases, oxidases, cross-linking enzymes and proteases
may be applied to improve the quality or modify the texture of the baked products.

7.3 APPLICATION OF ENZYMES IN CAKE AND
MUFFIN PRODUCTION

Cakes and muffins are produced from the following basic ingredients: wheat flour, sugar,
eggs and in the case of pound or high-ratio cake, also fat. Sponge and pound cakes are
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Fig. 7.1 Conversion of egg lipids by phospholipase A2.

produced by mixing the constituents into a liquid batter and include air to form a foam. The
air expands during baking and the foam transforms into a sponge because of the viscosity
increase caused by the gelatinization of starch.2

A cake or muffin batter may be considered as an oil-in-water emulsion which can be
stabilized by emulsifiers. Eggs and added emulsifiers may play this role. Eggs contain lipids
consisting of triglycerides and lecithin. The latter fraction has surface-active properties and
may act as an emulsifier to stabilize the oil-in-water emulsion.

The major constituents of egg lecithin are phospholipids consisting of phosphatidyl-
choline and phosphatidylethanolamine. These lipids have emulsifying properties which can
be improved when part is hydrolyzed into the lyso-form. This hydrolysis is catalyzed by
the action of phospholipase A1 or A2. Figure 7.1 shows the conversion rate of whole egg
phosphatidylcholine (PC) by phospholipase A2 at various dose levels and incubated at
20◦C.

Figure 7.1 clearly shows that within the normal processing time required to produce
batters, 2500–5000 CPU phospholipase A2/kg whole liquid egg has enough time to hydrolyze
approximately 30% of the lipid. The lysophosphatidylcholine (LPC) formed has stronger
emulsifying properties than PC, which may help to improve cake quality and/or to reduce
costs because of reduction in egg quantity in cake recipes.

Improvement of batter stability and baked sponge cake is shown in Fig. 7.2. In Figs 7.2(a)
and (b) pictures are shown of batters heated for 5 min in a boiling water bath; (a) is the
reference and in (b) 1250 CPU phospholipase A2/kg whole egg has been added. Batter (b) is
clearly more stable than reference (a).

Reference batter (a) and batter (b) were also baked in standard baking pans. Figures 7.3(a)
and (b) show C-cell pictures of the crumbs of these cakes and in (c) and (d) microstructure
images of reference and of phospholipase A2 containing cakes are shown. Presence of
phospholipase A2 clearly results in formation of a more regular and fine crumb structure.

The use of phospholipase A2 to improve the texture of sponge was described as early as
1987,3 but in this patent the egg material is pre-incubated for 4 h at 50◦C and afterwards for
30 min at 60◦C before blending it with the other ingredients into the batter. In the method of
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(a) (b)

Fig. 7.2 Stability of sponge cake batter reference (a) plus CakezymeTM (b) after 5 min heating in boiling
water bath.

cake production described above, phospholipase is part of the ingredients and blended into
the batter in a standard cake production set-up.

Emulsifiers are often part of cake and muffin recipes. They are added to support the
incorporation of air and to improve dispersion of fat in the batter and will also stabilize
expanding gas bubbles in the batter during baking. Replacement of these emulsifiers by a
commercial lipase in the production of high-ratio layer cake was tested by Guy and Sahi.4

Addition of this commercial lipase reduced the surface tension and surface viscosity at
the air/water interface of batter. This indicates that surfactants were created which replaced

(a) (b)

(c) (d)

Fig. 7.3 In (a) and (b) C-cell pictures are shown of reference cake and of cake to which 1250 CPU kg−1

egg phospholipase A2 was added. In (c) and (d) micro-images of (a) and (b), respectively are shown.
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proteins at the air/water interface. Result after baking was an increase in cake specific volume
and maintaining a fine crumb structure. Eating quality and perceived freshness over 14 days
of chilled storage were improved.

When the amount of egg is reduced in a cake recipe, the quality of the cake in general will
deteriorate. This deterioration can be counteracted by adding phospholipase A1 or A2 to the
cake batter. This is seen by an increased cake volume and improved cake properties during
storage, for example increased cohesiveness, increased springiness and increased elasticity.5, 6

In this patent, even a replacement of 50% egg by phospholipase A2 is described, but to reach
volume and quality of the reference cake, either soya protein (in a quantity corresponding to
all dry material of the replaced egg) or whey protein (in a quantity corresponding to 50% of
dry material weight of replaced egg) had to be added to the recipe.

Apart from lipolytic enzymes, starch-degrading enzymes have been applied in cake pro-
duction. In 1980, starch-degrading enzymes were described to prevent cake staling.7 In 2004,
Danisco8 rolled out a new product containing a highly specialized amylase that claimed to
double the shelf life of cakes. In 2005, bacterial amylase was described as part of a cake
powder conditioner, also containing calcium stearoyl lactate (CSL) and sodium stearoyl
lactate (SSL) and glycerol mono stearate (GMS), which can improve the quality of cake in
general and more specifically the softness of the crumb and the shelf life of the product.9

In 2006, a patent by Novozymes was published describing maltogenic amylases which are
more adapted to high sugar levels and thus more active in cake recipes.10 Another recently
developed enzyme is amylomaltase.11 Amylomaltase or (α-(1,4))–(α-(1,4)) glucosyltrans-
ferase is a thermostable enzyme able to hydrolyze oligosaccharides from amylose and to
couple these fragments to the ends of the branches of amylopectin. Amylomaltase has been
applied to branch potato starch into a product forming a thermoreversible gel in water, which
is able to form domains in complex foods like cake and behave like fat globules.12 In other
words, this product formed by amylomaltase can be used as a fat replacer and mouthfeel
improver in cake recipes.

Proteases have been used to lower the viscosity of cereal flour suspensions and to avoid
checking during biscuit baking (see Section 7.5), but are nowadays also applied to retard
staling of the cake crumb. Arnaut et al.13 show that the use of intermediate thermostable
alkaline proteases, for example keratinase and thermitase, which had no perceivable influence
on the dough rheology, had a pronounced effect on the softness and retardation of the crumb
hardness, resulting in a prolonged shelf life. Specific proteases may also be applied to improve
the flavour of cakes.14, 15

7.4 APPLICATION OF ENZYMES IN PASTA AND
NOODLE PRODUCTION

Pasta and noodles also play an important role in nutrition for the world’s population. Both are
popular for their ease of cooking and nutritional qualities.16 Wet, dried and instant noodles
are mainly consumed in China and South-East Asia, and pasta products are consumed more
in North- and South-America and in Europe.

Pasta is produced by mixing semolina from durum wheat (Triticum durum) and water into
a dry dough (25–35% moisture), and extruding this dough through a die to obtain the desired
shape followed by drying to obtain a stable product.17

Noodles are produced by mixing flour from common wheat (Triticum aestivum) and salt
(white noodles) or alkaline solution (yellow noodles) to form a crumbly dough18 that is
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compressed between a series of sheeting rolls to form a dough sheet. During this sheeting
process the gluten network is developed, which contributes to the noodle texture. The sheeted
dough is slit to produce noodles. The noodles are now ready for sale, or are further processed
to prolong shelf life, to modify eating characteristics or to facilitate preparation by the
consumer. The fresh noodles can be dried, or steamed and dried, or steamed and fried to
obtain instant noodles.

Important characteristics for both pasta and noodles in dry form are mechanical strength,
absence of checking (formation of hair line cracks in the product), smoothness of the surface
and a bright colour. Dry pasta and noodles should retain their size and shape during packaging
and shipment.18 Checking may reduce the mechanical strength of pasta and noodles. Most
probably checking is the result of improper drying conditions,19 where the surface moisture
evaporates too fast causing hardening of the surface. Subsequently the inner part of the strand
dries, is unable to withstand the stress, and fracturing occurs.20 In noodles, internal blisters
have also been indicated as a cause of checking.21

In an early review by Matsuo22 on the application of enzymes in pasta and noodle
production, colour is described as the major quality factor. Pasta colour should be bright
yellow and for fresh and dried noodles whiteness is preferred. For instant noodles colour
is less important. Below, the influence of enzymes on pasta products produced from durum
semolina will be considered first, followed by a discussion on the effects of enzymes on
noodle products.

7.4.1 Enzyme effects on pasta products

The bright yellow colour of durum wheat products is a result of the natural carotenoid pig-
ment content. Pigment loss is caused by oxidative degradation by endogenous lipoxygenase
activity.23 The phase mainly responsible for pigment loss is processing, particularly the
dough mixing stage, when a substantial decrease in pigment content occurs. Lipoxygenase
catalyzes the peroxidation of unsaturated fatty acids like linoleic acid to form conjugated
monohydroperoxides.24 These monohydroperoxides then react with carotenoid pigments,
resulting in the loss of chromophores. Mixing under vacuum,25 introduction of high temper-
ature (HT) drying (60–85◦C) and recently ultra high temperature (UHT) drying (85–110◦C),
and reducing processing time have improved pasta colour quality despite the danger of
increased Maillard reactions because of high drying temperatures.26

As well as yellowness caused by carotenoids present in flour, another aspect of pasta colour
is browning caused by naturally occurring compounds and enzymatic or non-enzymatic
browning reactions.22 Polyphenol oxidase has been implicated as a leading cause of dis-
colouration in pasta and other wheat products.27 Polyphenol oxidase catalyzes the hydrox-
ylation of monophenols to o-diphenols (‘monophenolase’ activity) and the oxidation of o-
diphenols to o-quinones (‘diphenolase’ activity). The quinones formed react with a number
of functional groups, such as amines, thiols and phenolics, and form melanins, being complex
coloured products.28 However, in a recent study29 it is concluded that although polyphenol
oxidase contributes substantially to the darkening of pasta products, an additional unknown
mechanism of darkening is most probably also involved. These discolouring mechanisms in
wheat products may be of both enzymatic and non-enzymatic origin. One possible mecha-
nism of enzymatic origin might be based on endogenous wheat peroxidase30, 31 but its role
still remains obscure.
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HT and UHT drying technologies have allowed the production of pasta of good quality
from mediocre quality raw materials showing less gluten strength.32 Edwards et al.33 exam-
ined the viscoelastic properties of durum wheat semolina doughs of different strengths. They
concluded from creep behaviour that high steady state viscosities of strong durum dough and
relative inextensibility were consistent with strength in durum wheat being primarily a func-
tion of the density of physical cross-links present. For this reason, transglutaminase34−37 has
been described in many cases as cross-linking agent, but also oxidizing enzymes like glucose
oxidase,38 peroxidase,39, 40 dehydrogenases41 and lactonohydrolases42 have been described
to improve gluten strength in pasta dough and overall quality of the end product.

HT and UHT drying can also offset the effects of wheat sprout damage. Sprout-damaged
wheat contains increased levels of enzyme activities, for example α-amylase and protease.
For both types of enzymes, conflicting results on effects in pasta production can be found in
the literature.21 However, no positive effects have been described and for that reason ultra
high temperature drying is a good technique to inactivate these types of enzymes before they
can act negatively on pasta products quality.

Endoxylanases have been described to have a significant influence on the presence of
checking in pasta,40 they are able to break down water-unextractable arabinoxylans having
high water binding capacity. When endoxylanases are part of the recipe, the water content can
be lowered and as a result checking is significantly reduced. Brown and Finley43 explained
the effect of this type of enzymes by their ability to reduce the pasta dough viscosity, allowing
significantly reduced head pressures and/or significantly higher throughputs in commercial
pasta extrusion systems.

The beneficial effects of lipase and the quality characteristics such as colour, bite, stick-
iness and cooking tolerance of non-durum pasta have recently been reviewed.44 The appli-
cation of lipase has also been described in durum-derived pasta.45 Lipase addition extends
shelf life and keeps the characteristic yellow colour over time. However, the remaining lipase
activity in the pasta should be low (<100 LU kg−1), which can be secured by a heat treatment
of the dough before extrusion.

7.4.2 Enzyme effects on noodles

Noodle colour, appearance and cooked texture are very important to noodle producers and
consumers. However, a wide variety of noodles are present in Asia with many local variations
as a result of differences in culture, climate, region and a host of other factors. Each noodle
type has its own unique colour and texture characteristics. Important factors responsible for
noodle colour are flour colour, protein content, ash content, yellow pigment and polyphenol
oxidase activity. Starch characteristics and protein content and quality play major roles
in governing the texture of cooked noodles. However, the relative importance of starch and
proteins varies considerably with noodles type. Starch pasting quality is the primary property
determining the eating quality of Japanese and Korean noodles characterized by soft and
elastic texture, while protein quantity and strength are very important to Chinese-type noodles
that require firm bite and chewy texture.46

Noodles are produced by mixing wheat flour produced from a blend of soft, semi-hard
and hard wheat, salt and/or alkaline salts and a low content of water (absorption range of
26–36%). These ingredients are mixed into a crumbly dough, which is sheeted over a number
of sheeting rolls and afterwards cut into the noodle form.
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A common problem is darkening of raw noodles or noodle dough sheets during production
or shelf life. Polyphenol oxidase has also been implicated here as a leading cause.29 Although
considerable effort has been taken to reduce genetic levels of polyphenol activity in wheat
germplasm, the problem is still there.47, 48 Treatment with fungal lipase helps to brighten
noodle sheets or raw noodles during shelf life.44

Another common problem in most noodle varieties is speckiness, that is small dark spots,
the quantity of which is mainly dependent on the level of flour extraction and ash content.
By adding fungal lipase to the recipe the increase of the number of dark spots over storage
time can be highly reduced.44

Lipase44, 49 or the combination of lipoxygenase and lipase50 also makes boiled noodles
firmer, smoother and less sticky, resulting in easier disentanglement and improved eating
quality. The explanation for this effect is most probably the formation of monoglycerides
by the action of triacylglycerol lipase. These monoglycerides form stable complexes with
the α-helix of amylose molecules which inhibit the swelling of starch granules during
cooking. Less amylose is leached out of the granules, resulting in a firmer texture and a less
sticky and smoother surface. Instead of this triacylglycerol lipase activity other phospho- or
galactolipase activity may be applied to obtain similar effects.51

The use of transglutaminase on its own (e.g. Ref. [52]) or in combination with extra vital
wheat gluten53 or with casein hydrolyzate54 has been described in many (mainly Japanese)
patents and articles. Blended with the flour or added as part of the dusting powder (e.g.
Ref. [55]), transglutaminase is enabled to make internal cross-links between gluten and other
protein fragments within the dough, resulting in more elastic and glutinous noodles having
an improved texture, resilience and mouthfeel.

Glucose oxidase is also able to make cross-links between dough constituents. The use
of glucose oxidase is described to improve the firmness, elasticity, surface properties and
cooking tolerance of different types of noodles56 (see Fig. 7.4). Low-quality wheat flours
can be upgraded for production of noodles by adding glucose oxidase to the recipe.57

By adding glucose oxidase to noodle dough having a pH below 8, speck formation could
be better controlled and noodle appearance could be maintained for a long period.58

Application of fungal α-amylase on the surface of pre-gelatinized noodles prevents
clumping of the cooked noodles and improves its flavour and texture even after a long period

(a)

(1) (2) (3)

(b)

(1) (2) (3)

Fig. 7.4 Cooked instant noodles pressed between glass plates after 3 (a) and 7 (b) min cooking. (1)
Reference, (2) + 45 SRU glucose oxidase/kg flour and (3) +75 SRU glucose oxidase/kg flour .
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of storage.59 Instead of α-amylase, glucoamylase may be used in the preparation of oil-fried
noodles.60

7.5 APPLICATION OF ENZYMES IN BISCUIT, COOKIE AND
CRACKER PRODUCTION

The word biscuit is of French origin and means ‘twice cooked’. Nowadays, only a few
products are baked twice, while most biscuits and cookies are baked only once.

In Europe, the word biscuit is used for low-moisture products that are made with high
levels of sugar and shortening, products that are called cookies in the United States.61

The principal ingredients used in the manufacture of biscuits and cookies are wheat flour,
fat and sugar. Water plays an important role in the biscuit-making process but is largely
removed during baking. Biscuit manufacturing generally includes several steps: mixing,
resting time, machining and finally baking.

In general, there are two types of biscuit dough: hard dough and short dough (Europe)
also known as hot doughs and rotary doughs (USA), respectively.

The difference is determined by the amount of water required to make dough that has a
satisfactory handling quality for making dough pieces for baking.62

Hard dough resembles bread dough by being more tough and extensible. Gluten develop-
ment takes place and the dough shows viscoelastic behaviour. Due to the frictional forces of
developing gluten, heat will be generated, hence the name hot dough.63 Product examples
are Petit Beurre and Marie biscuits.64 Short dough on the other hand contains much less
water and relatively high levels of sugar and fat. The consistency looks more like wet sand
and there will be no gluten or heat development. The initial structure of the biscuit will be
formed by the fat that holds the flour and sugar syrup together. Later, during baking and
the following days, structure formation will be due to and dependent on the extent of sugar
crystallization.63 Product examples are wire-cut biscuits, extruded biscuits and deposited
biscuits,64 like gingerbreads and shortbread.

Only minor starch gelatinization takes places in both types of biscuits.63 Most biscuits
are made with soft or weak flour. Strong flours tend to bind up the mixture and do not allow
the oven spread, which is desirable in most biscuit types.65 If the gluten is too strong, more
water is required during dough preparation and the biscuit will rise too much. After sheeting
and cutting, the dough pieces will contract and the biscuits will show shrinkage, resulting
in uneven bottom or surface.66 Irregular dimensions of biscuits are caused by the strong
elasticity of wheat gluten, particularly glutenins, which need to be hydrolyzed. However, this
should be carried out very carefully; too strong hydrolysis will liquefy the dough, making
sheeting and laminating impossible; conversely, if glutenins are only moderately degraded,
gluten elasticity will remain too high and the dough pieces can contract, yielding irregular
sizes of biscuits.67

Sodium metabisulphite (SMS) is currently used in the baking industry to soften biscuit
dough. In particular, SMS is used in the industry to reduce shrinking of dough pieces and
irregular sizing of baked products. SMS is known to react with gluten proteins prevent-
ing them from forming inter covalent S S bridges.68 The effect of sulphite in dough is
almost immediate and results in inextensible and inelastic dough. It has also been proposed
that sulphite might activate wheat proteases which enhance the breakdown of the gluten
structure.62
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Table 7.1 Comparison on the use of bacterial protease, L-cysteine and SMS in a Marie-type biscuit.

Biscuit characteristics

Processing aid Dose Length (cm) Density (g/cm3)

Reference 0 29.2 1.30
Bacterial protease 16 800 PC kg−1 29.5 1.21
L-cysteine 80 ppm 29.5 1.21
SMS 220 ppm 29.7 1.22

l-Cysteine hydrochloride can be used as an alternative to SMS and is permitted for use
in biscuit production. However, due to its relative high cost in use compared with SMS it is
not routinely used.69

The use of protease to modify gluten quality has been known for quite some time.
Standardized protease tablets from Aspergillus sp. are available and can be used in cracker
sponges in order to increase dough extensibility. This allows cracker manufacturers tight
control over dough consistency.67

Compared to sulphite, proteases work in a different way since they hydrolyze the inner
peptide linkages of gluten proteins, whereas SMS increases extensibility by breaking the
disulphide bonds. The texture of the biscuits obtained will also be more open and tender.

Compared to sulphite, enzymes are pH, temperature and time dependent; therefore dosage
should be higher in the case of cool doughs than with hot doughs. Additionally, pH increase
due to carbonate present in the biscuit dough may lower the enzymatic activities.

Different types of proteases can be used in order to hydrolyze the gluten network; however,
the most common practice is the use of a bacterial protease, for example originating from
Bacillus amyloliquefaciens.

The comparison of SMS, l-cysteine and bacterial protease in a Marie-type biscuit is
shown in Table 7.1. Marie-type biscuits have been prepared according to a typical recipe.
After 25 min kneading at 35◦C, the dough has been laminated, cut-off and baked for 5 min at
280◦C. Finished biscuits have been cooled down for 30 min at room temperature before final
dimensions have been measured. As can be seen in Table 7.1, the final biscuit dimensions
obtained from dough containing bacterial protease match the dimensions obtained from
dough prepared with 80 ppm l-cysteine, and closely similar to the dough prepared with
220 ppm SMS.

However, microbial proteases will not be easy to manage with their continuous action
over time, not allowing the manufacturers a degree of freedom with regard to the resting time
of dough.

In 1997, it was proposed by Souppe et al.70 that the use of an oxidation-sensitive protease,
such as papain, in combination with an oxidizing enzyme (such as glucose oxidase) producing
an oxidizing agent, can enable biscuit manufacturers to mimic the effect of sulphite in dough.

By using a protease that may be only active at the beginning of the dough preparation,
shrinking of the dough may be reduced and more regular sizes of baked products, such as
biscuits, can be obtained. The action of the protease can then be substantially decreased
when the concentration of the oxidizing agent has reached such a level that inactivation of
the protease will take place. This will be of particular benefit when left-over dough is fed
back into the system as rework.

From Fig. 7.5(b), it is clear that papain hydrolyzes the gluten to such a degree that the
resulting dough is not suitable for biscuit baking. The combination of papain and glucose



P1: SFK/UKS P2: SFK
c07 BLBK192-Whitehurst July 21, 2009 13:14 Printer Name: Yet to Come

Enzymes in non-bread wheat-based foods 153

oxidase (Fig. 7.5(c)) results in a quick decrease in dough consistency to a desired level. This
level remains more or less constant over time. The overall results show that glucose oxidase
was able to reduce the action of papain over time.

More even baking can also be achieved by improving the properties of the dough through
the addition of hemicellulose and cellulose-degrading enzymes. It has been proposed by
Haarasilta et al.71 that the enzymes make the dough softer, requiring less water, less energy
input, finally resulting in increased factory output.

α-Amylases only play a minor role in biscuit manufacturing. Due to the fact that
α-amylase is able to produce dextrins from damaged starch, they will play a role in the
enzymatic browning during baking, resulting in darker biscuits.

Crackers belong to the category of hard dough biscuits and can be either chemically
leavened or fermented. Soda crackers, or saltines, are a traditional type of fermented cracker
produced from laminated dough and involving a two-stage sponge and dough process.
During the lengthy fermentation time, the bacteria will produce acids allowing the pH of
the sponge to drop from about pH6 to pH4. This will activate flour protease present, which
will modify the gluten to become more extensible and thus easier to sheet. Further to this,
the fermentation will also contribute to the creation of a desirable taste and flavour. The
sponge will then be added to the remaining ingredients (the pH will raise to pH7–8 due to
the addition of sodium bicarbonate) and the dough will undergo a final fermentation step,
allowing yeast fermentation to continue. The final dough will be sheeted and laminated
into several layers and formed to individual crackers. The soda crackers are baked at high
temperature (230–315◦C) for approx. 2.5–6 min.

Snack crackers are also produced from laminated dough, but with added flavouring and
less fermentation time, in a so-called one-stage ‘direct’ process. Due to the short fermentation
time, 3–4 h in the S&D process versus 0.5–2 h in a direct process, l-cysteine and sodium
metabisulphite are often used as reducing agents in order to partially break down the gluten
and relax the dough.70

As described above, enzymatic alternatives for the use of metabisulphite have been ex-
amined and often include a protease. Bacterial proteases are frequently used; however,
these require good process control due to their continuous hydrolyzing action. Papain is
an interesting protease to use since it has a strong hydrolytic action on glutenins but can
be spontaneously stopped by natural oxidation of the dough. Possibly, addition of glucose
oxidase generates hydrogen peroxide from glucose present in the dough which inactivates
papain in an irreversible way. This allows the use of papain in the dough with quite a great
security and without fearing any adverse process effects.

As shown in Table 7.2, the use of protease alone approaches the performance of SMS,
whereas, as expected, glucose oxidase alone does not. Most likely, a combination of both
enzymes will result in similar effect as SMS. The glucose oxidase will stop the activity of
the protease, as has been shown in Fig. 7.5.

Table 7.2 Comparison on the use of papain, glucose oxidase and SMS in cracker dough.

Biscuit characteristics

Processing aid Dose Length (cm) Width (cm) Thickness (cm)

Papain 7680 NFU kg−1 4.9 6.6 0.67
Glucose oxidase 750 SRU kg−1 4.3 7.2 0.65
SMS 1200 ppm 4.9 6.8 0.63
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The use of hemicellulases in cracker dough can potentially be also very useful. The
partial breakdown of the water-extractable hemicellulose fraction will lower the water binding
capacity. Hence, more water will be available and softer dough will be achieved. Consequently
less water is needed to prepare the dough. Furthermore, a reduction in baking time will be
achieved, as well as an improvement in quality through more even baking resulting in reduced
checking.

This has also been confirmed by Nabisco,72 who are claiming that the use of a pentosanase
will reduce checking in crackers by reduction of the water content and will be particularly
useful in low fat and/or high-fibre formulations. Dough containing low level of fat or high
level of fibre do require higher amount of water to be added to the process in order to achieve
good machinability. This water also needs to be removed during baking, resulting in longer
baking times. The addition of hemicellulases will result in lower water binding capacity,
hence more water will be available for easier processing.

Also, the addition of (fungal) α-amylase will potentially prevent checking as well as
creating a leavening effect and improved flavour development. The amylase will act on the
damaged starch granules, thereby providing food for yeast to generate carbon dioxide, while
at the same time liberating water from the damaged starch. This will improve the distribution
of water throughout the dough, creating more uniformity, hence less problems with checking
after baking.72

7.6 APPLICATION OF ENZYMES IN WAFERS

Wafer biscuits are made from mainly wheat flour and water to which other minor ingredients
may be added. The manufacturing process consists of preparing a batter, typically 40–50%
flour and other ingredients such as fat/oil, emulsifiers, sugar, egg, salt, sodium bicarbonate
and/or yeast. The batter is usually deposited and cooked between a pair of plates for a short
amount of time at high temperature (e.g. around 2 min at 160◦C). The wafer sheets produced
will contain a low moisture level and will be further cooled down and processed according
to requirements of the end product.73 A low batter viscosity and an even dispersion of all
ingredients are essential for uniform wafers with a homogeneous structure.74 The formation
of gluten strands is undesirable as these will block sieves and depositor nozzles.75

Proteases, especially bacterial proteases, can be added to the wafer batter in order to
prevent gluten development and liquefy the gluten, resulting in a uniform mixture with
optimum flow properties. Liquefied protein also binds less water giving the opportunity to
add less water to the batter. Consequently, a lower water level in the batter will result in less
baking time. This effect is strengthened by the addition of endoxylanases able to break down
hemicellulose. The endoxylanase, preferably originating from Trichoderma sp., is able to
hydrolyze the backbone of the arabinoxylan resulting in a moderate release of water due to
the decrease in water binding capacity of the hemicellulose.

Wafer batter test results, shown in Fig. 7.6, clearly indicate that the addition of bacterial
protease originating from B. amyloliquefaciens in combination with endoxylanase originating
from Trichoderma longibrachiatum immediately lowers the batter viscosity. This indicates
that the water binding capacity has decreased and water has been released. This will allow
the manufacturer to reduce the water proportion by 5–10% (as a function of the flour grade),
which consequently will lead to a reduced energy requirement for evaporation and thus
to a saving of energy. Furthermore, the quality of the wafer also increases by changes in
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Fig. 7.6 Wafer batter viscosity with and without bacterial protease and endoxylanase

texture. Due to reduced water quantity, less water needs to be evaporated, resulting in a more
dense structure whereby the wafers will increase in crunchiness and become more firm. The
application of bacterial protease and xylanase has become widely accepted.76

In 2004, a patent by Nestec S.A. was published describing the use of a thermalstable
α-amylase to manipulate textural attributes of flour-based food products like wafers, without
resulting in an increased batter viscosity. Furthermore, the stickiness of the batter is not
changed and the batter remains easily processable.73

7.7 USE OF ENZYMES IN WHEAT FLOUR TORTILLA

Tortillas are unleavened, flat, round breads made from wheat or corn. They are an important
part of the diet in Mexico and Central America and a fast increasing part of the diet in North
America. In fact, currently in the USA there is already more wheat flour used for tortilla
manufacturing than for the production of white bread.

Flour tortillas are made of wheat flour, water, shortening, and salt, preservatives, leavening
agents, reducing agents and emulsifiers. The bread has a circular, flat shape and usually varies
in diameter from 100 to 700 mm and in thickness from 1 to 5 mm.77 Tortilla dough is gluten
structured and most of the tortillas contain chemical leavening agents. During mixing, small
air bubbles are formed and distributed evenly throughout the dough.

The texture of tortillas depends upon the retention of gasses by the gluten matrix.78 Good
quality flour tortillas are soft, opaque and flexible without cracking when folded.79

Tortilla staling can be significantly reduced by the addition of a low activity level of
bacterial amylases. Also the flexibility will significantly improve by the addition of bacterial
amylase. In the past, it was proposed that bacterial amylase will affect the structure of starch
through hydrolysis of the amylopectin, and the anti-staling effect could be possibly due to
the interference of the hydrolysis products with amylopectin retrogradation.77

Recent insights have shown that staling of tortillas involves the starch in the amorphous
phase and does not significantly interfere with the amylopectin crystallization. It is proposed
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that bacterial α-amylase partially hydrolyzes the amylose, starch bridging the crystalline
region and protruding amylopectin branches. Starch hydrolysis decreases the rigid structure
and plasticity of starch polymers during storage. The flexibility of tortillas results from the
combined functionalities of the amylose gel and amylopectin solidifying the starch granule
during storage.80

7.8 APPLICATION OF ENZYMES IN BREAKFAST CEREALS

Ready-to-eat breakfast cereals have become well established on breakfast tables almost all
over the world. They have been defined as ‘processed grain formulations suitable for human
consumption without further cooking in the home’.81

Hence, the most important raw material in any breakfast cereal is grain. Most commonly
used are corn, wheat, oats, rice and barley. Other ingredients often included in the manufac-
turing process are salt, sweeteners, flavouring agents, colouring agents, vitamins, minerals
and preservatives.

The manufacturing process of breakfast cereals involves several stages. Depending on the
type of breakfast cereal, the grain will be used in total, or may require further processing
which often includes a crushing step of the whole grain between large metal rollers in order
to remove the outer layer of bran. The whole grain or coarse grain fractions are mixed with
the rest of the raw ingredients including water, in order to be cooked to the required state.
The cooked mass will undergo a drying step to the point of achieving a soft but solid mass
which can be shaped easily, often after a tempering period which allows the grains to cool
and stabilize the moisture content of each individual grain.82

Due to advances in technology, extrusion is the most frequently used process for cooking
and for partial forming of cereal products.83 A major advantage of this technique is the ability
to achieve precise process requirements, resulting in much shorter overall processing time.

Wheat can serve as a substrate to several types of enzymes. Consequently, the use of
enzymes during the manufacturing process of ready-to-eat breakfast cereals has been known
for quite some time. Fritze et al.84 report a process to saccharify the starch contained in
the cereal to form dextrose by enzymatic degradation using a, preferably thermostable,
α-amylase. The final product is claimed to have a good flavour and the dextrose produced
is absorbed directly as sugar by the body. However, the process includes saccharification of
the major starch content making it difficult to provide the typical matrix-forming properties
required for a cereal dough.85 Producing fructose provides a greater level of sweetness for a
given amount of starch conversion; hence more starch or high molecular weight dextrins may
be retained for their matrix forming ability and improved machinability into cereal shapes.

In 1989, Maselli et al.86 reported the use of a glucoamylase in combination with glu-
cose isomerase and optional α-amylase in the method for making cereal products naturally
sweetened with fructose.

The glucoamylase is able to form dextrose by using the starch present in the endosperm.
Consequently, a portion of the dextrose can be converted to fructose by the use of glucose
isomerase. In combination with these enzymes, optionally, thermostable α-amylase can be
used to convert the starch to dextrins. Best results will be obtained by adding the α-amylase
prior to the addition of glucoamylase and glucose isomerase.

The amount of fructose produced by the enzymatic conversion of the starch is sufficient
to provide a sweet taste in combination with the other reducing sugars produced during the
enzymatic treatment.
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The use of an ‘R-enzyme’ has been reported by Antrim and Taylor87 in the production
process of shredded wheat. The R-enzyme, also known as starch debranching enzyme or
pullulanase, will accelerate starch retrogradation and allow for a shortening of the holding
step.88

7.9 MISCELLANEOUS

7.9.1 Asparaginase to reduce acrylamide content in
wheat-based baked products

Acrylamide is known to be neurotoxic and has been classified as a probable carcinogenic com-
pound for humans, group 2A, by the International Agency for Research on Cancer (IARC) in
1994.89 For this reason, the finding of high levels of acrylamide in carbohydrate-rich foods
processed at high temperatures as reported by the Swedish National Food Administration
in 200290 was taken as a serious concern worldwide. It became clear that a wide range of
cooked foods – prepared industrially, in catering, or at home – contain acrylamide at levels
in between a few parts per billion (ppb or µg/kg) and in excess of 3000 ppb. This includes
staple foods like bread, fried potatoes and coffee as well as specialty products like potato
crisps, biscuits, cookies, crisp bread and a range of other heat-processed products.91 The
main formation mechanism of acrylamide in foods is the reaction of reducing sugars with
free asparagine in the context of the Maillard reaction. In many cooking processes, the Mail-
lard cascade is the predominant chemical process determining colour, flavour and texture
of cooked food. This reaction is based on highly complex reactions between amino acids
and sugars, that is common nutrients present in all relevant foods. The cooking process per
se – baking, frying, microwaving – seems to be of limited influence. It is the thermal input
that is crucial: that is the temperature and heating time to which the product is subjected.
Acrylamide is formed at temperatures above 120◦C.

Consequently, any intervention to reduce acrylamide formation has to take into account
that it is very difficult to decouple acrylamide formation from the main Maillard reaction pro-
cesses. In baked products, the formation of acrylamide is closely related to the combination of
moisture content and baking temperature/time. If baking temperatures could be kept low and
moisture content high, less acrylamide would be formed during baking even though longer
baking times would be required. However, many products baked according to this procedure
suffer significant changes to overall product quality (colour, flavour, texture, etc.).92, 93

Reduction of pH in semi-sweet biscuits by addition of citric acid has shown to result
into 20–30% reduction of acrylamide94 but addition of acidifiers in most cases will have
an impact on the organoleptic properties of the final product.95 Model experiments have
also shown that in certain bakery products lower pH in combination with fermentation can
lead to an increase of another undesired process chemical, that is 3-monochloropropanediol
(3-MCPD).96

In a number of baked products ammonium bicarbonate is used as a baking salt. However,
ammonium bicarbonate (and other ammonium salts) has shown to be strongly supportive to
acrylamide formation. Replacement by sodium bicarbonate results in lowering the acrylamide
content; however, product quality changes dramatically in most cases.97, 98

In 2004, it was shown that the enzyme asparaginase is performing very well in reducing
the acrylamide content without any change in product quality.99, 100 Up to 95% reduction
could be obtained in certain types of baked products without any change in the production
process. Asparaginase catalyzes the conversion of asparagine into aspartic acid; aspartic acid
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is therefore not able to form acrylamide. This enzyme became commercially available in
2007101, 102 and was added to the CIAA Acrylamide ‘Toolbox’ 103 in the same year.

Further details of the use of asparginase for acrylamide reduction may be found in
Chapter 4.
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95. Stadler, R.H. (2006) The formation of acrylamide in cereal products and coffee. In: Acrylamide and

Other Hazardous Compounds in Heat-Treated Foods (eds K. Skog and J. Alexander). Woodhead
Publishing, Cambridge, pp. 23–40.

96. RHM Technologies (2005) RHM Technologies presentation at the UK FSA Process Contaminants
meeting. 19 April, London.

97. Graf, M., Amrein, T.M., Graf, S., Szalay, R., Escher, F. and Amadò, R. (2006) Reducing the acrylamide
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8 Brewing with enzymes
Eoin Lalor and Declan Goode

8.1 INTRODUCTION

The principal raw materials that are needed to brew beer are water, malted barley, adjuncts
(barley, maize, rice, wheat and sorghum), hops and yeast. The brewing process involves
extracting and breaking down the carbohydrate and protein from malted barley and adjunct
sources. This results in a carbohydrate/protein-rich solution that can be used as a source of
nutrients for yeast fermentation.

The major biological changes that occur in this process are catalyzed by naturally produced
enzymes from the barley and yeast, respectively. Barley that has been malted has all the
necessary enzymes needed to degrade starch, β-glucans, pentosans, lipids and proteins,
which are the major components of interest to the brewer.

When poor quality malt or high levels of adjunct material are used in the process, then
the addition of commercial enzymes is necessary. Commercial enzymes give the brewer
the freedom to use cheaper, poorer quality raw materials, to enhance process yields and to
enhance the quality characteristics of the final beer.

The aim of this chapter is to provide the reader with a step-by-step overview of the main
enzyme-dictated steps involved in the beer production process (Table 8.1) from the malting
of barley grain through to the final stabilization of the beer in the package. The reader is
referred to broader brewing texts1–3 for further explanations of the science and technology
behind each step.

8.2 MALTING: THE TRANSFORMATION OF RAW BARLEY
TO AN ENZYME-RICH PACKAGE

Raw barley cannot be used for brewing in its native form without (1) malting (the controlled
germination of the grain, to stimulate endogenous enzyme production) or (2) the intervention
of added exogenous enzymes. This section will focus primarily on the malting processes.

The malting process mimics the natural germination of barleycorns which would otherwise
happen in the field but with two significant differences (1) growing conditions are manipulated
to encourage enzyme production by the aleurone, while minimizing yield losses due to
respiration and growth of the embryo and (2) the germinated corn is gently kilned to preserve
enzymatic activities where possible.

The purpose of malting is to activate the endogenous phytohormones and enzymes of the
barley to make it more amenable to starch/carbohydrate extraction, which is further facilitated
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Table 8.1 Summary of main brewing process steps simplified.

Process area Main step Process description Key objectives/results

Malting Steeping Grain is soaked in water. Water is
absorbed by the grain. Hydration
of grain embryo and stimulation of
grain for start of germination

� Activities of embryo are
awakened
� Enzymes will be distributed
evenly throughout the kernel

Malting Germination Grain is placed in shallow vessels.
Water is removed. Temperature is
maintained at 14–16◦C and a
relative humidity (RH) of 100%.
Aleurone layer is stimulated to
produce enzymes. Enzymes act to
degrade cell wall structures and
ensure modification

� Enzymes are stimulated from
the aleurone layer
� Hydrolysis of proteins,
carbohydrates, hemicellulose and
lipids in barley grain
� Degree of modification is
controlled

Malting Kilning The temperature of the malt is
raised from 15 to 85◦C
(lager/pale malt) in a controlled
manner (temperature, airflow, RH,
time)

� Germination process is halted
at desired malt quality
� Green malt is converted to
stable, storable product
� Colour and flavour are
developed
� Enzymes are stabilized and
preserved
� Unwanted flavours are
removed

Malt
preparation

Milling Grain is broken into small
fragments

� Small particles mean full
accessibility for the malt enzymes
to act on the grain components

When a lauter tun is used, overall
aim is to break starchy endosperm
to as fine particles as possible,
whilst retaining husk layer as a
filtration aid for lautering (roller
milling). When a mash filter is
used, the aim is to grind the whole
grain kernels to as fine particles as
possible (hammer milling)

� Size of particles will have
influence on mashing time, extract
yields, brewhouse yields, mash
filtration time, beer filterability,
etc.

Brewhouse
processing

Mashing Milled grain is mixed with water at
various temperatures, for specific
rest times under gentle agitation.
Temperatures are optimized for the
malt enzymes. A typical example
would be: 50◦C for proteolysis,
62◦C for gelatinization/
liquefaction, 72◦C for
saccharification and 78◦C for
mashing-off and malt enzyme
inactivation

� Solubilization and dissolution
of grain components
� Break down of grain cell wall
structure
� Extraction and hydrolysis of
starch, sugars, proteins and
non-starch polysaccharides
� Fermentable sugar profile is
established
� Nitrogenous components are
established for yeast fermentation

Brewhouse
processing

Lautering Mash is transferred to either a
lauter tun or a mash filter. Wort
(aqueous solution) is separated
from the spent grains (78◦C).
Grain bed is sparged with hot
water to extract as much extract as
possible

� Degree of clarity of wort is
established
� Extract level of wort is
established
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Table 8.1 (Continued)

Process area Main step Process description Key objectives/results

Brewhouse
processing

Boiling Wort is boiled at 100◦C, hops are
added during the boil

� Evaporation of water
� Coagulation of proteins
� Isomerization of hop bitter
components
� Inactivation of enzymes
� Wort sterilization
� Evaporation of undesirable
volatiles
� Formation of flavour
compounds and colour
development

Brewhouse
processing

Whirlpool/
cooling/yeast
addition

Boiled wort is whirl pooled.
Insoluble material is separated
from the wort solution. Wort
solution is cooled to yeast pitching
temperature (<20◦C)

� Coagulated proteins and
insoluble hop material are
removed
� Temperature is reduced to
allow for yeast addition
� Yeast is added to sterile cooled
wort

Fermentation Primary/
secondary

Wort components of sugars and
proteins are utilized by yeast to
form alcohol, CO2 and flavour
components. Fermentation
temperatures for lager type beers
are 8–15◦C, for ale fermentations
14–20◦C. After primary
fermentation, beer is
gradually/slowly cooled to -2◦C.
Yeast falls out of suspension and
can be more easily removed. Cold
temperatures encourage
precipitation of proteins and beer
clarification

� Alcohol level is established
� Flavour profile of beer is
established
� Carbonation level is
established
� At the end of fermentation,
yeast flocculates and can be
easily separated
� Cold maturation temperatures
will influence beer clarity

Filtration Beer filtration Coarse filtration using
diatomaceous earth (kieselguhr)
filter, fine filtration 10, 1.5 and
0.2 µm

� Product is stabilized, clarified

Finishing Pasteurization Flash pasteurization (72◦C *[c2]
30 s, carried out before
packaging, common for large
pack such as beer kegs) or tunnel
pasteurization (62◦C * 30 min,
carried out after packaging,
common for small packs such as
bottles)

� Product is stabilized from a
microbiological perspective

Packaging Kegging/
bottling/
canning

Beer is filled into final beer
packages such as kegs, bottles,
cans

� Product is ready for market
distribution
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by milling. This is given the general term modification. For successful modification, a number
of conditions must be satisfied during the conversion of barley into malt:

� Endosperm cell walls must be degraded sufficiently for the malt to be easily milled and
for starch grains to become available for enzymatic attack. β-Glucans must be degraded
sufficiently to prevent a viscous wort that would otherwise slow down wort run-off.

� Sufficient amylolytic enzymes must be produced so that the endosperm starch can be
attacked during mashing.

� Sufficient storage proteins must be enzymatically degraded to amino acids to support
yeast growth during fermentation.

� Grainy/vegetable-like flavours associated with raw grain must be dissipated and replaced
by malt flavours.

� Barleycorns must retain their individual integrity and be dried sufficiently to become
chemically and biologically stable, while retaining enzymatic activities.

The full malting process will not be the subject of this chapter. The reader is thus referred
to more comprehensive texts1–4 covering the technologies, equipment and science in more
detail. This section will primarily focus on the enzyme-mediated processes, which occur
during the main process steps of malting. Malting can be broken down into three main parts:
(1) steeping, (2) germination and (3) kilning.

8.2.1 Steeping

During the steeping process, barley is submerged in water at approximately 12–15◦C. This
increases the moisture content of the grain from 10% to ∼45%. To ensure that an anaerobic
state does not become established, either the water is removed allowing air-rests to take place
or alternatively it is purged with air during steeping. This is vital to maintain the metabolic
processes within the embryo. A typical steeping programme may last 40–68 h depending
on the number and duration of air-rests. During steeping, water is absorbed through the
micropyle of the grain. The main purpose of steeping is to hydrate the embryo and awaken
its activities. It also serves to distribute the enzymes uniformly throughout the grain kernel
and thus ensure a more even distribution of modification.

8.2.2 Germination

Following sufficient hydration, the grain is now ready for germination. Grain is removed
from the steep water and placed in shallow vessels. Temperatures are kept constant at
14–16◦C and the relative humidity (RH) is maintained at 100% to prevent moisture loss
from the grain. The germinating barley is turned regularly to prevent matting of growing
rootlets that develop as the grain germinates. This also serves to control the germinating
bed temperature and facilitate CO2 removal, which would otherwise inhibit the metabolic
processes of the grain. The hydrated embryo respires using internal lipid and sugar reserves,
and produces gibberellins. Respiration in the aleurone cells increases as they use internal
reserves to synthesize enzymes (Table 8.2). The scutellum can also produce enzymes but
needs externally supplied nutrients. It is these enzymes which, as they diffuse from the
aleurone cells into the hydrated parts of the endosperm, bring about the series of changes
termed modification. The most important part of the modification process is enzymatically
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Table 8.2 Main enzyme types involved in the barley malting process.a

Enzyme Substrate Activity Source Significance

Carboxypeptidase
(commonly referred
to as β-glucan
solubilase)

Endosperm cell
walls

Removes the outer
layer of protein in
the endosperm cell
wall

Detectable in raw
barley

Makes β-glucan
more accessible to
glucanase enzymes

Also produced by
the aleurone

Xyloacetylesterase Endosperm cell
walls

Releases acetate
from arabinoxylan

Detectable in raw
barley

Plays a role in
releasing β-glucan
and making it more
accessible to
glucanase enzymes

Also produced by
the aleurone

Feruloyl esterase Endosperm cell
walls

Releases ferulate
from arabinoxylan

Detectable in raw
barley

Has a limited effect
on making β-glucan
more accessible to
glucanase enzymes

Also produced by
the aleurone

Xylanse Endosperm cell
walls

Responsible for
hydrolyzing the [c3]

Detectable in raw
barley

Hydrolyzes
pentosans
surrounding the
glucan layer in the
barley cell walls,
releasing the glucan
and making it more
accessible to
enzymic attack

Also produced by
the aleurone

α-L-
arabinofuranosidase

Endosperm cell
walls

α-L-
arabinofuranosidase

Detectable in raw
barley

Hydrolyzes
pentosans
surrounding the
glucan layer in the
barley cell walls,
making the glucan
layer more
accessible to
enzymic attack

Also produced by
the aleurone

Endo-β, 1-3
glucanase

Solubilized
β-glucan

β 1-3 linkages Aleurone Reduces wort
viscosity. Improves
mash filtration and
final beer filtration

Endo-β, 1-4
glucanase

Solubilized
β-glucan

β 1-4 linkages Aleurone Reduces wort
viscosity. Improves
mash filtration and
final beer filtration

(Continued)
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Table 8.2 (Continued)

Enzyme Substrate Activity Source Significance

Endo-β-glucanase Solubilized
β-glucan

Mixed linkages Aleurone Reduces wort
viscosity. Improves
mash filtration and
final beer filtration

Endopeptidase Insoluble
hordein

Cleaves protein
chains

Aleurone Breaks protein
matrix around
starch grains.
Improves mash
extraction. Improves
foam stability

Exopeptidase Soluble
oligopeptides
derived from
hordein

Remove amino acids
from ends of peptide
molecules

Detectable in raw
barley

Carboxypeptidase
amino acids for
barley embryo and
eventually yeast
growth

Present prior to
germination

β-Amylase Starch grains α-1,4 linkages (two
glucose units at a
time from the end of
the chain)

Detectable in raw
barley

Rapid starch
solubilization

Present prior to
germination

Improves
fermentability

α-Amylase Starch grains Starch internal α-1,4
linkages

Aleurone Fermentability

α-Glucosidase Starch α-1,4 linkages Detectable in raw
barley

Fermentability

α-1,6 linkages Some present prior
to germination, but
most from aleurone

Limit dextrinase Starch Cleaves amylopectin
α-1,6 linkages

Detectable in raw
barley

Fermentability

Some present prior
to germination, but
most from aleurone

a Many other endogenous enzyme reactions occur during malting which involve acid and alkaline phosphatases,
peroxidases, catalases, polyphenolicoxidases, lipoxygenase, phospholiases, phytase and others.

induced cell wall breakdown. Cell wall breakdown will be discussed in more detail later in
the chapter.

During germination, endogenous enzymes (Table 8.3), some directly influenced by phy-
tohormones such as gibberellic acid (GA3), hydrolyze proteins, β-glucans, arabinoxylan
and hemicellulose in the barley cell wall. The main effect of gibberellic acid is to stimulate
enzyme development within the aleurone of the germinating barley. Gibberellins are one
of the five main groups of hormones that coordinate plant growth. As well as affecting the
growth of mature plants, gibberellins are vital for germination of seeds. One of the first
responses of the embryo, once it is hydrated sufficiently, is the production and secretion of
gibberellins. These diffuse to the aleurone cells, via the scutellum, which are stimulated to
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Table 8.3 Enzymes whose production
is influenced by gibberellic acid.

Aleurone enzyme
α-Amylase
Endo-β, 1,3:1,4 glucanase
Endoprotease
Pentosanase
Limit dextrinase
Cellobiase (β-glucosidase)
Laminaribiase

produce the enzymes associated with germination. The action of gibberellic acid in barley
is to increase the production of the messenger RNA, which is responsible for the formation
of specific enzymes, from the DNA of the aleurone cell nuclei. It does this by switching on
specific genes that had previously been suppressed by other substances.

8.2.2.1 Cell wall breakdown during germination

The cell walls in the starchy endosperm of the barley kernel comprise 75% β-1,3 β-1,4 glucan,
20% arabinoxylan and 5% protein, plus traces of other constituents such as acetic and ferulic
acids. The cell wall polysaccharides are detrimental to brewing performances if they are
not sufficiently hydrolyzed during malting and later again during mashing. A simple model
(Fig. 8.1) has been proposed5 to explain both the structure of the barley cell wall and the range

Barley cell wall composition:

- 75% β-(1-3)(1-4)-glucan

- 20% arabinoxylan

- 5% protein

Trichoderma viride mode of attack:

1. Endoxylanase

Outer

Inner

2. Carboxypeptidase 

3. Endo-b 1,4 glucanase, arabinofuranosidase,
xyloacetylesterase, feruloyl esterase

4. Endo-barley-β-glucanase

Xylan

Glucan

Arabinose

Acetic

Ferulic

Fig. 8.1 Model of barley cell wall structure, barley cell wall composition and Trichoderma viride mode
of attack (adapted from Ref. [5]).



P1: SFK/UKS P2: SFK
c08 BLBK192-Whitehurst July 21, 2009 13:44 Printer Name: Yet to Come

170 Enzymes in Food Technology

1,4 1,41,4

1,3

1,3
1,4 1,4

1,3

1,4 1,4 1,4

Endo-1,3:1,4-glucanase

β-Glucosidase

Endo-1,3-glucanase

Cellobiohydrolase

Endo1,4-glucanase

Fig. 8.2 Enzymatic hydrolysis of β-glucan.

of complex enzymes and processes involved in its breakdown. In several studies,5, 6 it was
shown how Trichoderma viride (which commonly occurs in nature) acts to naturally decom-
pose organic material. When T. viride was grown on denatured crude barley cell walls as sole
source of carbon and energy, it produced a range of enzymes. The first enzyme to be switched
on in substantial quantities was endoxylanase. This highlights the prior need to remove pen-
tosan before glucan. A carboxypeptidase was also measured early on in the study. This will act
to break protein structures in the barley cell wall and thereby help to release β-glucan. Endo-β
1,4-glucanase, arabinofuranosidase and general esterase enzymes (xyloacetylesterase, feru-
loyl esterase) were next in sequence to be detected. The arabinofuranosidase releases arabi-
nose from the xylan backbone, while it has been proposed that xyloacetylesterase and feruloyl
esterase release acetate and ferulate respectively from arabinoxylan. These enzymes therefore
increase the accessibility of the β-glucan to enzyme attack. Of particular significance is their
elaboration before the development of endo-barley-β-glucanase. The endo-β-glucanases act
to break down the β 1-3 and β 1-4 linkages in the barley β-glucan (Fig. 8.2). This enhances
the solubility of β-glucan and reduces potential downstream brewing difficulties that are
associated with under-modified or poorly malted grains.

Using whole barley kernels, it has been shown7 that during malting, the order of synthesis
of enzyme development also supports the model proposed by the T. viride study;5 namely
the early synthesis of xylanase and carboxypeptidase, followed next by β-glucanase and
arabinofuranosidase and lastly by α-amylase. This also supports the model of an arabinoxylan
sheath, covering a β-glucan core in the cell walls, which must first be hydrolyzed in order to
give glucanases better access to the cell wall core.

To further explain the proposed model5 in Fig. 8.1: a layer of pentosan is located in the
outer regions of the wall, rendering it accessible to xylanolytic enzymes and ensuring that
the solubilization of β-glucan is restricted. The covering of β-glucan by pentosan, however,
is not complete. This allows glucanases to access their substrate, with the low molecular
weight digestion products readily leaking back through the pentosan cover. It allows for
calcoflour to stain β-glucan and for a certain amount of soluble β-glucan to be accessible
to solvating water in the absence of enzyme activity. Enzymes that remove the arabinosyl-,
acetyl- and feruloyl-plugs increase this accessibility still further. A further more substantial
layer of pentosan is hidden within the wall. This model gives a very good indication of the
complexity of the barley cell wall structure. It also serves to give a visual understanding of the
difficulties encountered when mashing with unmalted adjunct material and under-modified
malt. It provides a simple explanation of why commercial enzyme complexes that contain
arrays of glucanases, xylanases and cellulases are better to reduce brewhouse-processing
difficulties than, for example, a purified β-glucanase.
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8.2.2.2 Protein breakdown during germination

Protein hydrolysis during germination has two main consequences: (1) the removal of the
protein matrix surrounding the starch granules and (2) the provision of nitrogenous nutrients
for the embryo to grow. The mobilization of these reserves can be separated into three different
phases: (1) proteins in the scutellum and aleurone are broken down to small peptides and
amino acids which are mainly used to synthesize the hydrolytic enzymes secreted into the
endosperm. (2) Proteins in the endosperm are hydrolyzed, initially by acid proteases secreted
by the scutellum. Later, during germination, gibberellin-induced sulfhydryl endoproteinases
and carboxypeptidases are secreted by the aleurone. The degradation of endosperm proteins
does not proceed to completion but results in a mixture of amino acids and small peptides.
(3) Small peptides and amino acids are absorbed by the scutellum where the peptides are
hydrolyzed to amino acids. Approximately 70% of the amino nitrogen found in wort is
produced during germination. This amino nitrogen commonly referred to as free amino
nitrogen (FAN), is necessary for optimal yeast performance in the downstream process of
fermentation.

8.2.2.3 Lipid breakdown during germination

Lipid breakdown is important in providing the initial source of energy for synthesis by
the embryo of the acrospire and rootlets. Stored triglycerides are degraded to diglycerides
and monoglycerides, fatty acids and glycerol. Lipoxygenase enzymes are already present in
barley. However, their levels also increase during germination. They are implicated in beer
flavour staling and can exert a detrimental effect during milling and mashing in the presence
of oxygen.

8.2.2.4 Starch breakdown during germination

Starch is only attacked to a minor degree during germination despite the presence of several
starch-degrading enzymes in the kernel. This is because these enzymes are deprived of any
significant period of activity during germination by the following factors:

1. The initial protection of starch by the glucan/protein matrix within endosperm cells.
2. The sequential mode of production of enzymes.
3. The enzymes have pH and temperature optima different to the conditions within the

grain.
4. The termination of enzyme development by kilning.

The limited action that these enzymes have during germination is on the small starch
granules. Barley starch granules are of two different granular sizes. The large and smaller
granules are referred to as A- and B-type granules, respectively. In general, B-type granules
are those with less than 6 µm in diameter (more often 2–4 µm in diameter); these constitute
80–90% of the total number of starch granules but generally only 10–15% of the total starch
weight. Large granules (A-type) range in size from 10 to 30 µm but generally lie in the 15–20
µm range; they constitute a small proportion (10–20%) of the total number of starch granules
but a high proportion (85–90%) of the total weight of starch. During malting, the small starch
granules are broken down. The breakdown is slow because the starch is not gelatinized and
it seems that amylopectin is degraded to a greater extent than amylose. It is thought that the
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presence of α-glucosidase assists the action of α and β amylases on the starch granules.
At the end of germination, when viewed under an electron microscope, many of the small
starch granules will have disappeared and pitting (small holes) will be apparent on the large
starch granules. The small amount of soluble sugars produced can be measured as cold-water
extract. This provides a measure of modification.

8.2.2.5 Exogenous gibberellic acid applied during germination

The action of externally applied gibberellic acid (abbreviated as GA or GA3) early in
germination has the effect of reducing dormancy and of accelerating and accentuating the
effects of naturally produced gibberellins. The gibberellic acid must be applied early during
germination to yield maximum benefits. It is usually sprayed evenly on the malt during
casting or transfer of the steeped malt to germination vessels. Gibberellic acid does not
stimulate the production of all enzymes equally. Production of starch and protein-degrading
enzymes is increased more than endo-β-glucanase enzymes. Care must be taken when
applying gibberellic acid, since excessive addition can accelerate nitrogenous modification
but can leave cell walls incompletely degraded with the consequent possibility of poor wort
run-off.

8.2.3 Kilning

The purpose of kilning is to dry the green malt (40–45% moisture), thereby reducing the
moisture content in a controlled manner to ∼5%. It also serves to terminate the development
of the embryo. This ensures that valuable brewers extract is not expended. Depending on
the beer to be brewed, the colour and enzyme activity can be controlled by the kilning
temperature. In general, malts with darker colour have lower endogenous enzyme activity as
they are produced by kilning at higher temperatures.

In summary the purpose of kilning is to:

� halt the germination process at the optimum malt quality;
� convert green malt into a stable, storable product (low in moisture) that is amenable to

milling;
� develop colour and flavour;
� stabilize and preserve enzymes (Table 8.4);
� remove unwanted flavours.

Table 8.4 Stability ranking of main enzyme families during kilning.

Enzyme Stability

α-Glucosidase Least stable
β-Glucanase Destroyed during any kilning
Limit dextrinase Little activity in well-kilned malts
Endopeptidase Activity retained in lager malt
β-Amylase Some activity lost during kilning
β-Glucan solubilase Survives kilning
α-Amylase Most stable during kilning
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The objectives of kilning are achieved through the application of heat, airflow and RH.
In essence, it can be described as a balance of drying and cooking, which will vary with the
type of malt being produced. The temperatures during kilning are raised from 15◦C to 85◦C
(pale/lager malt) in a controlled manner (controlled temperature, RH, airflow and time).
Modern practice for all but coloured and speciality malts is to dry the green malt rapidly at a
low temperature using a high airflow in order to preserve the enzyme activity. Malt enzymes
are preserved by properly controlled drying, although activity is reduced during the higher
temperatures of curing. The higher the temperature and the longer the period of curing, the
greater the destruction of enzymatic activity. High enzymatic malts used for distilling are
not usually heated above 55–60◦C. This is done to preserve as much enzyme activity as
possible.

8.2.4 Commercial enzymes applied during
the malting processes

Exogenous enzymes can also be applied during the malting process. There are two main
possibilities: (1) the inoculation of microbial cultures onto the grain during malting and (2)
the direct application of commercial enzymes onto the grain. In both cases, there are a number
of possibilities for point of application. The products can be (a) added to steeping water,
(b) sprayed on during germination or (c) applied post kilning to the grain. Most commonly
applied exogenous enzymes belong to the glucanase, cellulase and xylanase families. The
benefit for the maltster is twofold. First, the enzymes can act during the process to accelerate
modification and second, enzymes applied post kilning will increase enzyme activity for
subsequent easier processing performance during the brewery extraction processes.

8.3 BREWHOUSE PROCESSING

8.3.1 Milling

On receipt of malt or adjunct into the brewery, the first step in its processing is milling.
Milling is the process where grain is broken down into small fragments. This provides a
greater surface-to-volume ratio, therefore ensuring good hydration during mashing and good
access of the malt enzymes to their substrates. The quality and size distribution of the milled
grain fragments affect:

� the mashing process and the saccharification time;
� the brewhouse yield;
� fermentation;
� beer filterability, beer colour, taste and the overall character.

The overall aim of milling is to break the starchy endosperm into fine particles while retaining
the outer coat husk layer of the barleycorn with little or no starchy endosperm adhering. This
husk fragment is used as a filtration aid during the mash separation process of lautering.
In cases where mash filters are used, the whole grain is hammer milled to produce a fine
powder that can be easily extracted. More detailed descriptions of milling technologies and
equipment are covered sufficiently in broader brewing textbooks.1–3
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Table 8.5 Endogenous malt-derived enzymes, pH and temperature-stable properties.

Enzyme pH Optima Temperature optima (◦C)

α-Amylase 5.2 67
β-Amylase 5.5 62
Proteases 5.5 52
β-Glucanases 6.0 56
Endo β-1,4-glucanase 4.5–4.8 37–45
Endo barley β-glucanase 4.7–5.0 40
Endopeptidase 3.9–5.5 45–50
Carboxypeptidase .9–5.5 45–50
Amino peptidase 4.8–5.2 50

8.3.2 Mashing

The aim of mashing, which follows the milling process, is to yield as much extract and as
good an extract as possible from the grain. Most of the extract is produced by the action
of enzymes, which are allowed to act at the optimal temperature specifics required. The
brewer will optimize liquor to grist ratios, mashing in temperature, water chemistry (pH
and salt contents) and mashing time and temperature stands to take advantage of the optimal
temperature specifics of both endogenous malt enzymes and exogenous commercial enzymes,
when added.

The four main enzymatic reactions occurring during mashing are (1) the hydrolysis of
proteins into peptides and free amino acids, (2) the degradation of β-glucan chains, (3) the
hydrolysis of pentosans (into arabinose and xylose) and (4) the breakdown of gelatinized
starch into fermentable carbohydrates (glucose, fructose, sucrose, maltose and maltotriose).
These conversions happen due to the action of proteolytic, glucanolytic, pentosanolytic and
amylolytic enzyme classes, respectively. To cover the optimal activity temperature range of
each enzyme group (Table 8.5), mashing is usually operated by successive rests at increasing
temperatures. A simple representation of this is; a first rest at 50◦C for hydrolysis of protein,
β-glucans and pentosans, a second rest at 63◦C for the action of β-amylase, a rest at 70◦C for
optimal activity of α-amylase, followed by heating at 78◦C to promote enzyme inactivation.

8.3.2.1 Protein degradation

Protein is a major component of all beers. It can typically represent 5 g L−1 in a final product.
In malted barley, protein can typically represent 9–11% of dry weight. Protein plays a key role
in foam formation and foam stabilization of a beer, has a positive influence on the mouthfeel
of a beer and is necessary for adequate yeast nutrition. Amino acids and di–tri peptides
play a key role in the metabolism of yeast, thus having an indirect influence on the flavours
developed during fermentation. Protein also plays a role in both the colloidal stabilization
and de-stabilization of beer. Protein will interact with grain-derived polyphenols, which leads
to haze formation in the final beer. Protein in the form of isinglass finings (positively charged
marine-derived collagen), when applied to the green beer, will interact with negatively
charged yeast cells and promote faster yeast settling/sedimentation and a more compact
yeast precipitant.

The function of proteolytic enzymes during mashing is to hydrolyze the large chain protein
molecules, to make starch molecules more accessible to enzymatic attack and to produce
sufficient levels of amino acids and di–tri peptides for an optimal fermentation. Likewise,
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proteolysis will reduce haze problems that could be caused by proteins and can also influence
the foam stability of beer. While about 95% of starch from malt is solubilized by the end
of mashing, only about 30–40% of the malt protein is solubilized. The principle groups of
enzymes involved in the breakdown of malt proteins are endoproteases and exopeptidases.
Endoproteases randomly break the large protein molecules into relatively large polypeptide
chains. The exopeptidases attack the polypeptides from a particular end stripping off small
units to produce amino acids. The endopeptidases have a relatively low optimum temperature
(Table 8.5) and hence with high temperature mashing most of the protein breakdown will
have taken place during the malting process. Exopeptidases are able to withstand higher
temperatures (Table 8.5) and release the amino acids from the polypeptide chains. There
are two principle groups of endopeptidase enzymes (1) carboxypeptidases which attack the
proteins from the carboxyl end and (2) aminopeptidases which attack the proteins from the
amino end. Carboxypeptidase is detectable in raw barley but is not present in significant
quantities. It is rapidly produced during steeping and is active at normal mash pH. Amino
peptidase is much less active at mash pH and does not play a significant role in protein
breakdown during mashing.

Most proteolysis will already have occurred during malting. It is impossible to completely
compensate for a nitrogen deficiency in malt by introducing a prolonged mash stand at 50◦C
without adding exogenous enzymes. By mashing in at lower temperatures (∼45◦C), the
brewer will get the benefit of endogenous malt protease activity. This allows for the release
of amino acids from proteins, thereby increasing the wort amino acid level to the desired
target level (typically 150 mg L−1 for a 12 ◦P wort). Amino acids and peptides, as well
acting as yeast nutrients, will also impact on the colour and flavour characteristics of the
final product by undergoing complex Maillard and Strecker degradation reactions. Excess
proteolysis can have a negative impact on foam stability of the final beer, by reducing the level
of foam positive proteins. Too little proteolysis will have a negative impact on the colloidal
stability of the beer and the fermentation characteristics. The amino acid and peptide profile
of the final wort before fermentation has a major consequence on the flavours produced by
the yeast during fermentation.

When large amounts of unmalted cereals/adjuncts are used in the process, it is normal to
add exogenous proteases to supplement the limited amount present in the process. Typical
examples of industrial processes where significant amounts of exogenous proteases are used
to increase wort FAN levels are (high level) barley brewing and sorghum brewing (Table
8.6). However, care should be taken when using proteases, as this can affect excessive colour
formation (through Maillard reactions), and may affect the foam potential of the final beer.

Table 8.6 Effect of protease addition to a 100% raw sorghum brew. All
enzyme products mentioned are Kerry Bio-Science Products

Enzymesa used in process Wort FAN (mg/L standardized at 12◦P)

Hitempase 38.5
Bioferm FA Conc
Hitempase 96.4
Bioferm FA Conc
Bioprotease P1

a All enzyme products mentioned are Kerry Bio-Science products.
Hitempase: high temperature-stable bacterial amylase for stach liquefaction; Bioferm FA conc:
fungal amylase for starch saccharification; Bioprotease P1: neutral protease.
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8.3.2.2 β -Glucan and other non-starch polysaccharide degradation

Besides starch-based oligosaccharides, there are a number of non-starch barley polysaccha-
rides. As already mentioned, the most significant non-starch polysaccharide in barley and
malt is the β-glucan molecule (Fig. 8.2). Generally, it is accepted that the β-glucan content
of barley is 5% by dry weight, while β-glucans and gums constitute 1–3% of the malt weight
and occur at concentrations of 200–800 mg L−1 in wort. β-Glucans make up more than
70% of the barley cell wall, while arabinoxylan represents 20%. The β-glucan molecule
has a distinctive linear structure with roughly 70% β-1,4 linkages and 30% β-1,3 linkages.
In its native un-hydrolyzed form, β-glucan has a molecular weight of >106 Dalton. Most
β-glucan is water soluble, but a proportion is bound covalently to cell wall proteins. If there
is sufficient degradation of the cell walls, then enzymic access to the protein and the starch
will be restricted and the extract from the malt reduced. Likewise, intact β-glucans and high
molecular weight β-glucan fragments will increase wort viscosity, will cause mash filtration
problems, increase beer filtration times and may result in an undesirable glucan haze in the
beer. If arabinoxylan is not attacked sufficiently during malting or mashing, then access to
the β-glucan molecules is impeded, and extraction and filtration difficulties can occur. Arabi-
noxylan consists of a xylan backbone with arabinose side chains. Also present in ester form
are ferulic acid and acetic acid. In terms of enzyme hydrolysis, acetyl esterase and feruloyl
esterase will cleave acetyl and feruloyl groups from the pentosan; an arabinofuranosidase
can split side chains from the xylan backbone and a xylanase will digest the xylan back-
bone. Although much of the necessary enzymatic hydrolysis occurs during malting, there is
inevitably some survival of cell wall material. This will be exacerbated if poorly modified
malt or unmalted adjuncts such as barley and wheat are used.

8.3.2.3 Commercial enzymes for cell wall breakdown

Fungal glucanases (Table 8.7) are seen to be the most stable in the most relevant pH range
and consequently are the most widely used in the brewing industry. However, it must be
pointed out that even low levels of β-glucan do not guarantee trouble free brewing. It is the
size (apparent molecular weight in solution) of the β-glucan polymers that plays a major
role in wort lautering, beer haze and filtration problems. When faced with such β-glucan-
related problems, it is possible to add commercially produced glucanase, hemicellulase
and xylanase enzymes, which will aid in the breakdown of these persistent gums and im-
prove brewhouse operations and beer processing further downstream. The example shown in

Table 8.7 Glucanase characteristics.

Source
Barley
malt

Bacillus
subtilis

Aspergillus
oryzae

Aspergillus
niger

Trichoderma
spp

pH optimum 4.5–5.3 4.5–7.0 4.0–6.0 3.0–6.0 4.5–7.0
Temp optimum range ◦C 40–45 45–55 45–55 45–65 45–70
Degrades
Barley β-glucan + + + + +
Laminarin + − + + +
CMC + − + + +
Lichenin + + + + +

Source: Kerry Bio-Science.
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Table 8.8 Effect of glucanase enzyme on brewhouse and beer filtration plant operation. Kerry
Bio-Science.

Brewhouse Malt (tonnes) Wort (hl)
Lautering time
(h) ◦Plato

Control 10 750 2.45 15
Trial 10 764 2.15 15
Filtration plant Filter type Filtered beer (hl) one

pre-coat
Filter run (h) Kieselguhr

consumption
g/hl

Control Candle 5 080 2.45 165
Trial Candle 11 400 2.15 79

Trial: Glucanase enzyme (Source: Kerry Bio-Science).

Table 8.8 clearly demonstrates the beneficial effects of the addition of an exogenous glu-
canase in the brewhouse when poor quality malt was used. As well as delivering extract
yields in the brewhouse in a reduced time, there were significant benefits with respect to
filtration plant operation and kieselguhr usage.

8.3.2.4 Starch conversion and amylolysis

Starch is the most abundant component of a barley kernel. It represents 54–65% of the
total dry weight of a barley kernel. Starch is composed of two main parts, amylose and
amylopectin. Starch conversion (malt contains ca. 60% starch of which 25% is amylose and
75% is amylopectin) is carried out by a range of amylolytic enzymes. Amylose consists of
glucose units linked by α-1,4 linkages, while amylopectin consists of both α-1,4 and α-1,6
linkages, thereby making it a branched polymer (Fig. 8.3).

Amylopectin

Amylose

1,4

1, 4

1, 4

1, 4

1,41,41,41,4 1,4 1,41,4

1, 6

1, 4

1, 4

1, 4

1, 4

1, 6

Amyloglucosidase

Starch
granule

Fine 
structure

Pullulanase

α-Amylase

β-Amylase

6

Fig. 8.3 Enzymatic mode of starch hydrolysis.
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The diastatic power of malt is an expression of the amount and balance of the four
amylolytic enzymes produced during germination:

1. α-Amylase which solubilizes the starch polymers and releases extract.
2. β-Amylase which releases maltose and increases wort fermentability.
3. Limit dextrinase which debranches amylopectin and increases wort fermentability.
4. α-Glucosidase which releases glucose and aids wort fermentability.

Gelatinization
After completion of the proteolytic stage, the mash is raised to a higher temperature by
decoction mashing or by programmed infusion mashing. At this point, three very important
processes take place, gelatinization, liquefaction and saccharification. The gelatinization
temperature of starch is influenced not only by the type of starch (Table 8.9) but also by the
size and structure of its starch granules. As was previously mentioned, barley starch granules
are reported to be of two different granular sizes. The large and smaller granules are referred
to as A- and B-type granules, respectively. It is also well reported that the smaller the starch
granules, the higher their temperature of gelatinization. The reported negative impacts of
small starch granules are that, due to higher temperatures of gelatinization, they are less
digestible during mashing. In addition, they can impede wort filtration by cross-linking with
other polymers. In most cases, raw unmalted barley has higher levels of small starch granules
than malted barley since, during the malting process, the small granules are preferentially
degraded. In addition, at higher unmalted barley levels a greater proportion of smaller milled
grain components are present for mashing.

Liquefaction/saccharification
The next stage is liquefaction/saccharification. Liquefaction refers to the liquefying capacity
of the α-amylase and saccharification refers to the enzymatic production of fermentable
sugars. Prior to this stand, the starch in the mash remains ungelatinized, so it is not readily
available to be hydrolyzed by enzymes. The starch of barley malt gelatinizes at 61–65◦C. Once
gelatinized, the starch is digested rapidly by the α- and β-amylases present in the malt. Their
combined activities result in the production of large quantities of fermentable sugar, especially
maltose. α-Amylase randomly hydrolyzes starch to dextrins while β-amylase attacks the
starch and dextrins from the non-reducing ends, stripping off pairs of glucose molecules
(maltose). The saccharification stage seldom lasts longer than 30 min. At temperatures above
60◦C, which are required to obtain gelatinization of malt, the malt amylases, especially
β-amylase, are not very stable. During saccharification at 65◦C, β-amylase is inactivated
almost completely within 30 min. α-Amylase is also inactivated significantly, but some
residual enzyme activity is still present at the end of saccharification. The saccharification
stage therefore represents a compromise between the need for higher temperatures to obtain
gelatinization and lower temperatures to preserve enzyme activity. The chosen temperature
results in optimal sugar formation but incomplete starch degradation. Starch degradation
must be completed by raising the mash temperature again so that the finishing temperature
is at least 70◦C but below 80◦C. Smaller or larger proportions of fermentable sugars will be
formed in the wort, giving beers with different ratios of alcohol to non-fermented dextrins.

8.3.2.5 Mashing programmes

During mashing, the milled grain is mixed batchwise with water at different temperatures
for different times. This is referred to by the brewer as a mashing programme. The following
is an outline of a typical mashing programme used by a brewery using 100% malted barley.
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The first step is mashing at 50◦C. At this mashing temperature, the proteolytic enzymes
(carboxypeptidase, amino peptidase and dipeptidase) together with endo-β-1,4-glucanases
and pentosanases are most active. With an increase in mash temperature from 50◦C to 63◦C,
the viscosity increases rapidly at ∼58◦C. This temperature of viscosity increase is noted
as being the point of the gelatinization of the barley starch (gelatinization temperature).
The most frequently reported gelatinization temperatures for many bulk samples of normal
barley starch lie in the range 53–58◦C. During gelatinization, the starch granules take up
warm water, soak and swell, causing a rapid increase in viscosity. Amylolytic enzymes
(α- and β-amylase) can therefore act on this accessible starch substrate. Heating causes
inactivation of the proteases and β-glucanases. Following this, the mash temperature is
maintained at 63◦C. Due to the action of β-amylase, maltose production continues. Further,
enzymatic breakdown of the gelatinized starch occurs due to the combined action of the α-
and β-amylases. The mash temperature is then raised to 70◦C; β-amylase is less active at this
point. Enzyme inactivation is an interaction between time and temperature. With an increase
in time at temperatures ≥70◦C, β-amylase is inactivated. The α-amylases further break down
the gelatinized starch and high molecular weight dextrins into low molecular weight dextrins
and glucose. The temperature is then raised to 78◦C where α-amylase inactivation is reported
to occur.

8.3.3 Biological acidification during mashing

Studies have also shown that biological acidification of mash and wort can result in improved
mash and wort characteristics. Some reports even claim that ultimately a smoother tasting
beer can be produced. More importantly, it has been shown that when employed in high
adjunct mashes it can compensate for decreased endogenous grain enzyme activities. It has
been shown that at a barley adjunct level of 20%, biological acidification of the mash with
Lactobacillus amylovorus stock wort resulted in improved extraction, fermentability, FAN
and reduced wort β-glucan levels. This could be attributed not only to a lowering of mash-in
pH to 5.4, but also to the additional proteolytic and amylolytic enzyme activities that the
biologically acidified stock brought into the mash. Thus, biological acidification can offer
the adjunct brewer an alternative natural way of bringing additional enzyme activities into
the mash. It is commonly applied in countries operating under Rheinheitsgebot (beer purity
laws), which specifies that beer can only be made from malted barley, malted wheat, yeast,
hops and water. Because the acidified stock is malted barley-derived and the inoculated
strains have been isolated from the natural micro flora present on the surface of malt, a
biologically acidified stock is therefore considered a natural malt-derived ingredient.

8.3.4 Enzymes in lautering/mash filtration

Lautering and other forms of mash filtration are performed at mashing-off temperatures of
75–78◦C. Almost all malt enzymes are already inactivated at these temperatures. A small
amount of residual α-amylase activity will be present when a relatively low mash filtration
temperature is used. During sparging of the spent grains in the filter bed, water with a
temperature of 75–78◦C is used. Higher water temperatures are preferred for the reasons
of reduced wort viscosity, increased rate of wort separation and to some extent increased
extract recovery. Temperatures in excess of 80◦C are not advised as these may lead to
extraction of excess polyphenols, leading to astringency in flavour and potential shelf life
stability problems with the final product. If large quantities of adjunct or under-modified
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malt are used, starch may be released late in the mashing cycle. These are the smaller
starch granules previously mentioned in the text. Naturally occurring amylolytic enzymes
only show a limited amount of activity at this stage during mashing. Therefore, the risk of
carry-over of starch polymers into the filtered wort, especially when sparging water with
temperatures above 75◦C (where α-amylase is rapidly inactivated) is applied, is high. Lower
sparging temperatures possibly minimize these problems, but have a negative effect on wort
viscosity. Addition of heat-stable exogenous α-amylase (from Bacillus spp.) (Table 8.10)
during mashing can reduce this wort-starch problem. At the same time, it allows the brewer
to use higher sparging temperatures with the accompanying benefits of maximum run-off
speeds and optimal extraction.

Table 8.10 Brewhouse enzymes for increased process ability (all trade-names refer to Kerry
Bio-Science products) (adapted from Goode and Lalor11).

Problem Symptom
Process aid/enzyme
description Key benefits

Deactivation or
insufficient concentration
of malt amylase

Starch
positive wort
and slow
fermentation

Bioferm is a fungal
endoamylase. It can be used
in the mash (or in
fermentation) to reduce
starch to low molecular
weight dextrins and maltose

� Improves wort
fermentability

� Production of maltose
in high adjunct brewing
� Eliminates starch hazes
� Improves beer filtration

Deactivation or
insufficient concentration
of malt enzymes

Slow or
incomplete
fermentation

Amylo is a fungal
amyloglucosidase. It
sequentially hydrolyzes both
exo α-1,4 and α-1,6
glycosidic linkages and
therefore is used to degrade
starch polymers and maltose
to glucose. The addition of
Amylo in the brewhouse to
the cold wort or beer (in the
fermenter) converts dextrin to
glucose and results in high
alcohol/‘low carb.’ beer

� Increases wort glucose
levels

� Low carbohydrate beer
production
� Improved alcohol yield

Poor starch
hydrolysis/liquefaction

High mash or
cereal cooker
viscosities and
starch positive
wort

Hitempase is an endo-acting
bacterial α-amylase which
randomly hydrolyzes the
α-1,4 glycosidic linkages in
amylose and amylopectin
resulting in the production of
dextrins. It is characterized
by its stability at extremely
high temperatures (∼105◦C)

�Improves starch
liquefaction and
subsequent yields in
cereal cooker

� Control of starch
positive worts in kettle

(Continued)
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Table 8.10 (Continued)

Problem Symptom
Process aid/enzyme
description Key benefits

Non-starch
polysaccharides released
during mashing are
insufficiently hydrolyzed

Poor mash or
beer filtration
and β-glucan
haze

Bioglucanase is an endo-β
glucanase preparation and
has a pure lichenase activity
and hydrolyzes 1,4
glycosidic linkages next to a
1,3 linkage, in mixed linked
β-glucans

� Reduces mash and
wort viscosity

Biocellulase contains
cellulase, hemicellulase and
β-glucanase activities. The
activities present in
Biocellulase are effective in
the degradation of the
complex carbohydrates
found in plant cell walls

� Eliminates β-glucan
gums and hazes

� Improves filtration
� Increases extract yield
� Compensates for malt
quality and season to
season variations
� Improves beer shelf life

Presence of a significant
percentage of unmalted
barley or use of other
adjuncts

Insufficient
nitrogen
available for
yeast growth
and slow
fermentation

Bioprotease is a neutral
proteolytic enzyme

� Optimizes FAAN (Free
Alpha Amino Nitrogen)
levels in high adjunct
brewing

� Improves mash
lautering/filtration and
extract yield
� Improves filterability of
the wort

Poor extract yield or
ineffective wort filtration
in high adjunct brewing

Presence of
starch and
β-glucan
residues in the
final product

Promalt is an enzyme
cocktail providing amylase,
glucanase, cellulase and
protease activities

� A single addition of
amylase, glucanase,
cellulase and protease

� Improves extract yield
and fermentability
� Gives consistent
brewhouse performance
� Improves wort
stability/clarity

8.4 ADJUNCT BREWING

Brewing adjuncts (Tables 8.9 and 8.11) are materials other than malted barley that bring
additional sources of carbohydrate and protein into wort. While adjunct material can be
derived from any carbohydrate source, the five main cereals that are currently used as a base
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Table 8.11 Common brewing adjuncts available (adapted from Goode and Arendt8).

Whole cereal Barley, wheat, sorghum, triticale, maize, millet, buckwheat

Grits Maize, rice, sorghum, barley
Flaked Corn, rice, barley, oats
Torrified/micronized Corn, barley, wheat
Extrusion cooked Maize, rice, sorghum, wheat
Flour/starch Corn, wheat, rice, potato, cassava, soya, sorghum
Syrup Corn, wheat, barley, potato, sucrose
Malted cereals Wheat, oats, rye, sorghum, millet
Malted pseudo cereals Buckwheat, quinoa

for brewing adjuncts are barley, maize, rice, sorghum and wheat. Table 8.9 gives an outline
of the main adjunct types, which are currently available to the international brewing industry.
The type of adjunct available to an individual brewer largely depends on the geographical
location of that brewery. Likewise, the physicochemical properties of that adjunct (Table
8.9) will dictate its addition rates to a grist recipe, its time of addition and how it will be
processed. This section will cover the basics of adjunct brewing. The reader is referred to
broader brewing texts8 for a more comprehensive review of adjuncts and their role in brewing.

8.4.1 Brewing with raw barley as adjunct

The use of barley over other cereal adjuncts offers significant advantages to the brewer. Since
its starch has a similar gelatinization temperature (53–58◦C) to malted barley (61–65◦C)
it can be easily be incorporated into conventional malted barley mashing procedures. Its
endogenous β-amylase ensures maltose production during mashing. Likewise, the presence
of a husk can aid mash filtration through a traditional lauter tun.

As covered earlier in the chapter, the endosperm cell wall structure of raw barley presents
a challenge to the brewer. Careful selection and application of commercial enzymes can
alleviate the difficulties encountered. This will ensure good yields, easy process ability and
good quality beer. Raw barley grain is abrasive and difficult to mill, resulting in a high
percentage of fine material which can give problems during lautering. Due to its low levels
of essential enzymes (α-amylase, proteases and β-glucanases) together with a relatively
inaccessible starchy endosperm, high inclusions of unmalted barley (>20%) in the mash
(without the aid of commercial enzymes) can lead to problems such as low extract yields,
high wort viscosities, decreased rate of lautering, fermentation problems and beer haze
problems. In recent years, an increased knowledge of the structural complexity of the barley
starchy endosperm cell wall membranes5–7,9 together with their native enzyme inhibitors has
enabled a more specific approach by enzyme producers to increase process ability of raw
barley adjunct.

When brewing with barley as adjunct together with malted barley, increases in the level
of barley adjunct can result in decreases in extract recovery, wort α-amino nitrogen, fer-
mentability and increases in wort viscosity and β-glucan levels if commercial enzyme levels
are not optimized. While increases in wort amino acid levels result from inclusions of higher
levels of malted barley, the endogenous malt enzymes exhibit very poor raw barley protein
and starch hydrolyzing ability. Likewise, the endogenous malt amylases have been reported
to exhibit very poor raw barley starch hydrolyzing ability. As the level of malt is increased,
their raw barley hydrolytic effects decrease.
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Table 8.12 α-Amylase characteristics.

Aspergillus oryzae Bacillus spp. Barley malt Porcine pancreas

pH
range(optimum)

4.8–5.8 5.0–7.0 4.0–5.8 6.0–7.0

pH stability range 5.5–8.5 4.8–8.5 4.9–9.1 7.0–8.8
Temp. optimum
range (◦C)

44–55 60–95 50–65 45–55

Effective temp.
range

Up to 60 Up to 100a Up to 70 Up to 55

a Because of the extreme thermostability of bacterial amylases, they are typically used in brewhouse operations in the
cereal cooker to aid in the gelatinization and liquefaction of starches from such adjunct sources as sorghum, rice and
maize.

While hydrolysis of barley adjunct (∼20%) can be achieved by using the enzyme capac-
ity of malted barley, high adjunct levels may dilute the malt enzymes to a limiting level.
These are then required to be augmented or replaced by commercial enzyme preparations.
Exogenous proteolytic activity is required to modify endosperm structure and to facilitate
saccharification, to release bound β-amylase and to adjust the ratio of soluble nitrogen
necessary for yeast growth. The most suitable preparation reported is one containing only
bacterial neutral protease from Bacillus subtilis. Addition yields an increase in total soluble
nitrogen, FAN, wort colour and extract recovery. Addition of β-glucanase, xylanase and cel-
lulase from Bacillus, Aspergillus, Penicillium or Trichoderma sources (Table 8.7) has been
found to improve filtration, when under-modified malt or unmalted barley is used. When
mashing with 100% raw barley substrate and commercial enzymes, exogenous β-glucanase
(B. subtilis) has little impact on mash filtration, but was found to reduce high molecular
weight wort β-glucan level. High heat thermo-labile α-amylase derived from B. subtilis is
widely used for the degradation of gelatinized starch and high molecular weight dextrins to
yield molecular weight dextrins and fermentable sugars. An alternative is to use high heat
thermostable bacterial α-amylase from Bacillus licheniformis, which is inactivated only at
temperatures close to boiling. Thus, it can hydrolyze a difficult starch even though swelling
and gelatinization occur at higher temperatures than usual. When mashing with 100% barley
adjunct, exogenous α-amylase (B. subtilis) addition has the greatest positive impact on mash
separation. Increasing the level of exogenous α-amylase results in higher wort glucose and
maltotriose levels and lower wort maltose levels. Optimal addition of an exogenous high
heat-stable α-amylase (B. licheniformis) (Table 8.12) in combination with an exogenous
α-amylase (B. subtilis) is necessary for complete starch conversion and maximum extract
recovery from the raw barley substrate.

8.4.2 Brewing with maize or rice as adjunct

The double-mashing/decoction system was developed to deal with grists containing large
proportions of rice or maize grits (25–60%) and to use the nitrogen and enzyme-rich malts
that were available. The adjunct mash containing the grist and a small proportion of enzyme-
rich malt or bacterial α-amylase is mashed in at about 35◦C in the cereal cooker. The stirred
mash is heated to about 70◦C and after remaining at this temperature for 20 min is brought
to 85–100◦C. It is held at this temperature for 45–60 min to ensure that any starch that
has not been liquefied is gelatinized. Meanwhile, the malt mash has been mashed in at
35◦C. After a stand of about an hour, the adjunct mash is pumped in with mixing, so that
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the final temperature of the mash is around 65◦C. The whole process may take 3.5 h. It
is important to remember that the actual time and temperature programme vary between
breweries depending on the ratio of adjuncts, the quality of adjuncts, modification of the
malt, exogenous enzyme quality, process equipment and capabilities/capacities available to
the brewer.

8.4.3 Brewing with sorghum as adjunct

Sorghum, like barley, can be used in many forms including malted grain sorghum, sorghum
grits, extruded dehulled sorghum and unmalted whole grain sorghum. Each has its own
advantages and disadvantages. Limited endosperm cell wall degradation, low extract yields,
poor wort separation and poor beer filtration are obstacles which have been widely reported
when sorghum is used in lager production.

Brewing beer with unmalted sorghum as adjunct involves many technical considerations
such as the capacity of the cooker, energy costs and the high gelatinization temperature
of sorghum (71–80◦C). A proper liquefaction step resulting in a low viscosity mash is
suggested regardless of the proportion of sorghum adjunct to barley malt. This can be
achieved by heating the sorghum to 80–100◦C in the presence of a thermostable bacterial
α-amylase. Brewing beer with sorghum adjuncts (at levels ≤50%) has the same limitations
known in producing beer containing rice/maize as adjunct. If the sorghum is of a good
quality, there should be no lautering problems as the 50% content of malt has sufficient husk
material to ensure the formation of the necessary filter bed in the lauter tun. In all cases when
mashing with unmalted sorghum, efficient amylolytic hydrolysis of starch will only occur
if the starch has been effectively gelatinized. When brewing with low levels of unmalted
sorghum (5–10%) as adjunct to barley malt, the endogenous enzymes of the malted grain
can be sufficient to maintain adequate extract recovery, wort FAN and fermentability levels.
However, when increasing the amount of sorghum adjunct, a decrease in wort filtration,
colour, viscosity, attenuation limit, FAN and an increase in pH can be expected. Addition of
commercial enzymes can alleviate these problems. The inclusion of a heat-stable α-amylase
is essential for efficient saccharification. The inclusion of a fungal α-amylase can improve
filtration rates to that of 100% malted barley mashes, while the addition of a bacterial protease
increases the amount of nitrogen solubilization and peptide degradation.

A typical mashing regime involves mashing in hammer-milled unmalted sorghum at 50◦C
with a liquor: sorghum ratio of 3:1. The pH can be adjusted to 6.5–7.0 by the addition of
calcium hydroxide to give a calcium level of 50–150 mg L−1. A blend of neutral protease (for
FAN production), thermostable α-amylase (for liquefaction) and a range of β-glucanases
(to open up endosperm cell walls) can be added at this point. After 30 min at 50◦C (the
protein rest period), the temperature can be slowly increased to 85◦C and maintained at that
temperature for 30 min in order to liquefy the starch. The malt mash can be prepared with
water at 20◦C. After 15 min, the cold mash is combined with the hot liquefied sorghum
mash or part of this and maintained for a further 60 min at 50◦C. More enzymes are then
added for starch saccharification. A fungal α-amylase can be added which hydrolyzes α-1,4
linkages of starch and dextrins, thereby producing maltotriose, oligosaccharides and large
amounts of maltose. At the same time a new enzyme mixture of neutral protease, cellulase
and amyloglucosidase may be added. After 60 min at 50◦C, the combined mash is mixed
with the rest of the 85◦C sorghum mash, and the temperature is raised to 75◦C. After 20 min
at this temperature, the mash can be transferred to the mash filter. It is important to remember
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that the actual time and temperature programme vary between breweries depending on the
ratio of adjunct to malt, adjunct grain quality, modification of the malt, exogenous enzyme
quality, process equipment and capabilities/capacities available to the brewer.

Though it is more common for some African-based brewers to brew with 50% unmalted
sorghum and 50% unmalted maize, brewing with 100% unmalted sorghum is possible.
Because unmalted sorghum contains no enzymes, a considerable amount of exogenous
enzyme must be added. The potential for brewing a high-quality beer could be improved
by (1) adjusting the mash-in liquor to give a calcium content of 200 parts per million, (2)
adjusting the mash-in pH to 6.5, (3) using a mashing programme with temperature/time
stands of 50◦C × 50 min, 80◦C × 10 min, 95◦C × 40 min and 60◦C × 30 min, (4) using a
heat-stable α-amylase added at the end of the 50◦C stand, a neutral protease added at mash-in
and a fungal α-amylase added at the start of the 60◦C, (5) adjusting the pH to 5.5 prior to
the 60◦C stand. The addition of calcium prevents the thermal inactivation of α-amylase by
extending the pH range of the enzyme. Stabilization of the added α-amylase can result in
increased liquefaction and therefore in increased extraction of the grist. It can also mean
that inclusion of calcium ions in the mashing liquor could allow the same amount of extract
recovery, but with a lower proportion of added exogenous α-amylases in the mash. With the
incorporation of a 10-min stand at 80◦C, significant increases in the levels of filterability,
extract recovery and FAN have been observed. The pH adjustment from pH 6.2 to pH
5.5 prior to the 60◦C heating step, optimized pH conditions for the fungal amylase whilst
increasing mash bed permeability. The inclusion of an amyloglucosidase can significantly
increase attenuation levels.

8.4.4 Other potential sources of adjunct

While the use of the traditional adjunct sources in brewing is already very well established
(Table 8.11), there are many other sources of carbohydrate, some of which are already used
in commercial brewing. Other sources have such physicochemical make-up and architecture
that they could have potential for incorporation as brewing adjuncts. Examples are sugar beet,
sugar cane, potato, millet, oats, rye, cassava, chick peas, mung beans, quinoa, buckwheat,
amaranth, soya bean, banana, honey and the milk sugar lactose. With the current difficulties
in world grain supply, these alternative adjunct sources represent very interesting prospects
for brewing purposes. Exogenous enzymes can play a major role in ensuring extractability
of these sources for brewing purposes.

8.5 ENZYME APPLICATIONS AND THEIR ROLE
DURING FERMENTATION

8.5.1 Enzymatic processes in yeast fermentation

Enzymes (both endogenous and exogenous) and the expertise of the brewer to control
enzymatic-mediated processes have up to now played the major role in determining the
quality of the wort which goes forward for fermentation. The pre-boiled cold sterile wort
to which the pitching yeast will be added (to start fermentation) will contain no residual
enzymatic activity. However, a new source of enzyme transformation is ready to kick in –
enzyme systems brought through the yeast. Through enzyme-mediated processes within yeast
cells, sugar molecules are transformed into ethanol and CO2, and amino acids are transformed
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in yeast proteins. The formation of ethanol occurs via the Embden–Meyerhof–Parnas pathway
(also called the glycolytic pathway) where, theoretically, 1 g of glucose will yield 0.51 g of
ethanol and 0.49 g of CO2.

Brewers yeast types are of the genus Saccharomyces. In wort, brewers yeast absorbs
dissolved sugars, simple nitrogenous matter (amino acids and very simple peptides), vita-
mins, ions, etc., through their outside cell membrane (the plasma membrane). Then they
employ a structured series of reactions known as metabolic pathways to use these sub-
stances for growth and fermentation. The two main types of beer, lager and ale are fermented
with Saccharomyces uvarum (carlsbergensis) and Saccharomyces cerevisiae, respectively.
S. cerevisiae has the ability to take up a wide range of sugars, for example glucose, fruc-
tose, mannose, galactose, sucrose, maltose, maltotriose and raffinose. Unlike S. cerevisiae,
strains of S. uvarum (carlsbergensis) possess the MEL gene, which means that through
an extracellular enzyme (α-galactosidase or melibiase), they are able to utilize melibiose
(glucose–galactose). Wort components like dextrins, β-glucan and soluble proteins are not
metabolized by strains of brewer’s yeast.

Wort contains the sugars sucrose, fructose, glucose, maltose and maltotriose together with
dextrins. The initial step in the utilization of any sugar by yeast is usually either its intact
passage across the cell membrane or its hydrolysis outside the cell membrane followed by
entry into the cell by some or all of the hydrolysis products. Maltose and maltotriose are
examples of sugars that pass intact across the cell membrane whereas sucrose is hydrolyzed
by an extracellular enzyme and the hydrolysis products are taken up into the cell. Maltose
(50–60% of wort fermentable sugar) and maltotriose (20% of wort fermentable sugar) are
the major sugars in brewers wort and consequently, a brewers yeast’s ability to use these two
sugars is vital and depends upon the correct genetic complement. It is probable that brewer’s
yeast possesses independent uptake mechanisms (maltose and maltotriose permease) to
transport the two sugars across the cell membrane into the cell. Once inside the cell, both
sugars are hydrolyzed to glucose units by the α-glucosidase (maltase) system. Once the
sugars are inside the cell, they are converted via the glycolytic pathway into pyruvate. There
are many more enzymatic-induced processes occurring during yeast metabolism. This is not
the subject of this chapter and thus the reader is referred to more specific texts10 covering
the broad area of brewing fermentation.

8.5.2 Exogenous enzymes applied during fermentation

Exogenous enzymes (Table 8.10), apart from the application areas described below, are
applied in fermentation as tools to help possible difficulties occurring later in the process. In
the case of downstream beer filtration problems, β-glucanase can be added to the fermenter
(or during maturation) to assist in degradation of residual glucans, which would otherwise
cause the filters to block. This is a last option technique, as fermentation temperatures are
low, hence enzyme activities are lower. It is more economical to apply the enzymes during the
brewhouse stages of the process. Another area for enzyme application during fermentation
is to reduce haze problems in the final beer. This will be covered in the next section.

If filtration problems are due to protein, starch or non-starch polysaccharides or combi-
nations of these materials, then this can be detected via laboratory tests applying enzyme,
filtration and flow rate tests to the wort. A visual representation of this is shown in Fig. 8.4. In
this case, β-glucanase was very effective in restoring filtration to normal rates. The control
beer had a β-glucan level of 300 mg L−1 β-glucan. With the addition of β-glucanase at
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Fig. 8.4 Effect of β-glucanase on beer filtration. (Also see Colour Plate 1.)

a level of 0.025%, the filtration performance of the green beer was restored. Similarly, the
filtration rates were improved further at higher dose rates. Likewise, with this approach the
effects of proteases, hemicellulases and amylases can be demonstrated.

8.5.3 Low carbohydrate beer production

Low carbohydrate beer, commonly referred to as ‘lite’ beer, can be produced through the
application of enzymes. In this case, enzymes can be applied during wort production or
during fermentation. The α-1,6 bonds in amylopectin are not hydrolyzed by the α-amylase
or β-amylase. Although malt is able to produce all the enzymes needed to break down starch
into fermentable sugars, the malt limit dextrinase is unable to break down ungelatinized intact
granules. As the limit dextrinase is temperature labile, it is degraded easily during kilning and
also during mashing. This means that in normal beers the maximum fermentability is 70–82%
(apparent degree of fermentation). Together with other beer components like proteins and
tannins, this unfermentable dextrin material is mainly responsible for the mouthfeel, fullness
and sweetness of beer. Together with the alcohol component, it contributes to the caloric value
of beer. A small increase in fermentability can be achieved by adding a fungal α-amylase
to ensure the complete breakdown of the α-1,4 links. A greater increase in fermentability
can be obtained by adding an amyloglucosidase. This preferentially hydrolyzes the α-1,4
linkages and also slowly hydrolyzes the α-1,6 linkages to produce glucose. Low caloric or
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low/zero carbohydrate beer (typically 3–7 g carbohydrate/serving) can be produced in this
manner (in practice usually a combination of a fungal α-amylase and an amyloglucosidase
is used). The enzyme can be added during mashing processes (fungal α-amylase and an
amyloglucosidase) or directly to the fermenter (amyloglucosidase). Because of the short
contact time during mashing, higher dosage rates are required than when the enzyme is added
during fermentation. The enzymes are fully degraded during high temperature mashing and
boiling. However, the amyloglucosidase is stable to normal beer pasteurization conditions
and this means that when the enzyme is added during fermentation, residual enzyme activity
will be present in the final beer package. Benefits of addition during fermentation are lower
dosage rate requirements and the possibility of spoon-feeding the yeast with simple sugars
(glucose and maltose). In this way, yeast glucose inhibition is prevented. This would occur
if the yeast were provided with too much free glucose. Glucose inhibition of yeast will slow
down or could inhibit fermentation. Distillers will most commonly add the enzyme during
fermentation for the reasons mentioned above and also because they are not concerned with
inactivating the enzyme before distillation.

One of the most troublesome problems for a brewer is that of ‘hanging fermentation’,
where complete attenuation is not reached within normal fermentation time (or not at all).
Hanging fermentation can be caused by a number of factors:

– Unbalanced wort carbohydrate spectrum; insufficient levels of fermentable sugars because
of incomplete enzymatic saccharification during mashing. Usually this is related to the use
of adjuncts or under-modified malt.

– Failure of the yeast, although still in suspension, to utilize all of the fermentable wort sugars.
This is usually due to the inability of the yeast to take up and metabolize maltotriose. This
can be the result of a spontaneous mutation which can occur in most brewing strains.

– Deficiency of yeast nutrients like amino acids, vitamins, cofactors such as zinc (a common
problem with high brewing).

– Premature flocculation of the yeast culture in the fermenting wort.

Table 8.13 shows a typical balanced wort sugar spectrum. The problem of an unbalanced
wort carbohydrate composition can be controlled during fermentation with the help of exoge-
nous α-amylase (acting on α-1–4 bonds) or a pullulanase-type enzyme (some varieties acting
on both α-1–4 and α-1–6 bonds), which will correct a possible incomplete saccharification
during mashing. Exogenous amyloglucosidase may also be used to save batches of beer if the
problem of the inability to metabolize maltotriose (yeast mutation) occurs. Maltotriose will
then be degraded to smaller sugars that can subsequently be fermented. A possible shortage
of amino acids (yeast food) can be overcome in the brewhouse by ensuring a better protein

Table 8.13 Typical carbohydrate composition of 12◦P
wort.

Sugar % in wort Fermentable

Fructose 0.1–0.2 +
Glucose 0.9–1.3 +
Maltose 5.8–6.8 +
Sucrose 0.2–0.4 +
Maltotriose 1.4–1.7 +
Dextrins 1.9–2.4 −
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breakdown in the mashing cycle, either by prolonged protease rests at the start of mashing
or the use of exogenous exo-peptidases.

8.6 BEER STABILIZATION

Beer haze can be of both biological and non-biological origin. Biological haze can be caused
by contaminating microbial sources and therefore will not be the subject of this chapter.
Non-biological haze can be caused by polysaccharides such as under-degraded β-glucan and
starch. As addressed earlier in the chapter, optimal use of both endogenous and exogenous
enzymes during brewhouse processing can control the formation of hazes due to these
polysaccharides. If haze is detected in beer, the brewer has the possibility of applying very
simple techniques to troubleshoot and identify the origin and nature of the turbidity (Fig.
8.5). One such method is the application of exogenous enzymes to turbid beer samples.
Haze caused by starch, glucans and proteins can be quickly identified by applying amylases,
glucanases and proteases, respectively.

The most common form of beer haze is the one caused by cross-linkage of the high molec-
ular weight protein (hordein) of malt. This glycoprotein fraction contains high proportions
of hydrophobic amino acids, which combine with polyphenols, which principally consist
of proanthocyanidins and catechins (flavanoids). Small amounts of carbohydrate and trace
mineral ions are also involved. Initially the haze that develops in the early stages of the beer
shelf life is reversible and will disappear at higher temperatures. The polyphenols combine
slowly with protein to form a chill haze when the beer is cooled. This haze redissolves when
the beer is warmed up. Oxygen and specifically the process of oxidation play an important
part in the polymerization of the polyphenols to produce an irreversible permanent haze.
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Fig. 8.5 Beer haze and filtration troubleshooting.
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Upon oxidation, the polyphenols polymerize and increase in size and they become insoluble
at room temperature to form irreversible or permanent haze.

8.6.1 Enzymes for corrective actions (filtration and beer haze)

The traditional method of stabilizing a beer to prevent or slow down beer haze development
was to store the beer for prolonged periods at very low temperatures (preferably <0◦C). In
today’s competitive brewing environment, this is a costly and time-consuming solution. The
current trend is to remove the haze-forming components (proteins and polyphenols). There are
a wide variety of processing aids for selectively identifying and removing these components
(Fig. 8.5). The most common form of enzyme treatment is to apply the plant-derived enzyme
papain. Papain is a proteolytic enzyme extracted from pawpaws, the fruit of the papaya
tree. It is applied to prevent colloidal instability problems imparted by protein and therefore
extend the shelf life of beer. It works by hydrolyzing protein that would otherwise have formed
complexes with polyphenolic materials resulting in chill haze and eventually permanent haze.
The enzyme is a mixture of cysteine proteinases and its specificity is broad. It preferentially
cleaves at the COOH-terminus of basic amino acids (lysine, arginine). Like with all enzymes
the dosage requirement will depend on the quality of the beer and the raw materials used.
It can be added during transfer between fermentation and maturation or directly into the
maturation tank itself. If the beer is pasteurized at temperatures >70◦C, the enzyme will be
completely destroyed (inactivated). Compared to other stabilization techniques (e.g. PVPP),
it is very simple to apply and can be considered a cost-effective solution.

8.6.2 Enhanced maturation

A major flavour component of beer is the vicinal diketone diacetyl. At concentrations >0.1 mg
L−1 it is universally considered a flavour defect and results in a butterscotch flavour. Diacetyl
is a by-product of amino acid metabolism and is formed by the oxidative decarboxylation
of α-acetolactate during the exponential growth phase of the yeast during fermentation.
Towards the end of fermentation, yeast is capable of reducing diacetyl to acetoin (a flavour
component with a much higher flavour threshold). However, natural diacetyl removal in this
manner requires healthy yeast, time (storage capacity!) and a high temperature maturation
phase. Therefore, a microbial (Bacillus) enzyme was developed to convert α-acetolactate
into acetoin, before it can be converted into diacetyl. This enzyme is called α-acetolactate-
decarboxylase (ALDC). The relevant transformations are depicted in the scheme shown in
Fig. 8.6. The benefits for the brewer upon using this enzyme are a reduction in the time-
dependent high temperature stand usually employed to reduce diacetyl in the normal fashion.
It is an enzymatic method of increasing fermentation capacity, while also giving the brewer
an alternative way of controlling final beer diacetyl levels and thus influencing the full flavour
profile of the beer.

8.7 THE FUTURE OF ENZYMES IN BREWING

Much of the progress in using enzymes in food processes or in the manufacture of food
ingredients has been evolutionary, involving catalytic activities, the ability to deal with a
wider range of raw materials, wider variations in processing conditions, pH, temperature
and importantly, reduction in the cost of enzymes. Many of these improvements have been
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Fig. 8.6 Acetolactate-decarboxylase (ALDC) and diacetyl reduction. (Also see Colour Plate 2.)

brought about by the introduction and use of enzymes from genetically modified microor-
ganisms (GMOs). In addition, there have been new developments that involve new enzyme
activities and new applications for enzyme activities. Many of the recent and ongoing devel-
opments for use of enzymes in starch hydrolysis are associated with improvements in enzyme
activities (α-amylases, glucoamylases and debranching enzymes) and improvements in en-
zymatic hydrolysis of non-corn cereals such as wheat and barley. One such example where
developments in protein engineering have benefited adjunct processing is that of α-amylases
and their applications in syrup production. When bacterial α-amylases that were capable
of operating under industry-relevant conditions (>100◦C) were introduced in 1973, it was
revolutionary for starch processing. Before then acid hydrolysis of starch was the norm.
Acid hydrolysis was environmentally unfriendly and led to significant levels of unwanted
by-products. However, two basic problems still existed with enzymatic hydrolysis. First, the
pH of the starch slurry had to be adjusted from 4.0 to 6.0. Second, calcium had to be added
to stabilize the liquefying bacterial α-amylase. A breakthrough in the mid-1990s was the
unveiling of the first three-dimensional structure of a Bacillus-derived α-amylase. This meant
that through protein engineering new and improved commercial enzyme products could be
produced. The next breakthrough for the starch processing industries was the development
of very efficient starch hydrolytic enzymes capable of acting below the gelatinization tem-
perature. This has meant that current processes can now be performed in a ‘one step’ starch
hydrolysis process without the need for very high temperature, pH adjustment or calcium
addition. Such developments have significantly brought down the cost of starch processing
and allow production of more specific liquid adjunct products.

As has been seen in this chapter, the biodiversity of enzymes has provided the brewing
industry with a wide range of functionalities. As biotechnology paves the way for making
improvements to known enzyme functions as well as opening the door for designing new
enzymes with new functionalities, this is likely to increase the possibility of increasing adjunct
usage in brewing and for maximizing extractability from poor quality grain sources. Likewise,
it will enable the production of superior adjuncts with added benefits specially formulated to
the brewers need and may even decrease the cost of production of adjuncts, thereby decreasing
the cost of beer production. The GMO issue may continue to be one of controversy for the
foreseeable future. The brewing industry has already benefited from several enzymes that
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are produced using genetically modified production hosts to reduce the cost or enhance the
functionality of the enzyme. With a global shortage of grain, the food industry and indeed
the consumer public may be forced to embrace the technological advantages that genetic
modification can offer, in terms of disease resistance, climate resistance and technological
performance. With increased knowledge of cereal grain structure such as barley endosperm
cell walls, future biotechnology applications will focus on delivering to the brewing industry
tailor-made enzymes with more specific hydrolyzing capabilities.

Nowadays, many approaches can be taken to control colloidal stability of beer, leading
to a product with up to 1-year colloidal stability. However, strategies controlling flavour
stability are still scarce. One of the ideas in the past was to apply an oxygen-scavenging
enzyme, like glucose-oxidase, into the bottle of beer. Although technically feasible, the
idea of having an active enzyme in the final beer was not very appealing. In the meantime,
alternative ways have been developed to limit oxygen in the bottle (improved packaging
technology). Another general worry to brewers is the oxidative damage that occurs during
mashing. It is generally believed that lipoxygenase catalyzed lipid oxidation (and/or auto-
oxidation) plays a role in the formation of cardboard off-flavours (trans-2-nonenal) upon
ageing. In addition, a technological solution is being developed, by milling and mashing-in
under oxygen-limited conditions. Currently, less capital-intensive routes are investigated by
adding oxygen-scavenging enzyme systems in the mash. Preliminary work has shown that
this approach seems feasible. Suitable oxygen-scavenging enzymes can be selected from
the group consisting of glucose-oxidase, hexose-oxidase, sulfhydryl-oxidase, superoxide
dismutase, peroxidase, polyphenol-oxidases, such as laccase, and combinations of these
enzymes. Particularly the polyphenol-oxidase enzyme has the benefit of not only scavenging
oxygen, but at the same time also converting polyphenols into less soluble complexes, which
are subsequently removed from the wort upon mash filtration (or lautering). Another benefit
of this new enzyme system is that the temperature stability is such that it even remains active
for some time after mashing-off (78◦C). It thereby also protects the wort lipids from being
oxidized, which goes particularly fast at these high temperatures. Ultimately, the enzyme
system is destroyed during boiling in the copper.

8.8 CONCLUSION

The years 2006, 2007 and 2008 will best be remembered by brewers across the globe as
the catastrophic years of variable malt quality and hop supply problems – unfortunately the
outlook for 2009 and beyond looks no better. The overall global cereal supply is currently
characterized as poor yielding with low year-to-year stock leads. Perhaps of even more
concern is that cereal sources are in higher demand than ever before, not only from the
traditional food and beverage industries but also from the bio-fuel industries. Basically, the
global food and beverage industry is in a current situation of a higher demand for grain than
supply allows, consumption is exceeding production. This has resulted in a high demand for
virtually every agricultural crop across the globe. As a result, barley, malt, wheat, maize, rice
and sorghum prices have dramatically increased. Likewise, mother nature is not always kind,
poor weather conditions can lead to crops of a difficult processing nature. High protein levels,
high β-glucan levels and often malt of a quality that can at best be described as variable, have
increased difficulties in the brewhouse. Brewers are forced to change processes and increase
adjunct proportions in recipe formulations.
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The brewing process is a natural biological process and its efficiency relies mainly on
the quality of its raw materials. Ways of directly improving the raw material issues can only
be controlled outside of the brewery environment and start literally at grassroots, growing
the cereal and hop crops. Away from this, within the brewery environment, the only way of
controlling the efficiency of the process and the quality of the final product is by development
of new equipment technologies and the application of processing aids and ingredients.11 In
essence, optimal application of processing aids and, more specifically, enzymes can give
the brewer the freedom to retain and improve their processes, irrespective of starting raw
material qualities. Optimal commercial enzyme usage can also mean cost savings.
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9 Enzymes in potable alcohol and
wine production

Andreas Bruchmann and Céline Fauveau

9.1 ENZYMES FOR POTABLE ALCOHOL PRODUCTION

The conversion of starch containing distillery raw materials is a complex process, which
occurs via a few distinct reactions, with the help of different amylolytic enzymes. Enzymes
from different raw materials differ in their attributes (properties), although they sometimes
carry the same name. The starch-hydrolyzing enzymes which are applicable are shown in
the overview in Table 9.1.

9.1.1 Starch-hydrolyzing enzymes

It has been known for a long time that certain enzymes catalyze the conversion of starch into
short glucose chains. As early as 1785, J.C. Irvine observed that starch was liquefied with
the help of an aqueous extract of germinated barley. In 1814, G.S. Kirchhoff described a
substance derived from grain seeds with which starch was converted into sugar. The French
chemists Payen and Perzos1 isolated in 1833 a starch liquefying substance out of germinated
barley which they named diastase. In their essay, they described all important characteristics
of the diastase and mentioned that malt could be used for the production of dextrins.

Maercker2 showed in 1878 that malt diastase contains two different enzyme activities,
and this was confirmed by Lintner3 in 1886, a fact which still applies today. Ohlsson4 in
1926 described both of these important starch-hydrolyzing enzymes as α-(or dextrinogen-)
amylase and β-(or saccharogen-) amylase. Later, the term diastase was changed into the
correct expression: amylase.

Both enzymes differ in terms of origin, properties and effect and both act in a different
way on the starch molecule. Ungerminated barley seed contains β-amylases in an active
form described as raw- or own amylase, whereas α-amylase is primarily formed during
germination (malting) of the barley.

9.1.1.1 α-Amylases

α-Amylase (α-1,4-glucan-glucanhydrolase) is found not only in malt, but also in moulds
(for example Aspergillus oryzae) and bacteria (for example Bacillus subtilis), as well in
human and animal saliva (phytalin) and in the pancreas (pankreatin). As endo-enzymes,
α-amylases contain a fast liquefaction and a weak saccharification ability. Due to the random
cutting of starch glucosidic α-1,4-linkages of the amylose molecule, unbranched dextrins of
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Table 9.1 Starch degrading enzymes.

Cereal amylases Fungal amylases Bacterial amylases

α-Amylase α-Amylase α-Amylase
β-Amylase Border dextrinase
Border dextrinase Glucoamylase
R-enzyme
α-Glucosidase with isomaltase action

medium chain length (oligosaccharides) are formed and the thin fluid solution obtained upon
α-amylase-catalyzed starch hydrolysis is iodine negative.

At 70–75◦C, small amounts of α-amylase will lead to a fast liquefaction of the paste
formed from amylopectin. This takes place via the formation of branched pieces (border
dextrins) which are composed out of the so-called ‘knot points’ of amylopectin.

Theoretically, α-amylase can transform linear amylose into 87% maltose and 13% glucose;
whereas from the branched amylopectin, 73% maltose, 19% glucose and 8% isomaltose are
potentially possible. In practice these maltose values are not be obtained. The reason is that

A

A

AP

AP

Fig. 9.1 Decomposition of amylose (A) and amylopectine (AP) by α-amylases.6
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Table 9.2 Activity dependence of α-amylases on temperature and pH.

α-Amylase source Cereal (malt) Bacteria Moulds

pH range 4.5–8.5 4.8–7.5 4.3–6.0
pH-optimum 5.0–5.6 5.3–6.5 4.5–5.5
Temperature range 70–80◦C 65–95◦C 45–60◦C
Optimum temperature Approx. 75◦C Approx. 70◦C Approx. 55◦C

the generated maltose blocks the effect of α-amylase. Only when the maltose fermentation
starts, the α-amylase will continue to saccharify virtually all the remaining dextrins.

Kreipe5 referred to the importance of α-amylases for the saccharification within distillery
companies.

It is remarkable that various α-amylases differ substantially in their activity relative to
temperature and pH-value. The average values of the most important technical α-amylases
are shown in Table 9.2.

Although the pH activity dependences of the various amylases are relatively unimportant,
major differences are found in temperature dependences. The temperature optimum of fungal
α-amylase is approximately 20◦C below that of bacterial α-amylases. This has to be regarded
in practical applications. Observations by Underkofler and Hickey25 showed that bacterial
α-amylases produce dextrins faster than fungal amylases.

As demonstrated by Aschengreen,7 the presence of calcium-ions (Ca++) is required for
the adequate effectiveness and stability of microbial α-amylases. This finding led to the
addition of defined doses of calcium salts especially in potato processing.

Furthermore, the pH-optimum of the first technical α-amylases was quite high (around 6).
Therefore the pH of the mashes had to be raised in most cases. To meet both demands of pH
and Ca++ requirement, lime hydrate Ca(OH)2 was applied successfully.

Technical bacterial α-amylases that show high activity without the need for adding calcium
are nowadays available for distilleries. Furthermore, these enzymes are optimally suited
because of their complete effectiveness at pH-values up to 5.0 and at temperatures up to
90◦C. They also secure a flawless liquefaction of potato mashes. This can be achieved
without the addition of calcium, assuming that the amount of existing calcium present in
potatoes is sufficient to ensure the full effect of these α-amylases.

Extensive formation of maltose is a characteristic of fungal α-amylases from A. oryzae –
and this is obviously beneficial for the fermentation processes in a distillery. With the help
of these amylases the fermentation period can be reduced to 34 h, even in potato mashes.
Furthermore it appears that upon fermenting wheat mashes, there is a lower tendency to form
a solid top layer when fungal α-amylases are used for starch reduction. However, a faultless
degradation of starch during the steaming process is an absolute requirement.

9.1.1.2 β -Amylase

β-Amylase (α-1,4-glucane-maltohydrolase) is characterized by an extremely slow viscosity
reduction and a high capability of sugar formation; that is this enzyme shows a weak
liquefying but a strong ‘sugaring’ effect. Hence it is declared as saccharogen-amylase. Out
of the two components of natural starch (amylose and amylopectin), β-amylases degrade
the 1,4-glucosidic linear chain of amylose – as exo-enzyme – from the non-reducing end
completely. On the other hand, amylopectin is only incompletely degraded into maltose. The
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Fig. 9.2 (a) Degradation of amylose (A) and amylopectin (AP) by (exo) β-amylase (adapted from Ref.
[6]). (b) Degradation of amylose (A) and amylopectin (AP) by glucoamylase (adapted from Ref. [6]).
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reason for this is the 1,6 linkages forming side chains in the amylopectin molecule. Nearly
65% of the theoretically possible amount of maltose is generated, as well as dextrins and
small amounts of other sugars. Like α-amylases, β-amylases are blocked by the maltose
formed, as long as this is not eliminated by fermentation.

The temperature optimum of β-amylase is below 60◦C, and is denatured quickly at
temperatures over 60◦C. The pH-optimum of β-amylases is around 5.2 and more general
between 4.8 and 5.5; the pH-stability is between 4.5 and 7.5. It should be noted that β-
amylase is found only in higher plants, like barley, rye and wheat, as ‘raw corn amylase’, but
it is not found in microorganisms.

9.1.1.3 Border dextrinases

In addition to α- and β-amylases, border dextrinases (oligo-1,6-glucosidase) are involved
in the saccharification of the starch of raw materials used in distilleries. These enzymes
are developed from malt, especially oat malt, as well as from moulds and are not able
to attack high-molecular weight amylopectin. In contrast, the border dextrinase of malt
(pH-optimum 5.1, temperature optimum 40◦C) primarily splits border dextrins, thereby
developing maltose, maltotriose and some glucose. The acid-sensitive fungal-dextrinase
(pH-optimum 6.3) dissolves branched links of lower molecular sugars and degrades, for
example the non-fermentable isomaltose into glucose.

9.1.1.4 R-enzyme

The R-enzyme (amylopectin-1,6-glucosidase) can only be found in malt and is capable of
hydrolyzing α-1,6-bindings in amylopectin, the so-called joints. This splits the giant molecule
into smaller degradation products. Border dextrins are not attacked by this enzyme.

9.1.1.5 Glucoamylase (amyloglucosidase)

An important enzyme for starch saccharification is glucoamylase (α-1,4-glucan-
glucohydrolase), also called amyloglucosidase. This enzyme is found in mould preparations,
for example in Aspergillus niger. As an exo enzyme, it splits amylose as well as amylopectin
from the non-reducing ends into glucose, without being hindered by the branched chains in
amylopectin. Dextrines, maltotriose and others sugars are hydrolyzed into glucose as well
by this enzyme. While during the processing of starch with malt several enzymes have to
interact repeatedly in order to achieve total starch saccharification up to glucose, this can
be achieved by using microbial glucoamylase only. However, the formation of glucose by
glucoamylase is a much slower process than starch conversion by malt enzymes. The reason
may be that only a few chain ends are available for the decomposition. To arrive at the fast
starch saccharification desired in practice, the addition of an α-amylase is therefore unavoid-
able. This enzyme does a major preliminary job for the attack of the glucoamylase by its
dextrinizing effect and the multiplication of chain ends.

The optimal conditions for glucoamylase are around 60◦C and a pH between 4.0 and 5.2.
However, this enzyme also exhibits relatively high activity at pH values of 5.5 and above
and at pH 3.5 and below but this does not lead to a requirement to lower the pH during the
fermentation process.
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9.1.1.6 α-Glucosidase

As can be expected, malt also contains an enzyme which forms, in a similar way as microbial
glucoamylase, glucose from maltose and isomaltose. It is called α-glucosidase and it has an
isomaltose effect.8 The pH-optimum is at 4.6, the temperature optimum at 45◦C.

9.1.1.7 Transglucosidase

A transglucosidase, belonging to the main class of transferases, is a microbial enzyme, from
for example A. niger. This enzyme is able to build up unfermentable dextrins from maltose,
as opposed to the starch decomposing enzymes discussed so far. From experience the process
of mashing and fermentation in distilleries is not affected yet by this enzyme, since in the
presence of yeast during the fermentation, there is no dextrin synthesis from sugar.9

9.1.2 Cellulases

Cellulases also have to be mentioned among the important technical enzymes for distilleries.
In fact this group of enzymes does not belong to the common distillery enzymes yet, but
it can be expected that cellulases will achieve an important position in this area in the
future. Exploratory tests have shown that the enzymatic decomposition of cellulose provides
a possibility means to increase alcohol recovery.

The interaction of several single enzymes is needed for the enzymatic hydrolysis of
cellulose. However, cellulose breakdown is as yet incompletely clarified.10 Several groups of
enzymes involved are defined and must be called ‘cellulolytic systems’ instead of ‘cellulases’.

The C1-component of these systems does not have a hydrolytic effect but reduces hydrogen
bonds which stabilize the crystal structure of the cellulose in and between the β-1,4-glucan
chains. This creates additional reaction areas for the hydrolytic acting β-1,4-glucanases.
As a third component in a cellulolytic system, β-glucosidases are involved in cellulose
breakdown. β-Glucosidases widely differ in their preference for certain chain lengths of the
molecules. The final product of enzymatic cellulose hydrolysis is glucose.

Technical enzymes for saccharification of cellulose can be derived from several moulds.
The activities of those preparations in relation to native (crystalline) cellulose are, however,
relatively low. The optimum effects of these enzyme systems are achieved at pH 4–6 and at
60◦C,10 which is a convenient area for the mashing in distilleries.

9.2 ENZYMES IN WINEMAKING

9.2.1 Introduction

Wine is an alcoholic beverage made from the fermentation of fresh grapes or fresh grape juice.
Although other fruits such as apples and berries can be fermented, the resultant ‘wines’ are
normally named after the fruit from which they are produced (e.g. apple wine or elderberry
wine) and are generically known as fruit wines. The commercial use of the word ‘wine’
(and its equivalent in other languages) is protected by law in many jurisdictions. According
to the ‘Organization Internationale de la Vigne et du Vin’ (OIV) 2005,11 worldwide wine
production, excluding grape juices and musts, is estimated to be 282 million hectoliters with
Europe accounting for 191 million hectoliters. More and more wine is being produced in
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new world winemaking countries; this trend is accompanied by a change in global consumer
taste in wine.

Consumers want aromatic fruity wines and in the case of red wines; soft tanins, but
above all they want consistency in the profile of the product they buy. This trend has lead
to an industrialization of winemaking processes and a more consistent use of recipes and
processing aids such as enzymes. The use of pectinases was introduced in winemaking in the
1970s to improve white must clarification. From the 1980s onwards enzymes have been used
for colour extraction, filtration and aroma release. Nowadays, enzymes are used not only to
improve the efficiency of processes such as pressing and clarification but also to improve
wine quality through aroma, mouthfeel and structure.

Although the grape berry as well as the microorganisms performing the transformation
of grape juice into wine do perform enzymatic reactions, this chapter only reviews the
application of added exogenous industrial enzyme preparations with a special focus on
enzymes working on grape-derived substrates.

9.2.2 Grape structure and composition

Although grape berry composition depends on the variety, soil and climatic conditions, there
is little variation in the plant cell structure (see chapter on enzymes in fruit and vegetable
processing and juice extraction).

The grape berry skin accounts for 6–9% of the total berry weight. Within skin cells are
found essential compounds such as anthocyanins (responsible for the red colour of wines),
tannins (essential for the structure of red wines) and aroma or their precursors. The thick
pecto-cellulosic wall of the skin cells provides rigidity to the berry but when making wine it
prevents the diffusion into the must of intracellular components.

The pulp represents 75–85% of the ripe berry weight. It comprises large cells with
fine pecto-cellulosic walls offering limited mechanical resistance. In the cell, vacuole is
a concentrated solution of organic acids, fermentable sugars, some aroma and precursors.
Pectin is located between the cells, in the primary wall and lamella.

9.2.3 Pectin

Pectin is probably one of the most complex macromolecules found in nature. Its content in
grapes varies with the variety and maturity.12 The pecto-cellulosic wall is a complex structure.
It is composed of cellulose microfibrilles, linked together by a matrix of xyloglucan, mannan,
xylan (generally known as hemicellulose) and pectin, all consolidated by a secondary protein
network. Some neutral sugars (galactose and arabinose) make up part of the structure of the
lateral pectin chains and form macromolecules with proteins.

9.2.3.1 Pectin three main components13,14

� Homogalacturonan (HG) is a non-ramified chain of α-1,4-linked galacturonosyl acid
residues, partially esterified at C-6 with methanol groups. They are also described as the
‘smooth region’ of pectin.

� Rhamnogalacturonan I (RG-I). The main chain, comprises an alternating rhamnose and
galacturonic acid, bears lateral chains of arabinans and arabinogalactans to form areas
known as ‘hairy regions’.
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Fig. 9.3 Simplified scheme representing pectin.

� Rhamnogalacturonan II (RG-II) has a very complex structure which cannot be hydrolyzed
by enzymes.

� There are several schools of thought on how these three constituents found in the cell
walls are organized. It has, however, been shown that they are combined by covalent
acidic links to form pectin (Fig. 9.3), with cross links between different pectin chains
(ionic, electrostatic and diester borate bridges).

9.2.3.2 Pectin physical properties; negative effects in winemaking

Pectin’s gel forming and water retention properties prevent the diffusion of pheno-
lic compounds and aromas into the must during the pre-fermentation and fermentation
stages.

The high viscosity of pectin solubilized after crushing, hinders juice extraction, clarifica-
tion and filtration.

9.2.4 Polyphenols

9.2.4.1 Types of phenolic compounds found in grape

Phenolic compounds are responsible for major organoleptic characteristics in wines, par-
ticularly colour and structure in red wines. However, wine polyphenol composition is still
poorly understood; most studies have focused on classes of molecules that can be sepa-
rated and assayed with high performance liquid chromatography (HPLC) and have neglected
polymers that are not as easily determined. Furthermore, polyphenols are highly reactive
compounds and good substrates for various enzymes, including polyphenoloxidases, peroxi-
dases, glycosidases and esterases. They undergo numerous enzymatic and chemical reactions
during storage and processing, and the structures of the resulting products are still poorly
understood.15

Chemical reactions of polyphenols are particularly important in wine because they are
responsible for the colour and taste changes that occur during aging. Grape polyphenols,
namely, anthocyanins, flavonols, hydroxycinnamic acids and flavanols, including catechins
and proanthocyanidins, represented only approximately one-half of the polyphenol content of
a 2-year-old red wine polyphenol extract. The other one-half consisted of unknown phenolic
species derived from grape polyphenol reactions during winemaking and aging.5 Genuine
anthocyanins determined with HPLC contributed 50% of the red colour intensity measured
spectrophotometrically after dilution with 1% HCl; therefore, the other one-half could be
attributed to anthocyanin-derived pigments.
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9.2.4.2 Polyphenol properties

Polyphenols exhibit a wide range of properties, depending on their particular structures.
They include yellow, orange, red and blue pigments, as well as various compounds involved
in flavour. The major flavours associated with polyphenols are bitterness and astringency.
Other major polyphenol characteristics include their radical-scavenging capacity, which is
involved in antioxidant properties, and their ability to interact with proteins. The latter is
responsible for astringency perception (resulting from interactions of tannins with salivary
proteins), for formation of haze and precipitates in beverages.

9.2.4.3 Grape polyphenol localization

The polyphenols are distributed throughout the grape as follows:16

Grape seeds contain 60% of the grape polyphenols. This group is mainly constituted of
proanthocyanidins (monomeric flavan-3-ols, and their oligomers and polymers). The
lipid layer surrounding the seed prevents their extraction in maceration (with or without
enzymes).

Grape skin contains 30% of extractable grape polyphenols, mainly anthocyanins and resver-
atrol. Resveratrol is an antioxidant found in grapes and red wine, mulberries and peanuts.
It has been shown to have positive anti-aging benefits and has also demonstrated benefits
in diabetes, heart health, obesity and some cancers. For example, red wine of the pinot
noir variety contains 3.1 mg of resveratrol per litre. Grape pulp contains less than 10% of
total extractable grape polyphenols.

9.2.5 Wine varietal aromas and their precursors in grapes

In order to produce wines matching consumer expectations, that is with well-defined intense
aroma, winemakers must put everything in place to extract aroma and their precursors. Most
white varieties, aside from Muscats, do not contain odorous aroma but do contain heavy
hydrophilic aroma precursors. These precursors are converted into odorous aroma through
a series of chemical and enzymatic reactions naturally occurring during the winemaking
process. Once released, these molecules are responsible for the wine varietal aroma. There
are several families of molecules. Only the two main varietal aroma families are detailed
below but many more do exist including carotenoı̈d derivatives, dimethyl sulphide (DMS)
whose role in wine aroma is still being investigated.

9.2.5.1 Glycosylated compounds

Odourless aromatic terpenols precursors are present in the grape skin in a form linked to
sugars,17 their composition and content varies according to the grape variety. In Vitis vinifera,
monoterpenes precursors are bound to di-glycosides, glucose and another carbohydrate
residues such as arabinose, rhamnose or apiose. In varieties such as muscat or riesling, the
linalol, nerol and geraniol glycosylated precursors are the most abundant, their ‘sugar’ part
comprising ramnose-glucose for rutinosides, arabinose-glucose for arabinosides and apiose-
glucose for apiosides. Sequential hydrolysis of these sugars releases the highly odorous
terpenols. When released from their linked sugar, these compounds are responsible for a
wide range of aromatic notes from honey to fruity or flowery.
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9.2.5.2 Thiols

Thiols are sulphur compounds responsible for the typical notes in white wines produced
from such grape varieties as Sauvignon, Chenin, Petit and Gros Manseng and Colombard,
as well as some red varieties. These thiols are present in the grape skin and/or pulp in the
form of odourless precursors bound to an amino acid, cysteine. During grape maturation,
the appearance of the 4MMP (4-mercapto-4-methylpentan2-one) precursor precedes that of
the 3MH (3-mercaptohexan-1-ol). This explains why, for a given vineyard, Sauvignon wine
will express a stronger box tree nuance when the grapes are harvested earlier, while it
becomes more fruity with a later harvest.18

There are several techniques that, when used alone or in combination, increase and
guide the aromatic intensity and profile of the wine. It is possible to intervene by
facilitating:

� diffusion of precursors in grape must (cys-4MMP, cys-3MH). This step can be enhanced
by the use of a specific maceration enzyme;

� the release of volatile thiols from their precursors (4MMP, 3MH). This reaction occurs
during alcoholic fermentation and is performed by specific strains of Saccharomyces
cerevisiae;

� thiol (A3MH) conversion. This reaction occurs during alcoholic fermentation and is
performed by specific strains of S. cerevisiae;

� aroma conservation in finished wines.

9.2.6 Legal aspects of the use of enzymes in winemaking

9.2.6.1 Organizations

Enzyme preparations used in winemaking must comply with the specifications recom-
mended by Joint FAO/WHO Expert Committee on Food Additives (JECFA) and by Food
Chemical Codex (FCC) for food enzymes. The OIV takes decisions on analysis methods
and on enological applications and treatments. Local organizations such as the Food and
Drugs Administration (FDA) in the United States of America, the Direction Générale de la
Concurrence, de la Consommation et de la Répression des Fraudes (DGCCRF) in France or
the Food Standards Australia New Zealand (FSANZ) control that laws are being respected
and/or ensure people’s safety.

OIV
‘Organization Internationale de la Vigne et du Vin’ (OIV) which replaced the ‘International
Vine and Wine Office’ was established by the Agreement of 3 April 2001. The OIV is an
intergovernmental organization of a scientific and technical nature in the fields of vines,
wine, wine-based beverages, table grapes, raisins and other vine-based products.11 The OIV
counts 44 member states.

The OIV seeks to foster an environment that is conducive to scientific and technical
innovation, the dissemination of the results thereof and the development of the international
vitivinicultural sector. It will promote, through its recommendations, international standards
and guidelines, harmonization and the sharing of information and sound science-based
knowledge, in order to enhance productivity, product safety and quality, and the conditions
for producing and marketing vine and wine products.
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International enological CODEX
The International Oenological Codex compiles the description of the principle chemical
products used to make and store wine. Identification characteristics and purity degree of these
products are described in addition to the minimum required efficiency. The definition or a
formula synonym of each product is provided. The conditions for their use, the instructions
and limits for their usage are set by the ‘International Code of Oenological Practices’. The
authorization for their usage is subject to domestic laws.11

International code of oenological practices
This technical legal reference document is focused on the standardization of products in the
vitivinicultural sector to be used as a base to establish national or supra-national regulations.11

JECFA
JECFA is an international scientific expert committee that is administered jointly by the Food
and Agriculture Organization of the United Nations and the World Health Organization. It
has been meeting since 1956, initially to evaluate the safety of food additives. Its work now
also includes the evaluation of contaminants, naturally occurring toxicants and residues of
veterinary drugs in food.19

The Food and Drugs Administration
FDA is the US Government agency that oversees most medical products, foods and
cosmetics.20

French General Directorate for Competition Policy, Consumer affairs and Fraud control
The General Directorate for Competition Policy, Consumer affairs and Fraud control
(DGCCRF) has a market regulatory role to ensure market balance and transparency. It
also ensures consumer economic protection through information against abusive practices
and assures consumer physical security and health.21

9.2.6.2 Enzymatic activities currently authorized in winemaking

The recommendations of the OIV, the European and French Regulations wrap around one
another with degrees of precision and ever increasing legal restrictions,22 while the new
International Oenological Codex and the International Code of Oenological Practices both
recognize the use of enzymes where their effectiveness has been proven (resolution 14/2003),
and for a whole series of applications (resolutions 11–18/2004).

The OIV resolution, oeno 11–18/200411 recognizes the importance in the winemaking
process of the following enzymatic activities: pectin lyase, pectin methyl-esterase, polygalac-
turonase, glycosidase, hemicellulase, cellulase and β-glucanases. The OIV and International
Code of Oenological Practices authorize Lysozyme (resolution oeno 15/2001) and the use
of urease for treatment of wines to reduce the risk of ethyl carbamate formation.

European and French legislation are rather more restrictive and are based on the principle
of a positive list. The activities authorized in winemaking are covered by the European Union
article 1493/1999. The EC Regulation 1493/1999 only authorizes pectinases from A. niger,
β-glucanase produced by Trichoderma harzianum, urease from Lactobacillus fermentum
and lysozyme.
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9.2.6.3 Traceability

From 1 January 2005 the European Regulation EC 178/2002 on food safety has been ap-
plicable. Under European regulations, anyone operating in viticulture and/or winemaking is
fully liable for the safety of their end product. Those operating in the food industry have
to prove they have made every effort in this respect. Traceability is being required at every
production step. Those operating at any stage ‘from the vineyard to the glass’, must work
together to ensure complete transparency in the field of food safety especially in respect of
allergies.

Following a period of highly publicized food crises (bovine spongiform encephalopa-
thy (BSE), food allergies, etc.) the wine distribution channels are demanding a number of
guarantees from their suppliers through the implementation of control systems. Purchas-
ing centres exercise direct pressure on the nature and traceability of source products and
products used during the course of winemaking. Their requirements are often more de-
manding than the current regulation, with highly restrictive responsibilities in respect of
resources.

Thus, wine producers have to respond to the requirements of both regulatory and the
market controls. In turn, they have to make similar demands on their own suppliers (grape
producers, manufacturers of oenological products, dry materials, etc.). Producers of oeno-
logical products have a joint responsibility with the wine producers for ensuring the safety of
wine.22

9.2.6.4 Labelling

Industrial enological enzymes fall under the processing aids category and therefore to this
date do not require to be labelled on the wine bottle.

According to the FDA, ‘processing aids can be substances that are added to a food for
their technical or functional effect in the processing but are present in the finished food at
insignificant levels and do not have any technical or functional effect in that food.’20

Lysozyme, as it is extracted from egg white, falls under the allergen-labelling direc-
tive. Starting 31 May 2009, any wine treated with egg white-derived products, albumin or
lysozyme, will have to bear on their label the statement: ‘contains egg’.

9.2.7 GMO transparency

Speaking of GMO in respect of winemaking enzymes generates confusion. Genetic modifi-
cation techniques only apply to the productive microorganism and not to enzymes: enzymes
are proteins, not living organisms. But, they can be produced by classical microorganisms
or microorganisms that have been obtained by genetic modification. Thus, we can speak of
an enzyme as being produced by a genetically modified microorganism as opposed to being
produced by a classical microorganism.

Only a targeted question on the conditions for obtaining the productive microorganism
strain for the enzyme will provide reliable information on whether genetic engineering was
used.

Details of genetic engineering techniques (see Chapter 2) and their advantages in oeno-
logical use are not discussed in this chapter. However, such techniques should only be used
where full transparency is exercised in respect of clients and when their use is generally
agreed upon in the market and amongst consumers.22
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9.2.8 Production of winemaking enzymes

9.2.8.1 Enzymes produced through fermentation

To produce the enzymes used in winemaking, selected strains are cultivated in fermentors
under aerobic conditions. A. niger for the production of pectinases and β-glycosidases,
T. harzianum in the case of β-glucanases and L. fermentum in the case of urease.

A well-defined composition of the growing medium induces optimal production of the
desired enzymatic activities. For example, a growing medium rich in pectin induces the
microorganisms to secrete pectinases (pectolytic enzymes) into the media.23 After fermen-
tation, the pectinases and enzymatic side activities are isolated by centrifuge, ultra filtration
and concentration. During these stages microorganisms are completely eliminated from the
end product.

9.2.8.2 Other types of production for enzymes used in winemaking

Lysozyme is a naturally occurring protein discovered by Fleming in 1922. Hen egg white
(HEW) lysozyme is a well-known compound that has been used in pharmaceutical compo-
sitions and food since the 1950s. The product is separated from HEW with an ion exchange
resin then purified and dehydrated.

9.2.9 Winemaking enzymes composition and formulation

9.2.9.1 Principal activity

The main activities in winemaking enzyme formulations are derived from the pectinase
family. They include pectin lyase (PL), pectin methyl-esterase (PME) and polygalacturonase
(PG). PL-type activity, known as de-polymerizing, cuts the pectin chain between two methy-
lated galacturonic acids, while the PG prefers a non-methylated substrate. PME activity
does not depolymerize the pectin chain but releases a methanol molecule from galacturonic
esterified acids. It eases the action of PG.

Pectinases, by breaking down pectin, do provide a number of obvious technical ad-
vantages, such as accelerating the pre-fermentation stages, increasing free run juice yield,
enhancing clarification and pressing, leading to an overall improvement in the grape must
quality with increased aroma and polyphenols concentrations.

Pectinase activity units
Today, each enzyme producer uses their own pectinase activity measuring method and unit.
These units mainly constitute a way for enzyme producers to compare different products
from their own production and are used for product standardization and quality control
procedures. Different analytical protocols have been developed and are standardized with
different pectin sources showing degrees of methylation different from grape pectin. These
measures do not provide an indication of the enzyme efficiency in winemaking. The
efficiency of an enzymatic preparation in winemaking is strongly related to the presence
of side activities, as the main pectinase activity alone does not ensure all benefits. For this
reason, enzymes’ efficiency in winemaking ought to be checked through application trials
during the development phase of the product.

It is not possible to compare products from different origins based on the activity level
provided by the supplier on the product label or specification sheet.
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Fig. 9.4 Vinyl phenol formation in white wines.24

9.2.9.2 Side activities

The nature and complex composition of the growth substrate used to produce the enzymes
induce the production of a wide pool of enzymatic activities. The main (principal) activity in
the obtained enzymatic product is accompanied by numerous secondary (side) activities that
play roles of varying degrees of importance, some being essential other neutral or detrimental
in specific winemaking applications. By using A. niger strains specifically selected for
enological purposes, DSM Food Specialties enzyme preparations are formulated to naturally
maintain any unwanted activities to a negligible level. Some side activities might, in certain
types of wines, have an undesirable effect and a positive effect in other. Although these
secondary activities are tolerated under the legislation, these enzymes can in certain cases
spoil wine quality.

� Hemicellulase and cellulase activities are normally present in varying amounts in pectinase
preparations. These activities sought for in red grapes maceration in order to extract the
maximum skin cells content are better avoided in white grapes maceration to limit grape
skin dilaceration which could cause pressing problems.

� Cinnamyl esterase activity in white wines contributes to the hydrolysis of coumaric
and ferulic acids, which, after decarboxylation by a POF+ (phenyl off flavour) yeast
strain, lead to the formation of vinyl-4-phenol and vinyl-4-guaiacol. These compounds
give unpleasant poster paint and nail polish smells.24 In red wines, vinyl phenols react
with polyphenols to form colour-stabilizing compounds. The details of this reaction are
developed in a specific section of this chapter. Analysis shows that the level of cinnamyl-
esterase activity in DSM NFCE enzymes (naturellement faible cinnamyl esterase) is
amongst the lowest of any preparation purified or not available on the market. Using DSM
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NFCE enzymes in white winemaking limits the formation of volatile phenols maintaining
their concentration under the perception threshold.

� Anthocyanase activity in red wines could cause a colour loss as it releases anthocyanins
from their bound sugar; this hydrolysis results in an unstable anthocyanidin form.

9.2.9.3 Formulation

Enological enzymes can be formulated in liquid or micro granulated form.

� In the micro granulate form enzyme preparations offer good storage stability. The activity
level of these products is stable when stored under the recommended conditions of
humidity and temperature. At room temperature, their shelf life varies from 24 to 36
months. This form has no risk of being contaminated even after opening this with no
preservatives use.

� Liquid enzymes should be stored at cold temperatures. The shelf life of these products
when stored under recommended conditions is between 12 and 24 months. Their microbi-
ological stability is more difficult to guarantee and their formulation often requires the use
of preservatives. For example, sorbate salts and potassium chloride are authorized preserv-
ing agents used in liquid enzyme preparations. Another stabilizing agent commonly used
in liquid enzymes is glycerol, although this compound does not negatively affect wine
quality, its addition in the winemaking process is not allowed in most wine-producing
countries.
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10 Enzymes in fish processing
Soottawat Benjakul, Sappasith Klomklao and

Benjamin K. Simpson

10.1 INTRODUCTION

Enzyme technology is currently being applied in the fish processing industry to increase
fish meat yield and to facilitate the processing as well as to improve the quality of finished
products. Enzymes are capable of accelerating desirable reactions, from which a number of
advantages can be obtained. Additionally, the enzymatic reactions employed are mild and
do not cause an adverse effect, such as the loss of nutritive values of products. Reactions can
be manoeuvred or regulated easily without undesirable effects. Various enzymes can be used
in seafood industry to increase processing efficacy. However, the maximization of desirable
endogenous enzymes or lowering the enzymes causing a negative impact on the seafood
quality is the promising means to obtain seafood products with prime quality. Enzymes,
especially industrial enzymes, can be used as fish processing aids. However, the industry
has to afford for the high cost of those enzymes. Therefore, the recovery of fish enzymes
for further uses has been paid attention to in order to gain the potential processing aids cost
effectively. Furthermore, the unique characteristics of those enzymes can be exploited.

Different enzymes have been used in seafood processing as the aid to improve yield and
quality. Modes of action of different enzymes vary and the processes involved should be
carefully considered so as to maximize the benefit of the enzymatic reactions employed.

10.2 PROTEASES

Proteases play an essential role in the growth and survival of all living organisms. The hydrol-
ysis of peptide bonds catalyzed by proteases is a common reaction in nature. Proteases from
plants, animals and microorganisms are polyfunctional enzymes catalyzing the hydrolytic
degradation of proteins.1

Proteases can be classified on the basis of their similarity to well-characterized proteases
as trypsin, chymotrypsin, chymosin or cathepsin-like. They may be classified on the basis
of their pH sensitivities as acid, neutral or alkaline proteases. They are also characterized by
common names and trade names, preferential specificity and response to inhibitor specificity.
In the EC system for enzyme nomenclature, all proteases (peptide hydrolases) belong to
subclass 3.4, which is further divided into 3.4.11–19 (the exopeptidases) and 3.4.21–24 (the
endopeptidases or proteinases).2 Endopeptidases cleave the polypeptide chain at particularly
susceptible peptide bonds distributed along the chain, whereas exopeptidases hydrolyze one
amino acid from N terminus (amino peptidases) or from C terminus (carboxypeptidases).
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Exopeptidases, especially aminopeptidases, are ubiquitous, but less readily available as
commercial products, since many of them are intracellular or membrane bound. Based on
the nature of the catalytic site, proteinases are further classified into four categories: acid or
aspartate proteinases, serine proteinases, thiol or cysteine proteinases or metalloproteinases.3

The enzymes in the different classes are differentiated by various criteria, such as the nature
of the groups in their catalytic sites, their substrate specificity, their response to inhibitors or
by their activity/stability under acid or alkaline conditions.2

10.2.1 Applications of proteases

Proteases are by far the most studied enzymes for industrial bioprocessing. For the fishery
industry, proteases are used as processing aids for many products. These include recovery of
pigment and flavouring compounds, production of fish protein hydrolyzates, viscosity
reduction, skin removal and roe processing.4–6

10.2.1.1 Carotenoprotein extraction

Various methods have been devised to recover carotenoid or carotenoprotein from crustacean
wastes as a potential source of red/orange pigments for use in feed of farmed fish and shellfish.
Extraction of shell waste with oil7 reduces ash and chitin levels and achieves a good recovery
of pigment. However, this method suffers the disadvantage of yielding a product devoid of
protein, thereby decreasing the stability of the carotenoid to oxidation and failing to recover
a valuable nutrient. Since about one-third of the dry matter in crustacean shell waste is
protein, an enzymatic process has been developed to extract and recover the protein along
with the carotenoid in its native carotenoprotein from crustacean waste. Proteolytic enzymes
were used to recover carotenoprotein from shrimp8 and crab.9 About 80% of the protein
and 90% of the astaxanthin pigment from shrimp processing waste can be recovered as an
aqueous dispersion after trypsin hydrolysis. Cano-Lopez et al.10 reported that using Atlantic
cod trypsin from pyloric ceca in conjunction with a chelating agent (EDTA) in the extraction
medium increased the efficacy in recovering both protein and pigment from crustacean
wastes. This method has facilitated the recovery of as much as 80% of astaxanthin and
protein from shrimp processing wastes as carotenoprotein complex. Ya et al.11 recovered
carotenoprotein from lobster waste by using trypsin from bovine pancreas. The product
obtained was found to contain higher protein and pigment content than those of untreated
lobster waste and was devoid of chitin and ash. Recently, Klomklao et al.12 also recovered
carotenoprotein from black tiger shrimp waste by using trypsin from bluefish pyloric ceca.
The product contained higher protein and pigment content than those of untreated black tiger
shrimp waste and had low contents of chitin and ash (see Table 10.1). A lower yield of protein
(60–70%) and pigment (35–50%) is recovered in the carotenoprotein fraction when protease
with broad specificity is used rather than trypsin. Chakrabarti13 isolated carotenoprotein from
tropical brown shrimp shell waste by enzymatic process including trypsin, papain and pepsin.
Trypsin yielded the maximum recovery of carotenoid (55%) when hydrolysis was conducted
for 4 h at room temperature. Pepsin and papain showed about 50% recovery during the
same period. The yield of protein paste isolated with trypsin was highest. Protein-associated
astaxanthin is more resistant to oxidation8 and is deposited in the skin and flesh of rainbow
trout more efficiently14 than free pigment. Use of this process by industry is promising due
to a less costly source of trypsin than from the currently available process.
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Table 10.1 Proximate composition of black tiger shrimp shell and carotenoprotein recovered with or
without bluefish trypsin (reprinted from Ref. [12]).

Carotenoproteina

Compositions (% dry
weight basis) Shrimp shell Control Bluefish trypsin-aided

Crude protein 30.88 ± 0.76 59.95 ± 0.02 70.20 ± 0.11
Crude fat 3.93 ± 0.79 14.91 ± 0.15 19.76 ± 0.25
Ash 29.98 ± 0.75 17.89 ± 1.12 6.57 ± 0.18
Chitin 32.89 ± 1.55 5.40 ± 0.01 1.50 ± 0.10

a Values are mean ± standard deviation from triplicate determinations.

10.2.1.2 Fish sauce

Fish sauce is a traditional fermented fish product, which is used as an important source of
protein in Southeast Asia. Fish sauce is a clear brown liquid with a salty taste and mild fishy
flavour. The product is basically made from a mixture of fish and salt with a weight ratio
of 3:1. This mixture is allowed to ferment for more than 6 months at 30–35◦C for complete
hydrolysis and flavour development.15 During fermentation, endogenous enzymes slowly
degrade the fish tissue in the presence of 20–30% salt to form a clear liquid with a high
content of free amino acids and excellent flavour. The fermentation, which proceeds until
the desired product is obtained, is time consuming, requires a large storage capacity and is
therefore costly. To reduce this capital investment, it is desirable to accelerate the fermentation
process. Addition of exogenous proteases to the fermentation can accelerate the process.
However, flavour characteristics of the finished product are normally inferior to the traditional
product. Plant enzymes were the first to be used. Papain from unripe papaya, bromelain
from pineapple stems and ficin from figs have all been used. These enzymes are cysteine
proteases, most active under weak acid conditions. Fish sauce recovery was obtained after 2–3
weeks of the fermentation process. Best results were obtained using bromelain preparations,
but the characteristic flavour of the finished product was inferior to the traditional one.
This accelerated method is used today in commercial fish sauce production in Thailand.16

The enzymes recovered from fish have also been successfully used as seafood processing
aids including the acceleration of fish sauce fermentation. Chaveesuk et al.17 reported that
supplementation with trypsin and chymotrypsin significantly increased protein hydrolysis
of fish sauce. Fish sauce prepared from herring with enzyme supplementation contained
significantly more total nitrogen, soluble protein, free amino acid content and total amino
acid content, compared to fish sauce without added enzyme.17 By supplementing minced
capelin with 5–10% enzyme-rich cod pyloric ceca, a good recovery of fish sauce protein
(60%) was obtained after 6 months of storage.18 Additionally, Klomklao et al.15 reported that
fish sauce prepared from sardine with spleen supplementation contained greater contents of
total nitrogen (see Fig. 10.1), amino nitrogen, formaldehyde nitrogen and ammonia nitrogen
than did those without spleen addition throughout the fermentation. Therefore, the addition
of spleen can accelerate the liquefaction of sardine for fish sauce production.

10.2.1.3 Seafood flavouring

Seafood flavours are in high demand for use in products like artificial crab and fish sausage.
Proteolytic enzymes can aid the extraction of flavour compounds from shells and other
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Fig. 10.1 Total nitrogen content of fish sauce samples produced from sardine to which different levels of
skipjack tuna spleen are added; blends are fermented for 180 days. (Reprinted from Ref. [15], Copyright
(2006), with permission from Elsevier.)

materials. The taste and volatile components of shrimp heads were recovered by enzymatic
digestion using Corolase N and koji (a source of protease from Aspergillus oryzae) or
bacterial strains with high proteolysis rates followed by concentration and spray drying.19, 20

The product contained 9–12% free amino acids, mainly taurine, arginine, glycine and proline
and inosine monophosphate as the major nucleotide. Shrimp flavouring can be used as an
additive in surimi-based products and cereal-based extrusion products like shrimp chips.
Proteases are used in this process, although other types of enzymes may also be involved, to
liquefy the material which allows separation of bones and shells and facilitates concentration
to 50–60% dry matter. The degree of protein hydrolysis is used to optimize the process with
regard to yield and off-flavour formation. Enzymes have also been used to recover flavour
from oysters.20

10.2.1.4 Deskinning

The common method of removing skin from fish fillets is a purely mechanical action, whereby
an automated machine in effect tears the skin off the flesh. The ease of deskinning varies
greatly between fish species. Some species, such as the starry ray (Raja radiata), are so
difficult to deskin that automated mechanical deskinning is virtually impossible. Therefore
manual deskinning must be performed, but manual deskinning is a labour-intensive task and
hence the production costs become prohibitive, with the result that these species tend to be
underutilized.21

A number of inventions using enzymes to remove the skin from fish, which are difficult
to deskin by mechanical means, have been described. Stefansson and Steingrimsdottir22

described the enzymatic deskinning of Raja radiate wings. The process involved partial
denaturation of the skin collagen using a gentle heat treatment followed by immersion in an
enzyme solution for several hours at low temperature (0–10◦C). The dissolved skin could
then be rinsed off the skate wings. The enzyme solution contained unspecified proteases and
carbohydrases. The presence of carbohydrases, although not essential, enhanced the skin-
solubilization process, presumably by loosening the collagenous layer, thereby facilitating
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increased access of the proteases to the denatured collagen.22 Deskinning of tuna (Thunnus
spp. and related genera) was achieved by preheating with steam to 60◦C, followed by digestion
of the pre-treated skin with a complex mixture of proteases and carbohydrases at ∼50◦C.23

Deskinning of herring (Clupea harengus) with cod pepsin was reported.24 Raa25 reported
that squid is deskinned and tenderized using papain in a weak salt solution. An enzymatic
process was also developed to loosen shrimp shells from muscle tissue prior to peeling.25

10.2.1.5 Collagen extraction

Fish collagen can be obtained from skin, bone, scale and cartilage of various fish
species.26–29 Collagen is commonly extracted using an acid-solubilization process, in which
non-collagenous matter, pigment and lipids are first removed by alkali solution. Pre-treated
materials are used for collagen extraction using an acid process. Acetic acid is widely used
for collagen extraction. The resulting collagen is usually referred to as ‘acid soluble colla-
gen’. However, the acid process gives a low yield and the use of pepsin in combination with
acid extraction is implemented to increase the yield of collagen (see Table 10.2). Covalent
cross-links at the telopeptide region of collagen molecules are not readily solubilized by acid.
However, those cross-links can be cleaved by pepsins without damaging the integrity of triple
helix of collagen30 (see Fig. 10.2). Nagai et al.31 reported that the yield of pepsin-solubilized
collagen was higher (44.7%) than acid-solubilized collagen (10.7%). Nagai and Suzuki32

found that the collagen extracted from the outer skin of the paper nautilus was hardly solu-
bilized in 0.5 M acetic acid. The insoluble matter was easily digested by 10% pepsin (w/v),
and a large amount of collagen was obtained with 50% yield (pepsin-solubilized collagen).
Collagen from the outer skin of cuttlefish (Sepia lycidas) was extracted by Nagai et al.33

The initial extraction of the cuttlefish outer skin in acetic acid yielded only 2% of collagen
(dry weight basis). With a subsequent digestion of the residue with 10% pepsin (w/v), a
solubilized collagen was obtained with a yield of 35% (dry weight basis). Pepsin-solubilized
collagen was extracted from the skin of grass carp (Ctenopharyngodon idella) with a yield
of 35% (dry weight basis).34

Fish pepsin is another promising enzyme for collagen extraction. It can be extracted
or recovered from fish processing by-products, especially fish stomach. Furthermore, the
cost of pepsin can be reduced and the visceral by-products can be fully utilized. Nalinanon
et al.30 studied the use of fish pepsin as tool to increase the yield of collagen extracted from
fish skin. Addition of bigeye snapper pepsin at a level of 20 kUnits g−1 skin resulted in the
increased content of collagen extracted from bigeye snapper skin. The yields of collagen
from bigeye snapper skin extracted for 48 h with acid and with bigeye snapper pepsin were
5.31% and 18.7% (dry basis), respectively. With pre-swelling in acid for 24 h, collagen
extracted with bigeye snapper pepsin at a level of 20 kUnits g−1 skin for 48 h, the yield
increased to 19.8%, which was greater than that of collagen extracted using porcine pepsin
at the same level (13.0%) (see Table 10.2).30 All collagens contained β, α1 and α2 chains as
the major constituents.

Tuna pepsin has been shown to be an effective aid for collagen extraction from fish skin.
Nalinanon et al.35 used the pepsin from the stomach of albacore tuna, skipjack tuna and
tonggol tuna for collagen extraction from the skin of threadfin bream. The yield of collagen
increased by 1.84–2.32 folds and albacore pepsin showed the comparable extraction efficacy
to porcine pepsin. Tuna pepsin-solubilized collagen from threadfin bream had a similar
protein pattern to acid-solubilized collagen, which can be classified as type I collagen.



P1: SFK/UKS P2: SFK
c10 BLBK192-Whitehurst July 27, 2009 14:24 Printer Name: Yet to Come

216 Enzymes in Food Technology

Table 10.2 Pepsins used for collagen extraction.

Concentration
of Digestion ASC yield PSC yield

Raw materials Pepsin pepsin used time (%) (%) References

Threadfin bream
skin

Albacore
tuna

10 U g−1 skin 12 h 22.45 74.48 35

Skipjack 63.81
Tongol 71.95
Porcine 75.92

Yellowfin tuna
dorsal skin

ND 0.98% (w/v) 23.5 h – 27.1 36

Bigeye snapper
skin

Bigeye
snapper

20 kUnits g−1

skin
48 h 5.31 18.7 30

Grass carp skin Porcine 1% (w/v) 24 h – 46.6 34
Black drum skin ND 0.1% (w/v) 3 days 2.3 15.8 37

Sheephead
seabream skin

ND 0.1% (w/v) 3 days 2.6 29.3

Brownstripe red
snapper skin

Porcine 10% (w/v) 48 h 9 4.7 27

Deep-sea redfish
skin

Porcine 0.1% (w/v) 48 h 47.5 92.2 38

Sardine scale Porcine 10% (w/w) 24 h – 50.9
Red sea bream
scale

Porcine 10% (w/w) 24 h – 37.5 28

Japanese sea
bass scale

Porcine 10% (w/w) 24 h – 41

Grass carp scale ND 1% (w/v) 48 h – 25.64 39

Bullfrog skin ND 0.1 g/40 g skin 8 h – 12.6 40

Octopus Callistopus
arakawai arm

Porcine 10% (w/v) 48 h 10.4 62.9 31

Cuttlefish outer
skin

Porcine 10% (w/v) 48 h 2 35 33

Paper nautilus
outer skin

Porcine 10% (w/v) 2 days 5.2 50 32

Rhizostomous
jellyfish mesogloea

Porcine 10% (w/v) 48 h – 35.2 41

However, degradation of α and β components took place when pepsin from skipjack tuna
was used (see Fig. 10.3). Albacore pepsin showed comparable extraction efficiency to porcine
pepsin and had no adverse effect on the integrity of resulting collagen. Thus, albacore pepsin
could be used for collagen extraction from threadfin bream skin.35

10.2.1.6 Protein hydrolyzate

Fish protein hydrolyzate can be prepared with the addition of protease to increase the endoge-
nous hydrolytic activity and shorten the hydrolysis time. Enzymatic hydrolysis possesses a
greater advantage when compared with chemical hydrolysis or autolysis caused by the
endogenous enzymes in fish. Hydrolyzates can be obtained by maximization of endogenous
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Fig. 10.2 Role of pepsin in the cleavage of telopeptide of collagen fibrils.

proteases, but the process takes an extended time. Fish protein hydrolyzate from Pacific hake
containing high endogenous proteolytic activity from Kudoa paniformis parasitic infection
could be prepared by autolysis at 52◦C at pH 5.5 for 1 h.42 To expedite the hydrolysis pro-
cess, commercial proteases as well as other proteases have been used widely to hydrolyze
proteins, particularly those obtained as by-products or from underutilized species. Some
commercial proteases used for the production of fish protein hydrolyzate include Alcalase,
Neutrase, Flavourzyme, Protamex, pepsin, chymotrypsin, trypsin, papain, Pronase E, colla-
genase, etc.43–51 (see Table 10.3).

In general, different proteases exhibited varying characteristics, including optimal pH
and temperatures. Therefore, to maximize hydrolysis, it should be conducted under the
appropriate conditions. Additionally, the degree of hydrolysis (DH) can be manoeuvred to
obtain a hydrolyzate with desirable properties. Once the required DH is obtained for the
hydrolysis, inactivation of protease is required. Otherwise, the DH cannot be controlled
and subsequent undesirable effects, particularly the formation of bitterness or the loss in
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Fig. 10.3 SDS–PAGE patterns of collagen extracted from threadfin bream skin with the aid of pepsin
from the stomach of different tuna species and porcine pepsin (10 U g−1 defatted skin) for different
extracting times. Numbers denote extraction time (h). M and I denote MW protein markers and collagen
type I, respectively. (Reprinted from Ref. [35].)

functional properties, can occur. pH adjustment or heat treatments are common practices
to terminate the residual proteolytic activity. A flowchart for the production of fish protein
hydrolyzate is illustrated in Fig. 10.4.

DH of fish protein is governed by many factors involving the fish species, defatting pro-
cess, enzymes used, enzyme/substrate ratio, etc. Rapid hydrolysis of trevally mince with
and without defatting was observed within the first 3 min in the presence of Alcalase or
Flavourzyme, followed by a slower rate of hydrolysis of up to 20 min (see Fig. 10.5).49

However, the defatted mince was less susceptible to hydrolysis by both enzymes. Proteins
which were denatured by the defatting process could not be hydrolyzed effectively by added
enzymes. Denatured protein possessed poor wettability, thereby reducing the dispersibility
and accessibility of enzyme to the substrate.69 Moreover, high temperature during the de-
fatting process could inactivate the endogenous enzyme in fish muscle. Typical hydrolysis
curves similar to those shown in Fig. 10.5 have been reported for the enzymatic hydrolysis
of sardine,53 capelin,56 Pacific whiting solid waste,43 herring and herring by-product,55, 57

salmon.58

DH is an important factor determining the characteristics, functional properties and bioac-
tivity of protein hydrolyzates.47, 49 The solubility generally increases as the DH increases.
The smaller peptides have more polar residues, which are able to form hydrogen bonds with
water and thus increase solubility.49, 58 Protein hydrolyzates are surface active materials and
promote oil-in-water emulsion due to their hydrophilic and hydrophobic groups.58 Excep-
tional emulsifying activity and stability of protein hydrolyzates are obtained with limited
DH.70 Peptides with a long chain length or more hydrophobic peptides are able to stabilize
emulsions.47, 71 On the other hand, excessive hydrolysis produces peptides with shorter chain
length and higher hydrophobicity, which exhibit poorer emulsifying properties.49–70 Small
peptides migrate rapidly and adsorb at the interface, but exhibit less efficacy in decreasing
the interface tension because they cannot unfold and reorient at the interface to stabilize
the emulsion.49 For foaming ability, excessive hydrolysis results in lower foaming ability.
Smaller peptides are not capable of maintaining the foam.56 High molecular weight peptides
mainly contribute to foam stability of protein hydrolyzates. Hydrophobicity of unfolded



P1: SFK/UKS P2: SFK
c10 BLBK192-Whitehurst July 27, 2009 14:24 Printer Name: Yet to Come

Enzymes in fish processing 219

Table 10.3 Proteases used for production of fish protein hydrolyzate.

Protease Raw materials
Bioactivity/functional
properties/applications References

Alcalase Yellowfin sole (Limanda aspera)
frame protein

Antioxidative properties 52

Emulsifying properties 53
Sardine (Sardina pilchardus)
meat

Microbial culture 54

Yellowfin tuna (Thunnus
albacares) stomach

Emulsifying and foaming properties 55

Herring (Clupea harengus) Functional properties, antioxidant,
yield improvement

56

57
Herring (Clupea harengus)
by-products
Capelin (Mallotus villosus) Functional properties and

antioxidative properties
43

58
Pacific whiting (Merluccisu
productus) wastes

Functional properties 59

Salmon by-products Functional properties 60
Atlantic cod viscera Solubility 61
Sardinnella (Sardinella aurita)
head and viscer

Functional properties and
antioxidative properties

49,50

47,48
Pacific whiting (Merluccius
productus) muscle

Functional properties 62

Yellow stripe trevally
(Selaroides leptolepis) muscle

Functional properties and
antioxidative properties

63

64
Round scad (Decapteris
maruadsi) muscle

Functional properties and
antioxidative properties

46

44
Flavourzyme Silver carp

(Hypophthalmichthys molitrix)
protein

Solubility and antioxidative
properties

49,50

Antioxidative properties 47,48
Tilapia protein isolate Antioxidative properties 62
Tuna backbone protein Antioxidative properties 63

Neutrase Hoki frame protein ACE inhibitory activity 43
Alaska pollack (Theragra
chalcogramma) skin gelatin

Functional properties and
antioxidative properties

56

59
Yellow stripe trevally
(Selaroides leptolepis) muscle

Functional properties and
antioxidative properties

63

64
Round scad (Decapteris
maruadsi) muscle

Solubility and antioxidative
properties

46

Trypsin Silver carp
(Hypophthalmichthys molitrix)
protein

Antioxidative properties 64

Functional properties 46
α-Chymotrypsin Tilapia protein isolate Functional properties, antioxidant,

yield improvement
52,65

Pacific whiting wastes 64
Capelin (Mallotus villosus) Solubility 46

Pepsin Atlantic cod viscera Antioxidative properties 52
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Table 10.3 (Continued)

Protease Raw materials
Bioactivity/functional
properties/applications References

Tilapia protein isolate Antioxidative properties 45
Tuna backbone protein Antioxidative properties 64
Hoki frame protein Antioxidative properties 52

Papain Tuna backbone protein Antioxidative properties 52
Hoki frame protein Antioxidative properties/

ACE inhibitory activity
56

64
Yellowfin sole (Limanda
aspera) frame protein

Antioxidative properties 46

Pronase E Tuna backbone protein Antioxidative properties 52
Hoki frame protein Antioxidative properties 44

Protease A
Amano

Yellowfin sole (Limanda
aspera) frame protein

ACE inhibitory activity 63

Protease N Alaska pollack (Theragra
chalcogramma) frame
protein

Antioxidative properties 66

Antioxidative properties 63
Antioxidative properties 67

Protease N
Amano

Tuna backbone protein Functional properties,
antioxidant, yield improvement

66

Protease XXIII
from Aspergillus
oryzae

Yellowfin sole (Limanda
aspera) frame protein

Antioxidative properties

Yellowfin sole (Limanda
aspera) frame protein

Antioxidative properties 59

Antioxidative properties 51
Protease
SM98011 from
Bacillus sp.

Capelin (Mallotus villosus) ACE inhibitory activity 63

Tuna backbone protein Antioxidative properties 68
Hoki frame protein Antioxidative properties 52

Protamex Yellowfin sole (Limanda
aspera) frame protein

Antioxidative properties

Antioxidative properties 44
Cryotin F Alaska pollack (Theragra

chalcogramma) skin gelatin
ACE inhibitory activity

Mackeral
intestine crude
enzyme (MICE)

Tilapia protein isolate

Mackerel (Scomber
austriasicus) meat

Solubility

Collagenase Tilapia protein isolate ACE inhibitory activity
Tuna cooking juice Antioxidative properties

Antioxidative properties
Shark meat Antioxidative properties
Atlantic cod viscera ACE inhibitory activity
Pacific hake (Merluccius
productus) fillet
Tilapia protein isolate
Alaska pollack frame protein
Yellowfin sole (Limanda aspera)
frame protein
Alaska pollack (Theragra
chalcogramma) skin gelatin
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Fish (underutilized fish/fish by-products) 

Size reduction/fat removal 

Addition of hydrolytic medium 

pH adjustment using acid or base 

Addition of selected proteases 

Hydrolytic reaction under optimal pH and temperature 

Termination of protease 

Centrifugation 

Supernatant 

Dehydration 

Fish protein hydrolyzate

Fig. 10.4 Flowchart for fish protein hydrolyzate by enzymatic process.

proteins is also associated with foaming characteristics.49 Foam stability depends on the
nature of film and reflects the extent of protein–protein interaction within the matrix.49, 71

Fish protein hydrolyzates may possess a wide range of bioactivities including antiox-
idative activity and angiotensin converting enzyme (ACE) inhibitory activity.48, 50, 72 Addi-
tionally, neuroactive peptides and immunoactive peptides have been found in fish protein
hydrolyzate.73, 74 Bioactive peptides can be released from the parent proteins by proteolytic
enzymes during gastrointestinal digestion or during food processing.75 Antioxidative pep-
tides can serve as a natural antioxidant to prevent free radical-mediated modification of DNA,
proteins, lipids as well small cellular molecules which are associated with a number of patho-
logical processes. These include atherosclerosis, arthritis, diabetes, inflammatory disorders
and neurological disorder, etc.52 ACE inhibitory peptides have a potential as antihypertensive
components.72 In general, ACE plays an important role in the regulation of blood pressure.
It is a dipeptidyl-carboxypeptidase which converts the inactive decapeptide, angiotensin I,
into a potent vasoconstrictor, the octapeptide angiotensin II.76

Bioactivities of peptides generally depend on the source of the parent protein and the
sequence of hydrolysis when different enzymes are used. Je et al.64 studied the effect of
different types of enzymes (Alcalase, α-chymotrypsin, Neutrase, papain, pepsin and trypsin)
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Fig. 10.5 Degree of hydrolysis (DH) of yellow stripe trevally mince (a) and defatted mince (b) during
hydrolysis with Alcalase or Flavourzyme at different concentrations (0.25% (♦), 0.5% (♦), 1% (�), 2.5%
(�), 5% (�), 7.5% (�), 10% (*)). (Reprinted from Ref. [49], Copyright (2007), with permission from
Elsevier.)

on the antioxidative activity of tuna backbone hydrolyzate. Among all hydrolyzates obtained,
peptic hydrolyzate showed the highest antioxidative activity. Klompong et al.50 found that
protein hydrolyzate from yellow stripe trevally, prepared using Flavourzyme, had a higher
antioxidative activity, compared with a hydrolyzate prepared using Alcalase. At the same DH,
protein hydrolyzate from round scad muscle prepared using Flavourzyme exhibited greater
1,1-diphenyl-2-picrylhydrazyl (DPPH) radical scavenging activity and reducing power but
a lower Fe2+ chelating ability than hydrolyzate produced using Alcalase.48 ACE inhibitory
activity of hydrolyzate from marine protein materials was also governed by the protein source
and types of proteases. Hydrolyzate prepared using Protamex and SM98011 protease from
Bacillus sp. had a lower IC50, when compared with hydrolyzate prepared from other enzymes
used.77 Bioactive peptides have been isolated and characterized as shown in Table 10.4.

10.3 TRANSGLUTAMINASE (TGASE)

10.3.1 Endogenous TGase

TGase, transferase or protein glutamine γ -glutamyltransferase (EC 2.3.1.13), is a catalyst for
the acyl transfer reaction between γ -carboxyamide groups of glutamine residues in proteins
or peptides and various primary amines.78 When the ε-amino group of lysine acts as an acyl
acceptor, it results in polymerization and inter- or intra-molecular cross-linking of protein
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Table 10.4 Active peptides from fish protein hydrolyzates.

Active
peptides

Raw
materials Enzyme

Active
peptides IC50 References

Antioxidative Tuna
backbone
protein

Pepsin Val-Lys-Ala-Gly-Phe-
Ala-Trp-Thr-Ala-Asn-
Gln-Gln-Leu-Ser

NR 64

Peptides Hoki frame
protein

Pepsin Glu-Ser-Thr-Val-Pro-
Glu-Arg-Thr-His-Pro-
Asp-Phe-Asn

41.37 µM for
DPPH radical

46

ACE
inhibitory
peptides

Alaska pollack
frame protein

Mackerel
intestine crude
enzyme (MICE)

Leu-Pro-His-Ser-Gly-
Tyr

17.77 µM for
hydroxyl
radical

Yellowfin sole
frame protein

MICE-pepsin Arg-Pro-Asp-Phe-Asp-
Leu-Glu-Pro-Pro-Tyr

18.99 µM for
peroxyl
radical

68

Shark meat Cys-Phe 172.10 µM
for superoxide
radicals

Yellowfin sole
frame protein

Protease
SM98011 from
Bacillus sp.

Glu-Tyr NR 52

Alaska pollack
frame protein

α-Chymotrypsin Phe-Glu NR 66

Alaska pollack
skin gelatin

Pepsin Met-Ile-Phe-Pro-Gly-
Ala-Gly-Gly-Pro-Glu-
Leu

1.96 µM 65

Alcalase-Pronase
E-collagenase

Phe-Gly-Ala-Ser-Thr-
Arg-Gly-Ala

2.68 µM

Gly-Pro-Leu 1.45 µM 45
Gly-Pro-Met 28.7 µg mL−1 44

14.7 µM
2.6 µM
17.13 µM

NR: not reported.

via formation of iso-peptide, ε – (γ – glutamyl) lysine linkages.79 This occurs through the
exchange of the ε-amino group of the lysine residue for the ammonia at the carboxyamine
group of a glutamine residue in protein molecules (see Fig. 10.6). Formation of covalent
cross-links between proteins is the basis of the ability of TGase to modify the physical
properties of protein foods.80 The cross-linking capability is influenced by the amino acid
sequence and the charge of amino acids surrounding the susceptible glutamine residue and
local secondary structures.81 Proteolysis of non-reactive protein can convert it to a TGase
substrate.82

Endogenous TGase in fish muscle varies with species and is most likely associated with the
setting phenomenon. Setting or suwari involves network formation of fish proteins, mainly
myosin, due to the cross-linking by endogenous TGase in the temperature range of 5–40◦C.
Fish muscle contains TGase ranging from 0.10–2.41 U g−1.83 This enzyme induces the
cross-linking of muscle proteins and affects the textural properties of fish protein gels.84–87

Benjakul et al.88 confirmed the role of TGase in setting of the surimi from tropical fish



P1: SFK/UKS P2: SFK
c10 BLBK192-Whitehurst July 27, 2009 14:24 Printer Name: Yet to Come

224 Enzymes in Food Technology

Protein solution

Protein gel

Dry

TGase

= H2O

Protein film

Polypeptides

TGase

(CH2)2 (CH2)3
NH2

CH2H2N

O

Glutamyl side chain

γ ε

ε

Lysine side chain

C

(CH2)2 (CH2)3CH2N

O H

C

ε-(γ-glutamyl) lysine isopeptide

γ

Fig. 10.6 Cross-linking of proteins in gel and film induced by transglutaminase.

including bigeye snapper, threadfin bream, barracuda and bigeye croaker. It induced the
formation of non-disulphide covalent bonds, especially in the presence of sufficient calcium
ion. The addition of TGase inhibitors including N-methylmaleimide (NEM), ammonium
chloride and EDTA resulted in the decrease in setting phenomenon.88

Endogenous TGase has different molecular weights depending upon fish species. Ad-
ditionally, the optimal pH and temperature vary with species. Total TGase activity differs
depending on the temperature of measurement.89 Optimum temperatures of TGase vary
with species such as threadfin bream (55◦C),90 red sea bream (Pagrus major) (55◦C),91 big-
eye snapper (Priacanthus tayenus) (40◦C) and bigeye snapper (Priacanthus macracanthus)
(25◦C).92 Worratao and Youngsawatdigul93 reported that optimum temperature and optimum
pH of tilapia TGase were 37–50◦C and 7.5, respectively. The maximal TGase activity of
carp meat (88.5 U g−1 sample) was found at 50◦C, followed by threadfin bream (28.4 U g−1

meat) at 40◦C, white croaker (19.7 U g−1 meat) at 30◦C and red sea bream (17.1 U g−1 meat)
at 50◦C.89 Therefore, the setting can be maximized based on the pH and temperature profile
of individual fish species.

Endogenous TGase is water soluble and can be removed by washing process.94 Young-
sawatdigul et al.90 reported that residual TGase activity of first washed treadfin bream mince
was lower than that of mince. Therefore, some TGase is leached out during the washing
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Table 10.5 Endogenous transglutaminase activities of surimi from
some tropical fish.95

Surimi samples TGase activity (mUnits/g)

Threadfin bream surimi 14.69 ± 0.01acb

Bigeye snapper surimi 15.95 ± 0.08d
Baracuda surimi 7.97 ± 0.03a
Bigeye snapper surimi 12.40 ± 0.18b

aMean ± SD from triplicate determinations.
bDifferent letters in the same column denote the significant differences (P < 0.05).

process for surimi production. Chantarasuwan95 found different TGase activities in surimi
produced from four different tropical fish. Among these bigeye snapper surimi also showed
the highest TGase activity (see Table 10.5).

TGase in fish muscle is calcium dependent.96 Calcium ions are considered to induce the
conformational change, in which the exposure of substrate to a cysteine residue in the active
site can be favoured.80 Calcium compounds are commonly added as surimi gel enhancer.97

During the setting, myosin is denatured, aggregated and simultaneously polymerized by
calcium-dependent endogenous TGase. Apart from ε-(γ -glutamyl) lysine isopeptide bonds
catalyzed by Ca2+-dependent endogenous TGase, hydrophobic interactions and disulphide
linkages could be involved during setting of fish protein.98 Benjakul and Visessanguan92

found that the addition of CaCl2 in the sol of surimi from both species of bigeye snapper
(P. tayenus and P. macracanthus) prior to setting either at 25 or 40◦C, followed by heating
at 90◦C, resulted in an increase in both breaking force and deformation of surimi from both
species. The increase was more pronounced with increasing calcium chloride levels (0–100
mmol kg−1). TGase activity from bigeye snapper muscle increased as [CaCl2] increased.99

Youngsawatdigul et al.90 reported that breaking force of threadfin bream surimi gel, set
at 40◦C was highest when 0.2% Ca2+ was added. Lee and Park97 found that addition
of 0.2% calcium compounds improved shear stress of Pacific whiting surimi whereas lower
concentrations (0.05–0.1%) effectively increased the gel texture of Alaska pollack. Optimum
CaCl2 concentration required for surimi gel improvement varied with fish species and it was
dependent on the initial level of Ca2+ in muscle.97

10.3.2 Microbial transglutaminase (MTGase)

TGase can be produced by some microorganisms such as Streptoverticillium mobaraense,100

other Streptoverticillium sp,101 Bacillus subtilis102 and Streptoverticillium ladakanum.103

Due to the ease of production and purification, commercialization of MTGase has increased
continuously since the market introduction.104 The isoelectric point of MTGase was approx-
imately 8.9. The molecular weight of MTGase was determined to be 38 000–40 000 D.104

MTGase has an optimal pH between pH 5 and 8, but it still shows some activity at pH 4 and
9.78 MTGase is thus considered to be stable over a wide pH range. The optimum temperature
for enzymatic activity is 50◦C, and MTGase fully retains its activity even after 10 min at
50◦C.72 MTGase from S. mobaraense is totally Ca2+ independent, while fish endogenous
TGase requires Ca2+ ion for its activation. MTGase from S. mobaraense cross-links myosin
heavy chain more rapidly than TGase from carp muscle. Connective tissue appears to be an
excellent substrate for MTGase but not for TGase from carp muscle.105
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10.3.2.1 Use of MTGase in surimi and fish mince gels

MTGase is generally mixed with fish paste or surimi sol prior to setting. Jiang et al.106 found
that the optimum amounts of MTGase and setting conditions of surimi gel from threadfin
bream were 0.3 U g−1 surimi either at 30◦C for 90 min or at 45◦C for 20 min for threadfin
bream. For pollack surimi the optimal amount of MTGase is 0.2 U g−1 surimi at 30◦C for
1 h. Maximal shear stress of surimi gel from striped mullet was obtained when MTGase at
9.3 g kg−1 was added and setting was conducted at 37◦C for 3.9 h, while the maximal shear
strain was gained when MTGase at 5 g kg−1 was employed together with setting at 34.5◦C
for 1 h.107 In general, inter- and/or intra-molecular cross-links were formed in myosin heavy
chain of MTGase containing surimi. Myosin heavy chain is the major myofibrillar protein
found in fish muscle and mainly involves in gelation process. Additionally, Thammatinna
et al.108 observed that setting at 25◦C for 2 h could induce both endogenous and MTGase
cross linking activity in Pacific white shrimp gel as evidenced by the increase in breaking
force. Setting at 40◦C showed lower gel properties, compared with setting at 25◦C. The
unfolding of muscle protein molecules at higher temperature might favour the aggregation
via hydrophobic interaction. As a consequence, the reaction group for cross-linking induced
by MTGase could be embedded. Therefore, glutamine or lysine residues were possibly
masked and cross-linking mediated by MTGase was impeded.108 To increase the efficacy of
MTGase in gel strengthening, many approaches have been reported. Pressurization improved
the mechanical properties of gel made from paste of arrowtooth flounder treated with MTGase
and set at 25◦C.109 High pressure processing modified protein structure and allowed MTGase
to induce the cross-linking, thus improving texture attributes.

To enhance the gel strength of surimi added with MTGase, a number of ingredients
involving protein additives, protease inhibitors as well as hydrocolloids have been used in
conjunction. However, some ingredients show a negative effect as evidenced by the lowered
gel strength once they are incorporated. Moreno et al.110 reported that MTGase (10 g kg−1) in
combination with sodium caseinate (15 g kg−1) in minced hake could increase the mechanical
properties of restructured fish muscle processed at low temperature. The use of whey protein
concentrate and sodium caseinate in combination of MTGase could improve the mechanical
properties of restructure fish products from the filleting waste of silver carp.111 When
chitosan was used in combination with MTGase in the gel of horse mackerel, no synergistic
effect was noticeable. However, MTGase addition increased the hardness of the resulting gel
regardless of chitosan addition.112 When low methoxylated pectin was used in conjunction
with MTGase in the gel of Mexican flounder mince, the resulting gel had decreased mechan-
ical properties.113 The disruption effect might be associated with interferences in forming
the three-dimensional structures of the gel. The addition of MTGase caused the cross-linking
of myosin heavy chain (MHC) and substantially increased the gel strength (from 536.6 to
2012.4 g × cm). The recombinant cystatin could effectively prevent the MHC degradation
and gel softening during the production of mackerel surimi-based products.114 Combined
use of MTGase and recombinant cystatin revealed synergistic effectiveness on improving the
quality of mackerel surimi (increase from 435 to 2438 g × cm). Jiang et al.106 found that the
combination of MTGase, reducing agent and proteinase inhibitor seemed to be a better way to
improve gel-forming ability of hairtail surimi. The texture degradation caused by endogenous
proteinase could be prevented by the inhibitors. The best condition for the improvement of gel
forming ability was the combination of 0.35 U MTGase g−1, 0.1%NaHSO4 and 0.01 mM E-
64 (trans-epoxysuccinyl-l-leucyl-amido (4-guanidino) butane), a specific cysteine proteinase
inhibitor.
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MTGase has been used widely in restructured fish products to reduce the salt required
due to its ability in protein cross-linking. Usually a decrease in salt level to below 2% has
a negative effect on the functional and mechanical properties of meat product. Sufficient
amount of salt is required for protein solubilization. Salt at 1.5% is considered to be the
minimum level needed for gel development.115 Tellez-Luis et al.116 found that low salt
restructured silver carp products with improved mechanical and functional properties can
be successfully prepared using MTGase (3 g kg−1) and 1% NaCl. Additionally, MTGase at
3 g kg−1 could be used to improve the mechanical properties of restructured product from a
mixture of striped mullet and Mexican flounder (1:1) at both levels of salt (1% and 2%).117

MTGase has been proven as a potential gel-enhancing agent, which improves gel strength
of surimi produced from low quality lizardfish. Low quality is usually the result of long iced
storage time. During handling and storage, fish muscle proteins undergo both denaturation
and degradation, leading to poor gel formation.118 Some fish species with formaldehyde form-
ing ability such as lizardfish are susceptible to protein denaturation. As a consequence, gel
formation is generally decreased with increasing storage or handling time. Benjakul et al.119

found that MTGase was a powerful gel enhancer of mince from lizardfish stored in ice for
different times. However, the gel enhancing ability was greater in surimi produced from fresh
lizardfish (see Fig. 10.7).

Fig. 10.7 Breaking force and deformation of mince gel from lizardfish stored in ice for different times
without and with MTGase addition (0.6 U g−1 sample) and set under different conditions. Different letters
within the same treatment or different capital letters within the same storage time indicate significant
differences (P < 0.05). Bars represent standard deviation from five determinations. (Reprinted from Ref.
[119].)
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Fig. 10.8 Microstructure of gelatin (magnification: 10 000×). (a) and (b) Gelatin gels of bigeye snapper
skin without and with 0.005% (w/v) MTGase, respectively. (c) and (d) Gelatin gels of brownstripe red
snapper skin without and with 0.01% (w/v) MTGase, respectively.120 (Reprinted from Ref. [49], Copyright
(2007), with permission from Elsevier.)

10.3.2.2 Use of MTGase in gelatin gels and films

Fish gelatin has become increasingly interesting as an alternative for gelatin from land animal
sources such as bovine and porcine skin and bone. This is associated with the outbreak of
bovine spongiform encephalopathy (BSE) and the foot and mouth disease (FMD) crisis,
as well as with aesthetic and religious objections.120 Gelatin can be extracted from various
marine sources. However, collagen and gelatin from fish, especially from cold water fish,
have low gelling temperatures and melting points.121 This limits the use of fish gelatin since
it cannot form a gel at room temperature.122 Also, the bloom strength is generally lower
than its mammalian counterpart. Therefore, MTGase have been used to improve the bloom
strength of gelatin gel from fish origin via cross-linking of gelatin molecules in the gel matrix.
To maximize the bloom strength of gelatin, the appropriate amount of MTGase should be
considered. If the enzyme concentration is too low, gel formation cannot occur. The addition
of MTGase at levels up to 0.005% and 0.01% increased the bloom strength of gelatin gel
from bigeye snapper and brownstripe red snapper skin, respectively. Nevertheless, the bloom
strength of skin gelatin gel from both fish species decreased with further increase in MTGase
levels. With addition of MTGase, denser aggregates with negligible voids in gel network
were noticeable, most likely due to the formation of non-disulphide covalent bonds between
adjacent molecules (see Fig. 10.8).

Cross-linking induced by MTGase is also governed by gelatin concentration. Sufficient
gelatin concentration renders the better gel than do lower concentrations.123 MTGase could
induce cross-linking of fish gelatin at 4–5◦C. MTGase cross-linked gelatin from Baltic cod
did not melt in boiling water after 30 min of heating.123 MTGase showed a higher gel
enhancing effect than MgSO4 for gelatin from hake and cod skin.124 Optimal level for gel
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improvement was depending on the source of gelatin and this is most likely associated
with different intrinsic properties of protein molecules. The addition of MTGase to gelatin
from megrim skin raised the melting point, gel strength and viscosity at 60◦C to different
degrees, depending on the enzyme concentration and the incubation time. Additionally,
thermal inactivation of enzyme had no negative effect on the properties of gelatin.125

Biodegradable materials including edible film from biopolymers have gained increasing
attention. Gelatin is a possible material for film formation but so far gelatin from skins of
cold adapted fish has not been applied for biodegradable food packages. Cod skin gelatin is
completely soluble in water and it is not suitable for making film for coating and packaging.126

Yi et al.127 reported that the use of MTGase could increase cross-linking, tensile strength
and melting temperature of gelatin-based film. MTGase reaction did not have any impact on
the water vapour permeability of resulting film. To improve the mechanical properties and
to reduce the solubility of gelatin-based film, chitosan is blended and MTGase is used as the
cross-linker.126 Fish gelatin from gelatin-chitosan films was almost completely hydrolyzed
by trypsin, regardless of MTGase incorporation.128 Therefore, MTGase can be applied as
the potential cross-linker of fish protein, in which the desirable characteristics or properties
can be obtained.
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11 Enzymes in fruit and vegetable
processing and juice extraction

Catherine Grassin and Yves Coutel

11.1 INTRODUCTION

Some 1.3 billion metric tonnes (bnmt) of vegetables and 417 million metric tonnes (mmt) of
fruit were produced globally in 2005.1 China ranks as the number one producer for almost
every type of fruit and vegetable. It is by far the world’s largest apple grower, and produced
an estimated 23 mmt in 2007/2008, when world production was forecasted to reach 41
mmt.2 Global citrus production for 2007/2008 was forecast at nearly 71 mmt, of which
China produced 17.6 mmt.3 Global fruit juice sales hit the 54 bn litre (bnL) mark in 2007
and are forecast to rise 15% by 2011 to 62 bnL. Asia is expected to be the top juice market
by 2009/2010, consuming more than 14 bnL.4 Western Europeans currently consume an
average of 31 L of juice a year per capita. Juice consumption is growing fast in Eastern
Europe (18 L are consumed annually per capita in Russia), as well as in India and China.
In the US, consumption peaked at 40 L per capita in 2006, with particular growth evident in
concentrated juice and niche juice sectors.5

The first commercial use of pectinases in juice processing dates back to the 1930s when
used solely for apple juice clarification. Pectinases decreased juice viscosity by hydrolyzing
soluble pectin and resulted in faster clear apple juice production. Pectinases were added
to apple mash in the 1980s, facilitating a dramatic rise in juice production and making
juice concentration possible through water evaporation, leading to perfect stable concen-
trates. Volume for storage was reduced by a ratio of one to five, juice to concentrate.
Since then, other fruits such as berries, tropical fruits and citrus have been processed using
enzymes.

In recent years, European and American fruit-processing industries have come under
increasing pressure from Asia. Mounting competition from the Far East has forced Western
processing companies to amalgamate, use new and more cost-effective technology, launch
new beverage products targeting different market sectors and reduce waste by adding value
to by-products. These four trends are addressed below:

� Consolidation within the fruit-processing industry has occurred through mergers and
acquisitions. In Europe, a handful of large organizations have replaced the thousands of
juice processors that operated in the 1980s. The result is a more organized, vertically
integrated industry.

� The use of more cost-effective technology, better equipment – such as presses or separators
with new hardware for continuous automatic control – and new enzymes have resulted in
higher juice yield, faster processing and higher plant throughput.



P1: SFK/UKS P2: SFK
c11 BLBK192-Whitehurst July 27, 2009 12:9 Printer Name: Yet to Come

Enzymes in fruit and vegetable processing and juice extraction 237

� New beverage products, in particular different fruit and vegetable blends like car-
rot/pineapple/peach or blueberry/purple-carrot/grape/beet are now commercially avail-
able and marketed for their health benefits. They are rich in antioxidants, vitamins and
fibre. New fruits, such as açai, acerolla, cashew apple or pitanga, are now processed and
used in these blends for their attractive colour and aroma. Fruit juice processing therefore
requires more sophisticated tools than simple mechanical pressing or physical extraction.
Enzyme suppliers offer fruit juice producers tailored enzyme preparations that take into
account fruit composition and final fruit product specifications: clear juice, cloudy juice,
puree, smoothy. Application of specific purified enzymes can also result in the selective
extraction of components such as aroma, colour and phenolic compounds facilitating the
production of different end products and fruit derivatives.

� Waste reduction and sustainable production are now important considerations for juice
processors. After initial juice extraction, leaching with enzymes allows sugar to be ex-
tracted from the fruit pomace a second time. This sugar can be used for the manufacture of
natural fruit sweeteners or ethanol production. Enzymes improve the quality and stability
of fruit products, and boost factory productivity. Combined with new equipment and pro-
cessing technologies, industrial enzymes allow processors to add value to raw materials
for food and thus reduce waste, facilitating sustainable production.

11.2 FRUIT COMPOSITION

Fruits are composed of peel, flesh tissue and seeds or stones. Flesh cells are held together
by a rigid cell wall (up to many micrometers thick) that gives them a very defined shape and
protects them from internal pressure and external shocks.6 In the primary wall, the major
polysaccharides are pectin, hemicelluloses and cellulose.7, 8

11.2.1 Pectin

Pectin forms a family of complex polysaccharides that contain 1,4-linked α-d-galacturonic
acid. To date, they have been classified into three groups: homogalacturonan, rhamnogalac-
turonans and substituted galacturonans.

� Homogalacturonan (HG) is a homopolymer of [(1 → 4)-α-d-galactosyluronic acid]
residues, known for its ability to form gels. The primary cell wall HG can be methyl-
esterified at the galacturonic carboxylic group, C6 position, and acetyl-esterified at the C2
or C3 position. Methyl and acetyl esterification degrees and molecular weight of pectin
are specific to fruit species (see Table 11.1).

� Rhamnogalacturonan I (RGI) has a backbone of as many as 100 repeats of the disaccharide
[1 → 2)-α-l-rhamnosyl-(1 → 4)-α-d-galactosyluronic acid]. It can be substituted by
arabinan or arabinogalactan. Side chains of neutral sugars are covalently attached to RGI
to the O-4 of rhamnose residue.

� Arabinans are mostly (1 → 5)-α-l-arabinosyl residues forming linear chains, but arabi-
nosyl units can be connected and more or less ramnified with (1 → 5), (1 → 3) or (1 →
2)-α-linkages.

� Arabinogalactan (AG) type I with a (1 → 4)-β-d-galactan backbone and AG type II with a
(1 → 3),(1 → 6)-β-d-galactan backbone, both AG have (1 → 3)α-l-arabinosyl residues.
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� Rhamnogalacturonan II (RGII) is a low molecular weight about 4.8 KDalton complex
polysaccharide composed of 12 different sugars, with a homogalacturonan backbone
composed of about nine 1 → 4-α-d-galactosyluronic acid residues. Four different complex
side chains are attached to O-2 or O-3 of the galacturonic acid.9

11.2.2 Hemicellulose

Two main hemicelluloses of primary cell walls are xyloglucan and arabinoxylan. Minor com-
ponents such as glucomannan or galactoglucomannan have also been identified. Hemicellu-
loses bind tightly via hydrogen bonds to the surface of cellulose cross-linking microfibrils
creating a cellulose–hemicellulose network. Interconnections with the pectic polysaccharides
are of primary importance to the integrity of the pectin network. In 1993–1994, Vincken and
Voragen demonstrated that xyloglucan is a key structure of the apple cell wall, which helps
break down cell-wall-embedded cellulose if it is first hydrolyzed.10 The apple xyloglucan
fraction makes up about 24% of the total amount of sugar, and the cellulose–xyloglucan
complex accounts for approximatively 57% of the apple cell wall matrix.

11.2.3 Cellulose

Cellulose is particularly abundant in secondary cell walls. This is a [1 → 4-β-d-glucan]
polysaccharide. Cellulose microfibrils, which give shape and tensile strength to the primary
cell wall, are coated with hemicelluloses that bind tightly to their surface.11 It is not necessary
to break down this cellulose network for juice extraction when using classic fruit maceration
processes. In fact, if it were destroyed, the fruit mash would soften and lose its pressability
and drainability.

11.2.4 Starch

Starch is present as an energy reserve in unripe apples and pears, as well as many other fruits
and vegetables. It is not present in berries, however. Starch is synthesized in amyloplasts and
is present in granulated form in fruit cells. This polysaccharide is composed of amylose and
amylopectin. Amylose, the minor component, is a linear 1 → 4-α-d-glucan. Amylopectin
contains α-1 → 6 and α-1 → 4 glucose linkages. Its degree of polymerization is far greater
than amylose. Apple starch jellifies around 75◦C. It is only sensitive to α-amylase and
glucoamylase hydrolysis after swelling by jellification.

Cell wall composition is similar in all species of fruit, but neutral sugar type can vary
according to fruit species. The proportion of different components such as polysaccharides,
polyphenols or proteins depends also on agronomic and climatic conditions, fruit ripeness
and conditions and duration of fruit storage. The most important components, pectin char-
acteristics and average composition are described in Table 11.1.

Fruits are processed for their nutritional properties and pasteurization extends their shelf
life. However, extracting juice is frequently difficult and yields are often very low. The main
obstacle is pectin. Because this hydrocolloid has a high affinity for water, it starts to dissolve
in the juice, increasing viscosity as soon as the fruit is crushed. Pectin can also form a
gel when sugar concentration increases at the juice evaporation stage. The type of enzyme
needed to hydrolyze a fruit’s pectin can be identified once the fruit’s pectin composition is
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examined. Pectin hydrolysis with enzymes facilitates easier juice extraction and results in
higher yields.

11.3 PECTIN DEGRADING ENZYMES

Aspergillus niger is the main microorganism used for large-scale production of pectinases
for the fruit industry. Wild strains of this fungus secrete large amounts of different enzymes
to break down the substrate on which they grow into nutrients for their own metabolism.
This characteristic is harnessed for industrial enzyme production. A. niger is also a suitable
host for homologous and heterologous gene expression. Using classic strain improvement
and defined genetic modification methods, enzyme producers have successfully cultivated
pure enzymes from A. niger, as well as boosted its pectinase production. In June 2000, DSM
discovered new enzymes in A. niger by sequencing its complete genome. The complete
35.9 megabase genome of A. niger was sequenced.12 Over 14 000 open reading frames were
identified and functionally classified using international databases as a reference. From a
total of 845 EC identified enzymes, 97 pectinase genes were annotated, of which about 60
were new. The names and gene code of A. niger pectinases are outlined in Table 11.2.

Table 11.2 Aspergillus niger pectinases names, E.C. numbers and gene codes.

Name E.C. number Gene codes

Homogalacturonan degrading enzymes
Endo polygalacturonase 3.2.1.15 pga A B C D E F I II X
Exo polygalacturonases 3.2.1.67 pgx A B C D E
Pectin lyase 4.2.2.10 pel A B C D E II
Pectate lyase 4.2.2.2 ply A
Accessory enzymes
Pectin methylesterase 3.1.1.11 pme A B C
Pectin acetylesterase pae A B C D
Rhamnogalacturonan degrading enzymes
Rhamnogalacturonan hydrolase rgh A B C D E F
Rhamnogalacturonan lyase rgl A B D
Xylogalacturonan hydrolase xgh A C D
Endo xylanase 3.2.1.32 xln A C D E F
Accessory Enzymes
Rhamnogalacturonan acetylesterase rgae A
Arabinofuranosidase α 3.2.1.55 abf A B C D
Endo-arabinase 3.2.1.99 abn A B C D E F
Galactanase β 1,4 3.2.1.89 gal A B
Arabinogalactanase β 1,3 3.2.1.90 agn
Galactosidase β 3.2.1.23 lac A B C D E F G H
Galactosidase α 3.2.1.22 agl A B C D E F
Feruloyl acid esterase fae A B C D E F G H
Rhamnosidase β 3.2.1.43 rha A B C D E F G H
Fucosidase α 3.2.1.51 fuc A
Xylosidase α 3.2.1.37 xal A
Xylosidase arabinosidase xar A B
Glucuronidase β 3.2.1.31 gus A B
Arabinoxylanase axh A
Mannanase 3.2.1.101 man A
Mannosidase β 3.2.1.25 mnd A
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Table 11.3 Biochemical properties of main pectinases from Aspergillus niger for fruit processing.

Enzyme Mode of action
pH

range
Temp ◦C
range

Preferred
substrate Functionality

Endo-pectinlyase Eliminative cleavage of
(1,4)-α-D-galacturonan
methyl ester in
oligosaccharides with
4-deoxy-6-O-methyl-α-D-
galact-4-enuronosyl
groups at their
non-reducing ends

4.0–6.0 30–45◦C Fully methyl-
esterified
oligogalactur-
onides

Pectin viscosity
decrease

Endo-
polygalacturonase

Random hydrolysis of
1,4-α-D-galactosiduronic
linkages in pectate and
other galacturonans
hydrolysis of O-glycosyl
bond

3.5–6.0 40–45◦C α-D-
galacturonosyl-
(1,4)-O-α-D-
galacturonate
+ H2O

Pectin viscosity
decrease

Exo-
polygalacturonase

Catalyzing the
degradation of
D-galacturonans by
terminal action pattern

3.0–5.2 30–60◦C (1,4-α-D-
galacturonide)
2 + H2O

Release of
galacturonic
acid

Pectinmethylesterase Hydrolysis of carboxylic
ester

3.5–5.5 40◦C Methyl-esterfied
oligogalactur-
onides +
H2O

Release of
methanol

Arabinofuranosidase Hydrolysis of terminal
non-reducing
α-L-arabinofuranoside
residues in
α-L-arabinosides

2.0–5.5 50–60◦C 1,2–1,3-α-L-
arabinosides

Improved access
to abn and agn

Endo-arabinase Endohydrolysis of
1,5-α-arabinofuranosidic
linkages in 1,5-arabinans

4.5–4.8 40–45◦C 1,5-α-L-
arabinan +
H2O

Prevents araban
haze formation
in apple and
pear concentrate

Commercial pectinases for the fruit juice industry come from selected strains of A. niger.
After strain growth in a defined culture medium, exo-cellular enzymes are purified and
concentrated.

Pectinases are defined and classified on the basis of their reaction to pectin and are grouped
into three main categories: lyases, hydrolases and esterases. The biochemical properties of
the main A. niger pectinases used in fruit processing are summarized in Table 11.3.

Figure 11.1 shows a schematic pectin composition.13 Enzyme positioning on their sub-
strate named with gene codes is described in Table 11.2.

11.4 COMMERCIAL PECTINASES

11.4.1 Production

In juice processing it is not necessary to completely break down the fruit-flesh cell wall to
extract fruit juice. The main goal is to decrease the pectin’s viscosity within the mash or
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Fig. 11.1 Pectin composition and pectin degrading enzymes (adapted from Ref. [13].)

the juice to speed up the process. Pectin is a polysaccharide present in every fruit that gels
after crushing. It holds the juice within the mash, reduces pressability, decreases juice yield,
slows down juice clarification and makes water evaporation for concentration impossible.
By chance, enzymes from A. niger are globally efficient at natural fruit pH, from 2.5 to
5.5. In addition, fruits and vegetables are processed in cool conditions to maintain freshness
(processing temperatures, in general, never exceed 50◦C). These factors are conducive to
pectinase use in juice processing. Classic A. niger strains produce pectinases as a core
activity, as well as numerous other enzymes such as hemicellulases or glycosidases as side
activities. All have a specific function and role to play in fruit processing. Juice processors
expect enzymes to be efficient, so it is imperative that the enzyme producer controls and
standardizes pectinase activity in every batch. Pectinases are produced from a pure culture
of one A. niger strain, selected on the basis of its productivity. Although the fungus species
is A. niger, strains differ and are the property of the enzyme producer. Strains are grown
in solid media (solid state culture) or liquid mediums (submerged fermentation). Enzymes
produced during the culture are strain- and medium-dependent, with variable and controllable
concentration, range and ratio of activities. This is why the enzyme range differs from one
commercial product to another, even if sold with the same name of pectinase or amylase.
Enzyme suppliers must therefore provide the user with complete information on: product
reliability, specifications, conformity with legislation, whether or not genetically modified
microorganisms were used and safety in use.14

11.4.2 Specifications

An enzyme specification sheet and certificate of analysis describe product composition, stabi-
lizing systems, chemical properties, microbiological properties, stability and status (whether
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or not from genetically modified microorganisms). One difficulty for enzyme regulators and
users is that enzyme activity is ‘company-dependent’. The unit definition for pectinase, for
example is not standardized, and analytical methods are not often disclosed by the supplier
or cannot be compared. Standardization would make it easier for regulators and users to
compare enzyme activity. But this is almost impossible for technical reasons, as in the ex-
ample of the synergetic effect of pectinases PL, PME and PG on pectin breakdown. For the
time being, the comparison of commercial pectinases is relative and made on the basis of
dosage/price ratio of enzymes used per kilogram of fruit for same technological efficiency.

11.4.3 Legislation

Pectinases for the fruit industry bear the GRAS status (generally recognized as safe) and
must comply with general specifications for food enzymes as laid down by JECFA (1981,
revised in 2006),15 Food Chemical Codex (5th edition 2004),16 Europe Guideline Scientific
Committee on Food (SCF) 199117 and French Enzyme legislation 2006.18

Enzymes permitted as food additives in the EU are lysozyme (in wine) and invertase
(in confectionery). France and Denmark have national legislation governing enzymes used
as processing aids. On EU level, horizontal legislation was discussed in parliament in June
2007. Vertical EU legislation on fruit juice follows a positive list of processing aids including
‘pectinase, amylase, protease’. A processing aid like pectinase is defined as a substance that
has a function during processing and can be present but without function in the end product.
A processing aid is not labelled. This is the case for pectinases or amylases derived from
classic or genetically modified strains of microorganisms.

11.4.4 Genetically modified microorganisms

Enzymes derived from genetically modified microorganisms (GMMs) are increasingly found
in the fruit industry, especially in apple processing. Aspergillus strains are genetically mod-
ified to produce pure enzymes without side activities. Genetic modification techniques are
applied only to the reproductive strain and not to the enzymes: enzymes are thus not geneti-
cally modified, but are derived from GMMs. If no DNA from another species is introduced in
this process, it is called homologous recombination, which is comparable to classic genetic
techniques (e.g. random mutation with UV or chemicals). If foreign DNA is introduced in
the receptor strain, the process is called heterologous recombination. Only homologous and
self-cloned modified strains are authorized in the fruit industry.

Self-cloning is the term used when the selection marker is removed from the DNA. GMM
technology guarantees that enzyme proteins are identical to those produced from classic
strains. DNA molecules are absent from final products (see Fig. 11.2).

Commercial pectinases can have very different compositions. Several pure enzymes from
GMMs can be used separately or blended together; or enzymes from GMMs can be added
to enrich classic products for certain activities.

The legal situation is complex. Self-cloned microorganisms, as defined in the EU Directive
98/81/EC, are not considered genetically modified, according to:

� Deutsches Gentechnikgesetz implementing Directive 90/129/EC (Germany).
� Österreichischem Gentechnikgesetz BGBL 510/1994 (Austria).
� Verordnung über den Umgang mit Organismen in der Umwelt SR 814.911 (Switzerland).
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Fig. 11.2 Construction of industrial Aspergillus niger strains and different techniques.

� In Australia and the US, no additional approval is needed where classic strains are already
accepted.

� In all other countries in Europe, enzymes from self-cloned microorganisms are considered
enzymes from GMMs.

11.5 ENZYMES FOR FRUIT PROCESSING

Processors wishing to produce clear concentrated fruit juices must overcome many chal-
lenges, including handling different kinds of fruits in the same factory, and managing fluctu-
ating quantities of fruit with variable compositions and textures depending on their ripening
stage. Dealing with these factors requires efficient and reliable tools, such as equipment and
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enzymes. Enzymes are processing aids used worldwide for fruit processing, particularly for
the production of clear fruit juice and concentrate. They offer numerous advantages:

� Economic: When added to fruit after crushing, pectinases quickly decrease the viscosity
of the mash by pectin hydrolysis. They facilitate juice extraction from pulpy fruit, increase
press loading and increase juice yield. Residual waste, such as apple pomace, is reduced
and is drier. Enzymes increase the overall productivity of the processing plant. Once added
to the juice, pectinases and amylases hydrolyze residual pectin and starch. Their use is
vital for fast juice clarification, filtration, pasteurization and concentration. As a result,
the juice remains stable, long term, without additives or preservatives, storage volumes
are reduced and shipping weight reduced.

� Quality: Fast juice processing with enzymes lowers the risk of microbial spoilage, reduces
oxidation and improves juice and concentrate shelf life. Pectin hydrolysis of fruit cell walls
weakens cells and vacuoles and thereby maximizes extraction of their components such
as the red colour from berries (anthocyanins), aromas and antioxidants of phenolic type –
known for their positive effect on human health, particularly heart disease prevention.

� Sustainability: The use of enzymes has a positive effect on sustainable production. They
lower energy consumption (electricity, steam and water), reduce waste flow by maximizing
fruit use and reduce dependency on chemicals used in equipment cleaning products.

11.5.1 Apple processing

Worldwide apple production rose from 59.1 mmt in 2000 to 63.5 mmt in 2004.1 The USDA
calculated 2007/2008 global production at around 42 mmt, with China accounting for 56%
of the total output (23 mmt). China is fast approaching the EU as the world’s largest apple
exporter in volume terms with a 19% share market share compared to the EU’s 22% in
2007/2008. But its exports’ value ranks third behind the EU and market leader, the US.2 In
2006/2007, 1.42 mmt of apple juice concentrate (AJC) was exported globally, representing
11% of total apple juice production. Volumes almost quadrupled between 2000 and 2007.
Chinese AJC exports in 2006/2007 reached 894 823 tonnes. The same year, EU AJC and
single-strength-juice imports reached 1 mmt in 2006.5 Apple production in countries such as
France, Germany and Japan is decreasing, while in China, Poland and Russia it is increasing.

11.5.1.1 Apple juice concentrate with press

This classic process is described in Fig. 11.3. Apples are washed, sorted and crushed. At
this stage, mash pectinases are added continuously with a metering pump after dilution in
approximately 10–20 times the volume of water.

The enzymated mash is then pumped into holding tanks. After 30–60 min at ambient
temperature, the mash is pumped into the press. The juice is extracted and immediately
pasteurized for aroma recovery and microbial stability. It can be pre-concentrated at this
stage from 11◦ to 18–20◦ brix. It is cooled to 45–50◦C and pectinases are added to the
juice. Amylases are added together with pectinases at the start of the processing season
when apples contain starch. After about 2 h, the juice is depectinized and no longer contains
starch. It is then clarified by cross-flow filtration and finally concentrated at 72◦ brix by water
evaporation, and stored in stainless steel tanks below 10◦C.
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Crusher
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50°C
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50°C
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Inspection belt

Colling down
Dosing
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Rapidase® C80
Max
2–4 g h–1

Rapidase® Pro
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Hazyme® DCL
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Tank

Tank
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UF Vacuum
evaporation

70°brix

Concentrate

Storage tank

Vacuum
evaporation

Fig. 11.3 Process of apple juice concentrate with press. Source: From ProJuice CDrom, DSM Food
Specialties BV2006.

Commercial mash pectinases are Pectinex Mash (Novozym), Peclyve PR (Lyven),
Pektozyme R© MAXLiq (Danisco) or Rapidase

R©
Press (DSM) with different concentra-

tions and ratios. Adding a broad range of pectinases derived from classic A. niger strains
results in maceration of apple mash, which means solubilization of protopectin and hemi-
cellulose before juice extraction. For example, certain endo-pectinases, sometimes called
‘protopectinases’, have more macerating power than others.19 At high dosage, addition of
protopectinases results in a sticky, soft mash that adversely affects pressability. Press through-
put decreases because of slower belt press speed, lower press loading and longer cycles for
horizontal press. The residual wet pomace can leak from storage bins and is more difficult to
dry. For this reason pectinases from self-cloned A. niger strains have been developed, such
as Rohapect

R©
MA plus (ABEnzymes), Pectinex Yield MASH (Novozymes) or Rapidase

R©

Smart (DSM). Since it is not necessary to completely break down apple pectin, limited
and controlled hydrolysis of soluble pectin with non-macerating pectinases is sufficient for
obtaining a high juice yield (above 90% with pomace leaching), improving press loading,
avoiding ultrafiltration problems and producing dry pomace. The release of galacturonic acid
is limited to the minimum, because of the absence of exopolygalacturonase in the pectinase
products described above. Cellobiose release in the juice is avoided because there is no cel-
lulolytic side activity in these pectinase products, answering to legislation constraints such
as in Germany.
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Commercial juice pectinases such as Rohapect DA6L (ABEnzymes), Pectinex
(Novozymes), Peclyve CP (Lyven), Pektozyme POWERClear (Danisco) or Rapidase
C80Max (DSM) completely hydrolyze the remaining pectin in the juice. Pectinase dosage is
adjusted to achieve pectin breakdown in accordance with processing time constraints. Juice
depectinization is recorded by performing a laboratory acidic alcohol test.8 At the start of
the juice processing season, green apples contain up to 2 g L−1 of starch. When the juice
is heated to 75–80◦C, the starch is gelatinized. Once the juice is cooled, these molecules
can reform into amorphous aggregates giving it a cloudy appearance. It is therefore impor-
tant to add commercial amylases in order to completely hydrolyze apple starch and prevent
retrogradation and cloud formation in the juice. Commercial products such as Rohapect S
(ABEnzymes), Amylase AG (Novozymes), Amylyve TC (Lyven), DiazymeTM Power Clear
(Danisco) or Hazyme

R©
DCL (DSM) contain α-amylase and amyloglucosidase from A. niger

with variable concentrations and ratios. The dosage is determined by the iodine test. Juice
solids separation, ‘fining’ and clarification are complete when pectin and starch lab tests are
negative. Cross-flow filtration is the most commonly used technique, particularly using ul-
trafiltration equipment with polysulfone or ceramic membranes with cut-off around 10 up to
20–30 KDa. Insoluble particles and soluble colloidal material of larger molecular dimensions
than the pore size are discarded in the retentate. The filtrate, as clear juice, is pasteurized
and bottled or concentrated. Ultrafiltration is often the bottleneck in production, when the
extraction of cell wall components is too intense (i.e. diffusion process, mash heating, mash
enzymatic over-maceration or maceration with hemicellulases), or when clarification en-
zyme preparations do not contain sufficient amounts of various activities or their dosage is
too low. Large polysaccharides like RGII, which are not broken down by pectinases in the
previous stage of the process, bind with proteins and polyphenols and are thus responsible
for progressive membrane fouling. Commercial enzymes like Rapidase Optiflux (DSM) are
sold to prevent this problem. Different enzymes, such as cellulases, amylases or proteases,
can be used for membrane cleaning in the cleaning in place (CIP) process, partially replacing
the use of chemicals. The process can run longer without the need to stop for cleaning, and
the shelf life of the membranes is extended.

11.5.1.2 Apple juice concentrate with decanter

Apple juice extraction using a decanter in multi-extraction stages requires enzymatic prepa-
rations with a broader range of activities. The process starts with strong crushing and a hot
break of the mash; this results in decreased mash viscosity and in the solubilization of apple
protopectin.

A high dosage of enzymes combined with extended treatment at 50◦C results in dramat-
ically decreased mash viscosity, facilitating easy separation and optimal juice yield using
decanters. Rapidase Adex-D (DSM) has been developed specifically for apple juice extrac-
tion using decanters. It contains the correct proportion of specific pectinases, arabanases and
rhamnogalacturonase activities to break down the fruit’s structural compounds in a single
extraction stage. The pomace is then leached using water to extract the remaining sugar. The
juice is pre-concentrated and clarified with pectinases and amylases prior to ultrafiltration
and final concentration.

11.5.1.3 Cloudy apple juice

In countries like Germany and Italy, cloudy apple juice is considered a natural product and
commands a higher value than clear juice. However, its production is impossible with classic
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Fig. 11.4 Effect of Aspergillus niger pectin methyl esterase on cloudy apple juice extraction using
HP BUCHER 5005 xi.

pectinases because of fast juice clarification. Upon using a pure pectinmethylesterase like
Rapidase FP Super and Rapidase PEP (DSM) there is no clarification effect but numerous
advantages. The demethylation of soluble pectin within the mash results in the formation of
insoluble pectate firming the mash. This facilitates juice extraction: yields are subsequently
increased by 1–2% and press throughput by about 30–40%, resulting in an overall productivity
increase (see Fig. 11.4). The juice’s cloudy state is stable since no decrease of pectin
molecular weight has occurred (Fig. 11.5). Ascorbic acid can be used in the process to prevent
browning.

11.5.1.4 Pear juice concentrate

Pear processing is similar to apple processing. Commercial mash and juice pectinases and
amylases used for apples work well for pear processing. However, pears are very delicate.
They ripen fast, resulting in decreased mash pressability and yield. The presence of stone cells
with high cellulose content makes filtration and ultrafiltration difficult. Araban, hemicellulose
and cellulose content are higher in pears than apples. In some cases, after partial enzymatic
hydrolysis, linear arabans can condense with hydrogen bonds and slowly form an araban
haze after juice’s concentration. It is therefore important to use pectinases with high exo and
endo-arabinases, such as Pearlyve (Lyven) or Pearex

R©
(DSM), to prevent haze forming in

the concentrate.

11.5.2 Red berry processing

Red berries, such as blackcurrants, strawberries, aronias (choke berry), cherries, grapes and
cranberries have common characteristics. The anthocyanin pigment gives rise to the red
colour and has antioxidant properties. Most of these fruits have an appealing flavour. Red
berries are therefore considered a valuable raw material for juice processing and can be
blended with other fruit or vegetable products since they are often too acidic or too sweet
to be consumed as single strength juice. Poland is an important berry producer, harvesting
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Fig. 11.5 Cloudy apple juice (left) control (right) process with Aspergillus niger pectin methyl esterase.
(Also see Colour Plate 3.)

40 000–45 000 tonnes of raspberries and 110 000–115 000 tonnes of sour cherries in 2007.
Berry composition is outlined in Table 11.4.20

Anthocyanins are the most valuable compounds found in red berries. They are also the
most sensitive components, prone to being destroyed at each stage of the process.21 The
presence of sugar helps the anthocyanin maintain its solubility in water. Anthocyanin is
anthocyanidin esterified with a sugar molecule at 3 position. Each aglycone has a charac-
teristic colour and spectrum. Sugar moiety differs with fruit species (Table 11.4). If sugars
are enzymatically or chemically hydrolyzed, the solubility of the molecule decreases and the
red colour tends to stabilize. Berries are very sensitive to mould contamination, especially
to Botrytis cinerea. Moulds secrete a high laccase (oxidase) activity, as well as a viscous
β-glucan. This results in fast juice browning, which hinders juice extraction and fouls up
filters. Enzymatic breakdown of B. cinerea β-glucan is not permitted by fruit-processing
legislation. Heating above 80◦C is therefore necessary to complete mechanical cell break-
down, release the juice and the colour and destroy endogenous oxidases. However, high
temperatures bring about pectin dissolution in the mash. Pectinase use is therefore necessary
to increase juice yield, and release colour and aromas.
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Table 11.4 Red berry composition.

Red berry
types

Pectin% of
fresh weight pH

Total acidity
(% tartaric)

Polyphenols
(% tanins)

Anthocyanin
type

Linked
sugars

Blackberry 0.7–0.9 3.8–4.5 0.9–1.3 0.2–0.35 Cyanidin GLU RUT
Cherry 0.2–0.3 3.3–3.8 0.4–0.6 0.1 Cyanidin RUT GLU
Blackcurrant 1.1 2.7–3.1 3.0–4.0 0.35 Cyanidin GLU RUT

Delphinidin
800 ppm

Bilberry 1.2 3.8–4.4 0.9–1.0 0.1–0.2 Delphinidin GLU GAL
ARA

Pelargonidin
Malvidin

Cranberry 1.0 2.3–2.5 2.7–3.5 0.3 Cyanidin GAL GLU
RUT

Peonodin
Delphinidin
400 ppm

Elderberry 0.7–0.9 3.2–3.6 0.8–1.3 0.5–0.6 Cyanidin GLU SAM
Grape 0.1–0.4 2.8–3.2 0.4–1.3 0.1–0.3 Delphinidin GLU

Petunidin
Malvidin
Peonidin

Raspberry 0.4–0.5 2.5–3.1 1.4–1.7 0.2–0.3 Cyanidin SOP GLU
RUT

Pelargonidin
400 ppm

Redcurrant 0.4–0.6 3.2–3.6 2.0–2.5 0.1 Cyanidin GLU
Strawberry 0.4–0.5 3.0–3.9 0.6–1.5 0.3–0.5 Pelargonidin GLU

Bound sugars
GLU: glucose; GAL: galactose; ARA: arabinose; RUT: rutinose = rha-glu.
SAM: sambubiose = xyl-glu; SOP: sophorose = glu-glu.

11.5.2.1 Blackcurrant juice concentrate

The process is described in Fig. 11.6. Frozen blackcurrant or aronia is ground and heated to
90–92◦C for a few seconds then cooled to 50◦C. Polyphenoloxidases are quickly destroyed
and anthocyanins are released.

High temperature, strong fruit acidity and high phenolic content have an inhibiting effect
on exogenous pectinases. Pectinases must therefore be able to withstand these conditions and
remain stable throughout the process. Mash pectinases such as Rohapect 10L (ABEnzymes),
Pectinex BE Colour (Novozymes), Peclyve FR (Lyven), Klerzyme

R©
150 or Rapidase Intense

(DSM) can be used. After around 1 h held in tanks at 50◦C, the juice is extracted by press
or decanter. During the hotbreak process, one high dose of pectinase can be enough to
completely degrade the pectin and avoid further juice depectinization. Over 85% of the juice
is removed after first extraction and over 90% after pomace leaching. The fruit’s red colour
is successfully extracted and is stable in the juice (Fig. 11.7).

For good red colour stability, it is necessary that the pectinases used in the process have
no discolouring side activities, like the enzyme anthocyanase, which is sometimes present
as side activity of classic pectinases. After extraction, the juice is pasteurized, clarified by
filtration and concentrated.



P1: SFK/UKS P2: SFK
c11 BLBK192-Whitehurst July 27, 2009 12:9 Printer Name: Yet to Come

Enzymes in fruit and vegetable processing and juice extraction 251

Crusher

50°C

Inspection belt

Cooling down

Stirred tank

Defreezer

Dosing
equipment

Rapidase® 
intense 300–
400 gr ton–1

Klerzyme® 150
200–300 gr ton–1

or
Horizontal press

UF Vacuum
Pasteurizer

Concentrate

Concentrator

90°C
2 min

50°C
1–2 h

65°brix

Hot break

90°C

Storage tank

Fig. 11.6 Process of blackcurrant juice concentrate. Source: From ProJuice CDrom, DSM Food Special-
ties BV 2006.

11.5.2.2 Strawberry juice concentrate

Heat treatment cannot be applied to soft berries like strawberries or raspberries (unlike
blackcurrant and aronia) because it purees them – making it impossible to extract the juice
with a press – oxidizes their colour and destroys their aroma. It is therefore necessary to
quickly process only good-quality fruits. Strawberries and raspberries are defrosted and
processed at ambient temperature (around 20◦C). Pectinases are added to the mash, which
is held in tanks for about an hour. Then the juice is extracted using a press or decanter.
Juice yield varies from 70% to 80%. The juice is pasteurized and aromas are recovered. The
juice is then cooled to 30–35◦C to be depectinized with Pectinex BE Colour (Novozymes),
Peclye FR (Lyven), Rapidase C80Max or Rapidase Intense (DSM) for 1–2 h. Pasteurization
must be carried out at a temperature high enough to completely denature the fruit proteins to
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Averaged values for duplicate trials Control Trial 1 (two
stages )

Trial 2 (one 
stage)

Enzyme dosage (g/t) 0 50 150
Enzymatic maceration time 0 60 60
Temperature 55°C 55°C 55°C

Juice weight (g) 616 632.7 633.8
Density 1.07956 1.08134 1.08279

Dry material extracted 19.685 20.085 20.41
Brix% of the juice after pressing 21 21.7 21.9
Juice yield (base on extract % ) 77 80.7 82.1
Acidic Alcohol test ,++ ,+ ,–
Neutral Alcohol test ,++ ,+ ,–
Acetone test (% precipitate) <5% <1% <1%
Colour 520 nm (at 0.50% brix) 0.679 0.697 0.746
Colour 420 nm (at 0.50% brix) 0.453 0.473 0.476
Colour  620 nm (at 0.50% brix) 0.095 0.104 0.108
Ratio 520/420 (red note on yellow) 1.50 1.47 1.57
Ratio 620/520 (blue note) 0.14 0.15 0.14
Colour improvement  (Red 520 nm for 0.50% brix) 100% 103% 110%
Colour extracted  [(g ×× OD Unit) /0,50% brix] 17567 19139 20709

Colour total extraction improvement [f(brix) +
volume increase] 100% 109% 118%
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Fig. 11.7 Effect of maceration enzyme on Aronia juice and colour extraction. Trial 1: two enzyme
additions with 50 ppm at maceration stage; Trial 2: one enzyme addition process with 150 ppm enzyme
only at maceration stage. Relative juice colour based on control as 100% determined by OD at 520 nm
of diluted juice at 0.5%. Yield based on total soluble extract.

prevent protein haze formation in the juice and concentrate. The juice is clarified (preferably
using cross-flow filtration) to avoid colour loss, then concentrated.

11.5.3 Tropical fruit processing

Mango and banana are the top two tropical fruits grown worldwide, followed by pineapple,
papaya and avocado. These five account for approximately 75% of global fresh tropical fruit
production. Others like lychees, durian, rambutan, guava and passionfruit are produced in
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smaller volumes. Global production of the top five tropical fruits is expected to reach 62 mmt
by 2010.22 Asia-Pacific will remain the key producing region – accounting for over 56% of
global production – followed by Latin America and the Caribbean (32%), and Africa (11%).
Global mango production is forecast to reach 31 mmt by 2010, accounting for nearly 50% of
world tropical fruit production – of which 77% will be produced in the Asia/Pacific region.
India currently grows 50% of the world’s mango – around 15 mmt. China is forecast to see the
greatest production increase, rising from 2.8 mmt to 6.3 mmt. Global pineapple production
reached 18 mmt in 2006. Thailand and Brazil are the top producing countries. Papaya output,
meanwhile, is expected to reach 12.4 mmt by 2010, with nearly 65% cultivated in Latin
America and 30% in Asia Pacific. In Iran, total pomegranate production increased 15% from
700 000 tonnes to 800 000 tonnes in 2007. India, China and Turkey are the next largest
pomegranate producers. Some pomegranate juice may contain as much as 2.5 g of phenolic
content with antioxidant activity per litre of juice.23 Mango, guava, papaya, banana and more
recently pomegranate are the most commonly processed tropical fruits. Other exotic fruits,
such as açai, acerola and prickly pear, are now being processed because of their nutritional
value and benefits to human health. Average tropical fruit composition is described in Table
11.5.24

The percentage of total global tropical fruit production used in processing is small (no
official figures are available). Tropical fruits have a very short shelf life, fragile texture
and delicate flavour. Processors must therefore have access to well-organized logistics and
excellent storage facilities, as well as efficient and adaptable equipment. This also holds for
stonefruits, such as apricot, peach and plums. In general, the fruit is first pureed using fast
viscosity reduction (hotbreak and pectinases), then passes through a finisher (screen) before
being placed in aseptic storage. The puree can then be transformed into a cloudy juice or
clear concentrate.

11.5.3.1 Process for puree nectar and clear concentrate

The general process for tropical fruits is described in Fig. 11.8.
Following inspection, ripe fruit is washed (subjected to steam treatment in the case of

papaya) and peeled. After destoning, the cut or crushed fruit is blanched for microbial
stabilization and for deactivation of endogenous polyphenoloxidase. Ascorbic acid is added
at this stage to prevent browning. The pulp is cooled before enzymes are added. Because of
the high cellulose and hemicellulose content in tropical fruit, pectinases are combined with
hemicellulases (arabinases, xylanases and galactanases are important for mango and guava
maceration). Rapidase TF (DSM), Pectinex UltraSP (Novozymes) or Rohapect PTE (AB
Enzymes) are recommended for viscosity reduction in pulpy tropical fruit. Once enzyme
treatment is complete, the pulp is run through two finisher stages – one with an average
0.7–1 mm screen to remove residual fibres, skin and pip particles; another through 0.5 mm
or smaller to produce a homogenous (smooth) puree – before undergoing a final hotbreak
process in a tubular heat exchanger. The juice can then be concentrated, canned or de-aerated
for aseptic cold storage. Fruit nectars can be produced by diluting the puree, adding sugar
syrup, acidification using citric acid to maintain a constant sugar–acid ratio and heating
to 100◦C for aseptic packaging. Clear juice and concentrate can also be processed from
the puree with a second addition of pectinases for complete depectinization. The use of
exogenous enzymes helps produce high yields of purees or clear juices with good flavour
and colour, and facilitates juice concentration.
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Fig. 11.8 Process for puree nectar and clear concentrate. Source: From ProJuice CDrom, DSM Food
Specialties BV 2006.

11.5.3.2 Pineapple mill juice

In 2006, world pineapple production reached 18 mmt. That year the EU imported 188 052
tonnes of pineapple juice concentrate and 160 907 tonnes of single strength juice. Mean-
while, the US imported 223 139 tonnes of single strength pineapple juice, of which 141 987
tonnes came from the Philippines, 55 404 tonnes from Thailand and 21 088 tonnes from
Indonesia (which exported a total of 32 829 tonnes). Thailand exported 182 043 tonnes of
pineapple juice concentrate in 2006.4 Philippines, Thailand and Indonesia are the world’s
leading pineapple producers. Pineapple juice is typically produced as a by-product of pineap-
ple canning. Cloudy pineapple juice is processed from residual pulp (rejected chunks or flesh
scraped from the skin) using a screw press, decanter and finishers to remove raw solids
without using enzymes. A clear concentrate can also be processed from residual waste.
So-called pineapple mill juice results from pressing surplus juice drained from eradicator
meat, fruits that are too small for slicing, residual shell and skins, pineapple cores, trimmings
and end cuts. Juices and solid fruit constituents are blended, crushed and pressed with a
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screw press to get a 9–10◦ brix cloudy green juice. The juice is centrifuged to reduce green
solid particles to below 5% and pasteurized. Pasteurization results in protein flocculation
and juice is then cooled for clarification by static decantation. The resulting juice can be
concentrated or used as canning syrup after fining, classic filtration and decantation. The
systematic use of ultrafiltration is possible when using enzymatic treatments at the clarifica-
tion stage after cooling to 50◦C for several hours. Enzymes like Peclyve Pineapple (Lyven),
Rohapect B1L (ABEnzymes) or Rapidase Pineapple (DSM) are used to process pineapple
mill juice concentrate. The presence of natural gum in pineapple juice has been found to
decrease ultrafiltration capabilities, to increase pulp suspension and foaming properties of
the juice. This gum is a neutral polysaccharide containing 70% sugars that are predominantly
galactomannans (2.25 mannose:1 galactose).25 Because of this gum, the ultrafiltration flux
rate quickly drops, becoming a bottleneck in the process (cut-off 10 000 Dalton). Enzymes
improve the ultrafiltration flux rate since they contain the right hemicellulases to hydrolyze
the gum. Juice viscosity is decreased, making it easier to clarify and concentrate at 62◦

brix for use as a cover syrup or a fruit sugar source after deionization of colour and aroma
removal.

11.5.4 Citrus processing

Combined citrus production in Brazil, USA, China, Mexico and Spain was estimated at 72.8
mmt in 2006, of which 47.1 mmt were oranges, 15 mmt tangerines, 4.3 mmt lemons and
4 mmt grapefruits. That year Brazil produced the most oranges (18.2 mmt), followed by the
USA (10.6 mmt), China (4.45 mmt) and Spain (2.7 mmt).26 Global orange juice concentrate
production in 2006 reached 2.3 mmt (at 65◦ brix). Europe imported 1.4 mmt of orange juice
concentrate that year (excluding products from non-concentrate juice), and 92 840 tonnes of
grapefruit juice concentrate. Argentina is the world’s leading lemon producing country. It
exported 46 347 tonnes of lemon juice in 2006.4 A schematic diagram of orange processing
is shown in Fig. 11.9 from Goodrich and Braddock.27 Citrus juice processing gives rise to
numerous by-products, of which pectin and essential oils are the most important.

There are several reasons why commercial pectinases are not used for premium juice
processing. Their use is not permitted in certain countries, and classic pectinases containing
pectinmethylesterase activity clarify the juice. Enzymes are therefore only used to process
by-products. The key applications are described below.

11.5.4.1 Pulp washing

Expressed juice from extractors contains pulp and cell membrane residue. This is filtered
out when the juice is run through a finisher to reduce pulp content to about 12%. The
excess pulp and tissue by-products leaving the primary finishers are then put through a
pulp wash system. The pulp wash system comprises a series of secondary finishers with
multi-stage counter current washing systems. Around 5–7% of soluble solids are recovered,
with a high pectin content. Pectinases Rohapect PTE (ABEnzymes), Citrozym (Novozymes)
or Rapidase C80KPO or Rapidase Citrus cloudy (DSM) are added at ambient temperature
for viscosity reduction, inducing recovery of sugars and soluble solids with high yield.
The pulp wash product can be concentrated at 65◦ brix. This product can be added to
sodas as a natural source of cloudiness. In this process, it is important to control and
limit pectin degradation to reduce viscosity without destabilizing the particles that give
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Fig. 11.9 Orange process diagram.

rise to the cloudiness. This can be achieved using classic pectinases with a high ratio
endopolygalacturonase to pectinmethylesterase, or with a pure pectinlyase.

11.5.4.2 Oil recovery

Citrus peel contains essential oils. These oils are formed in the cells of the peel’s so-called
oil glands and they are one of the most important by-products of citrus fruit processing.
Essential oils are in great demand from the food industry as taste and aroma agents, as
well as from manufacturers of scented products. Several methods are available to recover
essential oils. Juice and oil can be extracted in one step when FMC extractors are used for
processing citrus fruit. In other methods of recovering juice, either the peel of the citrus fruit
is pricked before the extraction process and the oil which appears is washed away with water
(BROWN), or the outer section of peel (flavedo) is rasped before being mixed with water and
then further processed (INDELICATO). The oil–water emulsion obtained in modern fruit
processing lines contains approximately 70–90% of the essential oil naturally present in the
peel. The so-called peel wash water contains between 2 and 5 kg essential oil as emulsion
per 100 kg of raw material processed, depending on the type of fruit and the processing
technology used. Depending on the type of fruit, the proportion of oil in the wash water is
between 0.5% and 2.0% (vol.). The total volume of oil contained in the peel wash water
can be efficiently recovered as clear essential oil with a suitably rated two-stage centrifuge
system.28 The finished emulsion passes through a sand cyclone and is fed to a desludger
centrifuge to produce an oil-rich emulsion called cream, which is sent to a polisher that
recovers the clear oil. After the desludger stage, the oil is concentrated up to 60–80%. In
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the second stage, the polisher removes the remaining water and the very fine solid particles.
Enzymes can improve the process speed, yield of oil from the cream and quality of the final
product. Pectinases are often needed to improve oil–water separation in the emulsion. By
hydrolyzing part of the complex pectin–proteins, oil is released more easily from the aqueous
phase. Numerous pectinases preparations are available such as Citrozym CEO (Novozymes),
Rohapect DA6L (ABEnzymes), Peclyve Citrus Oil (Lyven), Pektozyme Essential (Danisco)
or Rapidase C80KPO or C80 Max (DSM). They are added to the emulsion before the
desludger centrifuge. Oil yield recovery can be increased by 10–15% using these enzymes.

11.5.4.3 Viscosity reduction

Extracted finished juice is sensitive to microbiological contamination, enzymatic activities
and chemical reactions, which all lead to fast deterioration in quality. Problems encountered
in unpasteurized juices include cloud loss due to citrus endogenous pectinmethylesterase,
gelation of the concentrate, fermentation and spoilage – even if the pH is low (3.0–4.0). These
problems are prevented by quick pasteurization to inhibit the enzymes, even though this may
cause undesirable browning and flavour changes in the juice. In countries where the use of
pectinases is authorized, that is Brazil, citrus juice can be concentrated more easily after its
viscosity is reduced. When added after the first finisher, pectinases such as Peclyve Citrus
Juice (Lyven) or Rapidase Citrus Cloudy (DSM) speed up concentration without clarification
if the holding time is limited and facilitate the production of any citrus juice concentate at
65◦ brix.

11.5.4.4 Clear lemon juice concentrate

Argentina, the world’s number one lemon producing country, exported almost 50 000 tonnes
of lemon juice in 2006. Lemon juice contains a complex colloidal system of particles that
make up the lemon cloud. Lemon cloud is composed of approximately equal amounts of
proteins and pectin to flavonoids and phospholipids.29 Lemon can be processed as cloudy
juice; however, demand for clarified lemon juice concentrate has increased in recent years,
particularly from manufacturers of lemon-flavoured mineral water. Enzymatic clarification
of lemon juice is very difficult because of its extremely low pH (around 2) which inhibits
most fungal pectinases. In the past, the addition of a large amount of sulphur dioxide (about
2 g L−1) resulted in juice clarification after 4–16 weeks. Recommended pectinases for clear
lemon juice concentrate production are Rohapect 10L (ABEnzymes) or Rapidase Intense
(DSM). These products contain pectinases that remain stable in lemon juice. After lemon
juice extraction, the juice passes through a finisher and is then clarified. Pectinases are added
to the juice after pasteurization and once the juice has cooled to 50◦C or lower (4–8◦C),
oxidation is prevented. However, even if the juice is depectinized, it is not necessarily
clarified. At this stage, it is still possible to produce a cloudy concentrate or a clear juice
and concentrate. Addition of fining agents, such as high doses of bentonite or silica sol, is
necessary for complete clarification. After a few hours, the juice can be centrifuged, filtered
and concentrated.

11.5.4.5 Citrus peeling and canning

Fruit peeling, segmentation, residual albedo and segment membrane removal are necessary
stages to prepare citrus salads using single or mixed fruits in fruit salad. The consumption
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of thick skin citrus fruits, such as grapefruits, is enhanced by the commercialization of
pre-peeling. This can be done by using mechanical peeling and chemical solubilization of
the membrane using sodium hydroxide (I N) at high temperature (90–95◦C). However, to
achieve high-quality products from citrus fruits with fragile and thick skin albedo, manual
methods are still commonly used. Alternatively, enzymatic treatments may be used to replace
or facilitate the process, thus drastically decreasing the manpower needed and achieving
gentler conditions. Citrus fruit skin is first scored or cut longitudinally. Albedo jellified
by fruit blanching, especially useful for thick albedos species and cultivars, is digested by
enzymatic treatment using Pectinolytic enzymes such as Peelzym (Novozymes) or Rapidase
C80 Max (DSM). This provides easy fruit peeling and removal of albedo parts that usually
stick on the surface of segments. This can be completed by residual albedo digestion which
facilitates segment separation and cleaning.

Segment membrane removal or segment extraction can be facilitated by hand or by chem-
ical and enzymatic dissolution. Manual extraction gives ‘ready to can’ cleaned segments;
chemical and enzymatic dissolution will break down the membrane which is removed after-
wards by water jet. This last step also removes chemicals or enzymes prior to canning and
sterilization. In this way no residual enzyme activity will be present which may hamper final
product quality.

Sterilization treatment and sometimes citric acid addition decreases the cohesion of vesi-
cles at this stage by partial dissolution of pectin and the calcium chelating pectates, thus pro-
viding visible depreciation of segments aspects. Enzymatic demethylation treatment using
NOVOSHAPE (Novozymes), Rapidase FP Super or Rapidase PEP (DSM), in combination
with calcium and demethylated pectin to form more stable and less soluble pectate acting as
adhesive in between the vesicles, preserves the texture and cohesion aspect of citrus segments
during sterilization and shelf life.

11.6 FRUIT FIRMING

Consumers want fruit in processed food to look and taste good (i.e. have a firm texture,
and a natural colour and flavour). However, most processed fruit, particularly soft fruit like
strawberries or raspberries, is damaged through mechanical and thermal treatment, freezing
or pasteurization. This has a negative effect on fruit texture, giving a mushy appearance and
consistency. Fruit texture is attributed to the structural integrity of the primary cell wall and
the middle lamella. Most ripe fruit has highly methylated pectin (HM pectin) above 50%.
Adding a pure pectinmethylesterase results in partial pectin demethylation. Pectic acid, so
formed, binds with bivalent cations like calcium, forming strong insoluble pectate gels in
situ (egg box conformation). The gelling characteristics of the pectin are altered from HM
pectin to low methylated pectin (LM pectin): LM pectins do not only form gels with sugar
and acid, but also with less soluble solids and calcium ions (unlike HM pectin). LM pectates
are also less soluble at high temperatures (often encountered during processing). The result
is increased firmness, allowing the fruit to maintain its shape and consistency throughout the
manufacturing process.

The DSM FirmFruit concept consists of combined fruit pectin demethylation in situ, with
fungal pectin methylesterase enzyme and creation of a strong pectate network with added
calcium, which overcomes the negative effects of mechanical and thermal treatment during
fruit processing.
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Many types of fruit may be processed using this concept, such as strawberries, raspberries,
apples and pears, as well as tomatoes or any other pulpy fruit or vegetable, whether they are
fresh, frozen or thawed.

DSM recommends a pure pectinmethylesterase Rapidase FP Super produced from a
non-genetically modified strain of A. niger, or Rapidase PEP produced from a genetically
modified strain of A. niger. Both are destroyed above 85◦C during the final heating stage.
Fruit damage and disintegration are minimized thanks to pectate stability throughout the
manufacturing process. Yield, taste and appearance are improved.

11.7 VEGETABLE PROCESSING

World vegetable production reached some 1.3 bnmt in 2005. China was the top producer with
around 620 mmt, followed by India (105.5 mmt) and the USA (57.1 mmt). In volume terms,
potatoes (including sweet potato), tomatoes, watermelon, cabbage and onion are the top five
‘vegetables’ produced globally.1 Vegetable juices are most commonly made from tomato,
carrot and red beet (though tomato is actually a fruit). V8 Vegetable Juice is one commercial
example, made mainly from tomatoes and the juices of seven additional vegetables: beets,
celery, carrots, lettuce, parsley, watercress and spinach. Tomato juice makes up 87% of the
total beverage. Consumer demand for vegetable juices is increasing and fruit and vegetable
juice combinations are becoming more popular. Numerous products came on the market
in 2007. These new drinks are cloudy and pulpy. It may be easy to produce tomato juice
without enzymes, but this is not the case for carrot, leek or cabbage. In fruit, pectin is the major
component to break down in order to facilitate juice extraction. But vegetables also have a
high content of dietary ligno-cellulosic fibres, which hinder juice extraction. Vegetable juice
processing therefore requires more cellulases in addition to pectinases to reduce viscosity
sufficiently for juice extraction using a decanter. Figure 11.10 outlines cloudy and concentrate
carrot juice processing.

Peclyve LI (Lyven) or Rapidase Vegetable Juice (DSM) is recommended for vegetable
juice extraction: they contain pectinases and cellulases. After blanching (to limit oxidation),
crushed vegetables are cooled to 50◦C and mixed with enzymes. After 1–2 h, the juice
is extracted using a decanter, pasteurized and possibly concentrated. The juice’s carotene
content is not decreased by enzymes, and the cloud is stable for the duration of the juice’s
shelf life.

11.8 NEW TRENDS AND CONCLUSION

Fruit and vegetable juices are natural, healthy beverages offering plenty of benefits to the
consumer: they contain many important nutrients, improve general well-being, counteract
negative aspects of a poor diet, have an appealing colour and flavour, and contain components
like antioxidants that prevent coronary disease and delay cell ageing. In line with rising
consumer diet and health awareness, the fruit and vegetable juices sector is expected to grow.
Average global per capita juice consumption is set to rise from 24 L in 2007 to some 30 L in
2010.

Enzyme producers are constantly making advances in microbiology, genetics, fermenta-
tion, enzymology and application research, which they share with end-users. High-quality
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Fig. 11.10 Cloudy carrot juice concentrate. Source: From ProJuice Cdrom, DSM Food Specialties BV
2006.

enzymes are crucial processing aids, offering numerous advantages to fruit and vegetable pro-
cessors – as outlined in this chapter. Enzyme suppliers are committed to selling high-quality
enzymes to the fruit industry with reliable specifications and safety guidelines, providing
all product information with transparency and assisting fruit processors in promoting fruit
juices as healthy and natural products.
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12.1 INTRODUCTION

Consumers’ demands for high quality and moderate price meat products have been the
driving forces to develop enzymatic methods to add value to lower quality meat piece, thus
maximizing the efficiency of carcass utilization and of course improving the market value.
In the meat industry, there are two distinct applications in which enzymes can markedly
boost the manufacturing process and upgrade meats of poorer quality. These applications
are tenderization of too tough meat parts and restructuring of fresh low-value meat pieces
and trimmings to higher quality steaks. This chapter reviews those commercially available
enzymes, that are already exploited in meat industry. In addition, the potential of several
novel enzymes not yet marketed for meat processing use is discussed.

In meat industry and catering predominantly protein-degrading enzymes have been used.
Of the protein cross-linking enzymes, transglutaminases (TGase) have been used as texture
improvers already for several years. In addition to these, novel enzymes are discovered and
their application potential assessed as well as novel applications for already known enzymes
are developed. Structure engineering by oxidative enzymes and flavour design by lipases,
glutaminases, proteases and peptidases are examples of emerging enzyme technologies in
the food sector.

12.2 MEAT AS RAW MATERIAL

The composition of animals varies significantly, depending on species, breed and method
of production, mostly feeding. The relative amounts of muscles, bones, fat and edible offal
or inedible by-products obtained vary due to slaughtering methods and cultural reasons. As
an example, blood or stomach and several other organs are in some countries used as feed
ingredients and in some others partly as food. The way meat is consumed also varies greatly
throughout the world.

The world meat production has increased tremendously during the last few decades,
particularly in the developing countries.1 The total meat production has risen, for example
from 70 million tons in 1961 to 272 million tons in 2006, and the increase is expected to
continue to 327 million tons till 2020.
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12.2.1 Structure of muscle

The dominant feature of muscle is its fibrous structure that makes the function of a muscle
in contraction possible. Due to its structure, muscle is capable of providing tensile strength
and transmitting the force needed in contraction. Conversion of muscle to meat (discussed
in more detail in Section 12.4.1) is a prerequisite for the development of desired eating
qualities. Muscle begins to convert to meat when an animal has been slaughtered. At the
death of an animal, a complex set of biochemical and biophysical changes is initiated in
muscle. At a later stage, degradation of muscle proteins by the indigenous protease system
leads to softening of myofibrillar structure and ultimately to meat tenderization. However,
the fibrous structure is maintained, which gives meat its characteristic texture recognized by
consumers.

A skeletal muscle is an assembly of bundles of muscle fibres that appears in bundles
surrounded by a connective tissue sheath called perimysium. Muscle fibres are narrow, long
(commonly several centimetres long with a diameter of 10–100 µm) and multinucleate
cells.2 They are the basic cellular units of living muscle and meat and are surrounded by a
connective tissue sheath called endomysium, consisting mainly of collagen. Muscle fibres in
turn consist of myofibrils, composed of parallel myofilaments. The functional (contractile)
unit of a myofibril, a sarcomere, is an organized assemblage of parallel running actin and
myosin filaments interacting with each other during contraction. In meat, these proteins affect
functional properties such as texture and water holding.3

12.2.2 Chemistry and biochemistry of muscle

Meat consists of muscular tissue (containing also lipids and collagen), fat tissue and connec-
tive tissue. The chemical content of muscles is rather stable, but carcass meats are subjected
to huge variation caused by animal species, age, anatomical location, nutritional condition,
feed, etc. The main nutrition-dependent variable is the fat content and composition. A typical
proximate composition of muscle is given in Table 12.1.

The amino acid composition of muscle protein is rather similar in different meat animals
(Table 12.2). Collagen comprises about 25% total body protein and in muscular tissues the
variation is from 0.2 to several percentages. In some tissues, for example in connective tissue
membranes, skin and tendons, practically all proteins are collagen and elastin. Every third
amino acid in the collagen molecules is glycine and other common amino acids are proline,

Table 12.1 Chemical composition of typical mammalian muscle (modified from Ref. [4]).

Component Content (%)

Water 75
Protein 19

Myofibrillar 11.5
Sarcoplasmic 5.5
Connective tissue and organelles 2.0

Lipids 2.5
Carbohydrates and derivatives 1.8
Other 2.3

Minerals 0.7
Non-protein soluble substances 1.6
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Table 12.2 Amino acid composition of fresh meats.6

Amino acid Beef (%) Pork (%) Lamb (%)

Essential
Isoleucine 5.1 4.9 4.8
Leucine 8.4 7.5 7.4
Lysine 8.4 7.8 7.6
Methionine 2.3 2.5 2.3
Phenylalanine 4.0 4.1 3.9
Threonine 4.0 5.1 4.9
Tryptophan 1.1 1.4 1.3
Valine 5.7 5.0 5.0

Non-essential
Alanine 6.4 6.3 6.3
Argininea 6.6 6.4 6.9
Aspartic acid 8.8 8.9 8.5
Glutamic acidb 14.4 14.5 14.6
Glycine 7.1 6.1 6.7
Cystine 1.3 1.3 1.3
Histidinea 2.9 3.2 2.7
Proline 5.4 4.6 4.8
Serine 3.8 4.0 3.9
Tyrosine 3.2 3.0 3.2

a Essential for infants.
b Glutamic acid and glutamine together.

hydroxyproline and alanine. Tryptophan is virtually non-existing, which lowers the nutritive
value of collagens.5

12.2.3 Conversion of muscle to meat

Hundreds of different enzymes act in concert in a living muscle fibre enabling the contractile
function, maintenance and growth of muscle. The energy of these reactions is derived from
ATP. Quantitatively, the majority of the enzymes in muscle are dealing with the energy
metabolism of the fibre. When the animal is stunned and bled, the fibres continue their
metabolism as they would in an anaerobic situation in a living animal. The basic need to
maintain the physiological ATP level is done by degradation of muscle polysaccharide glyco-
gen and by subsequent anaerobic glycolysis. As a result, a drop of pH from the level of resting
muscle of 7.2 to 5.5 will occur. Finally, the reduced pH and temperature will decrease the ac-
tivity of glycolytic enzymes which in turn results in a gradual decrease of the ATP level. Sub-
sequently changes in membranes, in cytoplasm and sarcolemma and denaturation of the fibre
commence. Simultaneously, the main contractile protein complexes, which are normally kept
separate by ATP, are irreversibly bound together, a phenomenon that is a called rigor mortis.

When ATP level falls to the subnormal level, fibre degradation is started by endogenous
proteases, that is Ca2+-activated calpains. The level of activity of calpains is dependent on the
activators (Ca++-content, pH and temperature) and inactivator calpastatin. They degrade the
structural protein calpastatin and finally also calpains, which mean that they eliminate them-
selves in the long run.7 The rate of activation and inactivation depends on time, pH and temper-
ature in a very complex manner. The cooling regime causes considerable variation in tender-
ness depending on the stress history of animals before slaughtering and time–temperature–pH
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combinations post mortem. These factors seem to be mainly responsible for the gradual loos-
ening of the myofibrillar network soon after the formation of rigor mortis.

Cathepsins, another group of muscle proteases, are located in lyzosomes. Cathepsins
degrade various myofibrillar components including myosin F-actin and troponin.8

In connective tissue, located within or between muscles, collagen molecules array to
fibrils of 10–500 nm diameter and of unknown length. The collagen molecules of the fib-
rils are bound together with cross-bridges that are stabile in physiological conditions and
make the fibrils inextensible. The degradation of collagen requires collagenase and another
neutral protease activity. Once cleaved the collagen, fibril fractions can be degraded by a
wide range of proteases even to the peptide and amino acid level. Denatured collagen is
more easily degraded by proteases. However, degradation of native collagen is very slow.5

Endogenic proteolytic system of meat itself is responsible for tenderization during natural
aging. However, when tenderization is desired to be enhanced or tough pieces of meat need to
be tenderized, plant or microbial enzymes can be added to boost tenderization. Tenderization
with non-meat proteases is discussed in Section 12.4.

12.2.4 Factors in meat processing

12.2.4.1 Heating

Heating causes dramatic changes in meat protein systems. The myofibrillar proteins denature
and thus open up and aggregate, thereby loosing a large proportion of their water binding.
Additionally, there will be an increase of cross-bridges between the filaments, thereby re-
ducing the space between the filaments. Upon heating, the collagen in connective tissue
also denaturizes and shrinks, creating a contractive force within the meat. Collagen also is
partly dissolved by heating, depending on the type of collagen, the age of the animal and
temperature–time–pH of the heating process.9 The endogenic proteolytic enzymes will also
be denatured, but the muscle proteins become more susceptible to exogenous proteolytic
enzymes. Heating and acid pH renders collagen, resistant to proteolysis in its native state,
more susceptible to proteolysis.5

12.2.4.2 Water binding

Water binding is the most important technological property in meat and meat products. Good
water binding is generally obtained when the myofibrillar proteins carry high (in most cases
negative) net charge, when there are as little as possible cross-bridges in and between the
structural elements and when the connective tissue membranes are thin and the collagen
fibrils are non-mature.10

The great cause for water binding and variation therein are interactions between and in
the myofilaments (actin and myosin). The amount of the water bound is determined by the
net charge of the proteins, causing an increase in binding and by the number and strength of
cross-bridges that limit the binding.11

The swelling depends on pH. Without salt there is a relative maximum of swelling at pH
3.0, a minimum at pH 5.0 (the average isoelectric point of meat proteins) and from there is a
constant increase within the physiological pH range of 5.0–7.5. The water binding increases
also with increasing salt content up to 5% NaCl.10–14
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12.2.4.3 Mechanical treatments

Mechanical treatments such as mincing or chopping also affect the properties of meat.
Mincing keeps the fibre bundles and fibres intact, but cut them across the longitudinal axis.
In addition to that, chopping disintegrates the fibres also to some extent. By chopping, usually
salt (and sometimes phosphates) and water are added, resulting in a swelling of myofilaments
or a chemical disintegration and solubilization of myofibrillar proteins. Also connective tissue
membranes are damaged to various extent, depending on the method of comminution. These
phenomena may expose the structural proteins, for example added enzymes.

12.3 ENZYMES USED FOR MEAT PROCESSING

12.3.1 Proteases and peptidases

Since proteases have an important role in meat processing in tenderization, various exogenous
proteases capable of digesting connective tissue and muscle proteins have been chosen for
this purpose. Papain (EC 3.4.22.2), bromelain (EC 3.4.22.33) and ficin (EC 3.4.22.3) are
being used at commercial scale meat tenderization.15 Furthermore, proteases have been used
for bone cleaning and flavour formation in the meat industry.

Proteases are ubiquitous enzymes, that are present in a wide variety of sources including
plants, microbes and animals. They are essential for cell growth and differentiation. They
catalyze the hydrolytic cleavage of the peptide bond present in proteins and peptides. Pro-
teases constitute the most important group of industrial enzymes currently in use in terms of
tonnages and sales value. They have a long history of applications in the food, detergent and
leather industries.

Proteases are a very diverse group of enzymes in terms of action, structure and protein
properties. They are commonly classified according to their origin (microbial, plant, ani-
mal), their mode of action (endopeptidases and exopeptidases) or the nature of the catalytic
site. Endopeptidases cleave peptide bonds located internally in the protein. Exopeptidases
cleave from the end of the polypeptide chain and are further classified to aminopepti-
dases or carboxylpeptidases cleaving either from an amino or a carboxyl terminus, respec-
tively. Based on the catalytic group involved in the nucleophilic attack at the carbon of
the scissile peptide bond in the substrate, proteases can be classified as serine proteases
(EC 3.4.21), cysteine proteases (EC 3.4.22), aspartic proteases (EC 3.4.23) and metallo
proteases (EC 3.4.24). The cleavage sites of some commercial endopeptidases are given in
Table 12.3.

Papain from papaya latex (EC 3.4.22.2) is the most commonly used proteolytic enzyme
in meat tenderization. In addition to papain, bromelain from pineapple stem (EC 3.4.22.32)
and ficin from fig tree latex (EC 3.4.22.3) are known meat tenderizers.16 Some examples
of their experimental use are shown in Table 12.4. These enzymes have broad substrate
specificity and they hydrolyze both myofibrillar proteins and connective tissue.17, 18 Papain
preferably cleaves peptide bonds involving basic amino acids and it also has an esterase
activity. Papain degrades myosin and actin at similar rates, whereas bromelain degrades
myosin preferentially.19 The common plant proteases do not hydrolase native collagen, but
they act upon the gelatine, the heat-denatured form of collagen16 generated during cooking.

The pH optimum of papain varies with the nature and concentration of the substrate.
The pH optimum range is from 5.0 to 7.0. The optimum is pH 5.0 for gelatine and pH
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Table 12.3 Cleavage site of some commercial endopeptidases.

Enzyme EC number Cleavage site (P1)

Serine proteases
Chymotrypsin 3.4.21.1 tyr-, trp-, phe-, leu-
Trypsin 3.4.21.4 arg-, lys-
Subtilisin 3.4.21.12 Hydrophobic amino acids

Cysteine protease
Cathepsin B 3.4.22.1 arg-, lys-, phe-X
Papain 3.4.22.2 arg-, lys-, phe-X
Ficin 3.4.22.3 phe-, tyr-
Bromelain 3.4.22.4 lys-, arg-, phe-, tyr-

Aspartic proteases
Pepsin 3.4.23.1 Aromatic, leu-, asp-, glu-
Chymosin 3.4.23.4 phe105-met106 in casein

Metallo protease
Thermolysin 3.4.24.27 ile-, leu-, val-, phe-

7.0 for casein and haemoglobin. Papain concentrate demonstrates optimum stability over
the range of pH 5.0–9.0 at 60–70◦C.20 The enzyme is extremely temperature stable in
comparison to other proteases. Effective activity is demonstrated over the temperature range
of 10–90◦C. Temperatures above 90◦C rapidly inactivate the enzyme.21 Either freezing or heat
treatment can be used to inactivate the enzyme and prevent over-tenderization and sensory
defects.

The latter is obviously unsuitable for raw products. Alternative methods for enzyme
inactivation have also been investigated. Potato protein and ascorbic acid have been studied
as possible inhibitors for papain, but the results have not been very promising.22

Plant proteases mainly used to tenderize meat have limited activity on collagen. Attempts
to tenderize collagen-rich connective tissue with tenderizing proteases inevitably led to
extensive hydrolysis of non-collagen proteins and resulted in too soft meat. Collagenases (EC
3.4.24.3) are proteases that degrade the native collagen, which consists of fibrils composed
of laterally aggregated rod-like tropocollagen. Tropocollagen unit consists of three helically
twisted polypeptide chains, having glycine residues at every third position and an abundance
of proline and hydroxyproline.23 Currently, food-grade collagenase preparations are not
commercially available although the need is evident.

Most of the reported collagenases are from human and other mammalian sources. Bacterial
collagenases also exist, usually from pathogenic strains. Microbial collagenases are more
unspecific attacking various sites along the collagen helix.24 The most thoroughly studied
microbial collagenase is from Clostridium histolyticum.25 In addition collagenases from
Achromobacter iophagus,26 Pseudomonas aeruginosa27 and from a marine bacterium28 have
been reported.

Sugasawara and Harper29 reported on purification of three collagenases of Cl. histolyticum
with molecular weights of 96 000, 92 000 and 76 000 Da. Cl. histolyticum collagenases
have their pH optima at 7–9 and they require Ca2+ for activity.30 Crude preparations
of Cl. histolyticum contain several other proteases, such as a sulfhydryl protease31 and a
trypsin-like protease.32 Due to its origin Cl. histolyticum collagenase is not suitable for meat
applications.

Actinidin (EC 3.4.22.14) from kiwifruit tenderizes meat and it has been found to hydrolyze
also collagen to a certain degree33, 34 (Table 12.6). According to Morimoto et al.,35 actinidin
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Table 12.4 Examples of the use of plant proteases (and protease-containing fractions) in meat
tenderization.

Protease
Raw material
meat

Processing
conditions

Effect on meat texture
and other quality factors References

Papain Turkey
drumsticks,
baking hens
and roasters

Injection with
marinade containing
papain

All products significantly more
tender than the controls. The
flavoured marinade probably
masked some of the off-flavour
caused by papain

90

Papain Beef meat Injection with papain
and treating with high
pressure (100–300
MPa for 10 min)

Papain and pressurization to
100 MPa significantly
increased tenderness. Higher
pressures did not lead to
further tenderization

91

Bromelain Beef cubes Dipping in enzyme
solution before freeze
drying

Improved texture and marked
effect on collagen
solubilization

82

Bromelain Beef plates Injection into beef
plates processed into
beef bacons

Some effect on texture,
negative effect on visual
appearance

92

Bromelain Beef round
muscles

Injection with
bromelain solution

Improved tenderness,
although salt and phosphate
injection was more effective in
some cases

93

Ficin Ground beef Ficin-tenderized meat
in sausage
manufacturing

More protein solubilization in
meat and improved
water-holding capacity,
emulsion stability and other
quality factors of sausages

88

Actinidin
or papain

Beef
semitendinosus
steaks

Incubation enzyme
solution for 30 min
before cooking

Actinidin did not hydrolyze as
many myofibrillar proteins as
papain but resulted in the
same degree of meat
tenderization without
over-tenderized surface

33

Crude
actinidin

Beef
semitendinosus
muscle and
achilles tendon

Immersion in crude
actinidin and treating
with high pressure at
0–500 MPa

Protease decreased shear
force values but pressure
treatment had no significant
effect on it. Protease
solubilized some non-heated
α-chain collagen, pressure
increased effect slightly

34

Crude
ginger
extract

Beef steak and
sliced beef

Marinating Significantly increased
tenderness

94

Ginger
extract

Sheep meat
chunks

Marinating (24 h at
4◦C)

Decreased shear force and
increased cooking yield,
water-holding capacity and
collagen solubility

95
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Table 12.4 (Continued)

Protease
Raw material
meat

Processing
conditions

Effect on meat texture
and other quality factors References

Ginger
extract

Buffalo meat
chunks

Marinating (48 h at
4◦C)

Improved tenderness of tough
buffalo meat, no adverse
effects on other meat quality
parameters

96

Ginger
extract

Goat meat
chunks

Marinating 24 h at 4◦C,
then ground

Increased protein, especially
collagen, solubility,
tenderness and shelf life

79

Ginger
powder

Spent-hen
muscles

Immersion in water
containing ginger
powder

Lower shear values and
higher sensory scores and
proteolysis

97

Ginger
extract,
cucumis
extract or
papain

Pork chunks Curing in solutions
containing 7.5%
cucumis or 9% ginger
extract or 0.50%
papain powder, then
prepared to enrobed
products

All treatments lowered shear
force values and enhanced
overall acceptability
compared to control. Ginger
additionally increased shelf
life

98

had no collagenase activity under acidic conditions, although it was capable of hydrolyzing
atelocollagen (pepsin-hydrolyzed collagen). Mostafaie et al.36 have recently shown that
actinidin can hydrolyze collagen types I and II at neutral and alkaline conditions, but the
action is inhibited in an acidic pH range. Nevertheless, it has been shown that the pretreatment
of beef connective tissue with kiwifruit juice before heating significantly decreased the shear
force of connective tissue after heating in comparison with other pretreatments without
protease activity.37

Along with collagen, elastin contributes to the toughness of connective tissue of meat.
Elastase enzymes from Bacillus (EC 3.4.4.7)38, 39 have been shown to improve meat ten-
derness. Elastolytic activity of elastase from alcalophilic Bacillus sp. Ya-B was found to
be clearly higher than that of papain or bromelain, and the enzyme preferred elastin and/or
collagen to myofibrillar proteins.38

There is a current interest to discover novel meat tenderizing proteases both from plant
and microbial origin. One example of a source for a novel potent enzyme is Kachri fruit,
Cucumis trigonus Roxburghi, which traditionally has been used as a meat tenderizer in the
Indian subcontinent and contains a cucumicin-like (cucumicin EC 3.4.21.25) serine protease
activity.40 Recently proteases from ginger rhizomes (Zingiber officinale) have also gained
a lot of interest due to their collagenolytic activity. Choi and Laursen41 reported about two
ginger proteases (GP-I and GP-II) and showed that they belong to the papain family of
cysteine proteases.

12.3.2 Lipases

Lipases (triacylglycerol lipase EC 3.1.1.3) can be used for flavour formation in sausage
production. Endogenous enzymes, enzymes from starter cultures or isolated commercial
enzymes can be used in the application. Lipases are ubiquitous in nature and are found in
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various organisms including animals, plants, fungi and bacteria. Lipases are esterases which
are key enzymes involved in fat digestion. They convert insoluble triacylglycerols to more
soluble fatty acids and di-and monoacylglycerols, which can be assimilated by the organism.
All known lipases belong to the family of α/β-hydrolases, which share a common fold
composed of a central hydrophobic eight-stranded β-sheet packed between two layers of
amphiphilic α-helices.42, 43 They also share a common catalytic mechanism. The active sites
of lipases are composed of a Ser-Asp/Glu-His motif, which compose a catalytic triad similar
in arrangement to serine proteases.44, 45

Most microbial lipases exhibit maximum activity in the temperature range of 30–40◦C.46

Thermophilic lipases retaining activities in the temperature range of 50–65◦C have been
isolated from both filamentous fungi (Aspergillus niger, Thermomyces lanuginosus) and
some bacteria (Pseudomonas and Bacillus sp.). Maximum activity of most microbial lipases
is displayed in the pH range of 5.6–8.5 and maximum stability in the neutral pH range.46 Some
clearly alkaline lipases having pH optima around 9.5 have been discovered, for example from
Bacillus and Pseudomonas species.47, 48 Lipases are commercially available from different
suppliers also in food grade form.

12.3.3 Transglutaminase

TGase (EC 2.3.2.13) can be used for structure engineering for tailoring the structural proper-
ties of different processed and heated meat products. The enzyme is an acyltranferase and it
generates formation of covalent linkages in the food matrix. The acyl-transfer reactions are
formed between a γ -carboxyamine group of a peptide-bound glutamyl residue (acyl-donor)
and a primary amino group (acyl-acceptor) of various substrates including the ε-amino
group of lysyl residues in certain proteins.49 The formed linkage is an ε-γ -glutamyl-lysine
isopeptide bond. TGases have been reported to cross-link many food proteins as has been
described in various reviews.50–52 TGase-catalyzed reactions lead to inter- or intramolecular
cross-linking in proteins, depending on whether the glutamyl and lysyl residues are located
on the same or different proteins.

TGases are widely distributed enzymes discovered in many different animal tissues and
body fluids, fish, birds, invertebrates, amphibians, plants and microbes. They are involved in
several biological functions including blood clotting, wound healing, epidermal keratiniza-
tion and in a number of human disease states.49, 53 Discovery of microbial TGases from
Streptomyces and Streptoverticillium species in late 1980s49 enabled fast development of
TGase for various food applications including meat processing.54 TGases are commercially
available from Ajinomoto Inc. and Yiming Biological products Co. Ltd. TGases from dif-
ferent origins differ in their cross-linking ability towards myofibrillar proteins. Mammalian
TGases55–57 tend to modify in addition to myosin also actin, while microbial TGases orig-
inating from Streptomyces have only a limited activity on actin. In addition to myosin and
actin, troponin T has also been found to be modified by microbial TGase.58, 59

Depending on the source, properties of TGases vary considerably. Both guinea pig
liver and Streptomyces mobaraensis (former Streptoverticillum mobaraense) TGases are
monomeric proteins with a molecular mass of 75 and 38 kDa, respectively.60 In contrast
to mammalian TGases the activity of Streptomyces TGases is independent of Ca2+. The
enzyme shows pH optimum between 5 and 8, and has substantial activity at pH 4–9.60 The
enzyme retains full activity at 40◦C for 10 min but is totally inactivated within a few minutes
at 70◦C.
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12.3.4 Oxidative enzymes

Oxidative enzymes can be an alternative for TGases to generate cross-links in protein matri-
ces. Oxidoreductases including tyrosinases and laccases are reported to cross-link meat pro-
teins.1, 58 These enzymes have been tested in only few applications, mainly because of limited
availability.

Tyrosinases (EC 1.14.18.1) are capable of generating cross-links in a protein matrix as
such or together with some small molecular weight compounds.61 The physiological role of
tyrosinases is related to melanin and eumelanin synthesis. In fruits and vegetables, tyrosinase
is responsible for enzymatic browning reactions and in mammals for pigmentation. In fungi
the role of tyrosinase is correlated with cell differentiation, spore formation, virulence and
pathogenesis. Tyrosinases are copper-containing proteins, containing two type-3 copper
atoms in their active site to shuttle electrons from the substrate to molecular oxygen, which is
a terminal electron acceptor. The most extensively investigated fungal tyrosinases both from
a structural and functional point of view are from Agaricus bisporus62, 63 and Neurospora
crassa.64 An interesting tyrosinase was recently discovered from the filamentous fungus
Trichoderma reesei.65 Sigma and Fluka sell crude Agaricus tyrosinase for research purposes.

Laccases (EC 1.10.3.2) have also been shown to cross-link proteins and peptides.66–68

Their best known role in nature is related polymerization and depolymerization processes
of lignin.69 Laccases are also copper-containing enzymes. They contain four copper atoms
in their active site and use molecular oxygen as a terminal electron acceptor. Laccases
show surprisingly broad substrate specificity, being capable of oxidizing various phenolic
compounds, for example diphenols, polyphenols, different substituted phenols, diamines and
aromatic amines.69 Where tyrosinase-catalyzed cross-linking is based on quinone formation,
laccase-catalyzed cross-linking is based on free radicals and their further reactions. Laccases
oxidize their substrates with a one-electron removal mechanism.69 The unstable radicals
undergo further non-enzymatic reactions including polymerization.

12.3.5 Glutaminase

l-Glutamic acid is a well-known flavour enhancing amino acid. For instance, the unique
flavour of fermented soya sauce is mainly due to glutamic acid. l-Glutaminase (l-glutamine
aminohydrolase EC 3.5.1.2) produced by starter cultures has an important role in flavour
formation, for example in sausage production. By supplementing glutaminase to fermented
seasoning agents, such as miso, soya sauce and pickles, the glutamic acid content of these
products can be bolstered, making it possible to prepare food products with increased ‘umami’
taste. Glutaminases catalyze the hydrolytic deamidation of l-glutamine to l-glutamic acid,
a flavour enhancer and ammonia, an acidity neutralizer. They belong to a large subfam-
ily of serine-dependant β-lactamases and penicillin-binding proteins (for a review see
Nandakumar et al.70). l-Glutaminase is strictly specific to l-glutamine and thus differs
from glutaminase–aspariginase (EC 3.5.1.1) which catalyzes hydrolysis of both glutamine
and asparagine with similar efficiency.

Glutaminases are ubiquitous enzymes in bacteria and eukaryotes but seem to be lacking in
archaea, thermophiles and plants.70 The majority of the microbes having glutaminases have
been isolated from soil and a few from marine environments. Glutaminase from Bacillus
amyloliquefaciens is commercially available as industrial enzyme preparation from Amano
Enzyme Inc. Glutaminases have been purified and characterized for instance from Aspergillus
oryzae,71, 72 Rhizobium etli73 and Debaryomyces.74 Most of the reported glutaminases are
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intracellular enzymes although some extracellular glutaminases have been reported. The
main cellular function of glutaminases is proposed to be associated with the control of
intracellular concentration of glutamine, which is an essential nitrogen metabolite.75

Many reported glutaminases work optimally at a temperature range of 40–50◦C and at
neutral pH.70 High salt concentrations can markedly inhibit glutaminases. For example,
A. oryzae glutaminase is inhibited at 3 M NaCl concentrations,70 which can hamper the
use of the enzyme in applications requiring high salt concentration. Therefore salt-tolerant
glutaminases have been screened for. Some marine bacteria including Micrococcus luteus
K-3 have been shown to tolerate up to 16% (w/v) concentrations of NaCl.76

12.4 MEAT TENDERIZATION WITH ADDED ENZYMES

Of all the attributes of eating quality, texture and tenderness are presently rated as most im-
portant by the average consumer. Methods to increase tenderness include, for example natural
aging, electric stimulation, mechanical blade tenderization and use of added proteolytic en-
zymes (see Section 12.3). The most widely used exogenous enzymes in meat tenderization
are the plant enzymes papain, bromelain and ficin. Plant proteases, especially papain and
bromelain, have been studied for tenderization purposes for decades. Some examples of the
use of plant proteases or protease-containing fractions in experimental meat tenderization
are given in Table 12.4.

The way of applying tenderizing enzymes in meat industry depends on the actual target.
If the aging time of high-grade meat parts has to be shortened, the main action of pro-
tein hydrolysis should be on myofibrillar proteins. If the tenderness improvement of lower
grade meat cuts or meat from, for example aged animals is desired, the connective tissue
proteins, mostly collagen, should be the target of proteolysis. The methods and challenges
to tenderize meat sold raw to consumers differ from those needed for cooked meat. Plant
proteases mainly used to tenderize meat act unfortunately more actively on other meat
proteins than on collagen. Therefore attempts to tenderize collagen-rich connective tissue
inevitably led to too extensive hydrolysis of non-collagen proteins, resulting in too soft
(mushy) meat. To tenderize meat pieces with a high connective tissue content it is evident
that an enzyme having pronounced activity against connective tissue but limited activity
against myofibrillar proteins should be used. Potential collagenases come mainly from mi-
crobial origins, but unfortunately up till now there are no commercial food-grade collagenases
available.

Although not suitable for food manufacturing purposes, some collagenases have been
studied in meat tenderization. Foegeding and Larick17 studied Cl. histolyticum collagenase
in tenderization of beef steak but the results were not very promising. Clear positive effects
were achieved in the study where microbial collagenases were evaluated for their ability to
degrade collagen in a restructured beef product. Extreme thermophilic bacteria species have
been searched in order to find proteases which would be active against collagen during a
controlled cooking period of meat and show only limited activity during often uncontrollable
cold storage periods.77, 78

Interesting new proteases from plant origin are cucumis and ginger extracts. Powdered
cucumis extract from the Kachri fruit as well as ginger proteases has successfully tenderized
meats from different species (see examples in Table 12.4). Ginger extract has proven to be
especially effective in increasing collagen solubilization.79
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12.4.1 Methods for enzyme application in meat tenderization

Due to biochemical consistence and structure of meat it can be challenging to evenly
distribute the tenderizing protease into meat pieces. Possible methods are, for example
spraying, injection, dipping and marinating. During past decades many reports about pre
slaughter injection of inactivated plant protease – mainly papain – solution into the living
animals’ vascular system have been published. This is done in order to achieve thorough
distribution of enzyme throughout the carcass. This has been described for lamb80 and
beef81 and this antemortem process has been used at least previously industrially in many
countries.

Dipping of meat pieces in solution containing proteolytic enzymes or marinating in such
solution has been widely used (e.g. Quaglia et al.82 and Naveena and Mendiratta83). The
problem with that method is the poor penetration of the enzyme into the meat pieces and the
resulting possible over-tenderized surface and mushy texture whereas the interior remains
unaffected.16

Injection of proteolytic enzyme solution directly into meat pieces has been shown to be
a more effective way of tenderization than marinating in enzyme-containing solution. Much
higher dosages of papain were needed in marinating compared to injection to achieve the
same level of tenderization. Most likely this is due to restricted enzyme–substrate contact
area in marinating.84 Even the carrier solution used for enzyme injection may have signif-
icant effect on meat quality attributes.85 Huerta-Montauti et al.86 found that treating beef
muscles with papain containing brine solution in a vacuum tumbler permitted the throughout
distribution of the enzyme to the entire muscle and allowed the breakdown of structural
proteins.

The cooking procedures used in meat manufacturing highly affect the activity of tender-
izing enzymes. The more time the product is kept at or near the temperature optimum of
used enzyme, the more protein hydrolysis and also tenderization are expected to happen.87

For optimized quality the processing conditions should be adjusted to suit the activity, but
also the inactivation of the enzyme(s) used. Meat industry can use enzymatically tenderized
meat to produce high-quality ready-to-eat products, for example sausages. Tenderization of
meat with enzymes increases solubility of meat proteins, which may have marked positive
effect when they are used as raw material in processed meat products. Tenderization of beef
meat with ficin before using it in sausage manufacturing, substantially improved water-
holding capacity, emulsion stability and other quality factors (e.g. taste) of sausages.88 When
the enzyme-aided tenderization takes place in meat industry facilities, the process is highly
controllable. This is in contrast to the situation where enzyme is applied to meat which is
then sold raw to consumers.

Different enzymes or enzyme mixtures are suitable for different meat cuts. For fine-tuned
applications, the substrate specificity and activity profiles of applied enzyme preparations
should be known to adjust the enzyme levels and processing conditions to suit each other.
The use of plant extracts, for example plant puree or juice, rich in tenderizing enzymes can
contribute to good tenderizing effect with supposedly lowered costs compared to commercial
enzymes.37, 89

In the future it could be possible by means of modern microbial methods to produce
different kind of fine-tuned proteases for different needs of meat tenderization: one for accel-
erating the tenderization of high-quality red meat (effect on myofibrils), one for degrading
the connective tissue of lower grade meat from old animals sold as raw (effect on collagen
at low temperatures) or used as raw material in industry (effect on denatured collagen).
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12.5 ENZYMATIC GENERATION OF FLAVOUR IN
MEAT PRODUCTS

Flavour is defined in the literature as multimodal phenomenon in which several independent
sensory modalities such as taste, aroma, trigeminal sensation and texture are involved.99

Flavour has a major role, along with tenderness, in acceptability of meat by consumers.100

Because of the relationship of flavour and consumer acceptability, it is important to understand
the factors influencing meat flavour in order to produce good-quality meat products. The
flavour of raw meat is quite bland. However, it contains non-volatile constituents that are
essential flavour precursors which during processing and storage affect the taste of the meat
product.16, 101 In general, the flavour of processed meat is a result of either enzymatic action
or chemical reactions such as pyrolysis of amino acids and peptides, sugar degradation,
degradation of ribonucleotides, Maillard reactions, thiamine degradation and degradation of
lipids. The main enzymatic reactions affecting meat flavour or formation of flavour precursors
are proteolysis and lipolysis. Both groups of reactions are due to the contribution of either
endogenous proteases and lipases, enzymes of microbial origin naturally present in the
product or enzymes added during the manufacturing process.

Most of the literature about the use of enzymes or starters in flavour formation deals with
fermented meat products. Literature covers mainly the flavour formation of Mediterranean
type dry-cured products such as Iberian, Serrano, Parma and Bayonne hams or Italian salami,
Spanish chorizo or French saucission sec and less of Northern European dry-cured fermented
meat products. Typical to Mediterranean-type products is a slow curing process with no nitrite
and no smoking. Whereas in the Northern European countries, nitrite is used and the smoking
is an integral part of curing.102, 103 Due to the numerous studies devoted to optimization of
flavour and ripening of dry-cured meat products by enzymes, attention is paid mostly to the
meat product types discussed below.

12.5.1 Proteolysis and lipolysis in meat flavour development

Dry-cured meat products are appreciated for their unique flavour. The compounds implicated
in flavour generation arise from many sources, such as spices, sugar metabolism, lipolysis and
lipid oxidation, proteolysis and amino acid degradation.104–106 During ripening proteolysis
takes place, yielding for example polypeptides, peptides and free amino acids, which are
involved in taste and flavour development of meat products. Meat protein hydrolysis is
mainly catalyzed by endogenous enzymes, such as cathepsins (described in Section 12.3.2)
and trypsin-like peptidases as well as proteases (described in Section 12.3.1) produced by
microorganisms are involved in the ripening process. These enzymes are mainly originating
from Micrococcaceae but also from moulds and yeasts in those dry sausages in which they
are present.107 Glutaminase addition to protease has an important role from the point of view
of sausage production, especially regarding the deamidation of glutamine, since hydrolysis
of the glutamine amide group produces ammonia, an acidity neutralizer and umami flavour.
Umami can be described as savoury or broth-like taste with ability to enhance other flavours
(glutaminase is described in Section 12.3.5).

Lipolysis constitutes another important group of enzymatic reactions which are related to
aroma formation of fermented sausages. Phospholipases and lipases hydrolyze phospholipids
and triacylglycerols forming free fatty acids (lipases are described Section 12.3.2). Unsatu-
rated fatty acids are further oxidized to aroma volatile compounds. This oxidation may lead
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to the formation of aliphatic hydrocarbons, alcohols, aldehydes and ketones. Further alcohols
react with free fatty acids forming some esters.101, 108–110

12.5.2 Effect of enzymes on ripening of dry-cured
meat products

Dry-cured meat products need a long period of ripening in order to allow the transformation
of free amino acids and fatty acids through microbial (oxidative deaminations, decarboxyla-
tions) and/or chemical (Maillard reactions) ways to yield aromatic compounds (aldehydes,
ketones, lactones, alcohols and esters). Because long ripening time involves a high cost of
storage until a suitable matured state is reached, many attempts have been made to shorten
this period. Proteases and lipases have been used for this purpose. However, it has been
found that addition of proteinases and lipases alone is not useful in shortening the ripening
time. This is because the final flavour also depends on subsequent generation of volatile com-
pounds through lipid oxidation and amino acid catabolism. Therefore, to shorten the ripening
of sausages, it is necessary to create conditions, for example by adding an efficient starter or
by adding other types of enzymes, which stimulate formation of volatiles in a shorter time
than usual. Table 12.5 shows examples of the use of enzymes for flavour formation and for
shortening the ripening time.

The most promising method to shorten ripening time of fermented sausages has been
obtained by the incorporation of cell-free extracts from lactic acid bacteria and moulds. The
addition of cell-free extract from Lactobacillus paracasei sbsp. paracasei has been found
to accelerate the ripening and improve the sensory quality of sausages.111 The addition of
cell-free extracts from moulds such as Mucor racemosus and Penicillium aurantiogriseum
also leads to improved sensory properties of fermented sausages by increasing the generation
of ammonia and volatile compounds derived from amino acid catabolism.112–114 Bolumar
et al.115–117 purified and characterized two proteinases (PrA and PrB) and two aminopepti-
dases (arginyl aminopeptidase and prolyl aminopeptidase) from cell-free extract of the yeast
strain Debaryomyces hanseii CECT 12 487. The enzymes were used to catalyze the hydrol-
ysis of sarcoplasmic proteins and, together with amino acid converting enzymes, to generate
ammonium and thereby increase the pH. Bolumar et al.118 used above-mentioned cell-free
extract together with the extract from Lactobacillus sakei CECT 4808 containing high ex-
oproteolytic activity to accelerate the proteolytic pathway and thereby improve the sensory
quality of fermented meat products. By addition of these extracts the sensory quality of
fermented meat products was improved by promoting the generation of volatile compounds
derived from lipid oxidation and carbohydrate fermentation.

12.6 STRUCTURE ENGINEERING BY
CROSS-LINKING ENZYMES

Apart from the hydrolytic enzymes affecting the tenderness of meat or generation of flavour,
the functional properties of meat proteins can be modified by cross-linking enzymes. These
enzymes are used to bind fresh meat pieces together and to tailor the structural properties of
various processed meat products. The main target protein in meat for cross-linking enzymes
is the myofibrillar protein myosin. Cross-linking enzymes are generally capable of positively
affecting gelation and consequently the texture of meat gels. Potential cross-linking enzymes
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Table 12.5 Examples of the use of enzymes in generation of meat flavour.

Enzyme Type Application Effect on meat flavour References

Papain Thiol proteinase Spanish
dry-fermented
sausages
(salchichón)

No significant differences
in sensory properties
compared to control
sausage

119

Pronase E Mixture of
proteinase,
amino- and car-
boxypeptidases

Spanish
dry-fermented
sausages
(salchichón)

No significant differences
in sensory properties
compared to control
sausage, except in high
amounts excessive
softening occurs

120

Palatase M 200 L,
Novozymes and
Protease P 31 000
Solvay Enzymes

Mixture of acid,
neutral and
alkaline
proteases

Spanish
dry-fermented
sausages

Slight softening of the
product, no other sensory
differences observed

121

Protease E and
fungal extract
Penicillium
aurantiogriseum

Mixture of
proteinase,
amino- and car-
boxypeptidases

Spanish
dry-fermented
sausages
(salchichón)

The combined action of
protease and fugal extract
improved both flavour and
texture characteristics

112

Protease
Flavourzyme and
Lipase Novozyme
677BG, Novozymes

Mixture of
proteases with
both exo- and
endopeptidase
activities

Spanish
dry-fermented
sausages

Significant increase in the
concentration of some
esters and acids but no
increase in amino acid
derivates. Effect on sensory
properties not mentioned

122

Lactococcus lactis
Subs. cremoris
NCDO 763,
α-ketoglutarate and
papain with
proteolytic,
peptidolytic and
aminotransferase
activities

– Dry-fermented
sausage

Lactococcus lactis Subs.
cremoris NCDO 763 and
α-ketoglutarate together
increased content of the
volatile compounds
responsible for the ripened
flavour and sensory quality

123

Fungal protease
Epg222

Serine protease Spanish
dry-fermented
sausages
(salchichón)

Higher aroma intensity and
lower values of hardness
compared to control

124

Cell-free extract from
Lactobacillus sakei
and Debaryomyces
hansenii with
aminopeptidase and
proteinase activities

Arginyl and
prolyl
aminopeptidase
and
endoprotease

Dry-fermented
sausage

Addition of D. hansenii
and L. sakei together
promoted the generation of
volatile compounds derived
from lipid oxidation
carbohydrate fermentation

118

Starter culture
(Penicillium
chyrsogenum and
Debaroymyces
hansenii) having
proteolytic activity

– Dry-cured ham No remarkable differences
in volatile profile compared
to reference. Better overall
acceptability due to the
improved texture

125
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Table 12.5 (Continued)

Enzyme Type Application Effect on meat flavour References

Starter culture
(Staphylococcus xylosus
CVS11 and FVS21 and
Lactobacillus curvatus)
having proteolytic and
lipolytic activity

– Italian fermented
sausage (salami)

Experimental sausages had
less ripened flavour and
less greasy and decreased
pH compared to control
sausage

126

for structure engineering of meat systems are summarized in Table 12.6. Hitherto TGase
has been the main cross-linking enzyme studied and applied industrially in meat protein
modification. The ability of TGase to cross-link meat proteins has been generally known
for over two decades. Although the most obvious source of TGase for the meat industry
would be blood, microbial enzymes have superseded the mammalian ones due to their
Ca2+-independency, favourable pH and temperature profiles and commercial availability for
industrial use.

12.6.1 Restructuring of unheated meat

High-quality meat products at moderate prices demanded by consumers have been the driving
forces to develop methods to restructure low-value cuts of poorer quality to improve their
market value by making them palatable steaks resembling intact muscle and to maximize
the efficiency of carcass utilization. Traditionally salt and phosphates in conjunction with
heat treatment have been used to bind meat pieces together. Unheated comminuted products
are usually frozen to enhance binding. Nowadays, when consumers demand fresh, unfrozen
meat as well as lower salt contents, technologies have been developed to eliminate the need
for freezing and to enable the use of less salt. One of these technologies is the enzyme-aided
restructuring,52 which has been used on a commercial scale for some time and is still the
main TGase application in the meat sector. TGase has been found to improve the strength of
restructured meat protein gels with or without added salt and phosphates.52, 136–139

Kuraishi et al.137 reported that restructured meat products that are traditionally prepared
using salt and phosphates to promote extraction of proteins, can be prepared without added

Table 12.6 Cross-linking enzymes for structure engineering.

Enzyme Reaction Cross-link Application References

Transglutaminase (EC
2.3.2.13),
acyltransferase

Formation of an
isopeptide bond

Protein-bound
glutamine–lysine

Production of
restructured meat

52,127

Increased firmness of
heated meat products

128–133,
156

Tyrosinase (EC
1.12.18.1), non-radical
forming oxidase

Oxidation of
tyrosine residues

Tyrosine–tyrosine Increased gelation of
meat proteins, increased
firmness of meat gels

134,135

Tyrosine–lysine
Tyrosine–cysteine

Laccase (EC 1.10.3.2),
radical forming oxidase

Oxidation of
tyrosine

Tyrosine–tyrosine Firmness improvement
of meat gels

67
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Table 12.7 TGase applications in processed meat systems.

Application References

Gelation of meat proteins
Beef 141,142
Pork 143
Poultry 59,88, 134, 144–147

Texture of meat model systems
Beef 129,148, 149
Pork 150–153
Poultry 135,154, 155

Texture of sausages and hams 128,130, 156

salts using TGase. Binding strength can be boosted at low temperatures with caseinate
added to the system as an extender. Caseinate is an excellent substrate for TGase. No data,
however, have been reported on how the treatment affected the product characteristics in
a heated state. Lee and Park138 showed that hardness, chewiness and springiness increased
significantly by adding TGase to the restructured ground lean pork. Water-holding capacity
(WHC) of unheated samples decreased due to TGase, but the enzyme had no effect on
the cooking loss. Kolle and Savell140 reported a study on consumers’ attitudes towards
restructured beef muscles. The beef muscles studied were free of ‘kernel’ fat and heavy
connective tissue. TGase and caseinate were used as binding agents to restructure the meat.
In the study, consumers rated cooked restructured products higher than non-restructured
controls in several palatability traits, for example juiciness, flavour and overall like.

12.6.2 Processed meat systems

In addition to binding fresh meat pieces together, the effects of TGase have been studied
in isolated meat protein systems and model meat products aiming at improved textural
properties (Table 12.7).

Although meat protein cross-linking has hitherto been carried out almost solely by TGase,
tyrosinases and laccases are also known to be capable of cross-linking meat proteins and
increasing the firmness of meat systems.6, 67, 135, 157, 158

TGase-catalyzed formation of additional covalent bonds in structural meat proteins leads,
by definition, to firmer gel structures as has been clearly shown in many studies (Table 12.7).
However, excessive increase in gel firmness due to additional formation of transverse bonds
in the myofibrillar protein network may cause constraint in protein mobility and flexibility
of myofibrils, leading to an undesired decrease in water holding.106 Decreased WHC is
mostly an unwanted phenomenon and has been observed to take place particularly in heated
comminuted meat systems particularly when salt concentrations are low.10, 133, 159 Effects of
TGase from Streptomyces mobaraense on textural properties and water holding in low-salt
meat systems are summarized in Table 12.8.

TGase has not been shown unequivocally to be an adequate salt replacer from the water-
holding viewpoint, but at high enough salt levels ensuring sufficient protein solubility,
TGase is capable of improving both textural and water-holding properties. However, when
salt levels are low (≤2% NaCl), introduction of strong cross-links in proteins by TGase
has not generally been found to improve water holding of heated meat systems, although
textural properties have been improved.128, 132, 133, 155, 159 The reason is most probably the
increased protein–protein interaction and thus reduced protein–water interaction. Due to
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Table 12.8 Effects of Streptomyces mobaraense TGase on texture and water-holding properties of
heated or high-pressurized low-salt meat gels.

Raw materials
Processing
conditions Effect on texture

Effect on water
holding References

Beef and pork meat
chopped with TGase,
26% fat, 18% ice,
1.65% nitrite curing
salt, TPP

Cooking to a core
temperature of 70◦C

Improved breaking
strength

No effect on cooking
loss

128

Pork batter (10%
protein), 0.4–2%
NaCl, TPP

TGase-pretreatment,
cooking to a core
temperature of 70◦C
at various heating
temperatures

Increased gel
hardness and
chewiness at all
NaCl levels

Decreased cooking
loss at all NaCl levels

160

Minced chicken
breast meat, 2%
NaCl, 0.05–0.3%
TPP, 30% water, 10%
pork fat, 3% soya or
milk protein treated
with TGase

TGase-treated
non-meat proteins
added to sausage
batters after which
the sausages heated
at 75◦C for 30 m

Improved breaking
stress at both studied
tripolyphosphate
levels

Not studied 161

Homogenized
chicken thighs, 1%
NaCl, 30% water,
10% egg yolk, 10%
dehydrated egg
white, 0.3% TPP

High pressure (500
MPa, 30 min, 40◦C)
treatment after TGase
addition

Improved gel
hardness, chewiness,
springiness

Decreased
expressible moisture
due to pressure and
TGase

154

Homogenized
chicken thighs, 1%
NaCl, 30% water,
10% egg yolk, 10%
dehydrated egg
white, no TPP

High pressure (500,
700, 900 MPa, 30
min, 40◦C) treatment
after TGase addition

Improved gel
hardness, chewiness,
springiness

Increased expressible
moisture due to
TGase but not
pressure

155

Pork meat pieces
massaged with
TGase, 13% water,
1–2% NaCl

Cooking for 65 min
at 72◦C and for 65
min at 78◦C

Slightly improved
firmness

No effect on cooking
loss or juiciness

132

Pork batter, 15%
water, no NaCl, 1%
KCL, 20% fibre, 2%
caseinate

Heating for 15 min at
40◦C, then cooking
to the final
temperature of 70◦C

Decreased gel
hardness with
TGase>TGase/
fibre> TGase/KCL >

TGase/caseinate

Increased cooking
loss with
TGase>TGase/
KCL>TGase/
fibre>TGase/caseinate

133

Pork, chicken or lamb
batter, 13% water,
1.5% NaCl, TPP

Cooking for 30 min
at 70◦C

Improved gel
hardness

Increased cooking
loss

159

Ground chicken
thighs or beef 50 g,
water 30 g, NaCl
1.4 g, TPP 0.21 g

Heating at 40 or
80◦C for 30 min

Improved breaking
stress with both meat
raw materials and at
both studied heating
temperatures

Not studied 156

(continued )
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Table 12.8 (Continued)

Raw materials
Processing
conditions Effect on texture

Effect on water
holding References

Ground pork 36%,
NaCl 2%, non-meat
protein extenders
2%, water

Heating to internal
temperature of 72◦C
and cooling to 20◦C

Improvement of gel
strength with all
studied extenders

Reduced cooking
loss and expressible
moisture with
blood plasma and
caseinate as
extenders

152

TPP: tripolyphosphate.

TGase-catalyzed covalent bond formation and subsequent limited protein solubility and
swelling ability, the result is reduced WHC. Carballo et al.159 have postulated that the com-
bined effect of TGase and low amount of salt (1.5%) in a comminuted and heated meat
system leads to increased cooking loss because of the reduced WHC of solubilized meat
proteins cross-linked with TGase. This conclusion is very much in line with what has been
known for years about water holding in unheated and heated meat systems9, 10, 12, 157, 162 for
reviews. Extra covalent cross-links between myofibrillar proteins may prohibit the swelling
of the myofibrils, which is a prerequisite for good water holding.

However, improved water holding caused by TGase in low salt concentrations has also
been reported at least by Tseng et al.131, 152, 154, 160 Tseng et al.131 were able to increase
cooking yield as a function of increasing TGase dosage in chicken meatballs containing 1%
salt, 0.2% tripolyphosphate and 25% pork fat. The high fat amount, phosphate and no added
water might have contributed to the result. Pietrasik and Li-Chan160 studied the effects of
TGase and various salt levels (0–2%) on pork batter gel properties. The authors found that
low salt levels, as expected, caused decreased gel firmness and cooking yield, but TGase
was able to improve both properties in the low-salt batters but not to the same level as with
2% salt. Trespalacios and Pla154 reported significant reduction of the expressible moisture
of low-salt chicken batters treated with TGase and high pressure. However, in their study,
ground chicken meat was mixed with fresh egg yolk and dehydrated egg white, both at
10% of the meat mass. Although the reported effects of egg proteins on hydration properties
of meat gels are said to be somewhat contradictory, they may have played a role in water
holding in the studied chicken meat batters. Omitting tripolyphosphates (TPPs) from the
recipe resulted, however, in markedly increased expressible moisture from the meat system.
Pietrasik et al.152 reported about a synergetic positive effect of TGase together with various
non-meat protein extenders (2%) on cooking yield and expressible moisture of low-salt (2%)
and low-fat pork gels.

WHC is a feature that is affected by many technological factors (salts, ionic strength and
pH), but also by many intrinsic features of meat itself. Due to the complexity of WHC per
se and the inconsistent findings about the effects of TGase in the development of WHC in
various product applications reviewed in this section, generalizations concerning the role of
TGase in the water holding of meat systems should not be made. To exploit TGase in meat
product processing, the enzyme dosage and processing conditions must be optimized for
every process and product. Often tools such as non-meat protein or hydrocolloid extenders
150–152, 154, 161, 163, 164 and sufficient amounts of salts, need to be added in order to obtain
acceptable water binding and to induce sufficient protein–water interaction in the system.
Nonetheless, the positive effect of TGase on the textural properties in various kinds of meat
systems is beyond dispute.
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12.7 OTHER APPLICATIONS

Proteolytic enzymes are also potential tools for valorization of different meat by-products.
Protein hydrolyzates with strong meat flavour can be used in soups, sauces and in ready
meals. Proteases can be applied for production of protein hydrolyzates from different meat
by-products such as bones,165 sheep visceral mass,166 chicken by-products167 or bovine by-
products.168 These hydrolyzates can be used as flavour enhancers, as seasoning additives, as
nutritional additives to low-protein food products or as animal feed supplements when not
suitable for food use. Optimization of the type proteolytic enzymes used in the treatments is
needed in order to avoid formation of bitter hydrolysis products when food applications are
targeted.167, 169, 170 The flavour intensity depends on the free amino acid content and on the
type of peptides present and their reactions during the process, and therefore the presence
of endoproteases and exo-peptidases has to be optimal.157 Enzymes can also be used for
treatment of fresh bones to be suitable for gelatine production. This two-phase process
produces meat extract and cleaned bones for subsequent gelatin manufacture.157

12.8 FUTURE PROSPECTS

Consumers rate tenderness as one of the most important sensory attributes of meat. Tender-
ness is a precondition for a fast and easy cooking, which appeals to consumers. Toughness
of beef meat is perhaps not a global problem but, for example in Nordic countries, it seems
as most of the beef on the market still comes from dairy cattle with less tender meat. Since
connective tissue consisting of collagen, naturally resistant to degradation, is predominantly
responsible for the toughness of meat, proteolytic enzymes degrading selectively colla-
gen rather than red meat are needed. Such enzymes would enable tenderization of lower
grade tough parts of meat. Powerful enzymes of this kind are not yet in the market for
food use.

Besides tender meat, conscious consumers demand fresh meat products devoid of ex-
cessive amounts of fat and salt. In addition, manufactures want means to make the carcass
utilization more effective to maximize the profits. Efficient exploitation of the carcass and its
by-products is also required from an environmental viewpoint. Novel enzymatic techniques
are surely worth considering when new possibilities for more effective use of slaughter an-
imal carcasses are investigated. One solution to this need, that is enzymatic cold binding
technology exploiting TGase, is already applied in the meat industry. Meat pieces, also low-
value cuts and trimmings, from one or more animal species can be glued together with TGase
to create meat products with tailor-made meat content, shape and size, which are stable both
in cold and cooking conditions. Innovative potential for development of this type of meat
products seems to be limitless.

Efficient carcass utilization necessitates environmentally sustainable applications from
offal. Poultry feathers have been utilized on a limited basis for animal feed. However, the
keratin protein is poorly digestible. Being heavily disulphide cross-linked and containing
a high amount of hydrophobic amino acids, keratins may have great potential in the non-
food sector, such as packaging, film and coating applications. Solubility is a prerequisite
for application and is currently investigated using harsh chemicals. Environmentally benign
manufacture of materials from feathers would benefit from specific proteases capable of
efficient keratin hydrolysis.
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kebab. Meat Science 63, 417–421.

164. Ramirez-Suarez, J.C. and Xiong, Y.L. (2003) Effect of transglutaminase-induced cross-linking on
gelation of myofibrillar/soy protein mixtures. Meat Science 65, 899–907.

165. Vollmer, A.N and Rosenfield, R.G. (1983) Extraction of protein from pork bones. US patent 4402873.
166. Bhaskar, N., Modi, V.K., Govindaraju, K., Radha, C. and Lalitha, R.G. (2007) Utilization of meat

industry by products: protein hydrolyzate from sheep visceral mass. Bioresource Technology 98, 388–
394.



P1: SFK/UKS P2: SFK
c12 BLBK192-Whitehurst July 27, 2009 12:19 Printer Name: Yet to Come

Enzymes in meat processing 291

167. Surówka, K. and Fik, M. (1994) Studies on the recovery of proteinaceous substances from chicken
heads: II application of pepsin to the production of protein hydrolyzate. Journal of the Science of Food
and Agriculture 65, 289–296.

168. Webster, J.D., Ledward, D.A. and Lawrie, R.A. (1982) Protein hydrolyzates from meat industry by-
products. Meat Science 7, 147–157.

169. Fik, M. and Surówka, K. (1986) Preparation and properties of concentrate from broiler chicken heads.
Journal of the Science of Food and Agriculture 37, 445–454.

170. Kilara, A. (1985) Enzyme-modified protein food ingredients. Process Biochemistry 20, 149–158.



P1: SFK/UKS P2: SFK
c13 BLBK192-Whitehurst July 27, 2009 13:4 Printer Name: Yet to Come

13 Enzymes in protein modification
Per Munk Nielsen

13.1 INTRODUCTION

Proteins are widely used as ingredients in the food industry and can be isolated from many
types of raw materials like milk (casein and whey), wheat (gluten), soya, meat (gelatine and
meat extracts), etc. The opportunities to use proteins as ingredients in food products are often
limited by the properties of the proteins. One of the methods to modify these properties is
the hydrolysis of the proteins to smaller peptides. This technology has been used for many
years with the production of low allergenic mother’s milk substitutes as a good example of
proteases used for reduction of the allergenicity of the proteins.

The market for hydrolyzed proteins ranges from relatively low-value products used for
instance in pet food to high-value nutritional products, such as special peptides in enteral
nutrition, baby food formulas or bioactive peptides. The properties of the hydrolyzed proteins
are adjusted by the selection of the protease, pretreatment of raw material, the parameters of
hydrolysis as well as the downstream processing of the hydrolyzate. Even though there are
other enzymes than proteases for protein modification, they are not yet used commercially or
have only very limited use for modifying protein ingredients. Examples of these alternative
methods are mentioned below with references for the interested reader:

� Transglutaminase, which cross-links proteins by forming an isopeptide bond between
glutamine and lysine and is used in modifying the proteins in a food product but hardly
ever used to produce protein ingredients.1, 2

� Tyrosinase, which by an oxidative reaction can form covalent tyrosine–tyrosine,
tyrosine–cystein or tyrosine–lysine cross-links.1

� Laccase, which by an oxidative reaction can form tyrosine–tyrosine cross-links, forms
disulphide bridges, oxidize thiol groups.1

� Peptidoglutaminase used in de-amidation of glutamine to glutamic acid, but so far only
on a laboratory scale.3

� Sulfhydryl oxidase.4

This chapter is therefore limiting the discussion to the aspects of protein hydrolysis for
production of hydrolyzed food protein products.

13.2 THE HYDROLYSIS REACTION

The protease catalyzed reaction cleaves a peptide bond in the protein as illustrated in Fig. 13.1.
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  R1      H    H                                               R1                                H
Protease

- C – C – N – C -    +    H2O                      - C – COO-    +   +H3N – C –

  H    O        R2                                              H                                 R2

Fig. 13.1 Reaction scheme for protease catalyzed reaction (at pH near 6).

The reverse reaction of hydrolysis is normally not utilized for practical application. It
is referred to as the plastein reaction.5 The plastein reaction has been the subject of many
research projects but so far it has not found its way into practical applications.

The extent or degree of hydrolysis is defined by the percentage of peptide bonds hy-
drolyzed:

Degree of hydrolysis (DH)% = peptide bonds cleaved

total number of peptide bonds
× 100

There is one important detail about the hydrolysis reaction. When the peptide bond is
cleaved one molecule of water is added. This will have a significant impact on the dry matter
composition of the end product, since it is dependant upon the degree of hydrolysis. If for
instance, a protein isolate with 90% protein in dry matter is hydrolyzed with DH = 25%,
one molecule water for each four amino acids, corresponding to 18/(4*128) = 3.5% water,
will be added to the protein/peptides mixture. Anticipating that nothing is added or removed
from the reaction mixture, it will contain 86.5% ‘protein’ on dry matter based on the normal
method of measurement, that is nitrogen times the Kjeldahl factor. This can create a conflict
with the definitions of isolates, which are normally defined as having at least 90% protein on
dry matter.

13.3 CONTROLLING THE HYDROLYSIS REACTION

Several aspects of this reaction are utilized in the control of the DH. Some are related to the
formation of the amino groups, others to the acidity of the peptides or to the change in other
properties of the resulting peptides. Table 13.1 shows an overview of the methods that can
be used for monitoring the DH.

The most accurate method for following the reaction is the pH-stat method.7 The method
has the advantage of being an online measurement but also has some severe drawbacks. The
useable pH-range is limited to 7–9 where the carboxylic- and amino-groups are dissociated
and where hydrolyzing one bond releases one H+-ion. The ionization of the groups at a pH in
the range of 4–7 is unclear and does not result in release of one mole H+ or OH−. Therefore,
it is not possible to get a precise measurement of the DH by monitoring pH change or the
amount of base equivalents required to keep pH constant in the pH-range of 4–7. Below pH 4
the pH-stat technique is, in principle, sufficiently precise to be used but this method is hardly
used due to the lack of commercial enzymes active at this low pH. Another limitation is the
addition of base during the titration which is quite often undesirable as this will accumulate
as salt in the end product.

A good alternative for monitoring the reaction is the use of osmolality. It does not deliver
an immediate answer but will within a few minutes of sampling. The measurement with



P1: SFK/UKS P2: SFK
c13 BLBK192-Whitehurst July 27, 2009 13:4 Printer Name: Yet to Come

294 Enzymes in Food Technology

Table 13.1 Methods for measuring the degree of hydrolysis.

Principle of the method References

Based on amino group formation
OPA O-phtaldialdehyde reaction with primary

amino groups to form a coloured detectable
compound

6

TNBS 2,4,6-Trinitrobenzenesulfonic acid reaction
with amino groups to form a coloured
detectable compound

7,8

Ninhydrin Ninhydrin reaction with amino groups to form
a coloured detectable compound

7

Formole titration Titration of amino groups with formaldehyde
based on acidity
pH-stat Keeping pH constant during hydrolysis;

amount of titrant is equivalent to degree of
hydrolysis

7

Titration to alkaline pH Titrate acid formed during hydrolysis (at pH >

5.5) up to pH 8.0

Change in pH Follow pH during hydrolysis 9

Based on other properties
Osmometry Measurement of freezing point depression,

which correlates to degree of hydrolysis
7

Brix Refractive index correlating with soluble dry
matter

7

Soluble nitrogen Soluble nitrogen 10

TCA index Amount of peptides soluble in trichloroacetic
acid (above a certain molecular weight the
peptides precipitate)

7

Peptide chain length HPLC method based on gel permeation
chromatography

Viscosity Follow change in viscosity during hydrolysis 7

an osmometer can be problematic if the viscosity of the sample and/or the concentration of
soluble components like salts are too high. It should also be noted that at high reaction rates
the DH can change during the time between sampling and analysis and this can cause an
analytical error. In Fig. 13.2, pH and osmolality measurements for controlling a hydrolysis
process are compared.

If the data from Fig. 13.1 are used for plotting pH versus osmolality it is clear that this is
not a straight line, indicating that one of the methods is not correlating well with the degree
of hydrolysis over the whole DH range; and it is the pH method that is incorrect.

Chemical methods used for detection of the amino groups are widely used. When sam-
pling, the protease activity is stopped before the analysis by methods such as the addition of
acid or by quick heat treatment.

Some methods of analysis use the correlation between degree of hydrolysis and properties
of the protein itself. For example, at viscosity changes – normally viscosity is reduced upon
protein hydrolysis – the protein becomes more soluble, which can be measured by the
soluble nitrogen, TCA index and brix. These features are very important for many of the
applications, but using changes in physical properties for process control is quite inaccurate
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Fig. 13.2 Example of a hydrolysis curve monitored by osmolality and pH measurements. Alcalase
hydrolyzing soya protein.5

and can only serve as indicative methods. Silvestre11 reviewed the methods for analysis of
protein hydrolyzates. In this review, more information about the potential and limitations of
the different methods can be found.

13.4 PROTEASES

Proteases are classified according to the source of origin (microbial, animal, plant), the site
they hydrolyze a protein (endo- or exo-peptidase) and the nature of the catalytic site (serine
protease, metallo protease, aspartic protease). The proteases on the market differ widely
with respect to purity. At one end of the scale, highly purified chymosin products for cheese
coagulation are found which are sold as chromatographic purified products and at the other
end crude pepsin is a good example. It is very common to use combinations of proteases to
optimize the properties of the end product.

When cost effectiveness, food approvals, etc., have to be taken into account, the number
of available proteases is rather limited. In Table 13.2, some of the typical available proteases
are shown together with a description of their characteristics.

Due to differences in specificity of the enzymes the resulting peptides also widely differ.
In Fig. 13.3, the molecular weight diagrams are shown from the hydrolysis of whey protein
concentrate using four different proteases.

The figures (a)–(d) represent the molecular size distribution of peptides produced from
whey protein concentrate at a DH of 4%. The enzymes used are trypsin, alkaline Bacillus
protease, glutamic acid-specific Bacillus protease and Mucor miehei aspartic protease, re-
spectively.12 The aspartic protease on figure (c) is very different from the others by producing
a relatively high number of very small peptides and a few medium-sized peptides. There are
also significant differences between the patterns in the distributions obtained by the other
proteases.

Figure 13.4 shows the peptide distribution when trypsin is used to produce a hydrolyzate
with DH = 8%.12 By comparing with Fig. 13.3(a), it is clear that the number of small peptides
has increased.
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Table 13.2 Proteases for production of food protein hydrolyzates.

Source Type
Names/trade
name pH-range Specificity

Pig pancreas Serine Trypsin, PTN 7–9 Lys, Arg
Pig pancreas Serine Chymotrypsin 7–9 Phe, Tyr, Trp
Pig pancreas Aspartic Pepsin 1–4 Aromatic, Leu,

Asp, Glu

Calf stomach Aspartic Chymosin,
rennet

3–6 Phe-Met in
κ -casein

Papaya Cystein Papain 5–9 Broad
Pineapple Cystein Bromelain 5–8 Lys, Arg, Phe,

Tyr

Figs Cystein Ficin 5–8 Phe, Tyr
Bacillus
amyloliquefaciens

Metallo Neutrase
R©

6–8 Broad

B. subtilis Serine Subtilisin 6–10 Broad
B. licheniformis Serine Alcalase

R©
6–10 Broad

B. stearothermophilus Protease S 7–9 Broad
B. licheniformis Serine Glu-specific 7–9 Glu
Aspergillus oryzae Mixture with

aminopeptidase +
carboxypeptidase

Flavourzyme
R©

5–8 Broad

Aspergillus niger Aspartic Acid protease A 2–3.5

Mucor miehei Aspartic Rennilase
R©

3–6 A little broader
than rennet

Rhizopus sp Aspartic Sumizyme RP 3–5 As pepsin

Fusarium Asp, Lys Specific 6–8 Asp, Lys

13.5 PROPERTIES OF HYDROLYZED PROTEIN

The properties of peptides differ from those of intact proteins. This is of course the basic
reason for making protein hydrolyzates.

13.5.1 Taste

One of the most important properties for food protein hydrolyzates is taste. If this is not
satisfactory it can become a very challenging task to formulate well-tasting products. With
only a few exceptions consumers will not buy products they do not like. Exceptions are
when they believe that the benefit they get is justifying ‘suffering’ when the product is
consumed.

Intact proteins are tasteless in purified form.13 When proteins are hydrolyzed there are
two main contributions to the taste of the peptides. One is the release of flavour components
‘hidden’ in the protein structure, which are released when the protein is hydrolyzed. But
most important is the formation of small peptides with a relative high content of hydrophobic
amino acids which tend to create bitterness.13 Adler-Nissen7 made a detailed study of the
bitterness problem and concluded that bitterness cannot be predicted from the theory of
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Casein

Fig. 13.5 A qualitative description of the bitterness development during hydrolysis of different protein
raw materials.

hydrophobic peptides alone, but is a problem with many facets. He mentioned following
main variables for bitterness control:

1. The average hydrophobicity of the hydrolyzed protein. Higher hydrophobicity is likely
to result in high bitterness.

2. DH which influences both the concentration of soluble hydrophobic peptides and their
chain length (see also Fig. 13.5).

3. The specificity of the enzyme which determines whether the terminal amino acids are
hydrophobic or hydrophilic (see also Fig. 13.6).

4. Separation of the hydrolyzate, which may eliminate part of the bitterness if hydrophobic
amino acids/peptides are eliminated by sedimentation at an appropriate pH.

5. Masking of bitterness as a way to decrease it.

Degree of hydrolysis (%)

Bitterness

Detection
level

Example:
Alcalase 
Protamex

Fig. 13.6 Qualitative description of the development of bitterness during hydrolysis of protein raw
material using different proteases.



P1: SFK/UKS P2: SFK
c13 BLBK192-Whitehurst July 27, 2009 13:4 Printer Name: Yet to Come

Enzymes in protein modification 299

The tendency of bitterness formation is different from one source of protein to another.
Our experience is that the tendency of bitterness formation has the order: gelatin < meat <

fish < pea < wheat < whey < soya < casein. This is a very general description, of course.
In a recent study, Pedrosa et al.14 investigated the palatability of low allergenic baby food
formulas based on hydrolyzed proteins and found that the taste of formulas based on mixed
protein hydrolyzates was better than formulas based on single-protein sources. Soya and rice
formulas were rated higher than whey-based products with casein having lowest taste score.
The study was based upon samples from the market and therefore differences in production
methods and formulation were not taken into account.

Prevention of bitterness is achieved by selection of the type of protease(s) and operating
conditions of the hydrolysis process. It appears that some specific proteases produce peptides
with a superior taste compared to the proteases generally used in protein hydrolyzate pro-
duction.15 Recently, a protein hydrolyzate from casein was marketed by DSM, who claimed
that the low bitterness of the product was achieved by using a proline-specific protease.

Two of the important parameters in the development of bitterness are illustrated in
Figs 13.5 and 13.6. It is clear from Fig. 13.5 that there is a good chance of optimizing
the bitterness by controlling the degree of hydrolysis. There is, however, a limitation to the
trick of increasing the DH to eliminate the bitterness.16 At high DH, for example >15%,
there is a clear tendency that the bitterness is reduced at the expense of the development of
a brothy taste caused by free amino acids and small peptides. This is not surprising when
thinking about the very well-known savoury products soya sauce and hydrolyzed vegetable
protein (HVP). Soya sauce is the result of enzyme activity and fermentation, and the proteins
are extensively hydrolyzed resulting in a DH of approximately 70% with a lot of free amino
acids present. HVP is produced by boiling proteinaceous raw materials in strong hydrochloric
acid (HCl) and has an even higher DH. Especially HVP has a high content of glutamic acid
that is utilized for flavour enhancement of the food products via the addition of HVP. This
flavour enhancement property of glutamic acid is known as umami, which some di-peptides
also have when glutamic acid is end-positioned at the C-terminus.17

Figure 13.6 is a qualitative illustration of the difference between various endoproteases.
Alcalase is widely used in the food industry due to its effective hydrolysis of proteins, but
does have some limitations with respect to bitterness development. This is partly solved when
using another protease – Protamex R©. Unfortunately, there is no scientific documentation of
the difference between the mechanisms of the two proteases.

It is well known that bitterness can be prevented if endoproteases are combined with
exo-peptidases. The exo-peptidases chop off amino acids from the amino-end or the carboxy-
end of the peptides (aminopeptidases and carboxypeptidases, respectively). Often the end-
positioned amino acids in the peptides are hydrophobic. When these are cleaved off, the
peptides lose their bitterness and the cleaved off amino acids are themselves not very bitter.

From the review by Saha18 it is clear that most work with enzymatic debittering has been
focusing on the use of aminopeptidases and the positive effect of these enzymes has been
proven. Besides the use of exo-peptidases two other approaches are suggested: (a) treat-
ment with alkaline/neutral protease and (b) condensation reactions of bitter peptides using
proteases (plastein formation). Saha18 reviewed work that proved a positive effect of some
enzymes on specific hydrophobic bitter peptides, but no commercial enzyme was mentioned
for this concept. For the ‘plastein-concept’ the protease, under certain conditions, like high
substrate dry solids and extreme pH, can gel some of the peptides. In the condensation
reaction the bitter peptides gelate after, for example, papain treatment and can be eliminated
by sedimentation or filtration.
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Fig. 13.7 pH-solubility profiles of native casein and of Staphylococcus aureus Glu-specific V8 protease
modified casein. The solubility is expressed as per cent of total protein in solution. Circles – native casein;
squares – DH = 2%; triangles – DH = 6.7% (with kind permission from Springer Science+Business Media
(Ref. [21]) Jean-Marc Chobert, Mahmoud Sitohy and John R. Whitaker, Fig. 2.)

Some of the concepts for debittering have the drawback that yield losses can be sig-
nificant if the debittering means removal of a fraction of the peptides. If bitterness can-
not be eliminated in other ways it might be possible to mask it. Some of the ingredi-
ents in food products, in which peptides are used, actually help to mask the bitterness.
Citric and malic acid and mixtures thereof are mentioned as examples.7 Another possi-
bility is the use of cyclodextrins. Cyclodextrins have such a shape and charge that bit-
ter peptides tend to hide their hydrophobic parts in the interior ring structure of the cy-
clodextrin molecule, which will result in lower bitterness.19 Tamura19 also discussed the
use of gelatinized starch and proteins like whey protein concentrates for the same pur-
pose. Furthermore, polyphosphates have also been suggested.20 Finally, the selection of
flavour compounds can play an important role. The remaining bitterness fits better into the
flavour of orange, lime and grapefruit flavoured formulas than into strawberry flavoured
drinks.

13.5.2 Solubility

As most protein hydrolyzates are used as ingredients in beverages, their solubility is obviously
very important. Native proteins have different solubilities, dependant, amongst other factors,
on the pH of the solution. Figure 13.7 shows the effect of hydrolyzing casein to a DH of 2%
and 6.7% on protein solubility and comparing this with native casein which is insoluble at
its isoelectric pH around 4.5.21

Not only does the solubility of the casein increases dramatically, but it is also worth
noticing that the pH at lowest solubility is shifting upwards, reflecting the change in charge
of the proteins/peptides. The curve has some more information, that is the yield of casein
soluble at the isoelectric pH is not more than approximately 50%. It is also evident that upon
going from DH 2% to 6.75%, the solubility increases dramatically.
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Fig. 13.8 Protein solubility index of protein hydrolyzate at isoelectric pH (adapted from Ref. [7]).

Figure 13.8 shows that the use of different endoproteases does not result in the same
solubility at isoelectric pH of a protein/peptide at the same DH.7 The three enzymes Alcalase,
Trypsin and Sumizyme increase the solubility of casein and soya protein to approximately
50%, 45% and 35% and 40%, 33% and 35%, respectively.

This shows that there is no clear correlation between DH and solubility, as the latter is
strongly dependent both on the enzyme and the protein substrate. This is also the conclusion
in work from Mullally et al.22 However, in general, for a specific enzyme and a specific
substrate, the solubility will be higher at higher DH.

It should be mentioned that it is not possible to get a mixture of peptides, which is soluble
at all pH values from hydrolyzing any protein, even when the DH is very high, for example
35%. There will always be a fraction of the protein that is insoluble at isoelectric pH and
eventually will end as yield loss in the recovery of soluble peptides.

13.5.3 Viscosity

Normally the hydrolysis of proteins causes a decrease in the viscosity of the protein solution.
This is for instance reflected in the method for using viscosity measurement to follow the
degree of hydrolysis as was suggested by Richardson.23 There are, however, many deviations
from this ‘rule’. The effect of hydrolysis of different proteins by Alcalase and Neutrase
showed considerable variations both for the two enzymes tested and also among proteins.24

Alcalase was more efficient in reducing viscosity than Neutrase. The viscosity of a gelatin
solution gradually decreased with increasing DH up to 7%. Soya protein behaved very
differently, as viscosity decreased dramatically even at DH = 3% and remained stable
at higher DH. For corn gluten protein, the viscosity increased steeply during hydrolysis
with Neutrase. The different behaviour of these three proteins was ascribed to the very
different heterogeneity of the proteins. Gelatin is a homogeneous protein, and in hydrolyzed
gelatin there is a good correlation between peptide chain length and viscosity. Soya protein
is a heterogeneous mixture of several soluble proteins, whereas corn gluten is a highly
heterogeneous mixture of slightly soluble protein particles.

There is a particular protease specificity that has been able to produce very interesting
viscosity effects upon protein hydrolysis. This is the glutamic acid-specific endoprotease
from Bacillus licheniformis25 which has been studied extensively by researchers in Denmark
and The Netherlands. During hydrolysis of whey proteins the viscosity increases as described
in Fig. 13.9.26 The viscosity remains low during hydrolysis until a DH of 4%, followed by a
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Fig. 13.9 Viscosity of whey protein hydrolyzate produced by a glutamic acid-specific endoprotease.26

steep increase until DH 6%, after which the viscosity decreases again. It was suggested that
the high viscosity was caused by aggregation of the peptides causing a gelation.27, 28

Detailed study of this surprising effect revealed that hydrolysis of the α-lactalbumin
fraction by this enzyme in the presence of calcium leads to strong gel formation,29 and
further studies on this gel showed hollow linear filaments similar to microtubules.25 A very
detailed description of the self-assembly of hydrolyzed α-lactalbumin into nanotubes resulted
from the work of Graveland-Bikker and is described in her PhD thesis.30

The concept of protein viscosity reduction is being applied industrially. One example
is the use of protease in a fish meal stick water plant. Stick water is the soluble fraction
of the processed fish protein which needs to be evaporated before drying. By adding protease
the viscosity is reduced, which makes processing of the protein solutions much easier. This
results in increased heat transfer and reduced formation of sediments on the hot surface in the
evaporators. This even holds when protein solutions are dried to higher dry solids contents,
thus leading to energy savings.15 Generally, low viscosity is desirable in protein-fortified
drinks and clinical nutrition products.

13.5.4 Emulsification

Native proteins like casein, soya and whey protein are widely used as emulsifiers in the food
industry. Upon hydrolysis, their emulsifying properties are changed, since both the size of
the molecules, their charge and the distribution of hydrophobic and hydrophilic regions are
altered.

In a study by Adler-Nissen and Olsen,24 the emulsifying capacity of soya protein hy-
drolyzate made with Alcalase and Neutrase was investigated. The study showed that the
emulsifying capacity reached a maximum at a DH which was different for the two enzymes.
Alcalase maximum was at DH = 5%, whereas Neutrase had high emulsifying capacity in
the DH range of 2–6, but still lower than the Alcalase maximum (Fig. 13.10).

Other studies have found similar maximum values of emulsifying properties at a certain
DH. Mietsch et al.31 investigated Alcalase and Neutrase using soya protein and caseinate.
They found that even when the emulsifying capacity increased as a result of the hydroly-
sis, there was no improvement in the stability of emulsions compared with un-hydrolyzed
proteins. They also concluded that the change in emulsifying properties was different



P1: SFK/UKS P2: SFK
c13 BLBK192-Whitehurst July 27, 2009 13:4 Printer Name: Yet to Come

Enzymes in protein modification 303

0

0

50

100

150

200

250

300

350

400

450

500

1 2 3

Degree of hydrolysis (%)

E
m

u
ls

if
yi

n
g

 c
ap

ac
it

y 
(m

L
 o

il/
g

)
N

*6
.2

5

4 5 6 7 8 9 10

Fig. 13.10 Emulsifying capacity of soya protein at different DH produced by hydrolysis with Alcalase
and Neutrase.24

between soya protein to caseinate; the change in soya protein emulsifying properties was
much larger.

In a study of the effect of the glutamic acid-specific protease V8, Chobert et al.32 found
that the emulsifying properties of casein decreased at DH 2% and 6.7%. This indicates the
importance of the specificity of the protease used for the hydrolysis. However, the result
may have been different for other proteins. When trypsin was tested using casein and whey
proteins Chobert et al.33 concluded that the emulsifying activity was improved in the DH
range up to 10%, whereas the stability of the emulsion was lower than control.

Hydrolyzing whey proteins up to a DH of 20% using Alcalase and Protamex, two Bacillus
endoproteases, revealed differences mainly in the emulsion stability.34 Data are presented in
Fig. 13.11, showing a decline in both emulsifying capacity and stability at increasing DH
above 5% and that the emulsion stability of Protamex-hydrolyzates is significantly better
than when Alcalase was used.

Van der Ven et al.35 made an extensive study of casein and whey protein hydrolyzates
produced by 11 different commercially available proteases. The hydrolyzates represented a
range in DH from 1% to 24%. They concluded that there is no direct relation between DH
and emulsifying properties. Whey protein hydrolyzates had similar emulsifying properties in
DH range of 5.5–24%. Casein hydrolyzates showed a different picture. These hydrolyzates
were grouped into three groups which formed different emulsions. One group had a narrow
emulsion droplet size distribution (DH < 6%). Another set of emulsions made with similar
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Fig. 13.11 Emulsifying capacity and stability of whey protein hydrolyzed with Alcalase and Protamex
(adapted from Ref. [34]).
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DH had a broad range of droplet size. The last group of hydrolyzates was characterized by a
relatively large droplet size but within this group there was a relationship between DH and
emulsion stability. Increasing DH resulted in decrease in emulsion stability.

The emulsifying properties of extensively hydrolyzed proteins are of importance in low
allergenic baby food products. An indication of the decrease in emulsifying properties at
very high DH in the range of 25–67% has been documented.36 At these high DH values
minimal emulsifying properties were found. The practical implications of the inferior emul-
sifying properties are that baby food formulations and other nutritional products made with
extensively hydrolyzed proteins often require the addition of emulsifiers. The protein/peptide
part is not effectively keeping the emulsion stable as is often seen with native proteins. A
detailed discussion of the difference between whey protein and hydrolyzed whey protein has
been made by Tirok et al.37 who suggest use of lysolecithin to help stabilizing emulsions
with hydrolyzed whey protein. A good emulsion in food products promotes the uptake of the
nutrients besides giving a better appearance.

13.5.5 Foaming

The use of hydrolysis to improve the foaming properties has been suggested for making an
egg white substitute from soya protein.38 It was proposed that soya protein isolate at DH of
3% made by Alcalase could be used (see Fig. 13.12).

From this figure it is evident that the type of raw material used for making hydrolyzates
is important. When using acid-precipitated soya protein, representing the typical production
process for soya isolate, there is a narrow maximum for foaming expansion/capacity.

If instead ultrafiltration-derived soya isolate is used, the foaming properties are quite
different and better.

In a process patented by Boyce et al.,39 the use of a very specific protease is suggested
for the hydrolysis of soya protein isolate to produce a high-quality egg white substitute.
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Fig. 13.12 Whipping expansion of soya protein hydrolyzates produced by Alcalase and Neutrase
(adapted from Ref. [24]).
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Fig. 13.13 Foaming properties of whey protein concentrate and the hydrolyzate produced by Alcalalse
and Protamex (adapted from Ref. [34]).

The DH is very low, approximately 0.5% for optimum functionality. The enzyme used was
M. miehei protease, which is also well known as microbial rennet for cheese production.

High DH negatively influences foaming properties. This has been documented by
Severin and Xia,34 who tested whey protein hydrolyzates (Fig. 13.13).

They also found that there are big variations in the foaming properties, dependent upon
the type of enzyme used. They tested Alcalase and Protamex and found the properties of
hydrolyzates made with Protamex to be best. However, hydrolysis by these enzymes resulted
in a significant decrease in the stability of the foam starting at a DH of 5%. Unfortunately, they
did not have any data in the DH range of 0–5% where optimal performance of hydrolyzates
can be expected, according to the results shown in Fig. 13.12.

In another study showing the difference between using Alcalase and Neutrase, it was
shown that a hydrolyzate made with Alcalase had a 12-fold improvement in foam expansion,
whereas with Neutrase only four times better results were obtained compared with un-
hydrolyzed protein. In both cases, the maximum foam expansion occurred at DH 3–4%.40

There is no consensus about the DH range for optimum foaming capacity. Don et al.41

have found that soya protein hydrolyzed with a Bacillus subtilis protease had maximum
foaming capacity at about 10% DH, whereas with Aspergillus oryzae protease an increased
foaming expansion up to DH of 20% was obtained.

Some illustrative results were produced by Perea et al.,42 showing the foaming capacity
and foaming stability of an Alcalase-hydrolyzed whey protein concentrate in the DH range of
0–22% (Fig. 13.14). It appears that the foaming capacity is high when the foaming stability
is relatively low and vice versa.

Van der Ven et al.43 investigated the foaming properties of whey and casein hydrolyzates
produced by 11 different commercial proteases. All casein hydrolyzates formed high initial
foam volume but had lower stability than intact casein. Best stability was achieved at relatively
low DH. For whey protein, the foaming properties differed with molecular weight distribution
of the peptides. A large fraction of peptides with a molecular weight range of 3–5 kD had
the best foam formation. The stability of foam produced with whey protein hydrolyzates was
also lower than intact protein.

13.5.6 Gelling

The classic utilization of proteolytic gelling in foods is cheese production. By specific
proteolysis, the κ-casein in milk is hydrolyzed at the peptide bond Phe105-Met106, causing
the charge of the casein micelle to change, thus enabling the gelation. One of the reaction
products is casein macro peptide (CMP), which is released into the whey. Whey has been
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Fig. 13.14 The effect of the degree of hydrolysis on foaming properties of hydrolyzed whey protein
concentrate made by Alcalase treatment. Foaming capacity �, foaming stability �. (Reprinted from Ref.
[42], Copyright (1993), with permission from Elsevier.)

found to have properties that can be utilized by isolating the CMP and use it in functional
food products. Instead of producing cheese from the curd it can be used for production of
rennet casein. In this case, the curd is heated which contracts the gel and releases the whey,
followed by drying of the casein.

The utilization of proteases has also been suggested for the coagulation of soya
protein.44–46

In section 13.5.5, the use of a Glu-specific enzyme was mentioned which can cause
viscosity increase and eventually gelling of whey protein solutions. This section describes
gelling by a number of proteases in surprising conditions. Trypsin, papain, Pronase and a
protease from Streptomyces griseus all caused gelling of whey protein. The DH for gelling
was 27.1% for trypsin, 23.1% for papain, 28.2% for Pronase and 15.6% for the S. griseus
protease.47 To et al.48 found that pepsin did actually improve the gel strength of whey protein
concentrate but at lower DH.

A special term – plastein reaction – has been used for describing the gelling/aggregation
taking place when a protein hydrolyzate/peptide mixture is incubated with a protease. Even
though the plastein formation is hardly utilized in the production of protein ingredients, it
is of interest since it can develop during the production of protein hydrolyzates. The most
important parameters for plastein formation are type and size of peptides, concentration of
peptides and pH of the reaction mixture. Generally, the DH of the protein hydrolyzate must
be high to promote the plastein formation. Casein hydrolyzate with a molecular weight of
380–800 Dalton was the best substrate for plastein formation.49

Plastein formation generally takes place at a pH value different from that of the optimum
for hydrolysis. Adler-Nissen8 tested eight different proteases and showed that all but one had
a pH optimum for plastein formation 2–3 pH units away from the optimum for hydrolysis.
Only papain had the same pH optimum for hydrolysis and plastein formation.

It has been suggested by Fujimaki et al.50 and Lalasdis and Sjoberg51 that the plastein
reaction can be used to reduce the bitterness of protein hydrolyzates. Several researchers have
suggested improving the nutritive value of a protein hydrolyzate by incorporating essential
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amino acids in the peptides by the plastein reaction.52, 53 Also the allergenicity of protein
hydrolyzates can be reduced as result of plastein reaction.54 Lorenzen and Schlimme55 found
that the plastein reaction also did occur at a peptide concentration lower than 20–30% and
they suggested that it could influence the properties of protein hydrolyzates made under
standard processing conditions.

Overall, it is difficult to control the plastein reaction and utilize it specifically for pro-
duction of protein/peptide ingredients. The maximum yield that can be expected from a
plastein reaction followed by separation is not more than around 30%, which economically
limits the utilization. The interesting part of plastein reactions, taking place at normal low-
concentration conditions when processing proteins, for practical applications seems to be the
gelling effect and its influence on some of the other properties of hydrolyzates.

13.5.7 Allergenicity

The use of protein hydrolysis to lower the allergenicity of baby food formulations has been
common practice for more than 60 years.54 The technology enables production of mother’s
milk substitutes that are suitable both for the group of babies already suffering from cows’
milk allergy and those that are at risk of developing it. These two segments require different
products. The first needs a product where the protein is extensively hydrolyzed, that is
DH > 25%, whereas the other can benefit from a product with protein having a lower DH,
since this can already reduce the risk of developing allergy.

β-Lactoglobulin is present in cows’ milk at relatively high concentration (9.8% of the
milk protein)56 but is absent in human milk. Of the population allergic to milk proteins,
60–80% is allergic to β-lactoglobulin, 60% to casein, 50% to α-lactalbumin and 50% to
serum albumin.57 In literature, the attempts to reduce allergenicity normally focus on whey
proteins or caseins. This is most likely due to the availability of these individual types of
proteins as ingredients for baby food formulations. Most references study whey proteins
which could be due to the slightly better amino acid composition but also to the inherent
difficulties in producing a low-bitter product from casein.

Mahmoud et al.36 investigated the reduction in antigenicity of casein using pancreatic
protease. They measured the immunologically active casein at increasing DH up to approx.
70%. The results are presented in Fig. 13.15. The reduction in detectable casein (IAC value)
was not as large as could be expected when compared with the results of Knights,54 who got
a 106 reduction in detectable casein in a high DH hydrolyzate.

Knights54 also measured the molecular weight of the peptides in the hydrolyzate and found
none above Mw 1200 D. Sixty-seven per cent were smaller than 500 D. A slightly different
casein hydrolyzate with a maximum Mw of 5000 D, 0.3% in the range of 3500–5000 D and
0.5% in the range of 2500–5000 D induced anaphylaxis in guinea pigs. Other studies have
shown that peptides from chymotrypsin hydrolyzed casein could raise antibodies in rabbits
even though the maximum peptide size was 1000 D.58

13.5.8 Bioactive peptides

For many years there has been an interest in using peptides as bioactive components. From
milk, for instance, a range of peptides with different physiological effects have been iso-
lated and characterized. Saxelin et al.59 summarized all bioactive peptides derived from
cow milk protein and listed the following activities: Opioid antagonists, antihyperten-
sive peptides, antithrombotic peptides, antimicrobial peptides, immunostimulants, mineral
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Fig. 13.15 Reduction in antigenicity of casein hydrolyzate at DH up to 70% using pancreatic protease.
(Reprinted from Ref. [36].)

carriers and anti-stress peptides. The peptides originate from different parts of the caseins
and whey proteins in the milk. In the body, these peptides can be formed by the en-
zyme activity in the digestion system and/or as result of the lactic acid fermentation in
the intestine.

A recent review by Hartmann and Meisel60 discussed the research on food-derived bioac-
tive peptides. Besides the benefits mentioned above, such peptides can also have positive
effects on the cardiovascular system (hypocholesterolemic and antioxidative). It has been hy-
pothesized that upon intake of soya foods, the proteins are converted into bioactive peptides
with the mentioned positive effects and that this explains the positive effect of consuming
soya containing foods.

The technology for in vitro production of bioactive peptides takes both raw material
selection and choice of protease into account. Table 13.3 shows examples of bioactive
peptides made from food proteins.

Table 13.3 Bioactive peptides produced from food proteins.

Protein Health claim Peptide Protease References

Soya Body weight control Alcalase
hydrolyzate

Alcalase 61

Casein Anticariogenic Casein
phosphopeptide

Trypsin 62

Whey Iron binding Various Different 63

β -lactoglobulin Anti-microbial Various Alcalase,
pepsin, trypsin

64,65

α-lactalbumin Angiotensin-converting
enzyme inhibitor

Tyr-Gly-Leu-Phe Pepsin 66

Anti-microbial Various Trypsin 67

Collagen Bone and joint disease Gelatin Alcalase 68
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In a review covering the production and functionality of bioactive peptides from milk,
Korhonen and Pihlanto69 describe how the peptides can be produced in three different ways:

� Enzymatic hydrolysis by digestive enzymes.
� Enzymatic hydrolysis by enzymes from microorganisms or plants.
� Fermentation of milk by proteolytic starter cultures.

The first relates to the use of pepsin and trypsin, which are commercially available pro-
teases in different formulations, and the second refers to publications utilizing Alcalase,
chymotrypsin, pancreatin, pepsin and thermolysin. They also discuss the alternative technol-
ogy to produce the peptides, which is expressing them in microbes and recover the peptides
after a fermentation process.

13.6 PROCESSING ISSUES

The (enzymatic) processing of raw materials normally includes following process steps:
preparing the raw material, heat treatment, separation, concentration and formulation. These
will be discussed in details below. In Fig. 13.16 a general process lay out is shown for
enzymatic processing of protein products.

13.6.1 Preparing the raw material

In the pretreatment of raw materials before hydrolysis it is generally of importance to get
the raw material into conditions that can be handled further in the process. The correct pre-
treatment of raw materials can increase production yield. If, for example, the raw materials
are bones from meat processing, it will be easier to fill and empty the hydrolysis tank if the
bones are crushed to, for example 2–3 cm pieces. A bone crusher is standard equipment for
several producers. Another aspect of the crushing is to get access to the protein in the marrow
of the product, which will improve the yield and can improve the flavour intensity.

Meat like trimmings are easier to break down with proteases if they are homogenized and
ground into a paste using wet milling. The milling can, however, have a negative influence on
the separation of the fat after hydrolysis, but if mechanical separators (centrifuge or decanter)
are available, this is not a problem. Generally, the processing of protein raw materials requires
a relatively low protein concentration in order to keep viscosity of the substrate mixture low
enough, that is approximately 10% protein.

Various heat treatments are always part of the process when carrying out enzymatic
hydrolysis. The raw material suspension may need a pasteurization to keep microbial growth
in control, the temperature of the raw material has to be adjusted to the temperature of
hydrolysis and afterwards the enzymes are inactivated by heating. It is important to control
the heat treatment so that excessive Maillard reactions are prevented.

13.6.2 Hydrolysis

Table 13.4 shows a list of the problems that can occur during the enzymatic hydrolysis
process. The most likely reasons for the problems are described, as well as ways to eliminate
these problems.
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Fig. 13.16 General process layout for production of hydrolyzes protein/peptide products.

13.6.3 Inactivating the proteases

One key question in protein hydrolysis is related to the inactivation of the enzymes. In the
end products, the amount of active enzyme must be zero or close to zero, which is normally
secured by a heat treatment.

The basis for approval of proteases for food application is the No Observed Adverse
Effect Level (NOAEL). For human consumption, this level is 0.44 Anson Units/kg/day,
meaning that it has been demonstrated that humans can safely consume an amount of
protease corresponding to at least 0.44 activity units per kg body mass per day. This level is
based on feeding trials and a safety evaluation.

When producing a protein hydrolyzate for use in different applications, the safety margin
can be estimated for each application. These are calculated from the maximum dosage of
protease used per kilogram protein, the remaining level of intact enzyme protein after the
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Table 13.4 Checklist for troubleshooting in enzymatic hydrolysis of protein raw materials.

Problem Likely cause Improvement

Product tastes bitter Hydrolysis reaction is not
optimized with respect to DH
and/or choice of enzyme

Optimum enzyme choice is Protamex
combined with Flavourzyme

R©
DH to high or to low

Too severe heat treatment Reduce temperature during downstream
processing

Too long holding time at high
temperature

Reduce holding time at high
temperature especially when the product
is concentrated

Product has an off flavour Infection during processing Check the raw material quality and/or
reduce the holding time in process
where microbes can grow. Alternatively
pasteurize or add preservative, e.g. salt

Hydrolysis to slow Temperature out of control Check temperature using another
thermometer

Enzyme dosage too low Increase dosage
Enzymes have lost activity
because of too warm and/or too
long storage time

Make sure the enzyme is stored cool
and not too long

Enzyme diluted with water before
usage

Only in original formulation the enzyme
is stable. Do not keep diluted enzyme

Protease inhibitor in raw material Eliminate inhibitor, e.g. by heat
denaturation or increase protease
dosage

Protein concentration different
from expected concentration

Check the concentration and adjust if
necessary with NaOH or HCl

pH out of range Check pH and adjust if necessary

inactivation and amount of daily intake of the hydrolyzed protein. For two typical applications
the calculation looks as follows.

Production of the protein hydrolyzate with a high dosage, that is 50 AU kg−1 protein and
a factor 1000 reduction in activity by heat treatment leaves 0.05 AU kg−1 protein.

In case of mother’s milk substitute: A daily intake of 3.53 g protein/kg/day corresponds
with approximately 0.18 × 10−3 AU/kg/day, which results in a safety margin of 2500.

Enteral nutrition: A daily intake of 2000 g of the product per day for a 60-kg person,
which contain up to 3.5% protein means 1.17 g protein/kg/day, which corresponds with
≈ 0.058 × 10−3 AU/kg/day, which results in a safety margin of 7500.

From this can be seen that the safety margin is well above the NOAEL level, even when
a high enzyme dosage and an inactivation of a factor 1000 is anticipated. The NOAEL is a
value estimated for each of the food proteases and is the basis for approval of the protease
by the authorities for the different applications.

One of the key assumptions made in this evaluation is the inactivation of the protease.
This can in practice be a difficult subject to handle. There is a well-documented example7

of how the inactivation of the protease Alcalase is studied. The authors made a series of
trials from which they could make a mathematical formula expressing the decimation time
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(tD – the time it takes to reduce activity by a factor 10) for the enzyme:

tD = 1.19 × 10(75−T )/8.31 × (1 + S × 10(75−T )/94) min

where T = temperature(◦C), and S = substrate (protein) concentration (%).
The equation is valid in the pH-range of 6–9 and temperature range of 50–80◦C.
If, for example, 80◦C is used in the heating of a mixture containing 10% protein, the

calculation is as follows:

tD = 1.19 × 10(75−80/8.31) × (1 + 10 × 10(75−80)/94),

tD = 2.93 min

A reduction in activity by a factor 1000 will then require approx. 9 min heating.
It should be noted that the enzyme is stabilized by the protein/peptide in the solution,

therefore the tD is directly proportional to S. Another issue is the question of how much the
activity of the enzyme needs to be reduced to call the enzyme inactivated? In the example
of the safety discussion above, a factor 1000 is suggested as a reasonable level. Others may
want to secure even lower residual levels in the end product. This will call either for lower
enzyme dosage and/or longer heating temperature/time. The pH effect on the inactivation
is not included in the formula, unfortunately, as this is also an effective parameter, at least
for some proteases, to utilize in the attempt to inactivate the enzyme. In a heating process
there are some considerations to take into account, such as excessive production of Maillard
reaction products or formation of lysino-alanine at severe heat treatment conditions, both of
which can ruin the end product.

After hydrolysis, the temperature is typically increased to 95◦C by indirect heating or by
steam injection. Three types of batch heating can be used:

1. Heat the mixture in a steam jacket tank.
This is a relatively slow method but allows full control of the temperature of the mixture,

as well as the water content in the substrate. Again an efficient mixer in the tank is
required to limit burnt material on the inner side of the tank.

2. Adding hot water to the substrate.
This is a fast method to increase raw material temperature. An efficient mixer is needed in

order not to cause spots with too high temperature. Dilution of the substrate limits this
method of heating. This method can only bring the temperature up to what is needed
for hydrolysis.

3. Directly heating by steam injection.
An efficient mixer is needed and the steam must be of ‘food quality’. Problems with

noise from the condensation of steam can be severe. However, it is an efficient and fast
method for getting a temperature increase. Experience with flash heating equipment
has shown to have a positive side effect as unwanted flavour components are flashed
off during the process.

An alternative to batch heating is passing the hydrolyzate mixture through a continuous
pasteurizer. If the hydrolyzate needs to be inactivated after a well-defined time, the time
requirements of this process can present difficulties. If, however, the hydrolysis reaction has
gone to completion, there may be no problem with the last part of the product having a longer
holding time in the enzyme reactor.
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Sometimes a heat treatment can be applied in order to intensify flavour. It is well known
that heating causes Maillard reactions, which create flavoursome components. The most
important parameters, aside from the composition of the product, are temperature, dry matter
content and pH.

Temperature and dry matter composition influence the time it takes to attain a certain
reaction whereas pH is more important in directing the reaction into different pathways.

To aid the development of specific flavour notes, a wide range of ingredients can be added
to the protein hydrolyzate before the heating process. For example, cystein creates a distinct
chicken flavour and addition of xylose can produce a fried type of flavour.

13.6.4 Recovery of the protein/peptide product

In many production processes, it is necessary to perform a separation step to recover the
protein/peptide from the reaction mixture. The choice of separation process is dependent on
the type of raw material in the process. The hydrolyzed mixture may need to be separated
into three phases:

� Fat phase.
� Sediment: Larger particles of un-hydrolyzed protein or components in the substrate mix-

ture are removed on a screen/sieve or separated by decantation or centrifugation.
� Water phase – the soluble product.

Removal of the fat fraction is most efficient at high temperature, that is 95◦C. Equipment is
available for performing the separation of all three fractions in one step.

1. Three-phase decanter.
This equipment can handle large amounts of sludge and fat.

2. Three-phase centrifuge.
Not so efficient when relative large amounts of sludge are present, as the centrifuge has

to stop for de-sludging every time the sludge compartment is full.

A more versatile equipment set-up is that of a two-phase decanter or centrifuge followed by
an oil separator. This is often preferred as it is easier to adjust to different products.

Omitting this relatively expensive equipment is possible under certain circumstances.
When the raw material consists of bones and there is no requirement for a product with very
low fat content, it is possible to do a relatively efficient separation in the tank by allowing
the product to rest for 30–60 min at 95◦C. The fat will settle at the top and the sludge on the
bottom. When emptying the tank from the bottom and discarding the first couple of litres, it is
possible to selectively isolate the protein solution without much fat and leaving the sediment
in the tank, whereby the bone fraction acts as a filter.

In the recovery process, further steps can be taken to eliminate unwanted compounds, for
example for improving the taste of the product. Some examples:

� Membrane filtration where ultrafiltration can produce a clear end product by keeping long
chain peptides in the retentate and only allow the most soluble short chain peptides to
pass to the end product.
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� Isoelectric precipitation, which will eliminate a relatively large part of the hydrophobic
peptides and result in a less bitter end product.7

� Activated carbon treatment which is another method to eliminate certain hydrophobic
compounds.

13.6.5 Concentration, formulation and drying

Normally, the protein solution needs to be concentrated to become a stable product. Two
types of unit operations can be used:

1. Reverse osmosis.
By using membrane technology for concentration there is a limit to the maximum pro-

tein/dry matter that can be produced. Normally, 20% protein in solution is considered
to be the maximum concentration that is economically feasible.

2. Evaporation.
With this type of equipment it is possible to obtain a very high dry matter in the concentrate

(approx. 50%). The evaporation normally takes place in vacuum which limits the effect
heat can have on the quality of the end product. Heating the protein solution, especially
at high dry matter content, causes Maillard reactions. Excessive heating at high dry
matter content can result in off flavour formation and in the formation of bitterness in
the product. In practice this means that a long holding time at high temperature must
be avoided when concentrating and packing the product.

A stable formulation is needed when the product has to be kept for a longer period of
time before being used. If, for instance, a soup stock protein extract from meat is the
end product, it can be stabilized by concentrating to 50◦ Brix and the addition of 10%
NaCl. The product must be filled hot into the container, that is at temperature above
80◦C. By turning the container upside down immediately after filling, the lid is heated
to kill spores of fungus and yeast. Immediate cooling is required to secure limited Maillard
reactions.

It is very common to spray-dry the end products. Hydrolyzed proteins can be more difficult
to dry, especially when they are extensively hydrolyzed. At high DH, dried products tend
to become hydroscopic and lump formation can occur. Difficulties like deposits in the drier
may need additions of other compounds to control the drying. A low DE maltodextrin can
be used to mix with the concentrated hydrolyzate before drying.

13.7 PROTEIN HYDROLYZATES ON THE MARKET

Hydrolyzed protein/peptide products have been on the market for many years. A list of
products which are or have been available is found in Table 13.5.

It is evident that there are many different applications where the hydrolysis technology
has been utilized, where either the change in functional properties like solubility or taste are
the major benefits, or where specific health effects are claimed.
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Table 13.5 Examples from the market of properties and applications of hydrolyzed
proteins/hydrolyzates from different raw materials.

Peptides from Product Properties/application Producer

Whey protein Whey protein
hydrolyzate

Hypoallergenic baby food
ingredient

Arla Foods, DMV

Peptigen R© Fast absorbance peptides for dietic
and sports nutrition

Whey protein
hydrolyzate. BioZate

Reduction of blood pressure Davisco

Casein Low allergenic peptides Hypoallergenic infant formula
(Nutramigen R©)

Mead Johnson

Hypoallergenic baby food
ingredient

Arla Foods, DMV,
Fonterra

PeptoPro R© Di-and tri-peptide peptides for
sports nutrition (PeptoPro R©) for
insulin stimulation

DSM

Casein-phosphopeptides for dental
care product

Recaldent

CE90GMM Casein-phosphopeptides for better
mineral absorption

DMV

C12 Peption ACE-inhibitor peptides for healthy
blood pressure

DMV

InsuVitalTM Manage blood glucose level – help
type 2 diabetics

DSM

TensGuardTM Milk protein tri-peptide for blood
pressure control

DSM

Soya Soya protein hydrolyzate Immune enhancing enteral nutrition
(Advera R©)

Ross/Abbott

Soya protein hydrolyzate Fully soluble peptides for protein
fortification of acid drinks (Pro Up R©

Novo Nordisk

Pea Pea protein hydrolyzate Protein fortification of drinks Arla Foods

Meat Hydrolyzed meat protein
extract

Soluble meat protein/meat stocks
for flavour and nutrition

Meatzyme

Gelatin Gelatin-hydrolyzate Peptides for treating arthritis and
osteoporosis

Gelita Group

Fish Nutripeptin R© Lowers postprandial blood glucose Copalis, France

Salmon protein
hydrolyzates

Nutritional food supplement Marine Bioproducts

Wheat High-glutamine peptide for recovery
nutrition

DMV

Egg white Benefit R© Protein fortification of drinks Sanovo Foods

13.8 CONCLUSION

The use of proteases for modification of protein properties to produce protein ingredients with
improved properties is well established in the market. The major concepts are low-allergenic
mother’s milk substitutes and highly soluble proteins/peptides for protein fortification. The
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expansion of the market with new innovative hydrolyzed protein products is to a large extent
dependent upon the availability of enzymes. It is evident that controlling the properties of the
peptides is a very complex task and may require new proteases. Proteases with more well-
defined specificity can provide the tools for production of, for example bioactive peptides
or improving the properties of protein products in the market. Experimental proteases with
new well-defined specificities have been tested to some extent but commercialization of these
interesting proteases must be driven by sufficiently high value of the end product to pay for the
development of the new enzymes. This will hopefully be possible in the near future and result
in a larger palette of enzymes covering a range of different specificities. Furthermore, there
may be a market for other enzymes that act on proteins as well. Cross-linking enzymes like
transglutaminase, tyrosinase and laccase are on the market and are being used in many food
products. However, they have not yet proven to provide functionality for protein ingredient
products.
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14 Starch-processing enzymes
Marc J.E.C. van der Maarel

14.1 INTRODUCTION

Starch is a widely used renewable resource. It is present as a storage compound in the
leaves, tubers, seeds and roots of many plants. Several of these starch-containing plants
have been domesticated and are important agricultural crops. The most well known are
corn, wheat, rice, potato and tapioca. Besides the use for direct human consumption, the
roots, tubers and seeds are processed to harvest the starch. The starch is usually modified
chemically or enzymatically to a wide variety of derivatives. In this chapter, the enzymatic
conversion of starch into food ingredients is described. In addition to the use of amylases
and related enzymes to convert starch into all kinds of syrups, recent developments in the
use of glucanotransferases will be discussed.

14.2 STARCH AND STARCH-ACTIVE ENZYMES

Starch is composed of amylose, a virtually linear glucose polymer in which the glucose
residues are linked via α-1,4 glycosidic linkages, and amylopectin, in which the majority
of the glucose residues are linked via α-1,4 glycosidic linkages with up to 5% α-1,6 linked
side chains (see Fig. 14.1 for the numbering of the C-atoms in the glucose moiety). These
glycosidic linkages are stable at higher and neutral pH but hydrolyze chemically at lower
pH. At the end of the polymeric chain a latent aldehyde group, known as the reducing end,
is present. Amylose is a relatively small molecule ranging in size from several hundred to
a few thousand glucose residues and containing one reducing and one non-reducing end.
Amylopectin is a much larger molecule containing up to 100 000 glucose residues. It has
one reducing and many non-reducing ends. Amylose and amylopectin are packed together
in starch granules, the size and shape of which vary greatly among the different botanical
sources. In principle, granules can be considered as relatively inert substrates that are only
slowly degraded by enzymes. The amount of amylose in starch varies from almost nothing
(waxy variants having almost 100% amylopectin) to 70% (high amylose corn variants).
Wild-type starches on average have 20–25% amylose and 75–80% amylopectin.

A large variety of enzymes active towards amylose or amylopectin have evolved in
nature.1, 2 Basically, starch-active enzymes are divided into two major groups depending
on their mode of action: (1) exo- and endo-acting hydrolases that hydrolyze the α-1,4
and/or α-1,6 glycosidic linkage using water and (2) glucanotransferases that break an α,1-4



P1: SFK/UKS P2: SFK
c14 BLBK192-Whitehurst July 27, 2009 13:22 Printer Name: Yet to Come

Starch-processing enzymes 321

123

4
5

6

Fig. 14.1 Glucose, the building block of amylose and amylopectin. The numbers represent the different
C-atoms present in glucose.

glycosidic linkage and form a new α-1,4 or α-1,6 glycosidic linkage (Fig. 14.2). Most of
these enzymes have a retaining mechanism, that is they maintain the anomeric configuration
of the hydroxyl group at the C4 atom. Some starch-active enzymes, such as β-amylase, are
inverting enzymes, that is they change the anomeric configuration of the hydroxyl group at
the C4 position from α to β. Amylases and related enzymes are categorized as glycoside hy-
drolases and are divided into different families according to the classification of Henrissat and
co-workers.3, 4 A complete overview of all glycoside hydrolases known to date can be found
on http://www.cazy.org/. The most well-known family of starch-active enzymes is the gly-
coside hydrolase family 13 containing more than 28 different reaction specificities.2, 5 Other
glycoside hydrolase families containing starch-active enzymes are GH-15 (glucoamylase)
and GH-57 (amylases, pullulanases, etc.).

14.3 STARCH HYDROLYSIS

For more than four decades, enzymes have been used to convert starch into a range of prod-
ucts. The first enzyme to be used on an industrial scale was the hydrolytic glucoamylase

Hydrolases acting on a,1-4 bonds

α-Amylase (E.C. 3.2.1.1)

Maltogenic amylase (E.C. 3.2.1.133)

Hydrolases acting on a,1-6 bonds

Iso-amylase (E.C. 3.2.1.68)

Amylopullulanase (E.C. 3.2.1.1/41)

Transferases acting on a,1-4 or a,1-6 bonds

Glucan branching enzyme (E.C. 2.4.1.)

Cyclodextrin glycosyltransferase (E.C. 2.4.1.19)

Amylomaltase (E.C. 2.4.1.25)

+ +

+ +

+

+

+

+ +

Fig. 14.2 Action patterns of some of the hydrolases and transferases of glycoside hydrolase family 13
enzymes.
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Fig. 14.3 Change in paste viscosity as a result of heating a starch slurry. Heating above the temperature
at which the viscosity is maximal leads to breaking of the granules and complete dispersion of the amylose
and amylopectin.

which showed benefits compared to the commonly applied acid hydrolysis. In the 1970s,
glucose isomerase was introduced for the production of high fructose syrups. Glucose iso-
merase converts glucose into fructose, thus creating a product with a higher sweetness. Later,
thermostable α-amylase and pullulanase were introduced for a faster and better hydrolysis of
starch. Most enzymatic starch conversion processes start with heating a water-starch slurry to
disrupt the granular structure and bring the two glucose polymers amylose and amylopectin
into solution. The starch granule itself is more or less insoluble in water. However, upon
heating the granules take up water, resulting in a swelling with a concomitant increase in
the viscosity (Fig. 14.3). Continuation of the heating results in the disruption of the granules
and a release of the amylose and amylopectin. The temperature that is needed for complete
dissolution of starch granules depends on the source of the starch. For starches used in indus-
trial processing the gelatinization temperature is as follows: corn, 72–76◦C; wheat, 60–64◦C;
potato, 65–70◦C; and tapioca 70–75◦C. During cooling the free amylose and amylopectin
side chains start to interact, forming a strong network. This starts at temperatures of 70–80◦C,
resulting in increasing viscosity. Finally, a white, opaque gel is formed. The interactions in
this gel are so strong that the gel has become thermoirreversible, that is it cannot be brought
into solution again by heating.

Starch processing is divided into three steps: gelatinization, liquefaction and saccharifi-
cation. In the gelatinization step, a 30–40% starch slurry is heated quickly to break open
the granules. This can be done in stirred tank reactors but the most preferred method is
jet-cooking, in which pressurized steam is injected into the starch slurry. Prior to the steam
injection the pH is adjusted, calcium (20–80 ppm) is added and a thermostable α-amylase
such as that of the bacterium Bacillus licheniformis (Termamyl

R©
of Novozymes) or Bacillus

amyloliquefaciens is added. The dosage of the thermostable amylase is in the order of 0.5–
0.6 kg ton−1. The pH adjustment is necessary to create a pH at which the amylase functions
best. In addition, the amylase requires calcium for its stability; without calcium the enzyme
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Starch slurry
(35% ds; pH 6.5; 40 ppm Ca 2+)

Gelatinized starch
(<1 DE)

Li fi d h

α-Amylase 105oC, 5 min

95oC, 120 min

Gelatinization

Liquefaction

Liquefied starch
(>1 DE; 0.3% Glu; 2% Mal; 97.7% oligosac.)

Glucose syrup
(99 DE; 97% Glu; 

2% mal; 1% oligosac.)

Maltose syrup
(44 DE; 4% Glu; 56% mal; 
28% maltotri; 12% oligosac.)

Glucoamylase + pullulanase

pH 4.5; 60oC, 72 h

Fungal α-amylase

pH 5.5; 50 ppm Ca2+;
55oC, 48 h

Saccharification

Fig. 14.4 Schematic overview of the various steps in industrial starch processing.

unfolds quickly and becomes inactive. Through a series of holding tubes the heated slurry is
kept for 5 min at 105◦C to ensure a proper gelatinization.

In the next step, the liquefaction (Fig. 14.4), the slurry is flash-cooled to a temperature of
95–100◦C at which it is held for 1–2 h. The B. licheniformis amylase has a somewhat higher
temperature stability compared with the B. amyloliquefaciens enzyme, thus determining
the maximum temperature that can be applied during the liquefaction stage. During the
liquefaction, the thermostable amylase hydrolyzes the α,1-4 linkages in both the amylose and
the amylopectin to produce dextrins. Amylases like Termamyl work by an endo-action, that
is they hydrolyze their substrate internally into smaller fragments. This reduces the amount
of interactions (i.e. hydrogen bridges) with an accompanying reduction of the viscosity.
The liquefaction process is allowed to proceed until the required dextrose equivalent (DE)
value is obtained. The DE value is defined as the number of reducing ends relative to a
pure glucose of the same concentration. Glucose has a DE of 100, while starch has a DE
of near zero. The higher the DE value, the shorter the dextrins present. The maximum DE
that can be obtained using these Bacillus amylases is around 40. Usually, the liquefaction
step is stopped when a DE of 8–12 is reached. Prolonged incubation leads to the undesirable
formation of maltulose (4-O-d-glucopyranosyl-d-fructose) that is resistant to degradation by
glucoamylase and α-amylases.

Depending on the type of product to be produced, the reaction is either stopped or
followed by a saccharification step. In this step, pullulanase, glucoamylase, β-amylase or an
α-amylase are added to further degrade the liquefied starch into maltodextrins, maltose or
glucose syrups. Saccharification is mostly performed as a batch process. The liquefied starch
with a DE of 8–12 is pumped into a large stirred vessel, and after adjusting the pH to 4–5
and the temperature to about 60◦C glucoamylase is added. The temperature must be lowered
quickly to avoid retrogradation of the liquefied starch. Due to the pH adjustment the bacterial
amylase used during the liquefaction phase will be inactivated. When the desired DE is
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obtained the solution is heated to 85◦C for a few minutes to stop the reaction. A prolonged
incubation will lead to a fall in the DE because of the formation of isomaltose. The product
obtained is filtered to remove fat and denatured protein and if needed further purified by
passing through activated charcoal and/or ion exchange resins. Due to the hydrolysis process
that consumes water, as for every glycosidic linkage broken one water molecule is needed,
the dry matter content increases.

Glucoamylases mainly hydrolyze α-1,4 linkages but show some activity towards α-1,6
linkages. This makes them very suitable to use in achieving a more complete hydrolysis of
the starch. With the commercialization of pullulanases such as the one of Bacillus acidop-
ullulyticus, it became possible to specifically hydrolyze the α,1-6 glycosidic linkages and
thus debranche the amylopectin efficiently. Addition of a pullulanase in combination with a
glucoamylase gives an increase of the glucose yield of about 2%. When added together with
a β-amylase the maltose yield is significantly increased. Other advantages of the addition
of pullulanase are a reduction of the saccharification time, the possibility to increase the dry
matter content and to reduce the amount of glucoamylase needed. At the end of the saccha-
rification step, maltose, glucose or mixed syrups are obtained depending on the enzyme or
enzyme mixtures used. Before enzymes were used to convert starch into various syrups, acid
hydrolysis was used. Acid hydrolysis has some major drawbacks and limitations, such as
the DE of the final product (28–55), corrosion of reactors and piping, colour formation, and
increased salt content due to neutralization. With the use of enzymes, these drawbacks were
overcome and a wider DE range became possible.

When glucoamylase and pullulanase are used for saccharification, a high glucose syrup
is produced. To make a maltose syrup, traditionally barley β-amylase is added. However,
because this enzyme is expensive, not thermostable and inhibited by copper and other metal
ions, barley amylase has been replaced by a fungal acid α-amylase. This enzyme is added
to liquefied starch solution with a DE of about 11 and the incubation is allowed to proceed
for 48 h. By this time the fungal amylase has lost its activity. When in addition to the
fungal amylase a pullulanase is also added even higher concentrated maltose syrups are
obtained. Another enzyme suggested to be used for the production of maltose syrups is
the thermostable cyclodextrin glycosyltransferase of the bacterium Thermoanaerobacterium
thermosulfurigenes,6 produced commercially by Danish company Novozymes and sold under
the brand name ToruzymeTM.41

Pullulanases (E.C. 3.2.1.41, pullulan α-1,6-glucanohydrolase) are enzymes that hydrolyze
pullulan, a product of the fungus Aerobasidium pullulans composed of a repeating unit of
three α,1-4 linked glucose residues joined together by an α-1,6 glycosidic linkage. Pullu-
lanases are divided into type I that exclusively hydrolyze α-1,6 linkages and produce branched
dextrins, and type II that hydrolyze both α-1,4 and α-1,6 linkages and produce mainly mal-
tose and maltotriose.7 Type II pullulanases have been commercialized and are used in the
saccharification process. A group of enzymes similar to type I pullulanases are isoamylases
(E.C. 3.2.1.68; glycogen α-1,6-glucanohydrolase). These enzymes specifically hydrolyze
the α-1,6 glycosidic linkage in amylopectin or glycogen but they do not show any activity
towards pullulan.8, 9 Currently, no thermostable isoamylases have been described. The most
commonly known isoamylase is the one of the bacterium Pseudomonas amyloderamosa.9

This enzyme is used for analytical purposes to determine the side chain composition of
amylopectin.

Glucoamylases, also known as amyloglucosidase or saccharifying amylase (E.C. 3.2.1.3;
1,4-α-d-glucan glucohydrolase), resemble type II pullulanases in the fact that they also
hydrolyze the α-1,4 and to a lesser extend α-1,6 glycosidic linkages of amylose and
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amylopectin. They are inverting, exo-acting enzymes releasing β-glucose from the non-
reducing ends of the substrate.10 With glucoamylase alone an almost complete conversion
of starch can be achieved. β-Amylases (E.C. 3.2.1.2; 1,4-α-d-glucan maltohydrolase) are
also exo-acting enzymes releasing maltose units from the non-reducing end of the substrate.
When acting on amylopectin, β-amylases stop at two to three glucose units before the branch
point, thus leaving a short branched product. Commercially available β-amylases are pro-
duced from soya beans or barley. Because of the plant origin, these β-amylases are not very
thermostable and cannot be used over a longer period of time at higher temperatures.

14.4 FRUCTOSE PRODUCTION WITH
GLUCOSE ISOMERASE

Glucose syrups can further be converted into a glucose–fructose mixture using glucose
isomerases (E.C. 5.3.1.18).11 This enzyme was discovered in 1957 and developed in the
second half of the 1960s. Glucose isomerase actually is a xylose isomerase converting
xylose into xylulose but it also has activity towards glucose. Because of the side activity
towards glucose, it was exploited commercially to produce a sweet alternative to sucrose
derived from sugar beet. The first industrial process for the production of fructose syrup
from glucose was described by Japanese researchers. In this process the enzyme was used
in solution. Large-scale production was taken up in the US by the Clinton Corn Processing
Company at the end of the 1960s. A drawback was and is that the enzyme is expensive, thus
making the production of fructose syrup challenging. This was solved when it turned out that
glucose isomerase can relatively easily be immobilized making re-use of the enzyme possible.
Using immobilized enzyme, the Clinton Corn Processing Company was able to produce a
42% fructose syrup by 1968. Especially in the US, corn starch is converted en masse into
high fructose corn syrups (HFCS) and used, for example in soft drinks. The enzyme can
only establish a partial conversion of the glucose into fructose because it cannot discriminate
between glucose and fructose. Thus an equilibrium of 50% glucose and 50% fructose is
achieved. Furthermore care has to be taken to achieve optimal reaction conditions to obtain
reasonable amounts of fructose. More than 8 million tons of HFCS is produced annually,
representing the largest commercial application of immobilized enzymes in industry.

14.5 ISOMALTOOLIGOSACCHARIDES

Maltose can be converted into isomaltooligosaccharides (IMO) using specific α-glucosidases
(E.C. 3.2.1.3; 1,4-α-d-glucan glucohydrolase). These are exo-acting enzymes that hy-
drolyze amylose, amylopectin and oligosaccharides including maltose from the non-reducing
end producing glucose. However, when the concentration of maltose is sufficiently high,
α-glucosidases also perform a transglycosylation reaction forming isomaltose, that is they
couple two glucose residues together via an α-1,6 linkage. In a second step, the isomaltose
is glycosylated and isomaltotriose is formed. Branched oligosaccharides such as panose and
isopanose are also glycosylated.

IMO are commercially available in China and Japan and are sold as prebiotic fibers.
The α-glucosidase used for the production of IMO is that of the fungus Aspergillus
niger (Transglucosidase L-500 of Danisco-Genencor and Transglucosidase L of Amano). A
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common production process for IMO is to take 30% liquefied corn starch (DE 5–15), add
an α-amylase and a pullulanase to hydrolyze the starch and in addition the α-glucosidase
to form the IMO (48 h, 58◦C, pH 5.5). The dosage of the α-glucosidase is 0.5–1.0 kg
tonnes−1 (0.05–0.1%). This results in a mixture containing 25% glucose, 5% maltose, 15%
isomaltose, 2% maltotriose, 5% panose, 8% isomaltotriose and 40% oligosaccharides of
DP 4 and higher. To obtain IMO with a higher DP, the use of a glucansucrase enzyme
(E.C. 2.1.4.5; sucrose:1,6-α-d-glucan 6-α-d-glucosyltransferase) and sucrose42 has been de-
scribed. The glucansucrase hydrolyzes the sucrose and transfers the glucose molecule to the
isomaltooligosaccharide acceptor with the formation of a new α-1,6 glycosidic linkage. An-
other production method is the use of a Bacillus stearothermophilus maltogenic amylase in
combination with a Thermotoga maritima α-glucanotransferase.12 With these two enzymes
combined, a mixture containing up to 68% IMO could be made.

14.6 AMYLASES IN BAKING (SEE ALSO CHAPTER 6)

Amylases are also used on a large scale in the production of baked goods such as bread and
cake. During dough preparation, starch granules are damaged as a result of the mixing and
the starch becomes accessible for the endogenous wheat amylases. These start to degrade
the starch into small oligosaccharides that serve as a substrate for the yeast. Fermentation of
these sugars leads to the production of carbon dioxide and an increase in the loaf volume.
Exogenous amylases can be added to speed up this process.

Amylose and amylopectin side chains present in freshly baked products are partially
released during the baking stage and start to retrograde slowly during the cooling phase. This
results in loss of product quality.13 This process is described by the phenomenon of staling
and is characterized by an increased firmness of the crumb, loss of crust crispness, decreased
crust moisture content and loss of flavour. The retrogradation of especially amylopectin is
correlated with the bread firming rate.14 A consequence of the staling process is the loss of
shelf life. Delaying or even preventing staling from occurring has been the focus of many
research efforts. One of the anti-staling solutions is the addition of enzymes that shorten
the side chains of the amylopectin and thereby partially prevent the retrogradation process.
α-Amylases, debranching enzymes, branching enzymes, β-amylases and amyloglucosidases
have been suggested to prevent staling.2 The addition of α-amylases can give an anti-staling
effect and improve the softness of the bread but already a slight overdose will result in sticky
bread. This is attributed to the production of relatively long branched oligosaccharides.

Using exo-acting amylases instead of the endo-acting amylases prevents the retrogradation
of baked products sufficiently to overcome the problems associated with it. Thermostable,
maltogenic amylases that remove short oligosaccharides of DP 2–6 from the non-reducing
ends of the amylose and amylopectin side chains turned out to be very good anti-staling en-
zymes. Currently, two commercial exo-acting amylases are available as anti-staling enzymes:
Novamyl of Novozymes and Grindamyl of Danisco. Novamyl contains the maltogenic amy-
lase of a specific Bacillus stearothermophilus strain (designated C599) isolated from an
Icelandic hot water pool. This enzyme is a very efficient producer of maltose and was
first launched on the market as Maltogenase.15, 16 It was the first commercial enzyme to be
produced using a genetically modified microorganism. It turned out that this thermostable
amylase is active during the baking process and prevents staling to a major extent. It was
shown that the Novamyl maltogenic amylase has sequence and structural homology similar
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to cyclodextrin glycosyltransferases (CGTase). A major difference is that in the Novamyl
enzyme, a pentapeptide insertion (residue 191–195) is present that is absent in CGTase.17

Deletion of this loop resulted in the production of cyclodextrin by the mutant Novamyl.
Recently, a second maltogenic-like anti-staling amylase was launched by the Danish

ingredient company Danisco under the trade name Grindamyl.43 This amylase, derived from
a Bacillus clausii BT21 strain, is optimally active at 55◦C and pH 9.5. It is active on soluble
starch, amylopectin and amylose and produces mainly maltohexaose and maltotetraose via
an exo-acting mode of action.18 This maltogenic amylase is being marketed under the
trade names GRINDAMYLTM PowerFresh for bread baking and PowerFlexTM for tortillas.
Besides reducing the length of the amylopectin side chains, the Grindamyl amylase leads to a
balanced fragmentation of the amylose resulting in an accelerated amylose recrystallization
prior to amylopectin retrogradation. The final result is less network formation of recrystallized
amylose and thus a further reduction in the crumb firming.19

14.7 GLUCANOTRANSFERASES

The most commonly used starch-active enzymes are those that hydrolyze soluble starch, amy-
lopectin or amylose and produce smaller dextrins, maltooligosaccharides or glucose/maltose.
Several enzymes, designated as glucanotransferases, related to these hydrolytic enzymes per-
form a transglycosylation reaction in which part of the donor molecule is transferred to an
acceptor molecule (Fig. 14.2). The enzyme cyclodextrin glycosyltransferase is a good ex-
ample of such a transferase type of enzyme. In the initial part of its reaction, it breaks
an O-glycosidic linkage. In the second part of its reaction, this enzyme transfers the non-
reducing end to the reducing end to form a cyclic molecule. This type of transfer reaction is
designated as an intermolecular transfer, that is within the same molecule. The other type of
transferase reaction is of the intramolecular type, that is another molecule is used as acceptor.
Two types of glucanotransferase enzymes exist: the 4-α-glucanotransferases also known as
amylomaltases that form an α-1,4 linkage, and the glycogen/starch branching enzymes that
form an α-1,6 linkage (or branch point). Both types of enzymes have found commercial
application in the processing of starch to food ingredients in the last decades.

14.8 CYCLODEXTRINS

Cyclodextrins are cyclic α-1,4 linked glucooligosaccharides containing 6, 7 or 8 glucose
residues (named α-, β- and γ -cyclodextrins) and in early days named Schardinger sugars. Due
to the arrangement of the glucose residues, the inner part of the cyclodextrins is hydrophobic
while the outside is hydrophilic. This means that cyclodextrin can include hydrophobic
guest molecules, modifying the physical and chemical properties of these molecules. This
has attracted considerable attention and led to the development of various applications for
cyclodextrins. An example is the use of cyclodextrins as a deodorizing agent in Febreze of
Proctor and Gamble. In food products, cyclodextrins can be used to remove cholesterol, to
stabilize volatile and labile compounds or for the reduction of unwanted taste or odour.20–22

The larger γ -cyclodextrins are especially attractive to use.23

α-Cyclodextrins are marketed as a non-digestible, fully fermentable dietary fibre by
Wacker Chemie. Cyclodextrins are produced by liquefying starch and then adding the enzyme
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cyclodextrin glycosyltransferase (E.C. 2.4.1.19; 1,4-α-d-glucan 4-α-d-(1,4-α-d-glucano)-
transferase (cyclizing)).24 Wacker uses the enzyme from Klebsiella oxytoca, producing it by
heterologous expression in Escherichia coli K12. Subsequently, α-cyclodextrin is obtained
from the reaction mixture by precipitation with 1-decanol and subsequent decantation and
steam distillation. α-Cyclodextrin is sold under the brand name CAVAMAX W6 by Wacker
Chemie. It can be used as a dietary fibre in carbonated and non-carbonated transparent soft
drinks, dairy products, baked goods and cereals.

Another group of cyclic glucose-containing molecules is cycloamyloses. They contain
16 or more glucose residues and form long hydrophobic cavities that can form inclu-
sion complexes with larger hydrophobic molecules. Cyclic amyloses are formed by 4-α-
gluconotransferases when acting on starch.25 Low concentrations of high molecular weight
amylose is incubated with relatively high concentrations of the enzyme. Besides the potential
use of cycloamyloses as a chaperone to prevent proteins from misfolding, no commercial
application of cycloamylose is known.

14.9 THERMOREVERSIBLE GELLING STARCH

Amylomaltases or 4-α-glucanotransferases (E.C. 2.4.1.25; 1,4-α-d-glucan:1,4-α-d-glucan
4-α-d-glycosyltransferase) of thermophilic bacteria such as Thermus thermophilus26 and
Pyrobaculum aerophilum27 can be used to produce thermoreversible gelling starch. The
enzyme transfers parts of the amylose to the non-reducing ends of the side chains of amy-
lopectin. The resulting product consists solely of modified amylopectin molecules that due
to their long side chains are able to form a white opaque network or gel.26, 28 The gelling of
the amylomaltase-treated starch is thermoreversible, that is the enzymatically treated starch
goes into solution upon heating. A similar thermoreversible gelling behaviour is also found
with gelatin, a commonly used gelling ingredient. The Dutch potato starch company AVEBE
sells amylomaltase-treated potato starch under the brand name EteniaTM.29 In addition to its
thermoreversible gelling properties, Etenia is also a good fat replacer in dairy products.30 The
enzyme is produced via heterologous overexpression in B. amyloliquefaciens by the Dutch
company DSM.31 In contrast to most enzymes used in starch conversion, this amylomaltase is
not excreted by the production host but remains inside the cells. This makes the downstream
processing more complicated.

14.10 BRANCHED DEXTRINS

The second type of glucanotransferase enzymes that are exploited commercially are glycogen
branching enzymes (E.C.2.4.1.18; 1,4-α-d-glucan:1,4-α-d-glucan 6-α-d-(1,4-α-d-glucano)-
transferase). These enzymes initially break an α-1,4 glycosidic linkage and synthesize a new
α-1,6 linkage. Branching enzymes are involved in the biosynthesis of amylopectin in plants
(also known as Q enzymes) or glycogen, a storage compound of many microorganisms
and animals. Glycogen branching enzymes differ from starch branching enzymes in the
number of α-1,6 linkage they synthesize. Starch branching enzymes make about 3.5–5%
α-1,6 linkages while glycogen branching enzyme can make up to 10% of these linkages.

The Japanese company Ezaki Glico uses the glycogen branching enzyme of the ther-
mophilic bacterium Aquifex aeolicus32, 33 to convert maize starch into a product called cluster
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dextrin (CCD). The enzyme is produced by Nagase Company (Japan). The CCD product is
a branched cyclic dextrin that is added to sport drinks. There are indications that fluids con-
taining the CCD ingredient influence the gastric emptying time positively.34, 35 In addition,
studies with swimming mice gave indications that the CCD ingredients had a positive effect
on their endurance.36

Another application of glycogen branching enzymes is the production of dextrins that at
high concentrations have a low viscosity and do not retrograde. Treatment of liquefied starch
with a proper, thermostable glycogen branching enzyme leads to the transfer of parts of the
amylose and long side chains of the amylopectin to other amylopectin molecules with the
formation of new, short side chains. The branched dextrin has such a side chain composition
that only weak interactions between amylopectin molecules occur, leading to solutions with
a relatively low viscosity. The Danish enzyme company Novozymes has patented the use of
the glycogen branching enzyme of the thermophilic bacterium Rhodothermus obamensis to
produce branched dextrin.44 The enzyme has a temperature optimum of 65◦C and is stable up
to 80◦C,36 making it suitable for the processing of liquefied starch. Until now, no branched
dextrins as food ingredients are being marketed, mainly due to the lack of a commercially
available enzyme.

One aspect of glycogen branching enzymes that remains to be explored is their use in the
production of slowly digestible dextrins. It is to be expected that with increasing branching
points, the pancreatic human amylase will experience more and more difficulties in degrading
the branched dextrin. This will lead to a lower amount of glucose produced and thus a lower
blood glucose level. Extreme fluctuations in blood glucose levels are undesirable since this
can lead in the long run to type-2 diabetes and heart and coronary problems. Recently, a
patent application was published37 on the use of the glycogen branching enzyme of the
extremophilic bacterium Deinoccocus radiodurans to produce a slow digestible dextrin from
starch.37 Another approach to create a slowly digestible starch product is to treat a branched
dextrin having a moderately increased amount of branching with a β-amylase.40 However,
such an application of glycogen branching enzymes is still in its infancy and it will take
considerable time before commercial products become available.

14.11 CONCLUSIONS

Starch is a widely used ingredient for the production of syrups and related products. En-
zymatic starch processing has been used for about four decades and has grown into an
example of the industrial use of enzymes for food ingredient production. The production of
fermentable sugars from starch using the same processing steps as outlined in Fig. 14.2 has
become popular due to the increasing demand for cost-competitive bio-alcohol production.
Over the last decade, two main growth areas for starch-processing enzymes have emerged:
exo-acting amylases as anti-staling enzymes and the use of glucanotransferases for the pro-
duction of thermoreversible gelling agents, fat replacers and branched dextrins. Besides
large-scale use in food or fuel production, starch-acting enzymes are also used as analytical
tools. Isoamylase is used as a debranching enzyme in analyzing amylopectin side chain com-
position. One of the enzymes awaiting commercialization is the α-1,4-glucan lyase of red
seaweeds producing α,1-5 anhydrofructose from α-glucans.37, 38 With the enormous amount
of information becoming available from whole genome sequence projects, new starch-active
enzymes might be discovered. The finding of a new family of glycogen branching enzymes
belonging to family GH57 is a good example of this.39
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15 Lipases for the production of
food components

David Cowan

15.1 INTRODUCTION

One of the first attempts to summarize the then current knowledge of the industrial application
of enzymes was made by Godfrey and Reichelt in 1983.1 This book contained contributions
from industrial, academic and government writers and was widely recognized as a major
contribution to disseminating enzyme knowledge. Comprehensive though this volume was,
the amount of space allocated to lipases was one of the smallest and only one lipase from
calf stomach was listed in the appendix of enzyme types. At that time, the main recognized
application was in the dairy industry for the accelerated ripening of cheese and production
of high-intensity cheese flavours.

However, within a very short time frame the number of actual and potential lipase applica-
tions had increased vastly and within 10 years it had grown to include both food-related and
technical applications. The reason for this explosion in applications can be seen to be a result
of a number of different discoveries in enzyme biochemistry, linked with new production
technologies and significant research resources being applied by the lipase producing and
using companies.

The first enzyme applications were in the field of flavour generation and used the hydrolytic
action of the lipase to generate free fatty acids that increased the ‘cheesy’ flavour of milk
products. Short chain fatty acids from milk liberated by starter culture lipases were known to
be involved in the natural ripening of some cheese types and the cheese makers tried to mimic
this process. However, this application was limited in potential due to the relatively small
amount produced of this cheese type. In 1984, however, Zaks and Klibanov2 demonstrated
that enzymes could function in micro aqueous environments, indicating the possibility that
lipases could function in non-aqueous systems. Synthesis reactions, in which hydrolysis is
reversed, became possible and opened up a new research area into lipase function.

Within this sector, one of the first products were specific fats (cocoa butter equivalents) as
described by Coleman and Macrae3 and Matsuo et al.4 They utilized an immobilized lipase
to exchange fatty acids on a triglyceride with the desired ones, to produce a cocoa butter-like
fat. Macrae5 describes the use of a lipase product absorbed onto a kieselguhr matrix to convert
a mixture of palm mid fraction and stearic acid into a cocoa butter equivalent (CBE)-like
product containing increased levels of the desired triglycerides, 1(3)-palmityl-3(1)-stearyl-
2-monooleine (POSt) and 1,3-distearyl-2-monooleine (StOSt). The immobilized lipase was
prepared by making a slurry of the enzyme with kieselguhr and then adding a solvent such
as acetone or an alcohol (ethanol or methanol) to precipitate the enzyme onto the inorganic
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particulate material. The immobilized enzyme was then separated by filtration, dried and
then stored until required for use.

However, this type of process was difficult to control and did not become widely applied
in the food industry. The cost of the immobilized enzyme was too high to permit general
application and the wider use of lipases would occur only when this was reduced.

Two further developments were required before lipases could be more generally applied
within industry. The first of these was the ability to produce large amounts of lipase under
conditions of industrial fermentation. Eriksen6 described the introduction of the first com-
mercial lipase produced by molecular cloning of a lipase gene from Humicola lanuginosa in
the filamentous ascomycete Aspergillus oryzae. This host microorganism could be cultivated
and produced in industrial scale fermentation vessels and the technology could be applied to
a range of different lipases. The broader application of lipases in the food and other industries
is a result of the introduction of this new production technology, since it has resulted in a
substantial improvement in the economy of lipase production and the possibility to produce
lipases that hitherto had only been available in laboratory scale amounts.

The second development required for the expansion of the basic CBE process was the
development of a range of different immobilization systems for the lipase to have both
hydrophobic and hydrophilic carriers of the enzyme. The development of these was recently
reviewed by Holm and Cowan.7

Today the four main areas in which lipolytic enzymes (lipases and phospholipases) are
applied are as follows:

� Interesterification, to modify melting properties for fats for margarines and shortenings,
without production of trans fats or by-products.

� Degumming, to render water soluble the phospholipid gums in a range of oils to allow
them to be removed without yield loss.

� Ester synthesis within the cosmetic/oleochemical industry to produce esters and waxes
with lowered energy requirements and by-product formation.

� Speciality fats, the synthesis of speciality fats of nutritional importance such as high
omega-3 fish oils.

15.2 ENZYME BIOCHEMISTRY

Lipases are like all enzymes, protein molecules and soluble in water. Their normal function
is to hydrolyze triglycerides into diglycerides, monoglycerides, fatty acids and glycerol.
A second group of enzymes, esterases were characterized by their ability to hydrolyze
carboxylic ester bonds. Originally, it was believed that all lipases had a three-dimensional
structure where part of the amino acid chain of the protein formed a lid that covered the
active site of the enzyme. This lid moved away from the active site when the enzyme was in
contact with the oil–water interface. However, lipases without lids have been found and also
constructed, so the current definition is based on the chain length of the fatty acids in the
molecule that can be hydrolyzed. Enzymes which attack substrates with an acyl chain length
greater than 10 carbon atoms are now considered as lipases and less than 10 are esterases.8

However, this is just one of the various definitions of lipases in comparison with esterases.
None of them is particularly satisfactory and a better way of describing this enzyme class
and its components is required.
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The individual reactions of lipases can be summarized as follows:

(i) Hydrolysis:

RCOOR′ + H2O ↔ RCOOH + R′OH

(ii) Synthesis:
(a) Esterification

RCOOH + R′OH ↔ RCOOR′ + H2O

(b) Interesterification

RCOOR′ + R′′COOR∗ ↔ RCOOR ∗ +R′′COOR′

(c) Alcoholysis

RCOOR′ + R′′OH ↔ RCOOR′′ + R′OH

(d) Acidolysis

RCOOR′ + R′′COOH ↔ R′′COOR′ + RCOOH

All of these reaction mechanisms are employed in the industrial production and modifi-
cation of lipids.

In addition to chain length preferences, lipases also will show regioselectivity. Most
regioselective lipases act preferentially on ester bonds at the sn-1 and sn-3 position of the
triglyceride structure, whereas few lipases are active at the sn-2 position. Lipases without
regioselectivity also exist and are particularly useful where complete hydrolysis of a fat is
required. Finally, lipases may also differentiate between saturated and non-saturated fats,
showing preferential hydrolysis or modification of one type or another.

15.3 INTERESTERIFICATION

Control of the melting properties of fats is the key to their use within foods. The traditional
fat sources such as animal fats or butter do not have the characteristics required and have
largely been replaced by fats of vegetable origin. The solid fat content (SFC), which is
defined as the percentage of solid fat in a sample at a defined temperature, is a key parameter
in defining fat properties. A margarine suitable for making pastry fats should have an SFC of
38–45% at 15◦C. This will allow the fat to be mixed with the flour and other ingredients and
worked to give the correct structure. A vegetable oil such as rapeseed or soya bean oil will
be totally liquid at this temperature and will not be suitable for pastry production. Initially,
simple blending was used to obtain the required melting profile but often even this was not
able to provide the desired characteristics of solid: liquid ratio and crystallization. For this
reason, techniques were developed to modify the melting properties of fats so as to provide
the correct SFC profile (Table 15.1).
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Table 15.1 Techniques of fat modification.

Technique Principle

Fractionation Uses the different melting points of the fat components to separate
fractions with significantly altered SFC by a process of fractional
crystallization

Hydrogenation Uses a catalytic hydrogenation reaction to increase saturation of
the fat

Chemical interesterification (CIE) Uses a chemical catalyst operating at high temperature to promote
random exchange of fatty acids between two triglycerides

Enzymatic interesterification Uses an enzyme catalyst to promote either a random or a 1.3
specific (depending on lipase type) exchange of fatty acids
between two triglycerides

The techniques of fractionation and hydrogenation have been used for many years8

whereas chemical interesterification (CIE) is a more recent technology.9

15.4 HYDROGENATION AND CHEMICAL
INTERESTERIFICATION

By the 1960s, there had been a large swing away from dairy fats due to the increased
convenience and lower cost of margarines and the suggestion that they were healthier.
Unfortunately, in many cases the fats used were partially hydrogenated and consequently
contained high trans fat levels. The trans fat level in a soft (unsaturated) oil such as soya bean
and rapeseed increases with the decrease in saturation, reaches a peak and then declines again,
reaching zero at full saturation. The degree of hydrogenation required to give the desired
SFC also was very close to that giving maximum trans fat content. Subsequent blending of
this hydrogenated fat with an unsaturated oil reduced the overall trans fat content but this was
mitigated by an overall increase in fat consumption through bakery and similar products.

Studies in the 1960s concluded that the cholestrol-raising effect of hydrogenated fats
was slightly lower than that of saturated fats, supporting to some extent the health claims
made earlier. However, in 1990 it was observed that although trans fatty acids increase LDL
cholesterol to a similar degree to saturated fat, they decrease HDL cholesterol relative to
both cis-unsaturated and saturated fats. These initial studies have been followed up by a wide
range of investigations where the overall conclusion remains that trans fatty acid consumption
substantially increases the risk of coronary heart disease.10

Legislation has been introduced in a number of countries to control the trans fat level in
foods and food components, and this has largely had the effect of removing hydrogenated
fats from the market. In Europe and the US, fat modification by hydrogenation has effectively
stopped and the facilities to produce this type of product have been closed.

CIE of fats that is catalyzed by a sodium methoxide catalyst was then widely employed
as an alternative process for changing the melting properties of fats. This process operates at
moderately high temperatures but uses an explosive catalyst which is non-specific, requires
removal from the fats after the reaction and requires significant post treatments to remove
colour and other by-products of the reaction. The nature and level of these by-products and the
associated yield loss have now made the alternative process of enzymatic interesterification
more attractive.



P1: SFK/UKS P2: SFK
c15 BLBK192-Whitehurst August 4, 2009 13:58 Printer Name: Yet to Come

336 Enzymes in Food Technology

SFC of fats before and after modification

0

5

10

15

20

25

30

35

0 10 20 30 40 50

Temperature (°C)

%
 o

f 
fa

t 
so

lid
RM

CIE

EIE

Fig. 15.1 Solid fat content of a 75% soya bean: 25% fully hardened soya bean oil before (RM) and
after chemical or enzymatic interesterification with Lipozyme TL IM.

15.5 ENZYMATIC INTERESTERIFICATION

The development and implementation of an enzymatic interesterification (EIE) process for
margarine and other bulk fats was dependent on two of the technology developments pre-
viously described, a low cost source of lipase and a robust and inexpensive immobilization
system.

The immobilized lipases used initially for CBE production were neither robust nor inex-
pensive and this limited their application to relatively highly priced fat products. The new
EIE process uses a lipase immobilized into a silica particle that both carries the enzyme and
provides a non-compressible support system. In use, the enzyme remains within the carrier
particle and does not leach out into the fat blend. A comparison of the SFC curve for CIE
and EIE is shown in Fig. 15.1.

The change in melting properties that can be obtained is dependent on the fats used in the
interesterification reaction and the proportions of the two fats employed. This is illustrated
for blends of palm stearin and palm kernel oil in Fig. 15.2.

The trend diagram shows the change in SFC between the initial blend and the blend after
interesterification. In this example EIE raises the portion of fat solid at lower temperature
and decreases the portion solid at higher temperatures. This type of modification is typical
of what might be required for a component of a margarine that would also be blended with
a soft oil.

The enzyme used is a 1.3 specific lipase derived originally from Thermomyces lanuginosus
and would normally not be expected to produce a randomization of the fat. However, a
combination of the lipase and the immobilization system where the oil blend is in contact
with both the enzyme and the silica carrier results in a preferential exchange of fatty acids
(Fig. 15.3). The small difference in SFC curve between CIE and EIE shown in Fig. 15.1 is
partly due to this preferential exchange but is mainly a result of the EIE process producing
lower levels of diglycerides (yield loss) than the chemical process.

Typically batch enzyme reactions are conducted in the laboratory to establish the correct
blend and interesterification conditions. The enzyme is dosed at 4% w/w and the reaction is
conducted at 70◦C, with samples being withdrawn at intervals and the SFC profile determined.
From these results the correct blend for continuous interesterification can be determined.
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Fig. 15.2 Trend diagram for change in SFC for different blends of palm stearin and palm kernel oil
before and after EIE.

The enzyme is filled into columns arranged in a series configuration and oil is pumped
through the enzyme bed, with four to six columns in one line being the optimum arrangement
(Fig. 15.4). In normal operation, the oil blend enters through the top of reactor no. 1 and
passes down through the enzyme bed before exiting the reactor and transferring to reactor
no. 2. Each reactor has an insulted water jacket to keep the internal temperature at 70◦C and
the enzyme itself sits on a sieve plate at the base of the reactor. This acts as a support for the
enzyme particles and as a filter to prevent that the enzymes are washed through the reactors in
this down flow configuration. The non-compressibility of the particles results in low pressure
drop across the reactor (<0.5 bar/reactor) and an average flow of 1.5–2.0 kg oil/kg enzyme/h.

In steady state operation, each reactor contributes to the conversion of the fat, so that it
leaves the reactor chain fully interesterified. Enzyme activity is gradually lost from reactor no.
1 due to the presence in the oils of low levels of oxidation compounds and acids. Eventually,
the enzyme activity is depleted and the spent product is removed from reactor no. 1 and it is
recharged with fresh enzyme. At this point the valves are altered so that the oil now flows
first to reactor no. 2 and then finally exits via reactor no. 1 containing the fresh enzyme
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Enzymatic – preferential exchange
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Fig. 15.3 Preferential exchange of fatty acids during EIE with Lipozyme TL IM.
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product. This process is repeated with one reactor being exchanged at approximately every
14 days of operation. In this mode of operation, the unconverted oil meets first of all the
oldest, lowest activity enzyme and hence if there are high levels of undesired oxidation or
other compounds in the oil, the older enzyme will act as a sacrificial column, protecting the
subsequent columns.

15.5.1 Oil quality specifications

In any immobilized enzyme process, the productivity of the system (kg converted/kg enzyme
product) determines the overall economy. In EIE, three factors have been identified as causing
enzyme inactivation and/or a loss of conversion efficiency. These are:

1. The presence of particulates, for example soaps or phosphatides, which can cover the
enzyme particle and prevent the oil from diffusing into the granule.

2. Excessive levels of oxidation compounds measured as peroxide values or anisidine con-
tent.

3. Residual acids coming from phosphoric acid degumming and/or acid-activated bleaching
earths used in the refining of the oil before EIE.

The values recommended for these components are shown in Table 15.2 and are similar to
those required for CIE and so quite normal within the industry with the exception of the acid
extract value. When these oil quality parameters are met then EIE will operate at maximum
efficiency and the most economical use of the enzyme will be obtained.

The presence of oxidation compounds and components coming from their breakdown are
routinely monitored as indicators of oil stability. Peroxide value (PV) measures the level
of hydroperoxides formed from the reaction between oxygen and unsaturated oils. The p-
anisidine value (AV) is a measure primarily of aldehydes, 2-alkenals and 2,4 dienals, through
a spectrophotometric assay at 350 nm. The peroxides are themselves unstable and will tend to
decompose and form aldehydes and ketones. These two groups of compounds are normally
associated with oxidative and hence flavour stability of oils and the chemical determination
of the values are used as a quality indicator being simpler to determine than organoleptic
measurements.

The oxidation compounds are also a factor in enzyme stability as both the peroxides and
aldehydes have the potential to interact with protein molecules causing a loss of activity.
Osório et al.11 observed that oil blends with a high oxidation risk gave lower enzyme
productivity than blends where oxidation was absent. This has been further studied by Cowan
et al.,12 who described an alternative analysis method for the determination of the influence of
oil quality on enzyme productivity. In this one aliquot of the enzyme is sequentially brought

Table 15.2 Oil quality specifications for EIE.

Type Identity Level required

Particle occluding Soaps <1 ppm
Phosphorus <3 ppm
Nickel <0.2 ppm

Oxidation compounds Peroxide value <2 meqO2/kg
Anisidine <5

Mineral acids Acid extract value pH 6.0–9.0
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Fig. 15.5 Influence of PV on enzyme productivity (V1/2).

into contact with different volumes of the oil under study to give a cumulative exposure of
the enzyme to a large amount of oil, thus simulating the conditions in a packed bed reactor.
Cowan and Willits9 quantified this and demonstrated that PV > 4 had a damaging effect on
enzyme stability (Fig. 15.5). In this study, the amount of oil in sequential contact with the
enzyme that causes a reduction in activity to 50% of the starting value (V1/2) is determined
for oils of differing starting PV values. Low PV contents in the oil are associated with high
V1/2 values and if three half-lives are used as an assessment of productivity, an estimate of
potential working lifetime of the enzyme can be made.
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Fig. 15.6 Influence of water extract pH of oil on enzyme productivity.

The other main group of chemical compounds that can affect enzyme activity are acids
coming from degumming and/or bleaching processes. Degumming of oils is the process
of removing phosphatides (see next section), and for palm oil it is often carried out with
phosphoric acid. The removal of colour, oxidation compounds and residual phosphatides is
normally carried out by a bleaching process using absorption onto bleaching earth.

Acid-activated bleaching earths are more efficient at removal of these substances and
hence tend to be used within the industry.

Unfortunately, both treatments can lead to low levels of mineral acids being extracted into
the oil because the oil is never totally water free. The acids dissolve in the water phase and
when this oil is passed down a column of immobilized enzyme, the acids can pass into the
enzyme particle and reduce the pH of its micro-environment. This moves the pH away from
the optimum pH of the enzyme and activity is reduced. Also, as enzymes are most stable
around their pH optimum, activity loss may also be irreversible. Similar determinations to
those above have also been conducted for acid content and demonstrate the negative effect
of high mineral acidity levels (Fig. 15.6).

Mineral acid residues in oil can be extracted by vigorously mixing equal amounts of
oil and deionized water, allowing the two phases to separate and then measuring the pH
of the water portion. It is important not to use a buffer system in the extraction process as
the amounts of acid are relatively low and would not change the pH of buffered water. The
influence of the acid is exerted by it accumulating in the enzyme particle as more and more
oil passes down the column, gradually lowering the micro pH within the granule.

15.5.2 Improving oil quality

Control of PV and AV is best made within the oil production process (refining). By good
degumming, control of oxygen access and the removal of pro-oxidants (bleaching and
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deodorization), these values can be kept at a constant low level. In cases where the lev-
els of these components are too high, reprocessing may be required if a satisfactory enzyme
working life is to be achieved. Additives such as silica have been suggested as absorbents of
polar compounds. Lee and Sleeter13 proposed the use of a number of different pretreatment
materials to be used in a column including activated carbon, spent enzyme kieselguhr and
silica. They reported that for a soya bean oil-based blend, the flow rate required for full
conversion was 10% of the starting level after 40 days for the standard blend. For the reactor
in which the oil had received silica pretreatment, the flow was 18% of the starting level,
indicating almost double the residual enzyme activity at this time. Based on the type of ma-
terials being used, it would seem that it was primarily oxidation compounds that were being
removed. Ibrahim et al.14 also focused on oxidation compounds and proposed the use of
spent enzyme catalyst as a means of removing enzyme-inactivating species. Using molecular
sieves, activated carbon and deactivated but unused enzyme, they increased productivity (kg
oil converted/kg enzyme) by a factor of 3.1, 7.4 and 4.1 fold, respectively. From this they
concluded that spent enzyme might be an effective purifying material but this assumes that
the sites of absorption for enzyme-poisoning compounds have not all been occupied during
the normal use of the enzyme product.

Elimination of acids can be achieved by not using phosphoric acid in degumming and
ensuring that a bleaching earth, which has been fully washed to remove residual acid, is
employed. Where this is not possible or where the oils are produced at another location,
alkali treatment of the oil is a possibility. Sodium carbonate and potassium hydroxide have
both been used to remove residual acidity and cause an increase in enzyme productivity.13

15.5.3 Practical operation of EIE

In factory operations there are two parameters that also need to be controlled. The fat melting
profile or SFC needs to match that of the desired specification, and the quality (measured
as crystallization characteristics – relative content of different crystalline forms; colour –
predominately red and yellow; and odour) of the produced fat needs to be at least as good as
that produced by the alternative technology.

The SFC is a measure of the amount of fat solid at a particular temperature and it is this
which controls the melting properties. The SFC curve shown in Fig. 15.1 does not totally
match the one for CIE. In practice, batch reactions with differing proportions of the two
components of the blend fats would be conducted in order to find the exact mix that gave
the desired results. This is illustrated in Fig. 15.7, which compares the SFC curve for EIE
of three blends of palm stearine and sunflower oil with a product obtained from CIE of
a 30:70 blend of the same fats. The curve for the same proportion blend made by EIE is
slightly below that of the chemical process. By adjusting the blend used for EIE towards a
32:68 proportion, an exact match can be achieved. Similarly to replace partly hydrogenated
fats, a similar approach can be followed but a wider range of fat blend compositions may
be required in order to fully match the properties of the originally hydrogenated fat. For
example, partially hydrogenated soya bean oil can be substituted by the interesterification
of fully hydrogenated soya bean oil with liquid soya bean oil. This produces the desired
physical properties that does not lead to the formation of trans fats nor increase overall the
level of saturated fats.

The composition that provides the desired SFC values is then used for continuous in-
teresterification in the series reactor system. The batch interesterification is carried out to
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Fig. 15.7 Optimization of blend composition to match the SFC curve of a CIE fat.

provide a full conversion of the fats. The flow rate through the series reactors is adjusted to
give the same conversion, ensuring the same quality of product is constantly produced. This
is only possible where several reactors are connected in series because with a single reactor,
reduction in flow rate would be required to compensate for loss of enzyme activity. With a
series configuration, no single reactor is responsible for the total conversion and hence flow
can be kept constant, whilst at the same time all the enzyme activity is utilized.

The resulting modified fat will be incorporated into a margarine, shortening or other
food product. It is essential that the product quality of this modified fat is at least as good
as that produced by the alternative technology. EIE is a milder process than either CIE
or hydrogenation and results in better retention of natural anti-oxidants (tocopherols, etc).
This by itself could be expected to improve oxidative stability of the resulting fats but it is
normally the case that additional anti-oxidants are added which may blur this distinction.
However, some studies have reported lower PVs and better colour for margarines pro-
duced with enzymatically modified fats15 and no observations of poorer quality have been
recorded.

Baking quality of the produced margarines is also a critical parameter and a number
of investigations into this area have been made. Kirkeby16 made baking tests to produce
puff pastry and commented that the margarine from enzymatically interesterified hardstock
gave superior results to that from CIE. Cowan et al.17 focused on margarine for bread
production and showed that equal bread volume and other characteristics could be obtained
for a shortening made by EIE compared to a commercial product. Finally, Siew et al.18

interesterified different blends of hard palm stearin with canola oil to produce a range of
different margarine and fat products. They observed that by varying the proportions between
the two starting materials, they could produce modified fats with physical properties suitable
for the production of stick margarine, shortenings, puff pastry margarine and vanaspati.
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15.5.4 Future directions for EIE

The EIE process is now well on the way to becoming the process of choice for fat modification
within the oils and fats industry. Many full-scale installations have been completed and some
have run for a number of years. Now that the main factors influencing enzyme activity and
productivity have been determined, research can focus on mitigating the effect of these on
enzyme working life. Protein engineering is capable of modifying the sensitivity of enzymes
to both oxidative compounds and altering their pH optima. Thus, we can expect that new
lipases will be developed with reduced or eliminated sensitivities to these factors. Also, as
the immobilization system could in principle be extended to other lipases, then different
reactions could be carried out to produce fats of different physical or nutritional qualities.

15.6 ENZYMATIC DEGUMMING

In edible oil refining, it is necessary to remove impurities that affect the taste, smell, visual
appearance and storage stability of the oil. There are a number of different types of impurities
(metal ions, free fatty acids, suspended solids, waxes, etc.) and the refining industry has
developed a range of different processes to deal with them. One important class of undesirable
compounds are the phosphatides (commonly known as lecithin’s), derived from the seeds
and present as hydratable and non-hydratable gums.

A number of different methods have been developed to remove these gums and they can
be broadly grouped as physical or chemical methods. Chemical refining of vegetable oils is
still the most common refining process. In this process, alkali (sodium hydroxide) is added
to neutralize the free fatty acids to soaps, followed by a washing process that removes the
entrained phosphatides and other contaminants. However, physical refining is increasingly
taking over, due to cost and environmental benefits. In one form of physical refining, water is
used to remove the hydratable gum portion. Acids such as phosphoric are added to convert the
remaining gums to a hydratable form which can then be removed by further water washing
and centrifugation. The fatty acids are not eliminated by this treatment but are subsequently
removed by the deodorization process.

Enzymatic degumming is a form of physical refining in which a phospholipase is used
to convert the non-hydratable phosphatides into a hydratable form, allowing them to be
removed by a one-step centrifugation process.

All degumming methods must, to be successful, reduce the phosphorus level in oil to
<10 ppm. Phosphorus content of oils is the accepted measure of phospholipid content and is
routinely determined by inductively coupled plasma mass spectrometer (ICP-MS) or if this
is not available, by a less reliable colorimetric method. The drawback of the older method is
that the reaction is less sensitive for phosphorus levels of 0–20 ppm and errors in the ashing
process for sample preparation can further reduce the accuracy of the method. Both methods
assume that all phosphorus in the oil is associated with phospholipid but some may result
from phosphoric acid if this is used in the degumming process.

15.6.1 Phospholipid structure and phospholipases

Vegetable oil lecithin has a similar structure to a triglyceride where the fatty acid at the sn-3
position is replaced by a functional phosphatide group (Fig. 15.8).
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Phospholipases are classified according to which part of the phospholipid molecule they
hydrolyze (Fig. 15.9). Phospholipase A1 and A2 remove a fatty acid at the sn-1 or sn-2
position, respectively. The formed lyso-phospholipid is water hydratable and can then be
removed by centrifugation with the small amount of water used in the hydrolysis reaction.

Phospholipase D is mainly found in the oil seeds themselves and can produce increased
levels of phosphatidic acid if seeds are not correctly stored. Phospholipase C produces a
diglyceride rather than a lyso-phospholipid and is so far only used on a limited scale in
combination with phospholipase A1.19

15.6.2 Mechanism of enzymatic degumming

Phosphatides in vegetable oils are present as water hydratable or non-hydratable. Seghers20

demonstrated that the rate of hydration was the highest with phosphatidylcholine and the
lowest with phosphatidic acid (Fig. 15.10).

The content of the different phosphatides varies somewhat with source and also with
harvest and storage conditions; in particular activation of phospholipase D in the seed can

O
CH2-O-C-R1

R 2-C-O-CH
O              O

CH2-O-P-O-X

Phospholipase A1

Phospholipase A2

O

Phospholipase C Phospholipase D

X = H, choline, ethanolamine, serine, inositol, etc.

Fig. 15.9 Mode of action of phospholipases.
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Fig. 15.10 Rate of hydration of different phosphatides PC, phosphatidyl choline; PI, phosphatidyl inosi-
tol; PE, phosphatidyl ethanolamine; PA, phosphatidic acid; HPLC, high performance liquid chromatography.

lead to elevated PA levels. Analysis of five rapeseed oil samples containing on average
450 ppm of phosphorus gave the distribution of the four phospholipid types, shown in
Fig. 15.11. Water degumming of this oil could not bring the phosphorus content to <10 ppm
due to the relatively high content of non-hydratable phosphatides and enzymatic degumming
is required.21

The process of degumming oils with Lecitase Ultra consists of three steps:

1. Bringing the lecithin to an oil/water interface to allow the enzyme to react
a. Mixing with citric acid to chelate the metal ions (Ca++, Fe++, etc.) which normally

hold the lecithin within aggregates in the crude oil.
b. Applying high shear mixing to provide a large surface area for the lecithin through

emulsification.
2. Reacting the lecithin with enzyme

a. The phospholipase converts the aggregated lecithin to lyso-lecithin.
3. Separation

a. Centrifugation in one step, which efficiently removes the water phase, which contains
all the lecithin. The phosphorus content in the oil should be <10 ppm after
centrifugation.
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Fig. 15.11 Phosphatide content of rapeseed oil determined by HPLC analysis.
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A schematic description of the process is given in Fig. 15.12.
Following the three steps outlined above, it is clear that the first part of the process is

the citric acid step, where a small amount of citric acid (0.04–0.1%) is added to the oil as a
concentrated solution (45–50%). The citric acid is distributed with a high shear mixer, and
allowed to react in a holding tank with a retention time of 10–30 min. NaOH is added to
adjust the pH of the water phase. The amount of NaOH is balanced with the citric acid. The
optimum amount is 1.5 mol NaOH for each mol of citric acid. Water (up to 1.5–2.5% by
weight of oil water) is added together with the enzyme. Enzyme dosage is approximately
30 ppm (30 g/1000 kg oil). A second high shear mixer is assuring complete distribution of
the ingredients and creation of a water-in-oil emulsion with the phospholipids distributed at
the water/oil interface.

The second phase of the process is to allow time enough for the enzyme to react. This is
done in a continuous stirred tank system. In the first generation of enzymatic degumming,
the typical tank volume is four to six times the hourly production capacity of the production
line.

After the reaction, the phospholipids/gums are separated from the oil in the third phase of
the process. As all the gums are now hydratable they will be eliminated with the water phase
by the centrifugation.

15.6.3 Industrial experience with enzymatic degumming

Although the use of this degumming process is quite widespread, the published data on its
efficiency is limited. However, the published data that is available confirms that the process
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Table 15.3 Degumming operations with soya bean oil.

Crude oil Water degummed oil

Caustic
refining

Enzymatic
refining

Caustic
refining

Enzymatic
refining

P level in oil 525 ppm 525 ppm 150 ppm 150 ppm
P level after centrifuge 2 ppm 2 ppm 2 ppm 2 ppm
Soapstock (%) 3.19 1.7 1.51 0.5
Refining loss (%) 3.08 1.57 1.42 0.45
Yield of oil (%) 96.6 97.8 98.3 99

can produce the lowest oil yields of all the degumming methods. An enzymatic degumming
installation for soya bean oil capable of running with either crude or water degummed oil
was described by Dayton.22 Using Lecitase Ultra, they were able, by use of meticulous
mass balance studies, to document their oil recovery over an extended period. Table 15.3
summarizes the results that were obtained and proves that yield loss was virtually eliminated
by the enzymatic process.

Yang et al.,23, 24 report two separate studies of the enzymatic degumming of rapeseed oil
and soya bean oil. In both cases, using two, three stage CSTR reaction tanks, the resulting
phosphorus level in the oil was below 10 ppm before bleaching and deodorization. They
also noted that the resulting gums were more fluid than those from normal acid degumming
which improved their handling properties.

The significant observation in all of these industrial evaluations was not only that phospho-
rus was reduced to the desired level, but also that the loss of oil in the gums was significantly
decreased. With vegetable oil prices almost continually increasing, the value of this recovered
oil becomes an increasingly important reason for carrying out this form of degumming.

Using data on oil losses in gums for the different degumming methods and assuming a
value of 1200 US$/ton for soya bean oil, the value of the extra oil yield can be calculated
(Fig. 15.13).

15.6.4 Process developments in enzymatic degumming

In enzymatic degumming, a long reaction time was initially used because the first genera-
tion pancreatic phospholipase had a high cost and required a low dosage to be economic.
Developments with microbial phospholipases reduced the dosage cost and hence reaction
times could be shortened. By increasing the dosage of Lecitase Ultra from 30 to 60 ppm, the
overall reaction time required can be reduced to approximately 1 h (Fig. 15.14).

This has an immediate benefit in that the reactor volume required to degum a given volume
of oil can be markedly reduced. This saves cost, in that smaller tanks can be used, but in
addition the amount of space required in the factory is reduced. Space for tank installation
can be a major hurdle in some refineries and being able to reduce the requirement is a major
benefit of short time enzymatic degumming.

A further reduction in required space and tank volume can be achieved in those refineries
using a water degumming as a first step followed by caustic neutralization or acid degumming.
In these cases, the gums that are removed in the water-washing stage of this process carry
a significant amount of oil with them. For each kilogram (dry weight) of gums extracted,
0.9–1.2 kg of oil will be lost. As the gum amount can be between 1.5% and 2.5% by weight of
the oil, this loss can be significant. In standard enzymatic degumming of crude vegetable oil,
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Effect of Lecitase Ultra dose on degumming
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Fig. 15.14 Effect of enzyme dosage on degumming rate.

the oil binding ability of the gums is lost when they are converted to lyso-lecithin. However,
as mentioned above, space can be limiting and there may not be the opportunity to install
enzymatic degumming, even with the reduced contact times now available.

A process has been developed which operates on the extracted gum itself and permits
the recovery of the entrained oil.25 In this extension of the degumming process, the gums
are collected in a stirred reaction vessel at 55◦C and Lecitase Ultra (200–300 ppm) is added
together with a small amount of citric acid (10 mM calculated on the oil free gum mass).
After 2–3 h of reaction, the gums are heated to 80◦C to break the emulsion and the oil can
then be recovered by centrifugation (Fig. 15.15).

The resulting oil can be blended back into the main oil process where it can be further
processed through bleaching and deodorization. The gums resulting from this process are of
much lower viscosity, have a reduced oil content and are more readily mixed with the meal
left over after oil extraction.

15.6.5 Future developments in enzymatic degumming

Originally, enzymatic degumming was applied mainly to soya bean and rapeseed oils as these
were the oil types having the highest phospholipid levels and also believed to be the most
appropriate oil types. Enzymatic degumming is now being extended to other types including
sunflower, corn, linseed and rice bran oils. Laboratory trials of palm oil degumming have
also shown that this oil can be degummed and as more exotic oils, for example jatropha, are
developed for biodiesel production, then these will also require enzymatic degumming to
maximize yields.

Other phospholipases are also under development and recently other A1 and A2 enzymes
have been introduced. These products are alternatives to the existing enzyme products and
to date have not shown any specific advantages in functionality. However, their introduction
is an indication that research is continuing in this field and that more producers regard
enzymatic degumming as an interesting opportunity.
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Influence of pH and incubation time on yield
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Fig. 15.15 Oil recovery from gums with phospholipase.

Lyso-phospholipases have also been developed in an attempt to further degrade lyso-
phospholipids to glycero-phospholipids which would be even more hydrophilic than the lyso
form. These enzymes may play a role in oil recovery from gums as they would increase the
separation of gum and oil by further reducing the ability of the gum to bind oil.

In enzymatic degumming using the A1 or A2 phospholipase there is also a release of fatty
acid coming from the hydrolysis of the phospholipid. Stochiometric calculations suggest that
a reduction in phosphorus of 100 ppm should be accompanied by the release of 0.1% free
fatty acids (FFAs). On that basis degumming of crude oil with ∼750 ppm of phosphorus
would result in an increase level of FFAs of 0.75%. This would need to be removed in
a deodorizer and would increase the load on this equipment. Laboratory and plant-scale
tests reveal that the amount of generated FFAs is lower than the amount mentioned because
not all the phospholipid needs to be hydrolyzed in order to obtain the desired reduction in
phosphorus (Table 15.4).

Phospholipase C has been suggested as an alternative, as this enzyme would produce
a diglyceride which would remain in the oil fraction. The first phospholipase C that was
introduced could, however, not hydrolyze PA which resulted in the need for a subsequent
chemical degumming stage. This reduced markedly the value of this approach. Another
solution was to combine the existing phospholipase A1, which is capable of hydrolyzing all
the phosphatides, with phospholipase C. This compromise avoids the need for the chemical

Table 15.4 FFA generation during degumming.

Enzymatic degumming of Canola oil

Reduction in P (ppm) 175
Calculated increase in FFA 0.175%
Observed increase 0.08%
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Table 15.5 Comparison of different degumming methods.

Caustic
refining

PLA enzymatic
refining

PLA/PLC
enzymatic
refining

Starting phos. level in crude oil 500 ppm 500 ppm 500 ppm
Phos. level after centrifuge 2 ppm 2 ppm 2 ppm
Centrifuge discharge (dry %) 3.19 1.13 0.62
Yield of oil (%) 96.5 97.4 98.3

degumming step but still gives an overall good reduction in phosphorus content. Table
15.5 compares the original caustic process with the two enzymatic options and suggests
that combined enzyme addition may be a useful route until more efficient phospholipase C
enzymes become available.

15.7 ESTER SYNTHESIS

Fatty acid esters are produced from vegetable oil and some are used as ingredients in skin
care and other cosmetic products. The conventional production of fatty acid esters is based
on catalysis with either tin or acid at high temperature. Novozym 435 is a lipase that is able
to catalyze the conversion of vegetable oil to specific fatty acid esters. In this approach, the
traditional tin catalyzed process can be substituted with an enzymatic process using Novozym
435 (Fig. 15.16).

The advantages of this approach are considerably lower operating temperatures, a reduced
energy demand and less formation of by-products. When operating this type of synthesis, the
released water must be removed as this will limit the conversion to the ester. As water levels
build up within the system, the synthesis reaction slows and eventually hydrolysis of the
ester will occur (Fig. 15.17). In industrial operation this is achieved by operating at reduced
pressure or by the addition of molecular sieves (MS) to remove the water.

The purity of the products produced by enzymatic synthesis is much higher than from the
conventional chemical process. A comparison of the purity of myristyl myristate produced
by tin or enzyme-catalyzed reactions was made by Thum26 and is shown in Table 15.6.

The product from enzymatic synthesis had the same melting properties as the conventional
one but the colour formation was lower and the overall yield higher. The production of cetyl
ricinoleate was also considered and an overall yield improvement noted (93% compared to
61%). In addition, not only was the synthesis of dimer reduced but the level of unknown
materials as illustrated by the base line on the chromatograph was also lower, indicating an
overall purer product (Fig. 15.18).

O OLipase
Isopropylalcohol

OH O

H2O

Fig. 15.16 Lipase catalyzed ester synthesis of isopropyl myristate.
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Fig. 15.17 Influence of water on ester synthesis.

15.8 SPECIALITY FATS

The production of fats with particular melting properties or fatty acid compositions has not
advanced as far as might be expected when it is recalled that the production of CBEs was the
first of the industrial lipase applications. One reason for this was the difficulty of carrying
out the reaction using the immobilized lipases available at the time. However, once lipases
immobilized onto ion exchange resins were developed, the possibilities inherent with lipase
for stereospecific fat modification could be explored. One of the best examples of this is the
synthesis of a diglyceride oil from the reaction between glycerol and fatty acids, catalyzed
by a 1.3 specific lipase (Lipozyme RM IM).27 The highest yield of diacetyl glycerol (DAG)
with 4 h reaction time was produced using a 1:2 molar ratio of glycerol to FFAs at 50◦C
and applying a vacuum of 3 mm of mercury. As with the ester synthesis reported above,
DAG yield was reduced if the water produced in the reaction was not removed. A number of
different water removal possibilities were proposed including nitrogen sparging as well as
operation at reduced pressure.

The production of these DAG products is carried out in two stages. First, a fat containing
the desired fatty acids is hydrolyzed and the fatty acids are removed by distillation. Glycerol
and the wanted fatty acids are then re-combined to form the DAG, through the enzyme
catalyzed reaction. These DAG products are without a fatty acid at the sn-2 position and on
ingestion are not metabolized as fat by the human body, opening up the possibility of having
low calorie fat products for the food industry.

Table 15.6 Comparison of purity of myristyl myristate made by two routes.

Enzymatic Conventional (average of 4)

OH-value 6.0 11.3
Peroxide value <0.1 0.5
Melting point (◦C) 41 40
Colour @ 50◦C 28 73
GC: purity (%) 96.4 88.5
GC: C14-OH (%) 1.4 3.5
GC: unknown (%) 0.4 2.1
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Fig. 15.18 Comparison of product purity for chemically and enzymatically produced cetyl ricinoleate.

Alternative methods of production of these fats are possible, one option being to inter-
esterify a mixture of a triglyceride and glycerol, or by hydrolyzing a fat with an sn-2 specific
lipase. Some laboratory evaluations have been made of the first route using specifically
produced lipases with the correct regiospecificity but as yet no industrial source of an sn-2
specific lipase is available.

Triglycerides containing elevated levels of essential fatty acids can also be produced by
enzymatic synthesis. The essential fatty acids EPA and DHA are found in fish oils but the
level is relatively low (Table 15.7).

If an ethanolysis reaction is carried our between the fish oil and ethanol, ethyl esters
of the fatty acids can be produced. These have a lower boiling point than the starting fish
oil and can be separated by a short path distillation process as described by Kralovec et
al.28 The extracted EPA and DHA ethyl esters can then be recombined to form a triglyc-
eride by reaction with an immobilized esterase such as Candida antartica lipase B. The
reaction is summarized in Fig. 15.19, and the liberated ethanol can be recycled for further
reactions.

The benefit of using the ethyl ester for this reaction is that ethanol has a lower boiling
point than water, but has the disadvantage that it will tend to strip away the small amount
of water held by the enzyme, thus reducing the catalytic activity. The main reason for this
synthesis is to allow for the production of highly concentrated omega 3 supplements and the
avoidance of the fishy taste and aroma normally associated with fish oils.

Table 15.7 % EPA and DHA content of fish oils.

EPA DHA

Cod liver oil 9.0 9.5
Herring oil 7.1 4.3
Menhaden 12.7 7.9
Salmon 8.8 11.1
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Fig. 15.19 Synthesis of DHA and EPA containing triglycerides.

15.9 ENVIRONMENTAL BENEFITS OF ENZYMATIC
PROCESSING

Replacing chemical processing with enzymatic routes clearly involves lower operating tem-
peratures and improved yields of the desired products. Quantification of the environmental
benefits demands the use of other assessment systems to determine how the enzymatic
process compares to the replaced chemical one.

Life cycle assessment (LCA) is the accepted method for quantifying the environmen-
tal impacts of new and existing technologies. The analysis will compare all processes in
the product chain – from raw material extraction through production and use to final dis-
posal. LCA is used to compare environmental impacts of two or more alternative processes
providing the same benefit to the user. LCA has been applied in three areas (degumming,
interesterification and ester synthesis) where lipases can replace chemical processes to ex-
amine the environmental impact of the conventional and enzymatic alternative. In each case,
inputs and outputs have been quantified and the potential savings have been calculated in
terms of energy, global warming contribution, acidification, etc.

For EIE, comparison was made between the chemical and EIE of palm stearin and palm
kernel oil to produce a hard stock for margarine production. The analysis compared the parts
of the life cycle which will differ, so the production of the oils is not included as this is
the same in both cases. For degumming, soya bean oil production was studied and for ester
synthesis, the production of the cosmetic wax myristyl myristate.

The LCAs were carried out according to the procedures of Wenzel et al.29 and the as-
sessments are in agreement with ISO 14 040 and are based on the principles described by
Hauschild et al.,30 with the modelling carried out in SimaPro 6.0 software. Characterizations
of environmental impacts are based on Eco-indicator 95 v2. The assessment covers four envi-
ronmental indicators: global warming, acidification, nutrient enrichment and photochemical
ozone formation. The results of the three studies are summarized in Table 15.8.

Table 15.8 Net savings per 1000 kg product when enzymatic processing replaces chemical.

Enzymatic
degumming

Enzymatic
interesterification Ester synthesis

Fossil energy 400 MJ 280 MJ 2760 MJ
Global warming 44 kg CO2 23 kg CO2 187 kg CO2
Acidification 527 g SO2 61 g SO2 2 g SO2
Nutrient enrichment 375 g PO4 58 g PO4 130 g PO4
Smog formation 18 g C2H4 4 g C2H4 74 g C2H4
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In all cases, the replacement of chemical processing by an enzymatic alternative reduces
the environmental impact as the net savings also take into account the environmental impact
of enzyme production.

15.10 FUTURE DEVELOPMENTS IN LIPASE APPLICATIONS

15.10.1 Biodiesel

Examination of the literature reveals more than 40 papers on the use of lipases in the produc-
tion of biodiesel (fatty acid methyl ester). Nielsen and Holm31 have calculated that at current
lipase conversion costs, an enzymatic biodiesel route is at least five times more costly than
the use of a chemical catalyst. However, they do expect that developments in immobilization
technology will bring down this figure and that enzymatic biodiesel production will become
economic.

One area that looks of particular promise is the use of second grade oils such as jatropha,
which are not intended for human consumption and/or oils with high levels of FFAs. A dual
lipase approach in which one lipase is used to convert the FFA to methyl ester, while a second
hydrolyzes triglyceride to FFA, providing extra substrate for the first, looks the most likely
to succeed.

Methanol poisoning of lipases is also a problem in enzymatic biodiesel production, but
a number of options are available to reduce this. Ethanol and propanol, for example, are
both much less toxic to the enzyme and can be used as alternatives to methanol. Systems
for adding methanol semi-continuously, recycling part of the ester to provide a cosolvent or
running the reaction in t-butanol (which is not affected by lipases) have all been proposed
as solutions to this issue. With the large amount of research effort being applied to this area,
we can expect an enzymatic biodiesel process to be introduced shortly.

15.10.2 Alternative immobilization systems

One of the limiting factors for the production of speciality and structured fats has been the
relatively high cost of the immobilization system. The development of more cost effective
immobilization processes may make fat modification more widely affordable for synthesis
reactions.

Table 15.9 shows the results of an acidolysis reaction carried out with Rhizomucor miehei
lipase on two different carriers. The conventional carrier is an ion exchange resin and the
other a lower cost alternative. While not producing identical results, much of the stereo
specificity of the lipase has been retained using the new immobilization system, opening up
the possibility of developing less expensive lipase products.

Table 15.9 Acidolysis reactions with lipase on different carriers at 65◦C for 48 h.

TAG type Palm stearine (%)
After acidolysis with
standard enzyme (%)

After acidolysis with
enzyme on new carrier (%)

PPP 62.7 1.8 4.5
POP 13.2 17.2 29.1
POO/OPO 4.4 37.8 36.3
OOO 0.6 25.0 11.3



P1: SFK/UKS P2: SFK
c15 BLBK192-Whitehurst August 4, 2009 13:58 Printer Name: Yet to Come

Lipases for the production of food components 357

15.10.3 Alternative reaction systems

Many lipase reactions are carried out using immobilized enzymes, partly to be able to reuse
the enzyme, but also because it has been assumed that water-soluble enzymes would not
function in fats. The use of a water-soluble phospholipase in enzymatic degumming has
demonstrated that this form can also be used if the enzyme is well dispersed within the fat in
the form of water droplets containing the enzyme.

A similar approach could also be used for synthesis reactions where a batch conversion is
preferred. One model system used to investigate this concept is the removal of FFA from an
oil by reaction with glycerol or mono or diglycerides. The reaction takes place under reduced
pressure to remove the generated water and with initial dispersion of the enzyme throughout
the reactants with the help of a high shear mixer. A distillate from palm oil refining (almost
pure FFA) was mixed in a stochiometric ratio with glycerol and liquid Candida antartica B
lipase added at 50, 100 or 175 lipase units (LU) g−1 glycerol. Following high speed mixing
with an Ultra turrax, the reaction was allowed to proceed with stirring under vacuum at
65◦C.

Despite relatively high water levels coming from the reaction and the portion introduced
together with the enzyme itself, FFA was quickly removed from the reaction (Fig. 15.20).
This type of reaction could also be applied for the removal of FFA from oils without yield
loss. Oils such as rice bran oil contain quite high FFA levels coming from hydrolysis of the
oil on storage of the rice bran. This FFA could be recombined with the mono and diglycerides
in the oil to increase the physical yield of the process and avoid losses.

Enzyme dose versus FFA reduction with Lipozyme CalB L
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Fig. 15.20 FFA removal using water-soluble lipase.
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15.11 CONCLUSIONS

Within the last 25 years, lipases have grown from being one of the smallest application areas
of enzymes to a much larger and more important one. From a limited application within
the dairy industry, lipases have spread and now offer key technological and environmental
benefits for the oils and fats industry. The development of improved production systems
giving higher enzyme yields coupled with more cost-effective immobilization systems has
made this change possible. However, the growth in applications is far from being complete
and it is clear that the benefits of the research and development efforts of the last decades will
be new ways of applying lipases and new lipase products of altered properties to supplement
those available today.
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Colour Plate 1 Effect of β-glucanase on beer filtration. (Also see Fig. 8.4.)
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Colour Plate 2 Acetolactate-decarboxylase (ALDC) and diacetyl reduction. (Also see Fig. 8.6.)
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Colour Plate 3 Cloudy apple juice (left) control (right) process with Aspergillus niger pectin methyl
esterase. (Also see Fig. 11.5.)

Colour Plate 4 Layout of reactors for EIE. (Also see Fig. 15.4.)
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