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Preface

For centuries, meat and its derived products
have constituted some of the most important
foods consumed in many countries around
the world. Despite this important role, there
are few books dealing with meat and its
processing technologies. This book provides
the reader with an extensive description of
meat processing, giving the latest advances
in technologies, manufacturing processes,
and tools for the effective control of safety
and quality during processing.

To achieve this goal, the book contains 31
chapters distributed in three parts. The first
part deals with the description of meat chem-
istry, its quality for further processing,
and the main technologies used in meat
processing, such as decontamination, aging,
freezing, curing, emulsification, thermal pro-
cessing, fermentation, starter cultures, drying,
smoking, packaging, novel technologies,
and cleaning. The second part describes the
manufacture and main characteristics of

worldwide meat products such as cooked
ham and sausages, bacon, canned products
and paté, dry-cured ham, mold-ripened sau-
sages, semidry and dry fermented sausages,
restructured meats, and functional meat prod-
ucts. The third part presents efficient strate-
gies to control the sensory and safety quality
of meat and meat products, including physi-
cal sensors, sensory evaluation, chemical
and microbial hazards, detection of GMOs,
HACCEP, and quality assurance.

The chapters have been written by distin-
guished international experts from fifteen
countries. The editor wishes to thank all the
contributors for their hard work and for
sharing their valuable experience, as well as
to thank the production team at Wiley-
Blackwell. T also want to express my appre-
ciation to Ms. Susan Engelken for her kind
support and coordination of this book.

Fidel Toldra
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Chapter 1

Chemistry and Biochemistry of Meat

Elisabeth Huff-Lonergan

Introduction

Muscle cells are among the most highly orga-
nized cells in the animal body and perform a
varied array of mechanical functions. They
are required for the movement of limbs,
for locomotion and other gross movements,
and they must also perform finer tasks
such as maintaining balance and coordina-
tion. Muscle movement and metabolism
are associated with other diverse functions
such as aiding in movement of blood and
lymph and also in maintaining body tempera-
ture. All of these functions are dependent
on cellular metabolism and the ability of the
cell to maintain energy supplies. Few cells
are required to generate as much force and
undergo as dramatic shifts in rate of metabo-
lism as muscle cells. The ability of living
skeletal muscle to undergo relatively large
intracellular changes also influences its
response to the drastic alterations that occur
during the first few hours following exsan-
guination. Thus the organization, structure,
and metabolism of the muscle are key to its
function and to the maintenance of its integ-
rity both during contraction and during the
early postmortem period. Ultimately, these
postmortem changes will influence the suit-
ability of meat for further processing.

Muscle Composition

The largest constituent of muscle is water
(Table 1.1; U.S. Department of Agriculture
2008). In living tissue, the average water

content is 75% of the weight of the muscle;
however, can vary, particularly in postmor-
tem muscle (range of 65-80%). Within the
muscle, it is the primary component of extra-
cellular fluid. Within the muscle cell, water
is the primary component of sarcoplasmic
(cytoplasmic) fluid. It is important in thermo-
regulation; as a medium for many cellular
processes; and for transport of nutrients
within the cell, between cells, and between
the muscle and the vascular system.

The second largest component of muscle
is protein (U.S. Department of Agriculture
2008). Protein makes up an average of 18.5%
of the weight of the muscle, though that
figure can range from 16 to 22%. Proteins
serve myriad functions and are the primary
solid component in muscle. The functions of
proteins are quite varied. Muscle proteins are
involved in maintaining the structure and
organization of the muscle and muscle cells
(the role of highly insoluble stromal pro-
teins). They are also important in the contrac-
tile process. These proteins primarily are
associated with the contractile organelles, the
myofibril, and are thus termed myofibrillar
proteins. In general, the myofibrillar proteins
are not soluble at low ionic strengths found
in skeletal muscle (ionic strength <0.15), but
can be solubilized at higher ionic strengths
(=0.3). This class of proteins includes both
the proteins directly involved in movement
(contractile proteins) and proteins that regu-
late the interactions between the contractile
proteins (regulatory proteins). There are also
many soluble proteins (sarcoplasmic pro-
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Table 1.1. Composition of Mammalian Muscle

Component % of Muscle Weight
Water 75% (65-80%)
Protein 18.5% (16-22%)
Lipid 3% (1-13%)
Carbohydrate 1% (0.5-1.5%)
Non-Protein Nitrogenous 1.7% (1-2%)
Substances
Other Non-Protein 0.85% (0.5-1%)
Substances (minerals,
vitamins, etc.)

Numbers in parentheses indicate the average range of
that component.(U.S. Department of Agriculture, 2008)

teins) that include proteins involved in cel-
lular signaling processes and enzymes
important in metabolism and protein degra-
dation/cellular remodeling.

The lipid content of the muscle can vary
greatly due to many factors, including animal
age, nutritional level of the animal, and
muscle type. It is important to note that the
lipid content varies inversely with the water
content (Callow 1948). Some lipid is stored
inside the muscle cell; however, within a
muscle, the bulk of the lipid is found between
muscle bundles (groupings of muscle cells).
Average lipid content of skeletal muscle is
about 3% of the muscle weight, but the range
can be as much as 1-13% (U.S. Department
of Agriculture 2008). In skeletal muscle,
lipid plays roles in energy storage, membrane
structure, and in various other processes in
the organ, including immune responses and
cellular recognition pathways.

The two major types of lipid found in
skeletal muscle are triglycerides and phos-
pholipids. Triglycerides make up the greatest
proportion of lipid associated with muscle.
Triglycerides (triacylglycerides) consist of a
glycerol molecule in which the hydroxyl
groups are esterified with three fatty acids.
The melting point and the iodine number of
lipid that is associated with the muscle is
determined by the chain length and the degree
of saturation of the fatty acids. Phospholipids
(phosphoglycerides) are another type of

complex lipid found in muscle. In this class
of lipids, one of the hydroxyl groups of glyc-
erol is esterified to a phosphate group, while
the other constituents are fatty acids. The
fatty acids associated with phospholipids are
typically unsaturated. Phospholipids in skel-
etal muscle are commonly associated with
membranes. The relative high degree of
unsaturation of the fatty acids associated with
the phospholipids is a contributing factor to
the fluidity of the cell membranes.

Carbohydrates make up a relatively small
percentage of muscle tissue, making up about
1% of the total muscle weight (range of 0.5—
1.5%). The carbohydrate that makes up the
largest percentage is glycogen. Other carbo-
hydrates include glucose, intermediates of
glycogen metabolism, and other mono- and
disaccharides. Glycosoaminoglycans are also
found in muscle and are associated with the
connective tissue.

There are numerous non-protein nitroge-
nous compounds in skeletal muscle. They
include substances such as creatine and cre-
atine phosphate, nucleotides (ATP, ADP),
free amino acids, peptides (anserine, carno-
sine), and other non-protein substances.

Muscle Structure

Skeletal muscle has a very complex organi-
zation, in part to allow muscle to efficiently
transmit force originating in the myofibrils to
the entire muscle and ultimately, to the limb
or structure that is moved. A relatively thick
sheath of connective tissue, the epimysium,
encloses the entire muscle. In most muscles,
the epimysium is continuous, with tendons
that link muscles to bones. The muscle is
subdivided into bundles or groupings of
muscle cells. These bundles (also known as
fasciculi) are surrounded by another sheath
of connective tissue, the perimysium. A thin
layer of connective tissue, the endomysium,
surrounds the muscle cells themselves. The
endomysium lies above the muscle cell mem-
brane (sarcolemma) and consists of a base-



ment membrane that is associated with an
outer layer (reticular layer) that is surrounded
by a layer of fine collagen fibrils imbedded
in a matrix (Bailey and Light 1989).

Skeletal muscles are highly diverse, in
part because of the diversity of actions they
are asked to perform. Much of this diversity
occurs not only at the gross level, but also at
the muscle cell (fiber) level. First, not only
do muscles vary in size, they can also vary
in the number of cells. For example, the
muscle that is responsible for adjusting the
tension of the eardrum (tensor tympani)
has only a few hundred muscle cells, while
the medial gastrocnemius (used in humans
for walking) has over a million muscle cells
(Feinstein et al. 1955). Not only does the
number of cells influence muscle function
and ultimately, meat quality, but also the
structure of the muscle cells themselves
has a profound effect on the function of
living muscle and on the functionality of
meat.

Muscle cells are striated, meaning that
when viewed under a polarized light micro-
scope, distinct banding patterns or striations
are observed. This appearance is due to spe-
cialized organelles, myofibrils, found in
muscle cells. The myofibrils have a striated,
or banded, appearance because different
regions have different refractive properties.
The light bands have a consistent index of
refraction (isotropic). Therefore, these bands
are called I-bands in reference to this isotro-
pic property. The dark band appears dark
because it is anisotropic and is thus called the
A-band.

The myofibrils are abundant in skeletal
muscle cells, making up nearly 80-90% of
the volume of the cell. Myofibrillar proteins
are relatively insoluble at physiological ionic
strength, requiring an ionic strength greater
than 0.3 to be extracted from muscle. For this
reason, they are often referred to as “salt-
soluble” proteins. Myofibrillar proteins make
up approximately 50-60% of the total extract-
able muscle proteins. On a whole muscle
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basis, they make up approximately 10-12%
of the total weight of fresh skeletal muscle.
Therefore, they are very important in meat
chemistry and in determining the functional-
ity of meat proteins.

Myofibrils are the contractile “machinery”
of the cell and, like the cells where they
reside, are very highly organized. When
examining a myofibril, one of the first obser-
vations that can be made is that the cylindri-
cal organelle is made up of repeating units.
These repeating units are known as sarco-
meres. Contained in each sarcomere are all
the structural elements needed to perform the
physical act of contraction at the molecular
level. Current proteomic analysis estimates
that over 65 proteins make up the structure
of the sarcomere (Fraterman et al. 2007).
Given that the sarcomere is the most basic
unit of the cell and that the number quoted in
this analysis did not take into account the
multiple isoforms of the proteins, this number
is quite high. Many of the proteins interact
with each other in a highly coordinated
fashion, and some of the interactions are just
now being discovered.

The structure of the sarcomere is respon-
sible for the striated appearance of the muscle
cell. The striations arise from the alternating,
protein dense A-bands and less dense I-bands
within the myofibril. Bisecting the I-bands
are dark lines known as Z-lines. The structure
between two Z-lines is the sarcomere. In a
relaxed muscle cell, the distance between
two Z-lines (and thus the length of the sarco-
mere) is approximately 2.2pum. A single
myofibril is made up of a large number of
sarcomeres in series. The length of the myo-
fibril and also the muscle cell is dependent
on the number of sarcomeres. For example,
the semitendinosus, a long muscle, has been
estimated to have somewhere in the neigh-
borhood of 5.8 x 10 to 6.6 x 10* sarcomeres
per muscle fiber, while the soleus has been
estimated to have approximately 1.4 x 10*
(Wickiewicz et al. 1983). Adjacent myofi-
brils are attached to each other at the Z-line
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by proteinacious filaments, known as inter-
mediate filaments. Outermost myofibrils are
attached to the cell membrane (sarcolemma)
by intermediate filaments that interact not
only with the Z-line, but also with structures
at the sarcolemma known as costameres
(Robson et al. 2004).

Myofibrils are made up of many myofila-
ments, of which there are two major types,
classified as thick and thin filaments. There
is also a third filament system composed pri-
marily of the protein titin (Wang et al. 1979;
Wang 1984; Wang et al. 1984; Wang and
Wright 1988; Wang et al. 1991; Ma et al.
2006;). With respect to contraction and rigor
development in postmortem muscle, it is the
interdigitating thick and thin filaments that
supply the “machinery” needed for these pro-
cesses and give skeletal muscle cells their
characteristic appearance (Squire 1981).
Within the myofibril, the less dense I-band is
made up primarily of thin filaments, while
the A-band is made up of thick filaments and
some overlapping thin filaments (Goll et al.
1984). The backbone of the thin filaments is
made up primarily of the protein actin, while
the largest component of the thick filament is
the protein myosin. Together, these two pro-
teins make up nearly 70% of the proteins in
the myofibril of the skeletal muscle cell.

Myosin is the most abundant myofibrillar
protein in skeletal muscle, making up approx-
imately 50% of the total protein in this organ-
elle. Myosin is a negatively charged protein
with an isoelectric point of 5.3. Myosin is
a large protein (approximately 500,000
daltons) that contains six polypeptides.
Myosin consists of an alpha helical tail (or
rod) region that forms the backbone of the
thick filament and a globular head region that
extends from the thick filament and interacts
with actin in the thin filament. The head
region of myosin also has ATPase activity,
which is important in the regulation of con-
traction. Each myosin molecule contains two
heavy chains (approximately 220,000 daltons

each) and two sets of light chains (14,000—
20,000 daltons). One of the light chains is
required for enzymatic activity, and the other
has regulatory functions.

Actin is the second-most abundant protein
in the myofibril, accounting for approxi-
mately 20% of the total protein in the myo-
fibril. Actin is a globular protein (G-actin)
that polymerizes to form filaments (F-actin).
G-actin has a molecular weight of approxi-
mately 42,000. There are approximately
400 actin molecules per thin filament. Thus
the molecular weight of each thin filament
is approximately 1.7 x 107 (Squire 1981).
The thin filaments (F-actin polymers) are
Ium in length and are anchored in the
Z-line.

Two other proteins that are important in
muscle contraction and are associated with
the thin filament are tropomyosin and tropo-
nin. Tropomyosin is the second-most abun-
dant protein in the thin filament and makes
up about 7% of the total myofibrillar protein.
Tropomyosin is made up of two polypeptide
chains (alpha and beta) The alpha chain has
an approximate molecular weight of 34,000,
and the beta chain has a molecular weight of
approximately 36,000. These two chains
interact with each other to form a helix. The
native tropomyosin molecule interacts with
the troponin molecule to regulate contrac-
tion. Native troponin is a complex that con-
sists of three subunits. These are termed
troponin I (MW 23,000), troponin C (MW
18,000), and troponin T (MW 37,000).
Troponin C has the ability to bind calcium
released from the sarcoplasmic reticulum,
troponin I can inhibit the interaction between
actin and myosin, and troponin T binds very
strongly to tropomyosin. The cooperative
action of troponin and tropomyosin in
response to calcium increases in the sarco-
plasm regulates the interaction between actin
and myosin and thus is a major regulator of
contraction. Calcium that is released from the
sarcoplasmic reticulum is bound to the tropo-



nin complex and the resulting conformational
changes within troponin cause tropomyosin
to move away from sites on actin to which
myosin binds and allows myosin and actin to
interact.

For contraction to occur, the thick and thin
filaments interact via the head region of
myosin. The complex formed by the interac-
tion of myosin and actin is often referred
to as actomyosin. In electron micrograph
images of contracted muscle or of postrigor
muscle, the actomyosin looks very much like
cross-bridges between the thick and thin fila-
ments; indeed, it is often referred to as such.
In postmortem muscle, these bonds are irre-
versible and are also known as rigor bonds,
as they are the genesis of the stiffness (rigor)
that develops in postmortem muscle. The
globular head of myosin also has enzymatic
activity; it can hydrolyze ATP and liberate
energy. In living muscle during contraction,
the ATPase activity of myosin provides
energy for myosin bound to actin to swivel
and ultimately pull the thin filaments toward
the center of the sarcomere. This produces
contraction by shortening the myofibril, the
muscle cell, and eventually, the muscle. The
myosin and actin can disassociate when a
new molecule of ATP is bound to the myosin
head (Goll et al. 1984). In postrigor muscle,
the supply of ATP is depleted, resulting in
the actomyosin bonds becoming essentially
permanent.

Muscle Metabolism

From a metabolic point of view, energy use
and production in skeletal muscle is simply
nothing short of amazing in its range and
responsiveness. In an actively exercising
animal, muscle can account for as much as
90% of the oxygen consumption in the body.
This can represent an increase in the mus-
cle’s metabolic rate of as much as 200% from
the resting state (Hargreaves and Thompson
1999).
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Central to the existence of the muscle cell
is the production of adenosine triphosphate
(ATP), the energy currency of the cell. ATP
consists of adenosine (an adenine ring and a
ribose sugar) and three phosphate groups (tri-
phosphate). Cleavage of the bonds between
the phosphates (P;) and the rest of the mole-
cule provides energy for many cellular func-
tions, including muscle contraction and the
control of the concentrations of key ions (like
calcium) in the muscle cell. Cleavage of P;
from ATP produces adenosine diphosphate
(ADP), and cleavage of pyorphosphate (PP;)
from ATP produces adenosine monophos-
phate (AMP). Since the availability of ATP
is central to survival of the cell, there is a
highly coordinated effort by the cell to main-
tain its production in both living tissue and
in the very early postmortem period.

Muscular activity is dependent on ample
supplies of ATP within the muscle. Since it
is so vital, muscle cells have developed
several ways of producing/regenerating ATP.
Muscle can use energy precursors stored in
the muscle cell, such as glycogen, lipids, and
phosphagens (phosphocreatine, ATP), and it
can use energy sources recruited from the
blood stream (blood glucose and circulating
lipids). Which of these reserves (intracellular
or circulating) the muscle cell uses depends
on the activity the muscle is undergoing.
When the activity is of lower intensity, the
muscle will utilize a higher proportion of
energy sources from the blood stream and
lipid stored in the muscle cell. These will be
metabolized to produce ATP using aerobic
pathways. Obviously, ample oxygen is
required for this process to proceed. During
high intensity activity, during which ATP is
used very rapidly, the muscle uses intracel-
lular stores of phosphagens or glycogen.
These two sources, however, are utilized
very quickly and their depletion leads to
fatigue. This is not a trivial point.
Concentration of ATP in skeletal muscle is
critical; available ATP must remain above
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approximately 30% of the resting stores, or
relaxation cannot occur. This is because
relaxation of contraction is dependent on
ATP, which is especially important because
removal of calcium from the sarcoplasm is
an ATP-dependent process (Hargreaves and
Thompson 1999).

The primary fuels for muscle cells include
phosphocreatine, glycogen, glucose lactate,
free fatty acids, and triglycerides. Glucose
and glycogen are the preferred substrates for
muscle metabolism and can be utilized either
aerobically (oxidative phosphorylation) or
anaerobically (anaearobic glycolysis). Lipid
and lactate utilization require oxygen. Lipids
are a very energy-dense storage system and
are very efficient with respect to the high
amount of ATP that can be generated per unit
of substrate. However, the rate of synthesis
of ATP is much slower than when glycogen
is used (1.5 mmol/kg/sec for free fatty acids
compared with 3mmol/kg/sec for glycogen
utilized aerobically and 5 mmol/kg/sec when
glycogen is used in anaerobic glycolysis)
(Joanisse 2004).

Aerobic metabolism, the most efficient
energy system, requires oxygen to operate,
and that oxygen is supplied by the blood
supply to the muscle and by the oxygen trans-
porter, myoglobin. It has been estimated that
in working muscle, the myoglobin is some-
where in the neighborhood of 50% saturated.
Under conditions of extreme hypoxia (as
found in postmortem muscle), oxygen sup-
plies are depleted because blood flow is not
sufficient (or does not exist), and myoglobin
oxygen reserves are depleted if this state con-
tinues long enough. Prior to exsanguination,
the oxidation of glycogen or other substrates
to form water and carbon dioxide via oxida-
tive phosphorylation is a very efficient way
for the cell to regenerate ATP. However,
after exsanguination, the muscle cell must
turn solely to anaerobic pathways for energy
production.

Phosphocreatine in living, rested muscle
is available in moderate abundance compared

with ATP (100 mmol/kg dry muscle weight
for phosphocreatine compared with 25 mmol/
kg dry muscle weight for ATP) but very low
abundance compared with glycogen (500
mmol/kg dry muscle weight for glycogen).
Phosphocreatine can easily transfer a phos-
phate group to ADP in a reaction catalyzed
by creatine kinase. This reaction is easily
reversible and phosphocreatine supplies
can be readily restored when ATP demand
is low. In living muscle, when activity is
intense, this system can be advantageous, as
it consumes H* and thus can reduce the
muscle cell acidosis that is associated with
anaerobic glycolysis. Another advantage of
the system is that the catalyzing enzyme is
located very close to the actomyosin ATPase
and also at the sarcoplasmic reticulum (where
calcium is actively taken up from the sarco-
plasm to regulate contraction) and at the sar-
colemma. However, this system is not a
major contributor to postmortem metabo-
lism, as the supplies are depleted fairly
rapidly.

In general, glycogen is the preferred
substrate for the generation of ATP, either
through the oxidative phosphorylation or
through anaerobic glycolysis (Fig. 1.1). One
of the key steps in the fate of glycogen is
whether or not an intermediate to the process,
pyruvate, enters the mitochondria to be
completely broken down to CO, and H,O
(yielding 38 mol of ATP per mole of oxidized
glucose-1-P produced from glycogen or
36mol if the initial substrate is glucose),
or if it ends in lactate via the anaerobic gly-
colysis pathway. The anaerobic pathway,
while comparatively less efficient (yielding
3mol of ATP per mole of glucose-1-P pro-
duced from glycogen or 2mol if the initial
substrate is glucose), is much better at pro-
ducing ATP at a higher rate. Early postmor-
tem muscle obviously uses the anaerobic
pathway, as oxygen supplies are rapidly
depleted. This results in the buildup of the
end product, lactate (lactic acid), resulting in
pH decline.
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Figure 1.1. ATP production in muscle.

Major Postmortem Changes
in Muscle

Tenderization

During refrigerated storage, it is well known
that meat becomes more tender. It is com-
monly accepted that the product becomes
more tender because of proteolytic changes
occurring in the architecture of the myofibril
and its associated proteins. There are several
key proteins that are degraded during post-
mortem aging.

Titin

Titin (aka connectin) is a megaprotein that is
approximately 3 megadaltons in size. In
addition to being the largest protein found in

mammalian tissues, it is also the third-most
abundant. A single titin molecule is estimated

to be between 2 and 2.5 UM in length. In stri-
ated muscle, titin thus spans fully half of a
sarcomere, with its C-terminal end localizing
in the M-line at the center of the sarcomere
and the N-terminal forming an integral part
of the Z-line. Titin aids in maintaining sarco-
meric alignment of the myofibril during con-
traction. Titin integrates the Z-line and the
thick filaments, maintaining the location of
the thick filaments between the Z-lines. Titin
is also hypothesized to play a role in generat-
ing at least a portion of the passive tension
that is present in skeletal muscle cells. During
development of the myofibril, titin is one of
the earliest proteins expressed, and it is
thought to act as a “molecular ruler” by pro-
viding a scaffolding or template for the
developing myofibril (Clark et al. 2002).
Due to the aforementioned roles of titin
in living cells, it is quite conceivable that
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its degradation in postmortem muscle would
lead to weakening of the longitudinal struc-
ture of the myofibrillar sarcomere and integ-
rity of muscle. This weakening, in conjunction
with other changes in postmortem muscle,
could lead to enhanced tenderness. The deg-
radation of titin has been observed in several
studies (Lusby et al. 1983; Zeece et al. 1986;
Astier et al. 1993; Huff-Lonergan et al. 1995;
Melody et al. 2004; Rowe et al. 2004a, b).
When titin is degraded, a major degradation
product, termed T, is observed that migrates
only slightly faster under SDS-PAGE con-
ditions than intact titin. This product migrates
at approximately 2,400kDa (Kurzban and
Wang 1988, 1987; Huff-Lonergan et al.
1995). Another titin degradation product
that has been observed by SDS-PAGE an-
alysis migrates at approximately 1,200kDa
(Matsuura et al. 1991; Huff-Lonergan et al.
1995). This latter polypeptide has been
shown to contain the portion of titin that
extends from the Z-line to near the N, line
in the I-band (Kimura et al. 1992), although
the exact position that the 1200kDa polypep-
tide reaches in the sarcomere is still not
certain. The 1,200-kDa polypeptide has been
documented to appear earlier postmortem in
myofibrils from aged beef that had lower
shear force (and more desirable tenderness
scores) than in samples from product that had
higher shear force and/or less favorable ten-
derness scores (Huff-Lonergan et al. 1995,
1996a, b). The T2 polypeptide can also be
subsequently degraded or altered during
normal postmortem aging. Studies that have
used antibodies against titin have been shown
to cease to recognize T2 after prolonged
periods of postmortem storage or [-calpain
digestion (Ho et al. 1994; Huff-Lonergan
et al. 1996a)

Nebulin

Nebulin is another mega-protein (Mr 600—
900kDa) in the sarcomere. This protein

extends from the Z-line to the pointed ends
of the thin filament. The C-terminal end of
nebulin is embedded into the Z-line. Nebulin
is highly nonextensible and has been referred
to as a molecular ruler that during develop-
ment may serve to define the length of the
thin filaments (Kruger et al. 1991). Nebulin,
via its intimate association with the thin fila-
ment (Lukoyanova et al. 2002), has been
hypothesized to constitute part of a compos-
ite nebulin/thin filament (Pfuhl et al. 1994,
Robson et al. 1995) and may aid in anchoring
the thin filament to the Z-line (Wang and
Wright 1988; Komiyama et al. 1992).
Degradation of nebulin postmortem could
weaken the thin filament linkages at the
Z-line, and/or of the thin filaments in the
nearby I-band regions (Taylor et al. 1995),
and thereby weaken the structure of the
muscle cell. Nebulin has also been shown to
be capable of linking actin and myosin (Root
and Wang 1994a, b). It has been hypothe-
sized that nebulin may also have a regulatory
function in skeletal muscle contraction (Root
and Wang 1994a, b; Bang et al. 2006).
Portions of nebulin that span the A-I junction
have the ability to bind to actin, myosin, and
calmodulin (Root and Wang 2001). More
interesting, this portion of nebulin (spanning
the A-I junction) has been shown to inhibit
actomyosin ATPase activity (Root and Wang,
2001; Lukoyanova et al. 2002). This region
of nebulin also has been suggested to inhibit
the sliding velocities of actin filaments over
myosin. If the latter role is confirmed, then it
is also possible that nebulin’s postmortem
degradation may alter actin-myosin interac-
tions in such a way that the alignment and
interactions of thick and thin filaments in
postmortem muscle is disrupted. This, too,
could lead to an increase in postmortem ten-
derization. Nebulin degradation does seem to
be correlated to postmortem tenderization,
although the exact cause-and-effect relation-
ship remains to be substantiated (Huff-
Lonergan et al. 1995; Taylor et al. 1995;



Huff-Lonergan et al. 1996a; Melody et al.
2004).

Troponin-T

For many years it has been recognized that
the degradation of troponin-T and the appear-
ance of polypeptides migrating at approxi-
mately 30kDa are strongly related to, or
correlated with, the tenderness of beef (Penny
et al. 1974; MacBride and Parrish 1977;
Olson and Parrish 1977; Olson et al. 1977).
It has been shown that purified bovine tropo-
nin-T can be degraded by pl-calpain in vitro
to produce polypeptides in the 30-kDa region
(Olson et al. 1977). In addition, polypeptides
in the 30-kDa region found in aged bovine
muscle specifically have been shown to be
products of troponin-T by using Western
blotting techniques (Ho et al. 1994). Often,
more than one fragment of troponin-T can be
identified in postmortem muscle. Increasing
postmortem time has been shown to be asso-
ciated with the appearance of two major
bands (each is likely a closely spaced doublet
of polypeptides) of approximately 30 and
28kDa, which label with monoclonal anti-
bodies to troponin-T (Huff-Lonergan et al.
1996a). In addition, the increasing postmor-
tem aging time was also associated with a
loss of troponin-T, as has been reported in
numerous studies (Olson et al. 1977,
Koohmaraie et al. 1984a, b; Ho et al. 1994).
It has recently been shown that troponin-T is
cleaved in its glutamic acid-rich amino-ter-
minal region (Muroya et al. 2007). Some
studies have shown labeling of two very
closely spaced bands corresponding to intact
troponin-T. This is likely due to isoforms of
troponin-T that are known to exist in skeletal
muscle (Briggs et al. 1990; Malhotra 1994;
Muroya et al. 2007), including specifically
bovine skeletal muscle (Muroya et al. 2007).
Both the appearance of the 30- and 28-kDa
bands and the disappearance of the intact
troponin-T in the myofibril are very strongly
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related to the shear force (Penny 1976; Huff-
Lonergan et al. 1996b; Huff-Lonergan and
Lonergan, 1999; Lonergan et al. 2001; Rowe
et al. 2003; Rowe et al. 2004a). Troponin-T
is a substrate for p-calpain, and it is hypoth-
esized that pL-calpain is at least partly respon-
sible for the postmortem degradation of
troponin-T and the concomitant production
of the 28- and 30-kDa polypeptides.
Degradation of troponin-T may simply be an
indicator of overall postmortem proteolysis
(i.e., it occurs as meat becomes more tender).
However, because troponin-T is an integral
part of skeletal muscle thin filaments (Greaser
and Gergely 1971), its role in postmortem
tenderization may warrant more careful
examination as has been suggested (Ho et al.
1994; Uytterhaegen et al. 1994; Taylor et al.
1995; Huff-Lonergan et al. 1996b). Indeed,
the troponin-T subunit makes up the elon-
gated portion of the troponin molecule and
through its interaction with tropomyosin aids
in regulating the thin filament during skeletal
muscle contraction (Greaser and Gergely
1971; Hitchcock 1975; McKay et al. 1997;
Lehman et al. 2001). It is conceivable that
postmortem degradation of troponin-T and
disruption of its interactions with other thin
filament proteins aids in the disruption of the
thin filaments in the I-band, possibly leading
to fragmentation of the myofibril and overall
muscle integrity. During postmortem aging,
the myofibrils in postmortem bovine muscle
are broken in the I-band region (Taylor et al.
1995). Because troponin-T is part of the reg-
ulatory complex that mediates actin-myosin
interactions (Greaser and Gergely, 1971;
Hitchcock, 1975; McKay et al. 1997; Lehman
et al. 2001), it is also conceivable that its
postmortem degradation may lead to changes
involving thick and thin filament interac-
tions. Regardless of whether or not troponin-
-T aids in disruption of the thin filament in
the I-band, alters thick and thin filament
interactions, or simply reflects overall protein
degradation, its degradation and appearance
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of polypeptides in the 30-kDa region seem to
be a valuable indicator of beef tenderness
(Olson et al. 1977; Olson and Parrish, 1977,
Koohmaraie et al. 1984a, b; Koohmaraie
1992; Huff-Lonergan et al. 1995; Huff-
Lonergan et al. 1996a; Huff-Lonergan and
Lonergan 1999).

Desmin

It has been suggested that desmin, an inter-
mediate filament protein (O’Shea et al. 1979;
Robson 1989) localized at the periphery of
the myofibrillar Z-disk in skeletal muscle
(Richardson et al. 1981), plays a role in the
development of tenderness (Taylor et al.
1995; Huff-Lonergan et al. 1996a; Boehm et
al. 1998; Melody et al. 2004). The desmin
intermediate filaments surround the Z-lines
of myofibrils. They connect adjacent myofi-
brils at the level of their Z-lines, and the
myofibrils to other cellular structures, includ-
ing the sarcolemma (Robson, 1989; Robson
et al. 1995). Desmin may be important in
maintaining the structural integrity of muscle
cells (Robson et al. 1981, 1991). It is possible
that degradation of structural elements that
connect the major components (i.e., the myo-
fibrils) of a muscle cell together, as well as
the peripheral layer of myofibrils to the cell
membrane, could affect the development of
tenderness. Desmin is degraded during post-
mortem storage (Hwan and Bandman 1989;
Huff-Lonergan et al. 1996a; Huff-Lonergan
and Lonergan, 1999; Melody et al. 2004;
Rowe et al. 2004b; Zhang et al. 2006).
Furthermore, it has been documented that
desmin is degraded more rapidly in myofi-
brils from samples with low shear force
and higher water-holding capacity (Huff-
Lonergan et al. 1996a; Huff-Lonergan and
Lonergan, 1999; Melody et al. 2004; Rowe
et al. 2004b; Zhang et al. 2006). A major
degradation product that is often seen in beef
is a polypeptide of approximately 38kDa.
This degradation product also has been
shown to be present in l-calpain-digested

myofibrils (Huff-Lonergan et al. 1996a;
Huff-Lonergan and Lonergan, 1999; Carlin
et al. 2006). Thus, the proteolytic enzyme
U-calpain may be, at least in part, responsible
for desmin degradation under normal post-
mortem aging conditions. Whether or not this
degradation is truly directly linked to tender-
ization or is simply an indicator of overall
postmortem proteolysis remains to be
determined.

Filamin

Filamin is a large (Mr = 245,000 in skeletal
and cardiac muscle) actin-binding protein
that exists in numerous cell types (Loo et al.
1998; Thompson et al. 2000; van der Flier et
al. 2002). There are several different iso-
forms of filamin (Hock et al. 1990). The
amount of filamin in skeletal and cardiac
muscle is very low (approximately <0.1% of
the total muscle protein). In skeletal and
cardiac muscle, filamin is localized at the
periphery of the myofibrillar Z-disk, and it
may be associated with intermediate fila-
ments in these regions (Loo et al. 1998;
Thompson et al. 2000; van der Flier et al.
2002). Thus, postmortem degradation of
filamin conceivably could disrupt key link-
ages that serve to help hold myofibrils in
lateral register. Degradation of filamin may
also alter linkages connecting the peripheral
layer of myofibrils in muscle cells to the sar-
colemma by weakening interactions between
peripheral myofibrillar Z-disks and the sarco-
lemma via intermediate filament associations
or costameres (Robson et al. 1995). A study
using myofibrils from beef showed that some
filamin was degraded to form an approxi-
mately 240-kDa degradation product that
migrated as a doublet in both myofibrils from
naturally aged muscle and in p-calpain-
digested myofibrils (Huff-Lonergan et al.
1996a). This same doublet formation (com-
posed of intact and degraded filamin) has
been seen in cultured embryonic skeletal
muscle cells and was attributed to calpain



activity (Robson et al. 1995). Uytterhaegen
et al. (1994) have shown increased degrada-
tion of filamin in muscle samples injected
with CaCl,, a process that has been shown to
stimulate proteolysis and postmortem tender-
ization (Wheeler et al. 1992; Harris et al.
2001). Compared with other skeletal muscle
proteins, relatively little has been done to
fully characterize the role of this protein in
postmortem tenderization of beef. Further
studies that employ a combination of sen-
sitive detection methods (e.g., one- and
two-dimensional gels, Western blotting,
immunomicroscopy) are needed to determine
the role of filamin in skeletal muscle systems
and postmortem tenderization.

Water-Holding Capacity/Drip
Loss Evolution

Lean muscle contains approximately 75%
water. The other main components include
protein (approximately 18.5%), lipids or fat
(approximately 3%), carbohydrates (approxi-
mately 1%), and vitamins and minerals (often
analyzed as ash, approximately 1%). The
majority of water in muscle is held within the
structure of the muscle and muscle cells.
Specifically, within the muscle cell, water is
found within the myofibrils, between the
myofibrils themselves and between the myo-
fibrils and the cell membrane (sarcolemma),
between muscle cells, and between muscle
bundles (groups of muscle cells) (Offer and
Cousins 1992).

Water is a dipolar molecule and as such is
attracted to charged species like proteins. In
fact, some of the water in muscle cells is very
closely bound to protein. By definition,
bound water is water that exists in the vicin-
ity of nonaqueous constituents (like proteins)
and has reduced mobility (i.e., does not easily
move to other compartments). This water is
very resistant to freezing and to being driven
off by conventional heating (Fennema 1985).
True bound water is a very small fraction of
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the total water in muscle cells; depending on
the measurement system used, approximately
0.5g of water per gram of protein is esti-
mated to be tightly bound to proteins. Since
the total concentration of protein in muscle
is approximately 200 mg/g, this bound water
only makes up less than a tenth of the total
water in muscle. The amount of bound water
changes very little if at all in postrigor muscle
(Offer and Knight 1988Db).

Another fraction of water that can be
found in muscles and in meat is termed
entrapped (also referred to as immobilized)
water (Fennema 1985). The water molecules
in this fraction may be held either by steric
(space) effects and/or by attraction to the
bound water. This water is held within the
structure of the muscle but is not bound per
se to protein. In early postmortem tissue, this
water does not flow freely from the tissue, yet
it can be removed by drying and can be easily
converted to ice during freezing. Entrapped
or immobilized water is most affected by the
rigor process and the conversion of muscle
to meat. Upon alteration of muscle cell struc-
ture and lowering of the pH, this water can
also eventually escape as purge (Offer and
Knight 1988b).

Free water is water whose flow from the
tissue is unimpeded. Weak surface forces
mainly hold this fraction of water in meat.
Free water is not readily seen in pre-rigor
meat, but can develop as conditions change
that allow the entrapped water to move from
the structures where it is found (Fennema
1985).

The majority of the water that is affected
by the process of converting muscle to meat
is the entrapped (immobilized) water.
Maintaining as much of this water as possible
in meat is the goal of many processors. Some
of the factors that can influence the retention
of entrapped water include manipulation of
the net charge of myofibrillar proteins and
the structure of the muscle cell and its com-
ponents (myofibrils, cytoskeletal linkages,
and membrane permeability), as well as the
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amount of extracellular space within the
muscle itself.

Physical/Biochemical Factors
in Muscles That Affect
Water-Holding Capacity

During the conversion of muscle to meat,
anaerobic glycolysis is the primary source of
ATP production. As a result, lactic acid
builds up in the tissue, leading to a reduction
in pH of the meat. Once the pH has reached
the isoelectric point (pI) of the major pro-
teins, especially myosin (pI = 5.3), the net
charge of the protein is zero, meaning the
numbers of positive and negative charges
on the proteins are essentially equal. These
positive and negative groups within the
protein are attracted to each other and result
in a reduction in the amount of water that can
be attracted and held by that protein.
Additionally, since like charges repel, as the
net charge of the proteins that make up the
myofibril approaches zero (diminished net
negative or positive charge), repulsion of
structures within the myofibril is reduced,
allowing those structures to pack more
closely together. The end result of this is a
reduction of space within the myofibril.
Partial denaturation of the myosin head at
low pH (especially if the temperature is still
high) is also thought to be responsible for a
large part of the shrinkage in myofibrillar
lattice spacing (Offer 1991).

Myofibrils make up a large proportion of
the muscle cell. These organelles constitute
as much as 80-90% of the volume of the
muscle cell. As mentioned previously, much
of the water inside living muscle cells is
located within the myofibril. In fact, it is esti-
mated that as much as 85% of the water in a
muscle cell is held in the myofibrils. Much
of that water is held by capillary forces
arising from the arrangement of the thick and
thin filaments within the myofibril. In living
muscle, it has been shown that sarcomeres
remain isovolumetric during contraction and

relaxation (Millman et al. 1981; Millman
et al. 1983). This would indicate that in living
muscle the amount of water within the fila-
mentous structure of the cell would not nec-
essarily change. However, the location of this
water can be affected by changes in volume
as muscle undergoes rigor. As muscle goes
into rigor, cross-bridges form between the
thick and thin filaments, thus reducing avail-
able space for water to reside (Offer and
Trinick 1983). It has been shown that as the
pH of porcine muscle is reduced from physi-
ological values to 5.2-5.6 (near the isoelec-
tric point of myosin), the distance between
the thick filaments declines an average of
2.5nm (Diesbourg et al. 1988). This decline
in filament spacing may force sarcoplasmic
fluid from between the myofilaments to the
extramyofibrillar space. Indeed, it has been
hypothesized that enough fluid may be lost
from the intramyofibrillar space to increase
the extramyofibrillar volume by as much as
1.6 times more than its pre-rigor volume
(Bendall and Swatland 1988).

During the development of rigor, the
diameter of muscle cells decreases (Hegarty
1970; Swatland and Belfry 1985) and is
likely the result of transmittal of the lateral
shrinkage of the myofibrils to the entire cell
(Diesbourg et al. 1988). Additionally, during
rigor development, sarcomeres can shorten;
this also reduces the space available for water
within the myofibril. In fact, it has been
shown that drip loss can increase linearly
with a decrease in the length of the sarco-
meres in muscle cells (Honikel et al. 1986).
More recently, highly sensitive low-field
nuclear magnetic resonance (NMR) studies
have been used to gain a more complete
understanding of the relationship between
muscle cell structure and water distribution
(Bertram et al. 2002). These studies have
suggested that within the myofibril, a higher
proportion of water is held in the I-band than
in the more protein-dense A-band. This
observation may help explain why shorter
sarcomeres (especially in cold-shortened



muscle) are often associated with increased
drip losses. As the myofibril shortens and
rigor sets in, the shortening of the sarcomere
would lead to shortening and subsequent
lowering of the volume of the I-band region
in myofibril. Loss of volume in this myofi-
brillar region (where much water may reside),
combined with the pH-induced lateral shrink-
age of the myofibril, could lead to expulsion
of water from the myofibrillar structure
into the extramyofibrillar spaces within the
muscle cell (Bendall and Swatland 1988). In
fact, recent NMR studies support this hypoth-
esis (Bertram et al. 2002). It is thus likely that
the gradual mobilization of water from the
intramyofibrillar spaces to the extramyofi-
brillar spaces may be key in providing a
source of drip.

All the previously mentioned processes
influence the amount of water in the myofi-
bril. It is important to note that shrinkage of
the myofibrillar lattice alone could not be
responsible for the movement of fluid to the
extracellular space and ultimately out of the
muscle. The myofibrils are linked to each
other and to the cell membrane via proteina-
cious connections (Wang and Ramirez-
Mitchell 1983). These connections, if they
are maintained intact in postmortem muscle,
would transfer the reduction in diameter of
the myofibrils to the muscle cell (Diesbourg
et al. 1988; Morrison et al. 1998; Kristensen
and Purslow 2001; Melody et al. 2004).
Myofibril shrinkage can be translated into
constriction of the entire muscle cell, thus
creating channels between cells and between
bundles of cells that can funnel drip out
of the product (Offer and Knight 1988).
Extracellular space around muscle fibers con-
tinually increases up to 24 hours postmortem,
but gaps between muscle fiber bundles
decrease slightly between nine and 24 hours
postmortem, perhaps due to fluid outflow
from these major channels (Schafer et al.
2002). These linkages between adjacent
myofibrils and myofibrils and the cell mem-
brane are made up of several proteins that are
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associated with intermediate filament struc-
tures and structures known as costameres.
Costameres provide the structural framework
responsible for attaching the myofibrils to the
sarcolemma. Proteins that make up or are
associated with the intermediate filaments
and costameres include (among others)
desmin, filamin, synemin, dystrophin, talin,
and vinculin (Greaser 1991). If costameric
linkages remain intact during the conversion
of muscle to meat, shrinkage of the myofi-
brils as the muscle goes into rigor would be
transmitted to the entire cell via these pro-
teinacious linkages and would ultimately
reduce volume of the muscle cell itself (Offer
and Knight 1988b; Kristensen and Purslow
2001; Melody et al. 2004). Thus, the rigor
process could result in mobilization of water
not only out of the myofibril, but also out of
the extramyofibril spaces as the overall
volume of the cell is constricted. In fact,
reduction in the diameter of muscle cells has
been observed in postmortem muscle (Offer
and Cousins 1992). This water that is expelled
from the myofibril and ultimately the muscle
cell eventually collects in the extracellular
space. Several studies have shown that gaps
develop between muscle cells and between
muscle bundles during the postrigor period
(Offer et al. 1989; Offer and Cousins 1992).
These gaps between muscle bundles are
the primary channels by which purge is
allowed to flow from the meat; some inves-
tigators have actually termed them “drip
channels.”

Postmortem Changes in Muscle
That Influence Quality

As muscle is converted to meat, many
changes occur, including: (1) a gradual deple-
tion of available energy; (2) a shift from
aerobic to anaerobic metabolism favoring the
production of lactic acid, resulting in the pH
of the tissue declining from near neutrality to
5.4-5.8; (3) a rise in ionic strength, in part,
because of the inability of ATP-dependent
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calcium, sodium, and potassium pumps to
function; and (4) an increasing inability of
the cell to maintain reducing conditions. All
these changes can have a profound effect on
numerous proteins in the muscle cell. The
role of energy depletion and pH change have
been covered in this chapter and in other
reviews (Offer and Trinick 1983; Offer and
Knight 1988a). What has not been as thor-
oughly considered is the impact of other
changes on muscle proteins, such as oxida-
tion and nitration.

Protein Oxidation

Another change that occurs in postmortem
muscle during aging of whole muscle prod-
ucts is increased oxidation of myofibrillar
and sarcoplasmic proteins (Martinaud et al.
1997; Rowe et al. 2004a, b). This results in
the conversion of some amino acid residues,
including histidine, to carbonyl derivatives
(Levine et al. 1994; Martinaud et al. 1997)
and can cause the formation of intra- and/or
inter-protein disulfide cross-links (Stadtman
1990; Martinaud et al. 1997). In general, both
these changes reduce the functionality of pro-
teins in postmortem muscle (Xiong and
Decker 1995). In living muscle, the redox
state of muscle can influence carbohydrate
metabolism by directly affecting enzymes in
the glycolytic pathway. Oxidizing agents can
also influence glucose transport. Hydrogen
peroxide (H,0O,) can mimic insulin and stim-
ulate glucose transport in exercising muscle.
H,0, is increased after exercise, and thus oxi-
dation systems may play a role in signaling
in skeletal muscle (Balon and Yerneni 2001).
Alterations in glucose metabolism in the
ante- and perimortem time period do have the
potential to cause changes in postmortem
muscle metabolism and thus represent an
important avenue of future research.

In postmortem muscle, these redox
systems may also play a role in influencing
meat quality. The proteolytic enzymes, the
calpains, are implicated in the proteolysis

that is involved in increasing the tenderness
of fresh meat and in influencing fresh meat
water-holding capacity (Huff-Lonergan and
Lonergan 2005). Because p-calpain and
m-calpain enzymes contain both histidine
and SH-containing cysteine residues at their
active sites, they are particularly susceptible
to inactivation by oxidation (Lametsch et al.
2008). Therefore, oxidizing conditions in
postmortem muscle lead to inactivation or
modification of calpain activity (Harris et al.
2001; Rowe et al. 2004a, b; Maddock et al.
2006). In fact, evidence suggests oxidizing
conditions inhibit proteolysis by L-calpain,
but might not completely inhibit autolysis
(Guttmann et al. 1997; Guttmann and Johnson
1998; Maddock et al. 2006). In postmortem
muscle, there are differences between
muscles in the rate that postmortem oxidation
processes occur (Martinaud et al. 1997). It
has been noted that differences in the rate of
oxidation in muscle tissue are seen when
comparing the same muscles between animals
and/or carcasses that have been handled dif-
ferently (Juncher et al. 2001). These differ-
ences may arise because of differences in
diet, breed, antemortem stress, postmortem
handling of carcasses, etc. In fact, there have
been reports of differences between animals
and between muscles in the activity of some
enzymes involved in the oxidative defense
system of muscle (Daun et al. 2001).
Therefore, there may be genetic differences
in susceptibility to oxidation that could be
capitalized on to improve meat quality. It is
reasonable to hypothesize that differences in
the antioxidant defense system between
animals and/or muscles would influence
calpain activity, proteolysis, and thus
tenderization.

Exposure to oxidizing conditions (H,O,)
under postmortem-like conditions inhibits
calpain activity (Carlin et al. 2006). In a
series of in vitro assays using either a fluo-
rescent peptide or purified myofibrils as the
substrate it was shown that the presence of
oxidizing species does significantly impede



the ability of calpains to degrade their sub-
strates. Oxidation with H,0O, significantly
limits proteolytic activity of [1- and m-calpain
against the fluorescent peptide Suc-Leu-
Leu-Val-Tyr-AMC, regardless of the pH or
ionic strength. Similar results were seen
when using purified myofibrils as the sub-
strate. This inhibition was reversible, as
addition of reducing agent (DTT) to the oxi-
dized samples restored activity. Oxidation
also has been shown to slow the rate of p-
calpain autolysis and could be part of the
mechanism underlying some of the retarda-
tion of activity (Guttmann et al. 1997; Carlin
et al. 2006).

Oxidation does occur early in postmortem
meat, and it does influence proteolysis (Harris
et al. 2001; Rowe et al. 2004b). Rowe et al.
(2004) showed that there was a significant
increase in proteolysis of troponin-T in steaks
from alpha-tocopherol-fed steers after 2 days
of postmortem aging compared with steers
fed a conventional feedlot diet. This indicates
that very low levels of oxidation can influ-
ence proteolysis and that increasing the level
of antioxidants in meat may have merit in
improving tenderness in future studies. In
fact, low levels of oxidation may be the cause
of some heretofore-unexplained variations in
proteolysis and tenderness that have been
observed in meat.

Nitric Oxide and S-Nitrosylation

Nitric oxide (NO) is often used as a general
term that includes NO and reactive nitrogen
species (RNS), like S-nitrosothyols, per-
oxynitrate, and metal NO complexes. In
living tissue, NO is involved in arteriole dila-
tion that increases blood flow to muscles,
resulting in increased delivery of nutrients
and oxygen to the muscle (Kobzik et al.
1994; Stamler et al. 2001). NO species are
also implicated in glucose homeostasis and
excitation-contraction coupling. The gas NO
is produced in biological systems by a family
of enzymes known as nitric oxide synthases
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(NOS). There are three major isoforms of
NOS: neural, inducible, and endothelial.
Skeletal muscle expresses all three isoforms;
however, the neural form, nNOS, is thought
to be the predominant isoform (Kaminski and
Andrade 2001). These enzymes utilize argi-
nine as a substrate and catalyze the following
reaction: L-arginine+NADPH+O, forming
L-citrulline+' NO+NADPH". NO is important
in biological systems, particularly because of
its role as a second messenger. However,
while NO rapidly diffuses through tissues,
NO itself is a relatively short-lived species.
It does have the ability to combine with other
biomolecules that also have physiological
importance.

One example of this is its ability to
combine with superoxide to form the highly
oxidizing molecule peroxynitrite. Proteins
are important biological targets of peroxyni-
trite, particularly proteins containing cyste-
ine, motioning, and/or tryptophan (Radi et al.
2000). Several enzymes are known to be
inactivated by peroxynitrite. Among these is
the sarcoplasmic reticulum Ca”**-ATPase
(Klebl et al. 1998). One indirect effect of
NO is S-nitrosylation. In most cases, S-
nitrosylation events involve amines and
thiols. Nitric oxide can interact with cyste-
ines to form nitrosothiols that can alter the
activity of the protein. Because of this, it
has been suggested that S-nitrosylation may
function as a post-translational modification
much like phosphorylation (Jaffrey et al.
2001). Some proteins, such as the ryanodine
receptor and the cysteine protease caspase-
3, have been shown to be endogenously
nitrosylated, further supporting the sugges-
tion that formation of nitrosothiols may be
an important regulatory step (Hess et al.
2001; Hess et al. 2005). p-Calpain is also
a cysteine protease that could be influenced
by S-nitrosylation. Small thiol peptides
like glutathione can be impacted by nitro-
sative stress to form compounds like
S-nitrosoglutathione (GSNO). These com-
pounds can, in turn, influence other proteins
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by transnitrosating other reduced thiols
(Miranda et al. 2000).

Aspects of skeletal muscle function that
can be affected by increased NO production
include inhibition of excitation-contraction
coupling, increased glucose uptake, decreased
mitochondrial respiration, and decreased
force production. The decrease in force is
apparently because of an inhibitory effect
that NO has on actomyosin ATPase activity,
which leads to less cross-bridge cycling.
S-nitroslyation of the ryanodine receptor
(calcium release channel in the sarcoplasmic
reticulum) may also play a role on modulat-
ing contraction. This protein is responsible
for releasing calcium from the sarcoplasmic
reticulum into the sarcoplasm. S-nitrosylation
of a cysteine in the ryanodine receptor will
increase its activity. This effect is reversible
(Kobzik et al. 1994). Because muscle con-
tains all the compounds needed to form these
intermediates, it stands to reason that they
could be important in the conversion of
muscle to meat.

It is clear that the composition, structure,
and metabolic properties of skeletal muscle
have enormous impacts on the quality of
fresh meat and, in turn, its suitability as a
raw material for further processed meat.
Continued attention to factors that regulate
changes in early postmortem muscle will
improve the quality and consistency of fresh
meat. This, in turn, will improve the consis-
tency of the quality of further processed
products.
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Chapter 2

Technological Quality of Meat for Processing

Susan Brewer

Introduction

For the purposes of this discussion, techno-
logical quality of meat for processing includes
the factors that affect meat quality in general,
whether endogenous or exogenous. Factors
that contribute to the quality of the meat for
processing include the breed of the animal
and its associated characteristics, gene status
within breed, diet and plane of nutrition,
fatness/leanness, rate of postmortem pH and
temperature decline, and postmortem han-
dling such as aging. Ultimately, meat quality
is defined in terms of consumer acceptability,
which include tenderness, juiciness and
flavor, and appearance characteristics such as
color, amount of fat, amount of visible water,
and textural appearance, which have a sig-
nificant impact on consumer expected satis-
faction (Brewer et al. 1998, 2001). Because
they are the most important traits defining
consumer acceptance, tenderness and flavor
consistency are important (Robbins et al.
2003). Factors contributing to the sensory
quality characteristics of meat include breed
(Cameron et al. 1990; Lan et al. 1993), intra-
muscular fat content (Brewer et al. 2001;
Rincker et al. 2008), calpastatin and LL-calpain
gene status (Casas et al. 2006), Halothane
gene status (Sather et al. 1990; Leach et al.
1998), ryanodine receptor gene status (Fujii
et al. 1991), diet, antemortem handling
(Ohene-Adjai et al. 2003), and ultimate pH
(Zhu and Brewer 1998).

Breed Effects on Quality of Meat

Livestock breed can affect the quality char-
acteristics of the meat produced, either
because the breed has naturally adapted to
stressful environmental conditions or because
two or more breeds have been purposefully
crossbred to increase prevalence of desirable
qualities. Often these modifications improve
one set of attributes at the expense of another.

For example, Brahman cattle are used
extensively in the southwestern United States
because of their tolerance to adverse environ-
mental conditions; however, Brahman car-
casses have tenderness issues. Toughness of
meat from Brahman cattle has been associ-
ated with high levels of calpastatin in the
muscle (Ibrahim et al. 2008). The Japanese
Wagyu breed produces highly marbled,
tender meat. Cross breeding Brahman with
Wagyu cattle to produce Waguli cattle, which
have a high degree of marbling and low cal-
pastatin activity in the tissue, results in more
tender meat immediately after slaughter.
Tenderness of meat from Brahman cattle
does catch up with sufficient aging (14d).
Schone et al. (2006) reported initial tender-
ness differences in beef from Holstein and
Simmental cattle, in addition to different
responses to aging. Some breed differences
(Nelore, Simmental, Simbrasil) in initial
postmortem beef tenderness are lost after 7
days of aging (Bianchini et al. 2007).
According to Hocquette et al. (2006), cattle
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of different breeds or different genotypes
of the same breed differ primarily in their
connective tissue characteristics (collagen
cross-linking and solubility), content, and
composition of intramuscular fat and/or the
characteristics of their muscle fibers (slow-
oxidative, fast-oxidoglycolytic, fast glyco-
lytic). Mutations in the myostatin gene result
in muscle hypertrophy, producing cattle with
enlarged muscles. However, this mutation
favors glycolytic muscle fiber metabolism
and decreases collagen and intramuscular fat
contents, favoring tenderness.

Collagen constitutes 20-25% of the
protein in mammals, and connective tissues
are composed mainly of collagen. It occurs
in muscle tissue, binding the fibers together
in bundles. However, collagen is not distrib-
uted uniformly among muscle groups.
Generally, the collagen content parallels the
level of physical activity of the particular
muscle. Increasing intermolecular cross-link-
ing among collagen molecules decreases
their extensibility and their solubility (Forrest
et al. 1975). Those muscles that are used
extensively have higher amounts of collagen
and are generally tougher.

Smith et al. (2007a) reported that weight
at slaughter, hot carcass weight, loin muscle
area, yield grade, calpastatin enzyme activ-
ity, and carcass quality grade were relatively
highly heritable. They found moderate heri-
tability estimates for marbling score, back
fat thickness, and feedlot average daily gain.
MacNeil et al. (2001) reported that Limousin-
sired calves grew more rapidly than Hereford-
sired calves. By the finishing phase,
Limousin- and Hereford-sired calves had
greater average daily gains than Piedmontese-
sired calves. A clear stratification of USDA
yield grade, based on differences in carcass
weight, longissimus muscle area, fat depth,
and percentage kidney, pelvic, and heart fat,
existed, depending on sire breed. Hereford-
sired calves had more marbling than progeny
of Limousin or Piedmontese sires. Schenkel
et al. (2005) reported associations between

polymorphisms within the gene for bovine
leptin, a chemical messenger that affects feed
intake, fatness (fat yield and subcutaneous
fat), and tenderness.

Thomas et al. (2008) reported that beef
from medium-framed, early maturing animals
had the highest marbling scores, and had the
highest concentration of total n-3 fatty acids,
and the lowest n-6/n-3 ratio. Lynch et al.
(2002) reported that meat from Hereford
cattle had higher levels of C14:0, C16:1, and
C18:0 in the phospholipid fraction than that
from Friesian and Charolais cattle.

Breed can also have significant effects on
beef flavor. Nitrogen- and sulfur-compounds,
free amino acids, alcohols, aldehydes, and
ketones in the flavor volatiles differ in the
meat from different breeds of cattle (Sato et
al. 1995; Insausti et al. 2005). Beef from
Friesian cattle has a stronger fatty flavor
and aftertaste, and a different volatile profile
than that from Pirenaica cattle (Gorraiz et al.
2002). Enzymes, such as p- and m-calpain,
known primarily for textural changes, can
influence flavor by producing peptides that
make significant flavor contributions. Meat
from Bos taurus and Bos indicus cattle inher-
iting the CC genotype at the calpastatin
gene and the TT genotype at the p-calpain
gene produce steaks with more intense flavor
(Casas et al. 2006). These genes correlate
with increased rancid, sour, and salty flavors,
and decreased umami flavor (Toldra
and Flores 2000). In addition, content of
several volatile compounds, such as hexane
and 2,2.4,6,6-pentamethylheptane, differs
between Friesian and Pirenaica cattle (Gorraiz
et al. 2002). Breed also affects beef color.
Frickh and Solkner (1997) reported that beef
from Holstein cattle had higher a* values
(redness) than did Simmental and Simmental
x Limousin cattle.

Genetic differences in swine have also
resulted in pork with different quality char-
acteristics. Since 1990, producers have dra-
matically improved the nutritional profile of
pork, producing a product that is 31% lower



in fat, 10% lower in cholesterol and 17%
lower in calories (USDA 2007). However,
genetic selection for leanness has not been
without unintended consequences. Pigs
homozygous for the Halothane gene (nn)
have higher gain: feed ratios, and their car-
casses are leaner than those from Halothane
negative (NN) and heterozygotic (Nn) pigs
(Leach et al. 1996). While pigs carrying one
or two copies of the Halothane gene have
higher lean content, they are likely to produce
pale, soft, and exudative (PSE) meat that has
excessive drip loss because of rapid pH
decline while the carcass is still hot (Sather
et al. 1990). Fernandez et al. (2004) reported
that NN and Nn pigs exhibited postmortem
changes at the same rate, as evidenced by
similar glycogen, lactate, creatine phosphate
and ATP levels, and pH values at 40 minutes
postmortem. Raw meat (longissimus lumbo-
rum) from nn pigs had lower visual color
intensity and homogeneity scores than meat
from NN and Nn pigs. Meat from nn pigs was
less tender than that from NN pigs; the Nn
pigs were intermediate.

Meat from pigs (Swedish Hampshire x
Finnish Landrace) that are homozygous
and heterozygous for the rendement napole
(RN-; acid meat) allele has been shown to be
juicier than that from noncarriers. The RN-
allele also contributes to tenderness (Josell et
al. 2003). Emnett (1999) reported that
Berkshire and Chester White pigs had lower
glycolytic potential (thought to be an indica-
tor of the RN- allele) than Hampshire or
Hampshire crossbred pigs. High glycolytic
potential values were associated with lower
pH, poorer WHC, higher cooking loss, and
paler color.

Meat derived from pigs of these very dif-
ferent genetic backgrounds does differ in
quality characteristics (Brewer et al. 2002).
Ellis et al. (1996) reported that Duroc pigs
produce meat that is highly marbled and has
good eating quality. Brewer et al. (2004)
reported that meat from Duroc/Landrace- and
Large White-sired pigs was higher in fat,
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while that from Duroc and Duroc/Hampshire
was lower in fat. Pork from Danish Landrace
Duroc pigs was more tender than that from
Landrace, Duroc, and various crosses with
Yorkshire pigs. Blanchard et al. (1999)
reported that meat from crossbred pigs that
were at least half Duroc were more tender
than that from Large White and British
Landrace crosses. Brewer et al. (2002) also
reported that pork from Duroc-sired pigs is
more tender than that from Duroc/Landrace-
and Pietrain-sired pigs.

Wood et al. (2004) reported that breed
affected the fatty acid composition of intra-
muscular neutral lipid. Pork from Berkshire
and Tamworth pigs (fatter carcasses) had
more 14:0 and 16:0, while that from Duroc
and Large White (leaner) contained more
polyunsaturated fatty acids. Meat from Duroc
pigs had high concentrations of 20:5n-3 and
22:6n-3.

Genetic markers for tenderness have been
identified for Duroc-Landrace pigs (Rohrer et
al. 2006). Chromosome 2 region 60-66cM
appears to be associated with all measures of
pork tenderness and the region on chromo-
some 17 (32-39cM) was associated with
measures of intramuscular fat and loineye
area.

Diet Effects on Meat Quality

Diet can contribute to meat quality directly
(compounds from the feed source deposit in
the meat) or indirectly (primarily by increas-
ing fatness). Feeding fish byproducts, raw
soybeans, canola oil, and meal can result in
undesirable flavors in meat (Melton 1990).
Pork fat is more likely to be affected by alter-
ation of dietary fat source than is beef fat
because pigs have little capacity to biohydro-
genate unsaturated fats, depositing them in
tissues in much the same form as they were
consumed. Feeding pigs high levels of PUFA
decreases saturation of carcass fat and has
detrimental effects on pork quality (Whitney
et al. 2006). Unsaturated fatty acids result in
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carcass fat that is soft and oily. In addition,
carcass fat that is higher in PUFA content is
more susceptible to oxidation during storage
than fat that contains more saturated fat.
Palm oil and whole linseed supplements
increase muscle levels of alpha-linolenic
(C18:3) and EPA (eicosapentaenoic acid
[C20:5]); fish oil increases EPA and DHA
(docosahexaenoic acid [C22:6]; Elmore et al.
2004). The effects of changes in dietary fat
source on pork fat are more apparent if they
occur during the last few weeks before
slaughter than if they occur 1 to 2 months
before slaughter.

Lampe et al. (2006) reported that while
finishing diet (yellow corn, white corn, 1/3
yellow corn and 2/3 white corn, 2/3 yellow
corn and 1/3 white corn, or barley) altered
saturated, mono- and poly-unsaturated fatty
acid content in the subcutaneous fat of pigs,
energy source had little effect on the eating
quality of pork. However Wood et al. (2004)
reported that a low-protein finishing diet
increased tenderness and juiciness but
decreased flavor quality of pork.

Rosenvold et al. (2001) reported that
feeding finishing diets low in digestible car-
bohydrate can reduce muscle glycogen stores
in slaughter pigs without compromising
growth rate. This diet reduced p-calpain
activity and increased calpastatin activity,
indicating less muscle protein degradation in
the muscles compared to muscles of control
animals. In an effort to improve the nutri-
tional profile of pork, Janz et al. (2008) fed
pigs a plant-based diet containing conjugated
linoleic acid, selenium, and vitamin E. The
dietary treatments had some effects on meat
quality, but the overall effects on appearance
and palatability were small.

Diet can shift the bone/muscle/fat ratio of
beef carcasses. Grain feeding (high-energy
diet) usually increases carcass weight and
intramuscular fat content, and produces more
intense flavor in red meats than do low-
energy forage and grass diets (Melton 1990).
The longer the animal is in the feedlot, the

higher the phospholipid concentration (Larick
et al. 1989). Feedlot-finished cattle have a
different fatty acid profile from forage-fed
cattle. Meat from forage-fed beef contains
more linolenic acid, and less oleic and lin-
oleic acids than that from concentrate-fed
beef (Elmore et al. 2004). Intense pasture
rotation systems of millet and grain have
been shown to alter concentrations of diter-
penoids and lactones (Maruri and Larick
1992). Lactones correlate positively with
roasted beef flavor and negatively with
gamey/stale off-flavor; diterpenoids posi-
tively correlate with gamey/stale off-flavor.
Differences in oleic, linoleic and linolenic
acids, diterpenoids, and lactones may be
responsible for flavor differences. Nelson et
al. (2004) found that adding restaurant grease
to cattle diets to increase energy intake
increased initial tenderness and had no effect
on drip or cook loss, sustained tenderness,
juiciness, and beef flavor.

Feeding antioxidants has been of signifi-
cant interest with respect to maintaining post-
harvest meat quality (Guo et al. 2000).
Vitamin E locates in the cell membrane in
proximity to phospholipids. It can prevent
development of free radicals in membranes
ante- and postmortem (Onibi et al. 2000).
Garber et al. (1996) reported that vitamin E
supplementation increased muscle alpha-
tocopherol levels, delaying metmyoglobin
formation (beef) and lipid oxidation in a
dose-dependent manner. Boler et al. (2009)
found that feeding natural sources of vitamin
E to finishing pigs was more effective in
reducing lipid oxidation of pork during sub-
sequent storage and display than were artifi-
cial sources. Yang et al. (2002) found that
meat from pasture-fed cattle contained as
much alpha-tocopherol as grain-fed cattle
supplemented with 2500IU vitamin E. It
contained a higher percentage of linolenic
acid, a lower percentage of linoleic acid, and
was less prone to lipid oxidation and devel-
opment of warmed-over flavor. Diet can also
affect color of the resultant meat. Vitamin E



supplemented into swine diets has been
shown to stabilize meat color and decrease
fluid loss when fed at >200mg/kd of diet
during finishing (Asghar et al. 1980).

Shifting carcass bone/muscle/fat ratio can
also be accomplished with steroid-like drugs.
Feeding beta-agonists can have significant
effects on feedlot performance and/or carcass
characteristics. Quinn et al. (2008) reported
that feeding ractopamine-hydrochloride to
finishing heifers generally improved the
efficiency of carcass gain with minimal effect
on marbling score, yield grade, loin muscle
area, or percentages of carcasses grading
USDA Choice. Avendano-Reyes et al.
(2006) reported that feeding either zilpaterol-
or ractopamine-hydrochloride considerably
improved gain-to-feed ratio, hot carcass
weight, and carcass yield. Zilpaterol increased
loin muscle area. Both beta-agonists
decreased meat tenderness compared with
controls. Smith et al. (2007b) reported that
implanting anabolic steroids increased hot
carcass weight and loin muscle area for both
heifers and steers. However, implants had no
effect on dressing percent, fat thickness,
yield grade, marbling score, intramuscular
lipid content, or concentrations of major fatty
acids.

Montgomery et al. (2004) reported that
supplementation of three biological types of
cattle (Bos indicus, Bos Taurus-Continental,
Bos Taurus-English) with vitamin D3 (0.5
million [U/d) for 8 days prior to slaughter
improved tenderness by affecting muscle
Ca™ concentrations, calpain activities, and
muscle proteolysis.

Marbling Effects on
Meat Quality

A high plane of nutrition, especially during
the finishing phase, can increase intramuscu-
lar fat to a greater or lesser degree depending
on species, breed, animal age, and a variety
of other factors. The fatness and marbling
associated with a high plane of nutrition have
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been used as indicators of meat quality.
Highly marbled meat has traditionally been
thought to be the ideal because of the effects
of fat on flavor and tenderness. However,
Rincker et al. (2008) reported that intramus-
cular fat (0.8-8.0%) explained less than
15% of the variance in pork flavor scores.
Consumers could tell no difference in pork
flavor scores until the fat content reached
4.5%. In addition, visible fat content in pork
is a major determinant of purchase intent
with consumers preferring leaner products
(Brewer et al. 2001; Rincker et al. 2008).
Fernandez et al. (1999) reported that pork
texture and taste are enhanced at intramuscu-
lar fat levels up to 3.25%, but inconsistent
effects occurred with respect to tenderness/
toughness.

Ellis et al. (1996) reported that longissi-
mus muscle from pig genotypes selected for
the propensity to increase marbling are more
tender and juicy, and have lower shear values.
The Duroc breed produces pork that is highly
marbled with good eating quality (Ellis et al.
1996). Brewer et al. (2002) reported that
chops from Duroc and Pietrain pigs had the
most visible marbling, while those from
Duroc/Landrace and Large White had the
least. Chops from Duroc, Duroc/Hampshire,
and Pietrain pigs had the highest fat content.
Meat from these breeds, however, differs
from other breeds with regard to muscle fiber
type and the incidence of PSE (Chang et al.
2003).

Cattle breeds with different growth
rates but the same degree of marbling differ
substantially in tenderness and Warner
Bratzler shear value (Chambaz et al. 2003).
Historically, selection of beef breeds has
been based on marbling, irrespective of
growth rate and simultaneous selection pres-
sure for reduced overall fat deposition.

Postmortem pH Decline

Postmortem biochemical changes dramati-
cally affect tenderness and flavor. The loss of
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circulatory competency after harvest requires
that the tissues shift to anaerobic metabolism,
resulting in the accumulation of metabolic
byproducts, including lactic acid, in the
muscle. The pH declines from about 6.8 to
5.7. Endogenous thiol proteinases (cathep-
sins B and L) become activated near pH 5.4.
They are redistributed (intracellularly) during
aging (Spanier et al. 1990; Spanier and Miller
1993). Proteolytic enzyme activity is temper-
ature-dependent; some (cathepsins B and L)
retain high activity levels even at cooking
temperatures (70°C). Pigs with defects in the
ryanodine receptor gene (rn+) undergo exces-
sive (not necessarily rapid) pH decline,
resulting in abnormally acidic conditions in
the meat, which affects water-holding capac-
ity, tenderness, and color (Leach et al. 1996;
Bidner et al. 2004).

Water-holding capacity (WHC) is the
ability of meat to hold onto its own or added
water when force (heat, pressure) is applied.
Water is the major component (about 75%)
of muscle tissue. Most exists in layers around
polar molecules and between layers of cel-
lular materials. The majority is located in the
intermolecular spaces between the salt-solu-
ble proteins (actin, myosin) of muscle tissue,
which varies depending on various intrinsic
and extrinsic factors (Offer and Knight 1988).
Its movement is restricted in a number of
ways that are dependent primarily on the
myofilaments. Some of the factors that alter
the spatial arrangement of the myofilaments
include alterations in net charge induced by
pH changes, screening of charges by anions/
cations, presence of divalent cations (Mg*",
Ca™), denaturing conditions that alter protein
conformation (rapid pH decline while the
carcass temperature is still high), and pres-
ence of plasticizing agents such as ATP and
enzymes (ATPase).

In pre-rigor meat, Mg-ATP~ serves to
prevent cross-linking between the contractile
proteins, actin and myosin (Fig. 2.1). This
maintains the interfilamental space such that
water can move in (Siegel and Schmidt

1979). During the immediate postmortem
period, tissues metabolize glycogen via
anaerobic pathways, lowering pH. ATP is
rapidly consumed, but as reducing equiva-
lents are consumed, it is not regenerated.
Without the plasticizing effect of ATP, actin
and myosin cross-link, the sarcomere short-
ens, fibers contract, and rigor results. During
the rigor process, muscle cells undergo both
longitudinal and lateral contraction, usually
within 24 hours. WHC decreases during the
postmortem period. Rigor mortis occurs in
beef when the pH drops to 5.9 (Honikel et al.
1981). Factors that affect the rate of pH
decline, such as Halothane gene status of pigs
and residual glycogen in the tissues, affect
tenderness, WHC, and color. Factors that
affect the ultimate pH (ryanodine gene status,
stress that alters muscle glycogen content)
also affect these characteristics.

The peak solubility of actin and myosin
occurs between pH 5.7 and 6.0 (Scopes
1964). It decreases dramatically as pH drops
from 6.0 to 5.6. These proteins are almost
completely insoluble below pH 4.9.
Sarcoplasmic proteins are soluble between
4.8 and 5.2, regardless of temperature;
however, at or above 37°C, even high pH
will not prevent them from precipitating onto
myofibrillar proteins. This decreases WHC
as well as other quality characteristics of
meat. The minimum water-holding capacity
of meat occurs around pH 5.0, which corre-
sponds to the isoelectric point of actomyosin.
In addition, toughness is negatively corre-
lated with initial pH and rate of pH decline
(Zamora et al. 1996). Two-thirds of the WHC
losses occurring during rigor are due to loss
of ATP, with the remainder due to pH decline.
The rate of pH decline is partially genetic, in
that pH decreases more rapidly in meat from
some breeds, because of the fiber-type distri-
bution in the muscle tissue, than it does in
meat from other breeds. Brewer et al. (2002)
reported that carcasses from Duroc and Large
White pigs experienced postmortem purge
losses of 5-6%, while those from Pietrain,
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Figure 2.1. Effect of excess hydrogen ion (pH decrease) on water located in muscle tissue.

Duroc/Landrace, and Duroc/Hampshire
experienced purge losses of 12-13%.
Genetics appears to play a significant role in
WHC.

In addition to pH decline, alterations in
carcass temperature can have significant
effects on meat quality (tenderness and
WHC). Loss of circulatory and respiratory
competencies at slaughter allows accumula-
tion of metabolic heat. Carcass temperatures
can increase to over 42°C during the first
45-60 minutes postmortem. At this tempera-
ture, a rapid pH decline can result in denatur-
ation of myofibrillar proteins such that WHC
is ultimately quite low, even if ultimate pH
(24h) is within normal ranges. Rapid post-
mortem glycolysis is associated with the high

drip loss, poor WHC, and pale color of pale,
soft exudative (PSE) pork (Bendall and
Wismer-Pedersen 1962). Development of the
PSE condition may also be due to denatur-
ation and precipitation of sarcoplasmic pro-
teins onto myofibrillar proteins (Joo et al.
1999). The genetic profile of pigs that produce
PSE pork is advantageous for production
reasons. Brewer et al. (2002) reported that
chops from Duroc-sired pigs were more
tender than those from Duroc/Landrace-
and Pietrain-sired pigs. Brewer et al. (2002)
reported similar effects on “texture” of
chops from Halothane positive (nn) and neg-
ative (NN) Pietrain, RN- Hampshire, m+
Hampshire, Berkshire, and Duroc lines of
pigs.
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Hambrecht et al. (2005) reported that high
stress conditions (long transport, short
lairage) decreased muscle glycolytic poten-
tial and increased plasma lactate, cortisol,
muscle temperature, rate of pH decline, ulti-
mate pH, and b* values (yellowness) of
pork. Other color measures were unaffected
by high stress but water-holding properties
were impaired. Because supplemental dietary
magnesium is related to postmortem glyco-
gen breakdown of lactic acid and concomi-
tant muscle pH decline, it has been shown
to help offset damage to color and water-
holding capacity that result from the stress
involved in transport and handling (Frandson
and Spurgeon 1992). Feeding swine magne-
sium during the finishing phase results in
higher initial and/or ultimate muscle pH
values and a decrease in the incidence of
PSE (D’Souza et al. 1998; Swigert et al.
2004).

Flavor
Meaty Flavor

“Flavor” results from the combination of the
basic tastes (sweet, sour, bitter, salt, umami)
derived from water-soluble compounds and
odors derived from a variety of substances
present in the raw meat. Flavor- and odor-
active volatiles include alcohols, aldehydes,
aromatic compounds, esters, ethers, furans,
hydrocarbons, ketones, lactones, pyrazines,
pyridines, pyrroles, and sulfides (Shahidi
1994). The relationship between some of the
more common volatiles and their respective
flavors is shown in Table 2.1.

The lipids present in muscle tissue (sub-
cutaneous fat, intramuscular fat, intermuscu-
lar fat, intramyocellular lipid, and structural
phospholipids) at slaughter serve as a source
of many of these flavor constituents. These
lipids are composed of fatty acids that may
be saturated, unsaturated and/or methyl-
branched (Fig. 2.2). They may be derived
directly from the diet, produced as the result

of biohydrogenation of dietary lipids, or via
endogenous synthesis. Increased marbling,
because of the increased amount of fat avail-
able for formation of flavor compounds, has
traditionally been considered to have a rela-
tively large impact on the ultimate flavor of
the meat product.

“Meaty flavor,” the generic background
flavor of all types of red meat, is associated
with the lean portions of meat. Phospholipids
(0.5-1% of the lean tissue) contain a high
proportion of fatty acids with four or more
double bonds (C18:4, C20:4, C20:5, C22:5,
C22:6; Table 2.2) that are susceptible to
oxidation and likely to make specific flavor
contributions to the meat (Elmore et al.
1999). Endogenous antioxidant enzymes,
especially catalase and GSH-Px, can poten-
tially delay the onset of oxidative rancidity
(Pradhan et al. 2000). Some meat processing
operations reduce the activity of these
systems (Decker and Mei 1996). Of the 60-
plus compounds that contribute specifically
to “meaty” aromas, most are sulfur- or car-
bonyl-containing compounds (Shahidi 1994).
Phospholipids are also the source of several
sulfides that are generated when they react
with cysteine and/or ribose to produce mild,
slightly meaty-flavor/odor compounds, such
as 2-methyl-3-[methylthio]thiophene (Rowe
2002).

Species-Specific Flavor

Species-specific flavor has traditionally
been associated with the lipid portion
of meat. It may result from quantitative dif-
ferences of several compounds (3,5-dimethyl-
1,24 trithiolane,  2.4,6-trimethylperhydro-
1,3,5-dithiazine, mercaptothiophenes,
mercaptofurans; Shahidi et al. 1994). A beef-
like aroma compound, 12-methyltridecanal,
is an important contributor to species flavor
(Mottram et al. 1982). It occurs in much
smaller amounts in species other than beef.
Other species-specific flavor compounds
include  2-methyl-3-[methyl]-furan  and



Table 2.1. Flavors and aromas associated with volatile compounds in meat

Nona-2(E)-enal

Deca-2(E), 4(E)-dienal

Butanoic Acid

Hexanoic Acid

3-Hydroxy-2-butanone

2-propanone

2,3-Octanedione

1-Octen-3-ol

2-Pentyl furan

2-methyl-3-[methylthio]furan

4-hydroxy-5-methyl-3(2H)-furanone (HMF)

Pyrazines

Amino acids: glycine, alanine, lysine, cysteine, methionine,
glutamine, succinic

Organic acids: lactic, inosinic, ortho-phosphoric, and pyrrolidone
carboxylic

Amino acids: aspartic acid, histidine, asparagines

Organic acids: succinic, lactic, inosinic, ortho-phosphoric,
pyrrolidone carboxylic

Hypoxanthine, anserine, carnosine

Amino acids: arginine, leucine, tryptophan

Monosodium glutamate (MSG), inosine and guanosine
monophosphate (IMP,GMP)

Bis(2-methyl-3-furyl) disulfide

2-methyl-3-furanthiol

4-hydroxy-5-methyl-3(2H)-furanone (HMF)

4-hydroxy-2,5-dimethyl-3(2H)-furanone

3-hydroxy-4,5-dimethyl-2(5H)-furanone

Compound Flavors and Aromas
Pentanal Pungent

Hexanal Green, grassy, fatty
Heptanal Green, fatty, oily

Nonanal Soapy

Methional Cooked potato
12-methyltridecanal Beefy

Tallowy, fatty
Fatty, fried potato
Rancid

Sweaty

Buttery

Livery

Warmed over flavor, lipid oxidation

Mushroom

Metallic, green, earthy, beany
Meaty, sweet, sulfurous
Meaty

Nutty, cracker-like, roasted
Sweet

Sweet

Sour
Sour

Bitter
Bitter
Savory, brothy, beefy.

Roasted meat
Roasted meat
Meaty
Meaty
Meaty

MacLeod and Ames, 1986; Ha and Lindsay, 1991; Spanier et al., 1992; Spanier and Miller, 1993; MacLeod, 1994;
Imafidon and Spanier, 1994; Maga, 1998; Mottram, 1998; Shahidi, 1998; Rowe, 2002; Gorraiz et al., 2002.
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Figure 2.2. Triglyceride with saturated, mono-unsaturated, and poly-unsaturated fatty acid.
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Table 2.2. Fatty acid composition of selected types of meat’

Total lipid Total sat. 12:0 14:0 16:0 18:0 16.1 18.1 20:1 22:1 18:2 18:3 18:4 20:4 20:5 22:5 22:6
/100 g fatty acids n-3 n-3 n-3
Chicken’

Breast 3.57 1.01 0 0.3 0.69 0.25 0.15 1.03 0.03 0 0.59 0.03 0 0.06 0.01 0.01 0.02

Dark 9.73 2.66 0.03 0.07 1.84 0.63 0.49 2.97 0.05 0 1.87 0.09 0 0.14 0.01 0.03 0.05
Turkey

Breast 3.46 2.10 0 0.01 0.05 1.28 0.40 1.98 0.01 0.01 1.45 0.08 0 0.16 0 0 0

Dark 7.22 245 0.02 0.05 1.28 0.72 0.24 1.35 0.03 0.02 1.75 0.07 0 0.26 0 0.04 0.06
Beef®

3.54 1.31 0 0.09 0.78 0.43 0.11 1.31 0 0 0.12 0.01 0 0.02 0 0 0
Pork®

3.53 1.21 0.01 0.45 0.76 0.38 0.10 1.42 0.02 0.30 0.30 0 0 0 0 0 0
Lamb*

9.23 3.30 0.02 0.24 1.79 1.10 — — — — 0.63 0.12 0.09 — — — —
Ocean Perch

2.09 0.31 0 0.08 0.18 0.04 0.10 0.27 0.13 0.29 0.04 0.0 0.03 0.01 0.10 0.03 0.30
Atlantic Salmon

12.35 2.50 — 0.57 1.90 0.32 0.77 2.05 1.37 — 0.67 — — 1.27 0.69 — 1.46
Tuna

5.97 0.95 0.009 0.011 0.152 0.051 0.025 0.018 0.007 0.014 0.008 0.012 0.005 0.028 0.037 0.013 0.18

'Source: USDA National Nutrient Database for Standard Reference, Release 20 (2007)

http://www.nal.usda.gov/fnic/foodcomp/cgi-bin/
2Chicken, broilers or fryers, separable fat, raw; contains less than 0.5 g 4:0, 6:0, 8:0, and 10:0

3Beef, top sirloin, separable lean only, trimmed to 1/8” fat, select, raw; contains less than 0.5 g 4:0, 6:0, 8:0, and 10:0

*Lamb, domestic, rib, separable lean only, trimmed to 1/4” fat, choice, raw




3-methylcyclopentanone  (Imafidon  and
Spanier 1994). Methyl-branched compounds
appear to arise from phosphoglycerides
(Werkoff et al. 1993; Mottram 1998). These
compounds are affected by diet, breed, and
muscle.

Muscles vary in their concentrations of
compounds important to meat flavor/odor.
Stetzer et al. (2008) reported that beef
Complexus contained twice the concentration
of 2,3-octanedione, nonanal, and butanoic
acid, and 30% more hexanoic acid than the
Gludeus medius, Rectus femoris, Vastus lat-
eralic, Vastus medialis, Psoas major, and
Longissimus dorsi.

Off-Flavors

Muscle tissue also contains compounds that
contribute to off-flavors in the finished
product as a result of genetics, sex of the
animal, heme content of the muscle tissue,
and diet. Livery flavor is an objectionable,
off-flavor in beef that increases as iron
content increases (Campo et al. 1999; Calkins
and Cuppett 2006; Yancey et al. 2006).
Sulfur-containing compounds (thiols, sul-
fides, thiazoles, sulfur-substituted furans) can
interact with carbonyl compounds to produce
a livery flavor (Werkhoff et al. 1993).
Muscles often exhibiting liver-like flavor,
such as the Psoas major (loin) and Gluteus
medius (round), have higher levels of heme
iron and/or myoglobin (Yancey et al. 2006).
Compared with beef Infraspinatus, Psoas
major, and Rectus femoris, the Gluteus
medius had the highest liver off-flavor score
(Stetzer et al. 2007). Of the Complexus,
Serratus ventralis, Vastus lateralis, Vastus
medialis, and Longissimus dorsi, the Vastus
lateralis had the highest liver off-flavor score
and the Longissimus dorsi had the lowest
(Stetzer et al. 2006). Stetzer et al. (2008)
reported that livery off-flavor was positively
correlated with pentanal, hexanal, 3-hydroxy-
2-butanone, and hexanoic acid.
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Sex and carcass maturity also affect off-
flavors. Beef from bulls has a more livery,
bloody flavor than that from heifers, which
appears to be related to higher 2-propanone
and ethanol contents (Gorraiz et al. 2002).
To the extent that carcass maturity affects
iron content, it can increase metallic, rancid,
bloody, salty, and bitter flavor notes (Calkins
2006). Volatile compounds impact these
flavor notes as well. Higher concentrations of
phospholipids, phosphatidylcholine, and
phosphatidylethanolamine increase livery
and ammonia flavors in beef (Larick et al.
1989). Several muscles (Triceps brachii,
Vastus lateralis, and Vastus intermedius)
with livery off-flavor have more heptanol,
hexanal, hexanol, B-pinene, 1-octene-3-ol,
and nonanal.

Because of their effects on desirable and
undesirable flavor components, diet, animal
sex, age at slaughter, genetics, and muscle
must be considered when meat tissues are to
be used for specific products (fresh, whole
cuts vs. cured, smoked products).

Factors Affecting
Tenderness/Texture

In general, consumers rate tenderness as the
major factor that determines the eating
quality of meat (Brewer and Novakofski
2008). Tenderness embodies all the mouth
feel characteristics perceived kinesthetically:
those perceived prior to mastication (particle
size, oiliness), during mastication (tender-
ness, juiciness), and after mastication (fibrous
residue, mouth coating; Bourne 1992).
Tenderness is composed of mechanical
(hardness, cohesiveness, elasticity), particu-
late (grittiness and fibrousness), and chemi-
cal components (juiciness and oiliness;
Bourne 1992). Minimally, meat tenderness is
affected by myofibrillar, connective tissue,
and compositional components. The myofi-
brillar component can be affected by cold
shortening and proteolytic degradation; the
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connective tissue component can be affected
by animal age, degree of activity, mechanical
tenderization, and composition (Pearson and
Young 1989). Muscle foods have an inherent
set of textural characteristics associated with
them by the nature of the raw material. These
include fibers, fluid/fat exudation, and con-
nective tissue. Textural parameters of interest
are those that are affected by these raw mate-
rials characteristics as well as those that are
affected by exogenously induced alterations
(formulation, aging).

Tenderness of the final product depends
on the muscle(s) from which the meat was
derived. Beef Psoas major was more tender
than the Gluteus medius, Infraspinatus, and
Rectus femoris (Stetzer et al. 2007). Of the
Complexus, Serratus ventralis, Vastus later-
alis, Vastus medialis, and Longissimus dorsi,
the Longissimus dorsi was the most tender
and the Vastus lateralis was the least (Stetzer
et al. 2006). In general, meat that is the most
tender is derived from muscles that were
least used when the animal was alive, while
meat that is the most tough is derived from
muscles that are used the most (locomotor,
postural). However, both genetics and age
affect tenderness. Meat from two-year-old
Angus/Wagyu heifers was as tender and
juicy as that from yearlings. However, meat
from two-year-old pure Angus lines was less
tender and juicy than that from yearlings or
that from Angus/Wagyu animals (Rentfrow
et al. 2004).

Aging
Aging Effects on Tenderness

Sarcomere length, muscle, connective tissue
proteins, and proteolytic degradation account
for most of the variation in tenderness
(Koohmaraie et al. 2002). Tenderness
depends, in part, on proteolytic degradation
of structural and myofibrillar proteins
(Koohmaraie et al. 2002). Large variation in
aging-induced improvement occurs among

animals and among muscles within an animal;
this may relate to initial tenderness
(Novakofski and Brewer 2006; Stolowski et
al. 2006). A major factor in this variation is
high growth rate that requires a high plane of
nutrition. During growth, rapid protein turn-
over increases proteolytic activity, which
contributes to the aging process (Zgur et al.
2003). This increased proteolytic activity
enhances aging because proteolytic cathep-
sins degrade some structural proteins, allow-
ing the sarcomere to relax (Kristensen and
Purslow 2001). This allows the inflow of
water previously expelled during rigor. This
inflow may be driven by the difference in
protein concentration existing between intra-
and extracellular compartments of the muscle
cell.

Tenderness improvement with aging
varies between animals within a breed, and
between muscles within an animal. It depends
on several factors that may also be related to
initial tenderness (Wicklund et al. 2005;
Novakofski and Brewer 2006). Wicklund et
al. (2005) reported that changes in tenderness
of strip steaks required 14 days of aging.
Novakofski and Brewer (2006) reported that
the mean improvement in shear with aging
over the first week differed depending on the
shear value starting point (original shear
value); however, no differences occurred
between 7 and 14 days. Rentfrow et al. (2004)
reported that Warner Bratzler shear values
decreased and tenderness increased in beef
from one- and two-year-old heifers during
aging; however, maximum improvement
occurred after only 7 days of aging. Bruce et
al. (2005) indicated that aging for up to 14
days increased tenderness.

Aging Effects on Flavor

The effects of aging on flavor are unclear
(Mottram 1998). It can alter the makeup of
the aroma and flavor precursors, which ulti-
mately affects the characteristics of the
cooked product. Aging can increase carbon-



yls derived from lipid oxidation, which may
contribute to off-flavors, decrease flavor
identity, and increase metallic flavor (Yancey
et al. 2005). It can also increase fatty flavor
and negative attributes such as painty,
cardboard, bitter, and sour (Spanier et al.
1992; Gorraiz et al. 2002; Bruce et al.
2005). Positive flavor compounds, such
as 3-hydroxy-2-butanone, 2-pentyl furan,
2,3-octanedione, and 1-octene3-ol, decrease
with aging; and negative compounds, such as
pentanal, nonanal, and butanoic acid, increase
with aging (Stetzer et al. 2008). Aging beef
can result in changes in umami taste.
Glutamic acid content more than doubles
during the first 7 days of aging (Bauer 1983).

The potential benefits of aging for selected
muscles for flavor development and tender-
ization must be weighed against the potential
development of off-flavors.

Color

Color and appearance of fresh meat are major
factors in consumer purchase decisions
because they are presumed to be indicators
of meat freshness and quality (Brewer et al.
2002). Meat color is due to the concentration
of heme pigments (myoglobin, hemoglobin),
their chemical states, and the light-scattering
properties of the meat (Lawrie 2002). At high
pH, the heme iron is predominantly in the
ferrous state (Fe**); low pH accelerates
ferrous iron conversion to the ferric state
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(Fe*, Table 2.3). Oxygen can bind to heme
iron only if it is in the ferrous state (Fe®").
However, many other ligands (CN, NO, CO,
N;) can bind to either the ferrous (Fe*") or
ferric (Fe**) form. Water (H,O) can bind to
myoglobin (Mb) only if the iron is in the
ferrous form. Under low oxygen tension con-
ditions, Mb exists in the purple-colored,
reduced form (Fe*"). Exposed to oxygen for
a short period of time, the central iron (Fe*")
reversibly binds oxygen, producing oxymyo-
globin (MbO,), which is bright pink or red.
However, when exposed to O, for an extended
period, the central iron atom can lose an elec-
tron (oxidized to Fe™), producing metmyo-
globin (MetMb), which is grey-brown.
Immediately post slaughter, the oxidized
form can be reduced by endogenous reducing
systems in the meat, as long as reducing
equivalents (NADH) are available and the
globin fraction is in its native state (undena-
tured). Over time, these reducing equivalents
are depleted and the pigment is irreversibly
oxidized. Oxidation also occurs rapidly if the
globin moiety is denatured by rapidly declin-
ing pH while the carcass is “hot” or by exces-
sively low ultimate pH.

In pigs, color variations may have been
inadvertently selected for as pigs were bred
for high gain/feed ratios and leanness. Brewer
et al. (2002) reported that genetic line had
significant effects on a* value (redness),
which ranged from 9.2 to 11 (on a 15-point
scale) among pigs from genetic lines known

Table 2.3. Characteristics of various states of myoglobin

Pigment Ligand Conditions Iron State Color
Deoxymyoglobin H,O Very low oxygen tension Fe** Purple-red/purple-pink
(<5mmHg). H,O is ionically
(reversibly) bound to Fe™
Oxymyoglobin :0, High O, tension (70-80 mm Hg). Fe** Bright red/bright pink
0, is covalently bound to Fe**
Metmyoglobin — Low O, tension (~10mmHg). An Fe*™ Brown/grey
electron is lost from Fe™
Carboxymyoglobin CO: CO is preferentially bound to Fe** Fe** Bright red
(compared to O,). Stable during
storage and heating
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to suffer from color defects (Halothane+,
Pietrain, and RN-Hampshire). Because color
is a function of rate of pH decline, genetics
can influence both the absolute color (dark
pink, pale pink) and the evenness of the
color. Visual two-toning was higher in pork
loins from Duroc cross lines (Duroc/Landrace
and Duroc/Hampshire) than in those from
Pietrain, RN- Hampshire, rn+ Hampshire,
Berkshire, and Large White carcasses. Pork
from Pietrain-sires was lightest and least
pink. The color defects observed in PSE pork
are also linked to postmortem pH decline and
carcass temperature. The abnormal color that
occurs in PSE pork has been duplicated in a
model system by Friese et al. (2005) by
holding chops for 60 to 120 minutes at 42 °C
or higher. Chops with a pH <5.8 lightened
until L* values (lightness) were similar to
those typical of PSE pork.

PSE pork is undesirable to packers because
of high drip/purge loss, which represents
value lost as “shrink,” while the light color
makes PSE pork less appealing to consumers
(Brewer and McKeith 1998). Pigs do differ
in susceptibility to PSE regardless of geno-
type. Variation in fiber type appears to
account for some of this variation because
of myosin isoform-specific differences in
denaturation characteristics (Depreux et al.
2002).

Animal age and muscle from which the
meat is derived also affect color. L* values
of beef from the Psoas major were signifi-
cantly higher (lighter) than those from the
Longissimus lumborum and the Gluteus
medius (Rentfrow et al. 2004). L* values
of the latter were higher in meat from year-
ling heifers than in that from two-year-old
heifers.
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Chapter 3

Meat Decontamination

Panagiotis N. Skandamis, George-John E. Nychas, and John N. Sofos

Introduction

Food animals, whether infected or asymp-
tomatic carriers, are sources of spoilage and
pathogenic microorganisms. More specifi-
cally, animals carry microorganisms on their
external surfaces, including the gastrointes-
tinal tract, which contaminate the environ-
ment as well as food and water, forming a
complete cycle. In general, external animal
surfaces, as well as their feces and the envi-
ronment, may serve as sources of contamina-
tion for: (i) carcasses during the slaughtering,
dressing, chilling, and cutting processes; (ii)
meat products during processing, storage and
handling; (iii) water and other foods through
contaminated manure; or (iv) direct transfer
and infection of humans (Sofos 2002). More
specifically, sources of microbial contamina-
tion for meat include air, water, feces, knives
used during exsanguination and cutting,
hides, fleece, feathers, the gastrointestinal
tract through accidental spillage of its con-
tents during evisceration, and lymph nodes if
inspected by incision or otherwise cut.
Furthermore, contact with other carcasses,
employees, as well as the processing envi-
ronment (e.g., equipment, water, or air) may
also contribute to carcass and meat contami-
nation (Sofos 1994, 2002; Sofos et al. 1999a,
b, c; Elder et al. 2000; Childs et al. 2006).
Although multiple species of microorgan-
isms may be introduced onto the carcass
during hide removal (Bell 1997), the major-
ity of these microorganisms consist of non-
pathogenic spoilage bacteria and indicator

microorganisms, such as coliforms and
Escherichia coli (at levels 10 to 10’ CFU/cm?
or higher). However, there is also a potential
for contamination with pathogens such as
Escherichia coli O157:H7, Salmonella,
Campylobacter spp., and others (Gill and
Bryant 1992; Sofos et al. 1999a; Bacon et al.
2000; Reid et al. 2002; Koutsoumanis and
Sofos 2004; Koutsoumanis et al. 2006).
Reduction of pathogen contamination
levels in meat products could reduce the
burden of food-borne diseases, and thus,
decrease the estimated $12 billion annual
economic losses in medical costs, lost pro-
ductivity, recalls, legal fees, and loss of busi-
nesses in the United States (Buzby et al.
1996; Stopforth and Sofos 2005). Therefore,
there is increased interest in improving the
microbiological status of meat. The Food
Safety and Inspection Service (FSIS) of the
United States Department of Agriculture
(USDA) has declared E. coli O157:H7 an
“adulterant” in ground beef and other nonin-
tact beef products and has issued a zero-
tolerance policy that requires removal of all
visible contamination, including feces,
ingesta, and udder contents, from beef
carcasses by knife-trimming or steam-
vacuuming prior to washing and chilling
(Kochevar et al. 1997a; Bacon et al. 2000).
Furthermore, FSIS has changed the meat and
poultry inspection regulations to require: (i)
establishment of sanitation standard operat-
ing procedures (SSOP); (ii) operation under
the hazard analysis critical control point
(HACCP) system; (iii) microbial testing of
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carcasses for E. coli for verification of the
effectiveness of control measures against
fecal contamination; and (iii) establishment
of microbiological performance standards for
Salmonella prevalence as a means of tracking
pathogen reduction (USDA-FSIS 1996c;
Sofos et al. 19994, b, c, d; Rose et al. 2002).
The need for compliance with zero tolerance
and microbiological criteria imposed by reg-
ulatory authorities or the industry, as well as
the fact that knife-trimming may not be ade-
quate for efficient removal of microbial con-
tamination, resulted in evaluation and
commercial application of washing and
decontamination treatments (Smulders and
Greer 1998; Sofos and Smith 1998; Sofos
2005; Stopforth and Sofos 2006) before
slaughtering, during slaughtering at the pre-
and post-evisceration stage, during chilling,
and post-chilling (Fig. 3.1).
Decontamination treatments may be
physical or chemical in nature, while the
combination of both as multiple interventions
is also used (Smulders and Greer 1998; Sofos
and Smith 1998; Bacon et al. 2000; Geornaras
and Sofos 2005; Kalchayanand et al. 2008).
Physical methods aim to mechanically
remove soil from the external surfaces of
animals (e.g., hides) or carcasses, as well
as to reduce microbial populations. They
include animal washing/cleaning and/or hair-
trimming before slaughtering, dehairing and
defeathering, knife-trimming, and washing
of carcasses, as well as thermal treatments,
such as use of steam/hot water-vacuum gen-
erating equipment for spot-cleaning, ““steam
pasteurization,” or spraying with hot water.
Chemical treatments involve the application
of organic acid or other chemical solutions
for chemical dehairing and as rinses for
contamination reduction. Thermal treatments
(hot water and steam) or organic acid
solutions are commonly used alone or in
combination (Sofos 2005). Alternative
decontamination methods/agents include
ionizing radiation, ozonated water, nisin, glu-
conic acid, lactoferrin, high hydrostatic pres-

sure, sonication and pulsed light, or pulsed
electric fields (Cutter and Siragusa 1994a;
Reagan et al. 1996; Naidu and Bidlack 1998;
Sofos and Smith 1998; Huffman 2002;
Castillo et al. 2003; Sofos 2005; Aymerich et
al. 2008; Kalchayanand et al. 2008). However,
most of these alternatives are still under
investigation and have not been applied in
practice yet. The main focus of the following
paragraphs is to discuss commercially applied
decontamination interventions on animals
and carcasses.

Animal Washing

Before slaughter, internal tissues of healthy
animals are considered sterile (Sofos 1994).
Microbial contamination of meat usually
starts during conversion of live animals into
carcasses and meat by the slaughter/dressing
process and more specifically by the removal
of the hide, pelt or feathers, and viscera.
Contamination is an unavoidable problem,
which may occur even in the best-managed
slaughter facilities. Nevertheless, highly
soiled animals with long wool and visible
fecal contamination are expected to introduce
in the slaughter plant higher microbial popu-
lations than shorn and “clean” animals (Biss
and Hathaway 1995; Hadley et al. 1997;
Duffy et al. 2005; Childs et al. 2006).
Therefore, presentation of clean animals for
slaughter is desirable because it reduces the
likelihood of pathogen presence and transfer
onto carcasses (Biss and Hathaway 1995;
Hadley et al. 1997; Bolton et al. 2002; Arthur
et al. 2004; Duffy et al. 2005).

A first step in efforts to minimize sources
of carcass contamination at slaughter is to
wash animals before knife incision (Sofos
and Smith 1998). Pre-slaughter washing of
sheep is a common intervention in New
Zealand (Biss and Hathaway 1995). In addi-
tion, Australia has adopted washing of cattle,
which is also practiced in certain slaughter
plants in the United States (Sofos 2002). The
outcome of animal washing is variable and
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tamination interventions may be applied. Based on Bell (1997); Gill and Bryant (1997b); and Edwards and Fung

(2006).

depends on climate, type of animal, and
availability of facilities (Sofos and Smith
1998; Kain et al. 2001). Indeed, although
animal washing may remove almost all
visible contamination from animal surfaces,
it may have limited effectiveness (<1log,
CFU/cm?) in reducing microorganisms (Biss
and Hathaway 1995; Kannan et al. 2007). A
concern is that it may release microorgan-
isms from feces and redistribute microbial
contamination, resulting in washed animals
carrying higher microbial loads than

unwashed animals (Biss and Hathaway 1995;
Mies et al. 2004). For instance, single or
double pre-slaughter washing with water or
chemicals (e.g., lactic acid and chlorine)
increased the percentage of positive
Salmonella samples on hides of live cattle
from 35-60% pre-treatment to 40-72% after
treatment (Mies et al. 2004). However, other
studies have demonstrated promising results
against pathogen contamination. For instance,
power-hosing of pigs or cattle for 1-3
minutes, upon arrival at the abattoir, with
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potable water (19°C) did not reduce the
number of bacteria, but reduced the incidence
of Salmonella on the neck, belly, and ham
areas of live animals, from 27% (before
washing) to 10% (Bolton et al. 2002), and
caused 3log,, CFU/cm? reductions of artifi-
cially inoculated E. coli O157:H7 (Byrne et
al. 2000).

U.S. regulatory guidelines require cattle to
be dry, or at least not dripping, when they are
slaughtered (Reed and Kaplan 1996; Sofos
and Smith 1998), which can be a constraint
when animal washing is considered before
slaughter. Nevertheless, when animals are
wet or excessively soiled, slaughter speeds
should be reduced to minimize accidental
transfer of contamination from the exterior
of the animals onto the carcass or the plant
environment (Sofos 2002). Furthermore,
modifications in the steps involved in hide
removal, or in equipment used for hide
removal, may help in minimizing transfer of
contamination onto the carcass surface
(Hadley et al. 1997). Considering the above
as well as the reported low magnitude of
microbial reduction achieved by this inter-
vention, animal washing, is mostly accepted
as a means to improve visual appearance, due
to removal of visible contamination of
animals presented in a “dirty” state, rather
than to enhance the microbial quality of meat
(Bolton et al. 2002). Van Donkersgoed et al.
(1997) found poor correlation between coli-
form and E. coli counts on carcasses with the
presentation status of animals before slaugh-
tering (e.g., score and surface wetness) and
the slaughtering speed, suggesting that there
is significant variability in factors affecting
carcass contamination.

Poor sanitation, hygiene and manufactur-
ing practices pre-harvest, as well as during
slaughtering, fabrication, and processing
may lead to excessively contaminated meat,
even when less heavily soiled animals are
processed. Especially, pre-harvest practices
play a key role on the microbial contamina-
tion of the external animal surfaces. Studies

have shown that E. coli O157:H7 serotypes
present on animal hides matched those on the
feedlot and transportation trailers (Childs
et al. 2006; Woerner et al. 2006). Thus,
ensuring hygienic transportation and han-
dling of animals prior to slaughtering, fol-
lowed by hygienic slaughtering practices, are
likely more essential than simply improving
the presentation status of animals (Duffy
et al. 2000; Kain et al. 2001; Childs et al.
2006; Woerner et al. 2006). An effective
practice, for example, could be the combina-
tion of animal washing with separation of
washed or clean from unwashed animals and
application of pre-evisceration decontamina-
tion treatment with chemicals. Such practice
has been shown to improve the microbial
quality of cattle carcasses by reducing aerobic
plate count (APC) levels and the prevalence
of E. coli OI157:H7 from 56% to 34%
(Bosilevac et al. 2004b). However, physical
separation of the processing of highly con-
taminated from that of clean animals may be
impractical in some systems of animal pro-
duction, marketing, distribution, and slaugh-
tering (Gill 1998).

Other methods for reducing microbial
contamination on external animal surfaces,
include hide-on multiple interventions with
chemicals, such as chlorinated water, or
steam of subatmospheric pressure (at 75—
80°C), on shackled animals before the dehid-
ing process (i.e., after stunning or
exsanguination; McEvoy et al. 2001, 2003;
Bosilevac et al. 2004b, 2005). Other exam-
ined chemicals include cetylpyridinium chlo-
ride (CPC; 1%), sodium hydroxide (SH;
1.6%), trisodium phosphate (TSP; 4%), or
phosphoric acid (4%; Bosilevac et al. 2004a,
b, 2005). Evaluation of such treatments on a
laboratory-scale in model spraying-cabinets
has demonstrated reductions of APC and
total coliform count (TCC) of up to 4log,
CFU/cm? and of E. coli O157:H7 prevalence
from 44% to 17% on cattle (McEvoy et al.
2001, 2003; Bosilevac et al. 2004a, b, 2005).
Furthermore, in a comparative evaluation of



simulated low-pressure (2.07 bar, 7s) chemi-
cal sprays on whole beef hides inoculated
with E. coli O157:H7 and Salmonella,
Carlson et al. (2008a, b) found that 10% of
warm (55°C) lactic or acetic acid, or cold
(23°C) solutions of sodium metasilicate (SM;
4%), SH (3%), and SH (1.5%) in combina-
tion with chlorinated water (200ppm)
reduced the inoculated levels of the above
pathogens by >2log,, CFU/cm®. The above
chemical treatments also caused similar
reductions to the populations of total bacte-
ria, coliforms, and E. coli (Carlson et al.
2008a).

In conclusion, strict hygienic measures
need to be applied during animal transporta-
tion to the abattoir and further handling
before the dressing process. Animal washing
may reduce microbial contamination on the
external animal surfaces. However, this inter-
vention has variable results and its effective-
ness is uncertain. Nevertheless, application
of low-pressure spray rinses with approved
chemicals, such as detergents, organic acids,
hydrogen peroxide, and chlorine, on animal
hides is practiced in the United States and
Australia (Midgley and Small 2006; Stopforth
and Sofos 2006).

Dehairing

Chemical dehairing of cattle hides is a pat-
ented process (Bowling and Clayton 1992)
that received FSIS-approval for experimental
testing by the industry (Sofos and Smith
1998). The aim of chemical dehairing is to
remove hair, mud, manure, other extraneous
matter, and associated microbial contami-
nants from animal hides before their removal
from carcasses. Applications (in vitro) of
chemical dehairing on artificially inoculated
bovine hide samples suggested that treatment
with 10% sodium sulfide (SS) for 16 seconds
could achieve >3logcfu/cm?® reductions of
inoculated E. coli O157:H7, Salmonella spp.,
L. monocytogenes, as well as of APC and
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TCC (Castillo et al. 1998a; Graves Delmore
et al. 1998).

In commercial applications, chemical
dehairing reduced visible contamination
(i.e., hair and carcass defects) and the amounts
of waste derived from carcass trimming
compared to the conventional process, but it
had negligible effect in reducing carcass
bacterial loads (Schnell et al. 1995). This
was attributed to the fact that dehairing was
evaluated during breaks on days when non-
dehaired animals were also processed in
the same facility, and thus, the plant environ-
ment carried microbial contamination (e.g.,
via aerosol, human, and equipment) from
conventionally slaughtered animals. Nou
et al. (2003) evaluated the APC,
Enterobacteriaceae counts, and prevalence
of E. coli O157:H7 on 240 conventionally
processed beef carcasses, 240 hides that were
chemically dehaired before removal, and
on two respective sets of 240 carcasses
immediately after hide removal at pre-
evisceration in a plant that processed only
dehaired animals. It was shown that the APC
and Enterobacteriaceae populations on car-
casses at pre-evisceration that had received
chemical dehairing were lower than those on
conventionally processed carcasses by 2 and
1.81og;, CFU/cm?, respectively. Similarly,
the prevalence of E. coli O157:H7 on dehaired
and nondehaired carcasses was reduced from
67% (pre-treatment) to 1% and from 88% to
50%, respectively (Nou et al. 2003). When
simulated chemical dehairing systems were
tested in vitro on removed whole beef hides
inoculated with E. coli OI157:H7 and
Salmonella, Carlson et al. (2008b) found that
deluging with SS (6.2%, 30°C) or potassium
cyanate (PC; 2.4%, 30°C) reduced E. coli
O157:H7 by 4.8-5.1log,, CFU/cm® and
Salmonella by 0.7 (PC) and 4.2 (SS) log),
CFU/cm?.

Physical separation of the dehairing
process from the hide removal operations
would limit microbial aerosols and the spread
of hydrolyzed hair and residual dehairing
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chemicals (SS and hydrogen peroxide)
released by the dehairing process from
coming in contact with dehided carcasses.
Concerns with chemical dehairing include
the corrosiveness and hazardous potential of
the sulfides and their potential effect on the
skin and mucus membranes of workers
(Edwards and Fung 2006). Moreover, recy-
cling systems are needed to treat and recover
the liquid waste generated by dehairing
(Edwards and Fung 2006).

In contrast to cattle, pigs and chickens are
rarely skinned, as they are scalded (with hot
water that may contain wetting agents or
alkali at up to 66°C) immediately after bleed-
ing (Gill and Bryant 1992; Bolton et al.
2002). Scalding and singeing are known to
cause up to 4.5log;, CFU/cm”® reductions of
total aerobic bacteria and 6.0log;, CFU/cm’
reductions of pathogens, such as S.
Typhimurium and C. jejuni, on poultry (Yang
et al. 2001) or swine carcasses (Gill and
Bryant 1992; Yu et al. 1999). However,
despite these potential reductions in micro-
bial counts, contamination levels may
increase on scalded pork carcasses during
subsequent polishing and/or mechanical
shaving (Gill and Bryant 1992; Gill and
Jones 1997a; Yu et al. 1999; Gill et al.
2000), and on poultry carcasses during chill-
ing. Therefore, there is a need for strict
hygiene control and additional decontamina-
tion strategies in the slaughtering and chilling
process, in order to reduce microbial con-
tamination on carcasses and maintain it at
low levels.

Spot-Carcass Decontamination
Treatments

Knife incision for bleeding (sticking) and for
hide removal (skinning) is the first exposure
of carcasses and muscle to contamination;
the hide also introduces animal contamina-
tion on the carcass and in the plant environ-
ment, equipment, and workers as itis removed
from the carcass. Therefore, spot-treatments

of carcasses are the first interventions after
hide removal, applied for removal of visible
soil from external surfaces of carcasses.
Such treatments include knife-trimming and
steam-vacuuming. Both spot-carcass inter-
ventions are approved by FSIS for use in
meat processing in order to achieve zero tol-
erance of visible contamination on carcasses.
However, given that such interventions are
based on visual inspection, and thus, invisi-
ble carcass contamination may be over-
looked, they should be combined with
pre- and/or post-evisceration decontamina-
tion treatments.

Knife-Trimming

As indicated, knife-trimming is required by
FSIS in the United States for removal of
visible contamination (i.e., feces, soil, hair,
milk fluids, and bruised tissue) from car-
casses before any spraying with water or
decontamination liquids. In addition to
cosmetic reasons, it is assumed that knife-
trimming removes microbial contamination
through proper removal of soiled tissue
(Sofos and Smith 1998; Sofos 2002). The
magnitude of reported reductions of naturally
occurring total bacteria and coliforms by
knife-trimming of beef carcasses ranges
from <1 to 2log,/cm? (Gorman et al. 1995b;
Reagan et al. 1996; Kochevar et al. 1997b;
Phebus et al. 1997; Castillo et al. 1998c¢).
Higher reductions, such as 2.9 to 4.91log,y/
cm’, have been observed on inoculated S.
Typhimurium, E. coli O157:H7 and L. mono-
cytogenes, which may be associated with the
higher inoculum levels applied on the beef
tissue compared with naturally occurring
levels of contamination on carcasses (Hardin
et al. 1995; Cabedo et al. 1996; Phebus et al.
1997, Castillo et al. 1998c). However, knife-
trimming may also increase microbial load of
treated spots (Gill et al. 1996) or disperse
contamination to adjacent areas (Gorman et
al. 1995a). The efficiency of this intervention
depends on the skills of personnel perform-



ing the trimming and the proper sanitation of
the knives used. To ensure better decontami-
nation of knives after use on a carcass, the
industry in the United States has introduced
the two- or three-knife system. As one knife
is used, the others remain immersed in hot
water for decontamination. Furthermore,
given that knife-trimming removes visible
contamination, it is likely that low-level con-
tamination, as well as contamination which
is not associated with visible soil, may be
ignored (Edwards and Fung 2006). Thus,
alternative decontamination methods, such as
steam-vacuuming, but especially whole-car-
cass treatments in the form of multiple inter-
ventions, such as consecutive application of
trimming and spraying with hot (66 to
87.8°C) water or chemical solutions, are nec-
essary to improve the microbiological quality
of carcasses (Dorsa 1997).

Steam/Hot Water-Vacuuming

In response to the need for interventions
alternative to knife-trimming for removal of
visible contamination from carcasses, FSIS
approved the cleaning of carcass spots of up
to 2.5cm in diameter with handheld equip-
ment, applying steam and vacuum; larger
spots must be removed only by knife-trim-
ming (USDA-FSIS 1996a). The aim of the
steam-vacuuming process is to clean visible
soil as well as to remove or kill associated
microorganisms (Kochevar et al. 1997a). A
very large portion of the U.S. meat industry
applies this economical process throughout
the slaughter chain (Gill and Bryant 1997b).
Commercial steam-vacuuming units release
steam (at 104-110°C, 2.07-3.45 bar) and/or
hot water (at 82-94°C, 0.34—1.03 bar) in con-
junction with the application of vacuum and
are continuously heat-sanitized (Dorsa et al.
1996a, b, 1997b; Kochevar et al. 1997a;
Castillo et al. 1999a). The principle of the
method is described as follows: initial appli-
cation of steam or hot water loosens soil and
causes bacterial inactivation, while subse-
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quent vacuum removes the contaminants.
Kochevar et al. (1997a) tested two commer-
cial steam-vacuuming systems according to
the operation protocol applied in operating
plants. They found that steam-vacuuming
caused 1.7-2.0 and 1.7-2.1log,/cm? reduc-
tions of APC and TCC, respectively, which
were slightly higher than reductions achieved
by knife-trimming. Decrease in microbial
populations due to steam-vacuuming may
also exceed those achieved with water spray-
washing (Castillo et al. 1999a). In general,
reported reductions of APC, TCC, and E. coli
by steam-vacuuming of naturally contami-
nated carcasses have ranged from 0.5 to
2log;, CFU/cm* (Gill and Bryant 1997b;
Kochevar et al. 1997a), whereas those on
tissues artificially inoculated with bovine
feces are commonly higher, such as 3—41og,
CFU/cm? (Dorsa et al. 1996a; Castillo et al.
1999a). Considerable effectiveness of steam-
vacuuming has also been shown against
pathogens artificially inoculated on beef
carcass short plates or cutaneous trunci
muscles. Specifically, average reported
reductions of L. innocua, L. monocytogenes,
S. Typhimurium, and vegetative cells of
Clostridium sporogenes ranged from 2 to
3.4log,, CFU/cm? (Dorsa et al. 1997b;
Phebus et al. 1997), whereas a reduction
of 5.5log,, CFU/cm?* has been reported for
inoculated E. coli O157:H7 (Dorsa et al.
1996b).

The duration of vacuum application, the
processing stage, and the type or state of beef
tissue seem to play an important role on the
efficiency of steam-vacuuming. Bacon et al.
(2002a) evaluated post-chilling steam-vacu-
uming (130°C, 1.72 bar) on Salmonella-
inoculated cold beef adipose tissue surfaces
and found reduction of less than 11log,, CFU/
cm?. The limited efficacy of the applied treat-
ment was attributed to the short contact time
of the steam-vacuuming unit with the adipose
surface, in combination with the protective
effect of the hardened cold surface on micro-
colonies imbedded or attached to the tissue.
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However, steam-vacuuming seems to be a
useful decontamination approach on hot car-
casses during dressing, as it may deliver sig-
nificant reductions of APC and TCC.
Implementation of water/steam-vacuuming
reduces the amount of trimming needed on
carcass-processing lines and hence, limits the
effect of human subjectivity, as well as the
risks of contamination by insufficient sanita-
tion of knives and improper personnel
hygiene. In addition to visible contaminated
spots, steam-vacuuming operators in U.S.
slaughter plants also apply the intervention
on certain carcass sites (e.g., hide cutting
pattern lines) known to carry microbial con-
tamination even in the absence of visible soil.
It should be noted that the effectiveness of
this intervention depends on appropriate
application and proper state of equipment
operation.

Pre-Evisceration Decontamination

Pre-evisceration  interventions  include
washing with cold or hot water and/or rinsing
with chemical solutions, such as organic
acids (Fig. 3.1). In addition, water-washing
of beef carcasses is performed as a final step
before decontamination and chilling (Fig.
3.1). Washing with cold water may be con-
sidered equally or less effective than knife-
trimming inremoving bacterial contamination,
whereas the combination of both treatments
may not be more effective than each treat-
ment alone (Gorman et al. 1995a, b; Gill et
al. 1996; Graves Delmore et al. 1997; Reagan
et al. 1996). However, this comparison may
be unjustified, since knife-trimming applies
to defined carcass segments, while washing
applies to whole carcasses. Compared with
cold water, which physically removes bacte-
ria, hot water-washing has an additional
lethal effect on microbial contamination (see
relevant section of this book chapter).

Apart from water-washing, rinsing with
chemical solutions may also be effective in
reducing microbial contamination after hide

removal but before evisceration (Fig. 3.1).
Organic acids, such as lactic and acetic, are
the chemicals of choice in pre-evisceration
treatments. However, due to the strong flavor
of acetic acid, lactic acid is the preferred
compound. Details on the effect of chemical
solutions on the reduction of carcass micro-
bial contamination are presented in the
“chemical decontamination” section of this
chapter.

Given that bacterial attachment increases
with time elapsed between exposure of the
carcass to contamination and application of
the decontamination treatment, the sooner
the application of spray-washing after hide
removal the higher the expected result. It is
believed that pre-evisceration washing is
effective, as it may limit the adherence of
bacteria to carcass by reducing the surface
tension (i.e., the surface free energy and
contact angle) of the latter (Dickson 1995).
Consequently, spray-washing before evis-
ceration may result in significant reduction of
initial contamination because of the short
time for bacterial and soil attachment after
hide removal, and because the wet surface
limits subsequent bacterial attachment during
evisceration and before final carcass-washing
(Sofos and Smith 1998).

Final Carcass-Washing

As indicated, water-washing is also applied
at the end of the dressing process (post-
evisceration),  following  zero-tolerance
inspection, before carcass-chilling. Typically,
carcass-washing may take place manually
with hand-held hoses in small operations or
by automated spraying systems in cabinets
(Anderson et al. 1981), in which the nozzle
type and configuration, and the spraying
pressure determine the droplet size and tem-
perature of water as it hits the carcass surface
(Bacon 2005). The main objective of final
carcass-washing is to improve the appear-
ance of the carcass by removing blood and
sawdust generated during carcass-splitting.



Common temperatures of water-washing
range from 10 to 40°C (and rarely up to
56°C) and pressures from 343 to 4134kPa,
whereas the duration varies from 5 seconds
up to 2 or 10 minutes for manual spraying
(Sheridan 2004; Bacon 2005). In contrast to
automated spraying systems, hand-washing
lacks consistency because of human error,
such as lack of operator attention and fatigue
(Anderson et al. 1981; Sheridan 2004).
Studies evaluating the effectiveness of spray-
washing on whole carcasses or excised
carcass tissues have used either commercial
ormodel spray-washing cabinets. Specifically,
pre-evisceration washing of beef, veal, sheep,
or lamp carcasses with cold (2 to 35°C) or
slightly warm water (e.g., 40 or 56°C) for
5-90 seconds, reduced counts of total
bacteria and indicator organisms, such as E.
coli and coliforms by <1 to 2.3log;, CFU/
cm?, either inoculated through fecal paste
(Gorman et al. 1995a, b; Reagan et al. 1996;
Dorsa et al. 1996b, 1997a, 1998a, b, c;
Kochevar et al. 1997b; Graves Delmore et al.
1997, 1998; Castillo et al. 1998b, c; Penney
et al. 2007) or naturally present on carcasses
(Gill et al. 1996; Kain et al. 2001). The
reported reductions for pathogens such as E.
coli O157:H7 and Salmonella inoculated on
carcass tissues are in the range 1.9 to 3.5log,
CFU/cm? (Castillo et al. 1998b, c¢; Hardin
et al. 1995; Cutter and Rivera-Betancourt
2000).

In addition to washing time, temperature
and pressure, the effectiveness of washing
also depends on bacterial population densi-
ties, the condition (temperature of carcass
based on postmortem and/or pre-chilling
time) of the tissue, and the extent of bacterial
attachment (Bacon 2005; Hardin et al. 1995).
Bacterial adhesion, which depends on factors
such as formation of exopolymeric sub-
stances, wool, moisture of tissue, and micro-
bial species, as indicated, also increases with
time of carcass tissue exposure to fecal con-
tamination (Bacon 2005). Furthermore, it has
been suggested that washing appears rela-
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tively more effective when the initial con-
tamination level is high (Gill and Landers
2003b). This may be explained on the basis
that large numbers of bacteria are likely asso-
ciated with solid particles, which are easily
washed off, whereas lower bacterial popula-
tions may be associated more firmly with
surface tissue (Gill and Landers 2003b).
Another reason could be that the higher the
initial contamination the more bacteria exist
to be removed.

The efficacy of cold water (2 to 40°C) in
reducing microbial contamination of car-
casses may be enhanced as spraying pressure
increases from 27 to 41 bar (1 bar = 100kPa),
and/or as contact time increases from 5 to 90
seconds (Kelly et al. 1981; Gorman et al.
1995a, b; Gill et al. 1996; Bell 1997; Castillo
et al. 1998c; Kain et al. 2001; Yang et al.
2001; Edwards and Fung 2006). For example,
an approximately tenfold increase in spray-
ing pressure (i.e., from 2—13 to 20-27 bar) of
water (16-35°C) increased the reduction of
APC from <1log,, to 1.24—1.35 CFU/cm?* on
beef (Gorman et al. 1995a, b) and lamb
adipose tissue (Kochevar et al., 1997b).
Certainly, the increase in pressure also
improves the presentation of carcasses
(Kochevar et al. 1997b). However, careful
selection of washing pressure needs to be
made, because application of high pressure
water-washing may lead to potential penetra-
tion of bacterial contamination to inner layers
of tissue, while low pressures may simply
result in translocation of the microbial cells
on the carcass surface (De Zuniga et al. 1991;
Anderson et al. 1992; Ellerboek et al. 1993;
Gorman et al. 1995a). Castillo et al. (1998¢)
inoculated beef carcass tissue with feces
mixed with S. Typhimurium and E. coli
O157:H7 and found that spray-washing with
water caused spreading of 0.7 and 1.8log,
CFU/cm® of the above microorganisms,
respectively, to sites of carcasses adjacent to
the inoculated areas. This was attributed
to washing run-off. Likewise, Bell (1997)
found that pre-chilling washing (517.5kPa)
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of beef carcasses spread the microbial con-
tamination in a posterior to anterior direction,
following the flow of wash water, down the
carcass (i.e., from hind leg to forequarter).
Similarly, power-hosing of pork carcasses
after singeing increased bacterial numbers on
ham, belly, and neck by almost 3log,, CFU/
cm?® (Bolton et al. 2002). Polishing of pig
carcasses following singeing and/or scalding
may increase APC, further necessitating a
pre-chilling washing/decontamination step
(Gill et al. 1995, 2000; Yu et al. 1999).
However, due to the aforementioned limita-
tions, pre-chilling washing may be insuffi-
cient to reduce the microbial contamination
of carcasses entering the dressing process,
especially if the dressing process is not
implemented under controlled hygienic con-
ditions (Gill et al. 2000). In a comparative
evaluation of the hygienic performance of
eight pork plants, it was found that APC,
TCC, and E. coli after final washing were
equal to or higher than after polishing in
the majority of plants, suggesting that
microbial contamination was either depos-
ited on carcasses or not removed from car-
casses during the dressing process (Gill et al.
2000).

In conclusion, spray-washing with tap/
potable water may have a moderate effect
on microbial reduction but it is very effective
in improving the visual appearance of car-
casses. Nonetheless, if not done properly,
spray-washing may lead to: (i) increased
surface tissue moisture; (ii) entrapment,
embedding, and subsequently potential pro-
liferation of bacteria into tissues; entrapment
and embedding may also act as a physical
barrier against subsequent decontamination
interventions; (iii) reduction of endogenous
spoilage microflora and thus of their com-
petitive effect on pathogens; and, (iv) redis-
tribution or translocation of microbial
contamination from heavily contaminated to
cleaner parts of carcasses (Cabedo et al.
1996; Bacon 2005). Therefore, it is suggested
that water spray-washing should be done

properly, with well-functioning equipment.
Simple water-washing alone may not be suf-
ficient for major improvements in carcass
hygiene, unless it is followed by other physi-
cal or chemical decontamination methods,
which are discussed in the next sections.

Thermal Decontamination

Research on meat decontamination since the
1980s has shown that the effectiveness of
physical decontamination methods may be
significantly enhanced when the carcass
surface temperature is raised above 70°C
(Kelly et al. 1981; Davey and Smith 1989;
Smith 1992). Currently, commercially ap-
plied thermal treatments worldwide include
hot water (70-85°C) or saturated steam to
reduce microbial contamination on carcasses.
Both interventions are commercially applied
post-evisceration, after final carcass-washing
(Fig. 3.1), whereas hot water has also been
evaluated as potential decontamination treat-
ment of carcass trimmings. While hot water
treatments may be applied in spraying cabi-
nets equipped with proper nozzles, steam
pasteurization requires the installation of
more expensive steam cabinets. The com-
mercial application of steam pasteurization
costs more than hot water. According to
a recent review by Midgley and Small
(2006), hot water requires approximately
$400,000-$500,000 for the installation of
proper equipment and results in an average
cost of $0.60-$0.70 per carcass, whereas
the respective costs estimated for steam pas-
teurization are $650,000 and up to over $1
million and $0.75-$0.80 per carcass, depend-
ing on the number of carcasses processed per
hour.

Hot-Water Decontamination

Hot water (74-97°C) exerts decontamination
effects through physical removal and thermal
inactivation of bacteria present on the surface
of meat. It is an intervention of high perfor-



mance that may deliver microbial reductions
additional to those caused by previous water-
washing or knife-trimming (Gorman et al.
1995b; Reagan et al. 1996; Graves Delmore
et al. 1997; Castillo et al. 1998b, c). The
effectiveness of hot-water treatments mainly
depends on the temperature, duration, and
pressure of application (Dorsa et al. 1996b;
Graves Delmore et al. 1997; Kochevar et al.
1997b; Gill et al. 1996, 1999, 2001; Bacon
2005). Spraying of hot water is carried out
with properly designed nozzles to meet the
requirements of flow rate, droplet size, pres-
sure of water, as well as the spray angle
(Bacon 2005). The temperature achieved on
the carcass surface is commonly 6-10°C
lower than that of sprayed water, depending
on duration of treatment and other factors
(Dorsa et al. 1996b; Castillo et al. 1998b;
Eggenberger-Solorzano et al.  2002).
Furthermore, the distance of nozzles from the
carcass and the header temperature affect the
turbulence of water flow and hence, the heat
transfer from water to the targeted anatomi-
cal location of the carcass by the time of
contact (Bacon 2005). As with all water-
washing interventions, the earlier the hot
water is applied the more effective it is in
killing bacteria (Barkate et al. 1993).
Studies evaluating the efficacy of hot
(>70°C) or warm (50-60°C) water-washing
on chicken, pig, and beef carcasses have
involved immersion, spraying or deluging
with sheets of water. Immersion of whole
broiler carcasses into water (95°C) for 3
minutes was capable of reducing APC from
approximately 3—4 and 2-3log,, CFU/cm*
before treatment on skin and deboned subcu-
taneous meat, respectively, to <10 CFU/cm?
(Avens et al. 2002). On scalded and/or pol-
ished uneviscerated pork carcasses, the
maximum reported reduction of natural
microbial contamination (e.g., mesophilic
aerobic bacteria and E. coli) by commercial
application of hot water ranged from 2
to 3log,/cm® (Gill et al. 1995, 1997;
Eggenberger-Solorzano et al. 2002). Such

Meat Decontamination 53

reductions on pork carcasses are achieved
by water of 65 or 80°C for 5 seconds
(Eggenberger-Solorzano et al. 2002) or
85°C for 15 or 20 seconds (Gill et al. 1995,
1997). The highest reported reductions
(4.0 to >4.8log,/cm?®) of E. coli O157:H7,
S.  Typhimurium, APC, TCC, and
Enterobacteriaceae were achieved by spray-
ing beef carcass surfaces artificially contami-
nated with inoculated bovine feces with
water at 95°C for 5 seconds (Castillo et al.
1998b, c). Lower hot-water temperatures,
such as 72°C (for 12 to 15s), 74°C (for 12,
18 or 265s), or 77°C (for 8s), were also effec-
tive in carcass decontamination (Gorman
et al. 1995b, 1997; Reagan et al. 1996;
Dorsa et al. 1997b, 1998a, b, c; Graves
Delmore et al. 1997). Average reductions of
APC, TCC, E. coli, and inoculated E. coli
O157:H7 and S. Typhimurium achieved at
72°C were 3.7, 2.7, 2.7, 1.8, and 2.7log;,
CFU/cm?, respectively (Dorsa et al. 1998b,
c; Cutter and Rivera-Betancourt 2000).
Increasing the water temperature by 2°C (i.e.,
74°C) enhanced microbial inactivation, com-
pared to 72°C, and markedly decreased the
prevalence of pathogens, such as E. coli
0O157:H7 (from 27% to 5%), on bovine heads
(Bosilevac et al. 2006; Kalchayanand et al.
2008), as well as the levels of APC on lamb
adipose tissue (Kochevar et al. 1997b). In
contrast, lower temperatures, such as those of
warm water (56°C), did not contribute to
meat decontamination more than washing
with cold (<30°C) water (Cutter et al. 1997).

One concern with hot water treatments is
their potential undesirable effect on the
appearance of carcass tissue. Hot water treat-
ments at 82°C for 10 seconds may cause tem-
porary bleaching of the tissue, as the meat
regains its redness after chilling (Barkate et
al. 1993). Other studies indicate that water
temperatures of 85°C for 10-20 seconds may
confer both substantial microbial reductions
and acceptable appearance of carcasses (Gill
et al. 1995, 1997; 1999; Gill and Badoni
1997). Long carcass hot water-washing dura-
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tions, such as >20 seconds at temperatures
80-85°C, do not improve the decontamina-
tion efficiency of hot water, while they may
cause irreversible discoloration of meat (Gill
et al. 1995, 1999, 2001; Edwards and Fung
2006). Deleterious effects on the color of
meat are also caused by very high water tem-
peratures (e.g., 90°C), irrespective of expo-
sure time (Barkate et al. 1993; Gill et al.
1995; Gill and Badoni 1997).

Apart from the immediate impact on
microbial reduction, hot-water sprays have
no residual antimicrobial effects during
product storage, while in some cases hot-
water application may actually enhance
microbial growth; however, it may facilitate
reduction or inhibition of growth of injured
cells by subsequent organic acid treatments
(Ikeda et al. 2003; Koutsoumanis et al. 2004).
Specifically, although application of hot (72
or 74°C) or cold (33°C) water for 12 seconds
on beef tissue caused 2.1-2.6log;, CFU/cm’
reductions in APC, TCC, L. innocua, E. coli
O157:H7, and C. sporogenes, microbial
growth occurred at least 1000-fold within 21
days of storage at 4-5°C in vacuum pack-
ages, with no pronounced differences in bac-
terial counts compared to untreated samples
(Dorsaetal. 1997a, 1998a, b, ¢). Furthermore,
hot water (75°C, 30s) enhanced growth of L.
monocytogenes during subsequent storage of
treated meat in vacuum packages at tempera-
tures of 4, 10, and 25°C, compared to colder
(55°C) water or untreated meat (Ikeda et al.
2003; Koutsoumanis et al. 2004). This has
been attributed to the potential of hot water
to increase available nutrients on the surface
of meat possibly via denaturation of compo-
nents or extraction from inner tissue, reduce
natural psychrotrophic competitors of the
pathogen, and increase free water available
for microbial growth (Ikeda et al. 2003).
Significant delay in growth of natural spoil-
age flora has been reported on adipose tissue
treated with hot water. Gorman et al. (1997)
observed that APC were reduced by 0.8—
2.8log;y, CFU/cm* following treatment of

beef adipose tissue with hot water (74°C),
whereas subsequent storage at 4°C allowed
APC to reach only 4.31log;, CFU/cm? com-
pared with untreated samples in which APC
exceeded the level of 6log;, CFU/cm®. This
is potentially due to cell injury caused by
hot-water treatments.

In conclusion, hot water is more effective
than cold water in reducing microbial
spoilage and pathogenic contamination of
carcasses. However, proper selection of
pressures, temperature, and duration of the
application is necessary in order to ensure
microbial reductions and avoid permanent
discoloration of the carcass tissue.
Furthermore, hot water is a physical inter-
vention that involves no chemical risk
and requires lower capital investment. For
these reasons, it has received commercial
application in meat-processing industries
worldwide.

Steam Pasteurization

Use of steam, instead of hot water, is an alter-
native thermal decontamination treatment. A
patented (Steam pasteurization™) process
has been approved by FSIS for application in
the United States (USDA-FSIS, 1996a) and
is used commercially at the post-evisceration
stage, after final washing and before chilling
(Gill and Bryant 1997b; Nutsch et al. 1997)
(Fig. 3.1). Steam pasteurization™ consists of
the following steps (Bacon 2005): (i) removal
of water by vacuum from the meat surface in
order to allow better penetration of steam; (ii)
application of “saturated” steam (commonly
for 6.5-10s) raising surface temperature to
80-90°C; and, (iii) cooling of treated tissues
in order to prevent visual defects or microbial
growth. Moist heat treatment using a com-
mercial steam cabinet was more effective in
reducing bacterial counts than cold (15 °C)
or warm (54°C) water, but equally effective
for hot (82°C) water, on lamb carcasses
at pre-evisceration after water-washing



(15-82°C for 10s; Dorsa et al. 1996b).
Nonetheless, combination of steam pasteuri-
zation with knife-trimming or steam-vacu-
uming may increase microbial reductions
(Phebus et al. 1997).

Post-evisceration steam pasteurization of
carcasses in a beef slaughtering plant caused
decreases in the percentage of positive
carcass samples for E. coli, coliforms, and
Enterobacteriaceae, as well as Salmonella
from 16.4, 37.9, 46.4, and 0.7%, to 0, 1.4,
2.9, and 0%, respectively (Nutsch et al.
1997). However, concerns have been
expressed as to whether steam-pasteurized
carcasses become more susceptible to bacte-
rial attachment in case of recontamination
(Warriner et al. 2001). Reported reductions
for E. coli O157:H7, S. Typhimurium, and L.
monocytogenes, achieved by post-eviscera-
tion steam pasteurization (105°C, 6-15s),
range from 3.4 to 3.7log;, CFU/cm?* (Phebus
et al. 1997). The respective reductions for
APC, TCC, and E. coli are 2 to 3log,, CFU/
cm?® (Gill and Bryant 1997b; Nutsch et al.
1997). Furthermore, ultra-high temperature
steam (140°C) for 5 seconds yielded 4log,
CFU/cm? reductions of L. innocua on the
surface of poultry carcasses (Morgan et al.
1996). In addition to steam-flushed cham-
bers, Retzlaff et al. (2004) proposed the use
of a static steam system, applying a constant
flow of steam at temperatures of 82.2-98.9°C
for 6-15 seconds. Steam of 98.9°C for 9
seconds afforded the highest reductions of E.
coli O157:H7 (4.1log;, CFU/cm?), without
negatively affecting color and texture of beef
(Retzlaff et al. 2004).

Overall, steam pasteurization requires a
major capital investment, but it can be an
additional intervention that can cause further
reductions to those achieved by knife-trim-
ming, washing, and/or chemical rinses before
chilling (Dorsa et al. 1996b; Gill and Bryant
1997b; Phebus et al. 1997; Gill and Landers
2003b). Therefore, in the United States,
steam pasteurization has been successfully
used in beef slaughter.
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Chemical Decontamination

In addition to the aforementioned physical
decontamination methods, interventions
involving chemical agents have also been
recommended and used on carcasses (Fig.
3.1) (Smulders and Greer 1998). A signifi-
cant amount of research has been undertaken
into the chemical decontamination of beef
carcasses over the last 30 years, in order to
reduce total bacterial numbers and presence
of pathogens. Nowadays, chemical interven-
tions are applied as components of multiple
sequential interventions, including knife-
trimming, steam-vacuuming, and thermal
(hot-water or steam) treatments (Dickson and
Anderson 1991; Hardin et al. 1995; Gorman
et al. 1997; Castillo et al. 1998c, 1999a, b,
2001a, b, 2003; Stopforth et al. 2004, 2005,
2007; Geornaras and Sofos 2005; Table
3.1). Chemicals used or proposed for use in
carcass decontamination include organic
acids, acidic calcium sulfate, acidified sodium
chlorite, a peroxyacetic acid-based solution,
potassium hydroxide, and other commer-
cially available mixtures of approved chemi-
cals (USDA-FSIS 2008c). Chemical rinses
may be applied pre-evisceration, or post-
evisceration before chilling, as well as during
spray-chilling and after chilling as carcasses
are removed to be fabricated (Fig. 3.1).

Organic Acids

Lactic and acetic acid have been widely used
at concentrations of up to 5% and have
resulted in 2.2-5, 1.4-4.9, 0.40-1.6, 3.6-4.7,
1.6-4.9 and 1.5->3.6log;, CFU/cm?* reduc-
tions of Salmonella, E. coli O157:H7, L.
monocytogenes,  Yersinia  enterocolitica,
Enterobacteriaceae, and APC, respectively,
on beef, pig, lamb, or poultry carcass
tissues (Anderson et al. 1988; Gorman et al.
1995b, 1997; Hardin et al. 1995; Goddard
et al. 1996; Podolac et al. 1996; Kochevar
et al. 1997b; Castillo et al. 1998c, 2001a, b;
van Netten et al. 1997; Cutter 1999;
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Table 3.1. Populations (log;, CFU/cm?) of indicator organisms and pathogens before and after application of decontamination interventions on hides,
beef carcasses and beef or pork trimmings.

Surface Microorganism(s) Log;, CFU/cm? Reference
Interventions in sequence org
1st 2nd 3rd 4th Before After
Hides Water (35°C) Water (35°C) NA* NA Coliforms 5.9 4.3 Bosilevac
‘Water Water Vacuum NA 5.9 2.3 et al. (2005)
Water ASC" (200 ppm) NA NA 5.7 2.8
Water ASC (200 ppm) Vacuum NA 5.7 2.8
Chloroform (4%) Water NA NA 6.2 2.6
Chloroform (4%) Water Vacuum NA 6.2 2.6
Sodium hydroxide (1.6%) Water NA NA 5.7 4.2
Sodium hydroxide (1.6%)  Water Vacuum NA 5.7 1.8
Sodium hydroxide (1.6%) ASC (500 ppm) NA NA 5.9 2.2
Sodium hydroxide (1.6%)  ASC (500 ppm) Vacuum NA 59 2.0
Phosphoric acid (4%) Water NA NA 5.8 3.3
Phosphoric acid (4%) Water Vacuum NA 5.8 2.3
Phosphoric acid (4%) ASC (200 ppm) NA NA 5.9 2.3
Phosphoric acid (4%) ASC (200 ppm) Vacuum NA 5.9 1.6
Phosphoric acid (4%) ASC (500 ppm) NA NA 5.9 1.5
Phosphoric acid (4%) ASC (500 ppm) Vacuum NA 5.9 0.2
Trisodium phosphate Water NA NA 5.9 4.4
(4%)
Trisodium phosphate Water Vacuum NA 5.9 34
(4%)
Beef carcass Water (20°C for 5s) NA NA NA E. coli O157:H7 6.1 4.6 Penney et al.
tissue PAA® (180ppm; 20°C for NA NA NA 6.1 2.3 (2007)
5s)
Water PAA (180ppm) NA NA 6.1 2.7
Water (82.2°C, 10s) NA NA NA APC? 6.6 3.3 Dorsa et al.
Steam-vacuum (305s) NA NA NA 6.2 3.2 (1996b)
Water (82.2°C, 10s) Steam-vacuuming NA NA 6.7 2.7
(30s)
Water (72°C, 125) NA NA NA 5.7 3.7
Water (32°C, 125s) NA NA NA 5.8 3.8
Water (72°C, 125) Water (32°C, NA NA 5.7 3.2
125s)
Steam-vacuuming (30s) Water Water (32°C, 125) NA 6.1 3.0
(72°C, 1253)
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Water (72°C, 125) Water (32°C, NA NA Coliforms 52 1.9
125s)
Steam-vacuuming (30s) Water Water (32°C, 125s) NA 5.0 0.8
(72°C, 125s)
NA E. coli 49 0.6
Steam-vacuuming (6) NA NA NA APC 6.7 2.7 Castillo et al.
Coliforms 5.3 2.7 (1999a)
E. coli 5.2 2.8
Steam-vacuuming (6) Hot water (95°C, NA NA APC 6.7 4.4
5s)
Coliforms 5.3 5.1
E. coli 5.2 5.2
Steam-vacuuming (6) Lactic acid 2%, NA NA APC 6.7 3.5
55°C, 115s)
Coliforms 5.3 4.4
E. coli 5.2 4.4
Steam-vacuuming (6) Hot water (95°C, Lactic acid 2%, NA APC 6.7 4.4
5s) 55°C, 115s)
Coliforms 5.3 4.4
E. coli 5.2 4.5
Steam-vacuuming (6) Lactic acid (2%, Hot water (95°C, NA APC 6.7 4.3
55°C, 115s) 55s)
Coliforms 5.3 4.3
E. coli 5.2 4.4
Water (82°C, 30s) Lactic acid (5%, NA NA E. coli O157:H7 6.0 2.4 Stopforth et al.
55°C, 30s) (2005)
after 48 h of
chilling
Salmonella 6.0 2.3
Sodium metasilicate (1%, Water (82°C, Lactic acid (5%, NA E. coli O157:H7 6.0 2.7
82°C, 305s) 30s) 55°C, 30s
pre-chilling)
Salmonella 6.0 2.9
Beef Ozonated water (1%, Acetic acid (5%, NA NA E. coli 6.8 5.4 Pohlman et al.
trimmings 15min, 7.2°C) 15min, 7.2°C) (2002a)
Coliforms 6.0 4.2
APC 7.1 5.8
Salmonella 5.8 4.2
Typhimurium
(continued)
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Table 3.1. Populations (log,, CFU/cm?) of indicator organisms and pathogens before and after application of decontamination interventions on hides,
beef carcasses and beef or pork trimmings. (cont.)

Surface Microorganism(s) Log,, CFU/cm? Reference
Interventions in sequence or g
Ist 2nd 3rd 4th Before After
Ozonated water (1%, CPC® (0.5%, NA NA E. coli 6.8 5.1
15min, 7.2°C) 15min, 7.2°C)
Coliforms 6.0 4.1
APC 7.1 5.6
Salmonella 5.8 4.0
Typhimurium
CI0O, (200 ppm, 15 min, Trisodium NA NA E. coli 6.8 6.2
7.2°C) phosphate
(10%, 15min,
7.2°C)
Coliforms 6.0 5.7
APC 7.1 6.8
Salmonella 5.8 5.5
Typhimurium
Acetic acid (5%, 3 min) CPC (0.5%, NA NA APC 7.1 53 Pohlman et al.
3'min) (2002b)
Salmonella 5.8 3.8
Typhimurium
ClO, (200 ppm, 3 min) CPC (0.5%, NA NA APC 7.1 59
3'min)
Salmonella 5.8 4.4
Typhimurium
CPC (0.5%, 3 min) Trisodium NA NA APC 7.1 6.2
phosphate
(10%, 3 min)
Salmonella 5.8 4.6
Typhimurium
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Water (5 passes) Hot water (82°C, Hot air (510°C for Lactic acid APC 2.5 0.1-0.5 Kang et al.
3 passes) 6 passes) (2%, room (2001a)f
temperature,  Coliforms 2.0 0
3 passes) Psychrotrophs 3.54.0 0-1
LAB® 2 0-0.5
Lean or fat Water (5 passes) NA NA NA APC 5 4 Kang et al.
beef Coliforms 3.5 2.5 (2001b)*
trimmings E. coli 3.5 2224
Psychrotrophs 5.0 4.0
LAB 4.5 35
Lactic acid (2%, 3 NA NA NA APC 5 3.8
passes)
Coliforms 3.5 2224
E. coli 3.5 2.0
Psychrotrophs 5.0 3.8
LAB 45 3.6
Water Hot water (65°C, Hot air (510°C, 5 Lactic acid APC 5 3.2
1 pass) passes)
Coliforms 3.5 1.9
E. coli 35 1.8
Psychrotrophs 5.0 3.5
LAB 45 3.0
‘Water Hot water (82°C, Hot air (510°C, 5 Lactic acid APC 5 3.2
1 pass) passes)
Coliforms 3.5 1.9
E. coli 3.5 1.8
Psychrotrophs 5.0 3.5
LAB 45 3.0
Water Hot water (82°C, Hot air (510°C, 6 Lactic acid APC 5 3.0-3.1
3 passes) passes)
Coliforms 3.5 1.5
E. coli 3.5 1.1
Psychrotrophs 5.0 3.0-32
LAB 4.5 2.9-3.0
(continued)



09

Table 3.1. Populations (log;, CFU/cm?) of indicator organisms and pathogens before and after application of decontamination interventions on hides,

beef carcasses and beef or pork trimmings. (cont.)

Surface Microorganism(s) Log,, CFU/cm? Reference
Interventions in sequence org
1st 2nd 3rd 4th Before After
Fat pork Water (15°C, 120s) NA NA Lactic acid APC 4.9-5.0 2.5 Castelo et al.
trimmings Coliforms 4.7-4.8 1.1 (2001a)"
E. coli 4.5 1.1
Psychrotrophs 3.8-3.9 0.5
LAB 7.0 3.0
Water Lactic acid 2%, NA APC 4.9-5.0 1.0
15°C, 755)
Coliforms 4748 0.1-0.2
E. coli 4.5 0.0
Psychrotrophs 3.8-39 0.1-0.2
LAB 7.0 1.5
Water Hot water Hot air (510°C, Lactic acid APC 4.9-5.0 0.9
(65.5°C, 155) 60s)
Coliforms 4.7-4.8 0.1-0.2
E. coli 4.5 0.1-0.2
Psychrotrophs 3.8-3.9 0.0
LAB 7.0 1.5
‘Water Hot water Hot air (510°C, Lactic acid APC 4.9-5.0 0.9-1.0
(82.2°C, 155) 755)
Coliforms 4.7-4.8 0.0
E. coli 4.5 0.0
Psychrotrophs 38-39 00
LAB 7.0 1.1-1.2
Water Hot water Hot air (510°C, Lactic acid APC 4.9-5.0 0.0
(82.2°C, 455) 905s)
Coliforms 4.7-4.8 0.0
E. coli 4.5 0.0
Psychrotrophs 3.8-3.9 0.0
LAB 7.0 <1.0




Lean beef Water (15°C, 120s)
trimmings

Water

Water

Hot air

NA

Lactic acid (2%,
15°C, 755)

Lactic acid 2%,
15°C, 755)

Water

NA

NA

Hot air (510°C,
90s)

Hot air (510°C,
905s)

NA

NA

NA

NA

APC
Coliforms
E. coli
LAB
APC

Coliforms
E. coli
LAB
APC

Coliforms
E. coli
LAB
APC

Coliforms
E. coli
LAB

Castelo et al.
(2001b)"

“not available.

" Acidified sodium chlorite.
¢Peroxyacetic acid.

4 Aerobic plate counts.
¢Cetylpyridinium chloride.

fApproximate reductions based on data from figures.

¢Lactic acid bacteria.
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Eggenberger-Solorzano et al. 2002; Bosilevac
et al. 2006). Furthermore, acetic (1.5-3%)
and lactic (2%) acid spraying have also
reportedly decreased populations of spoilage
bacteria of lamb or beef, such as psychrotro-
phic Gram-negative flora (e.g., pseudomo-
nads), lactic acid bacteria, yeasts, and
Brochothrix thermosphacta (Anderson et al.
1988; Dorsa et al. 1997a, 1998a, b, c;
Koutsoumanis et al. 2004). The observed
reductions were higher than those achieved
by washing with cold (32°C) or hot (72°C)
water (Dorsa et al. 1998 a, b, ¢). Even though
fumaric acid (1% and 1.5% at 55°C for 55)
alone or as a mixture with acetic acid has also
been found effective in reducing pathogens
on beef carcass tissue (Bell et al. 1986;
Podolak et al. 1996), it is not commercially
applied. Fumaric acid has a negative impact
on the appearance and flavor of meat, even at
low concentrations (0.046%), while it has not
been included in the list of safe and suitable
ingredients for use in the production of meat
and poultry products (USDA-FSIS 2008c).
The efficiency of organic acid rinses in
reducing contamination is affected by the
type of acid, its concentration, the tempera-
ture and duration of application, the type of
microorganism and level of contamination,
the coverage of the carcass surface with the
solution, the carcass surface region, the type
of tissue (e.g., lean or adipose, frozen or
fresh tissues), and the stage of application
(Anderson et al. 1988; Anderson and Marshall
1989; Cutter and Siragusa 1994b; Hardin et
al. 1995; Cutter et al. 1997; van Netten et al.
1997; Castillo et al. 2001b; Gill and Landers
2003b). Lactic acid (2%, 55°C) was found
more effective than acetic acid in reducing
inoculated E. coli O157:H7 on beef carcass
surfaces (Hardin et al. 1995). This may be
associated with the higher reduction of
surface pH caused by lactic acid (pKa =4.73)
than acetic acid (pKa = 3.86), when applied
at the same concentrations. Perhaps the
higher effectiveness of lactic compared to
acetic acid also explains why spraying tem-

perature (30-70°C) did not influence the
effectiveness of 2% acetic acid for 15 seconds
(Cutter et al. 1997), while an increase in tem-
perature from 55 to 65°C had a significant
influence on the effectiveness of 2% or 4%
lactic acid for 15 or 30 seconds (Castillo et
al. 2001b). With respect to the concentration
alone, the effectiveness of lactic, acetic, and
citric acid spraying rinses (24 or 32°C)
against total bacterial counts, L. innocua, E.
coli O157:H7, and C. sporogenes on beef
carcass tissue was found to increase with
concentration from 1.5% to 5% (Castillo et
al. 2001b; Cutter and Siragusa 1994b; Dorsa
et al. 1997a). Furthermore, an increase in the
concentration, temperature, and duration of
post-chilling lactic acid treatment from 2% to
4%, 55 to 65°C, and 15 to 30 seconds, respec-
tively, enhanced reduction of E. coli (Castillo
et al. 2001b). Nonetheless, concentrations
exceeding 2% may cause discoloration or
compromise flavor, and thus, levels of 1.2%
to 2% at 55°C were recommended (Woolthuis
and Smulders 1985; Bell et al. 1986; Dickson
and Anderson 1991; Goddard et al. 1996);
however, levels of up to 5% are also used
even post-chilling.

Organic acid treatments are more effec-
tive against low- compared with high-
contamination levels (Greer and Dilts 1992;
Cutter et al. 1997). The target organisms and
meat tissue also affect microbial reductions
caused by organic acids. For instance, P.
fluorescens was less resistant to lactic, acetic,
and citric spray rinses than E. coli (Cutter and
Siragusa 1994b) and so was S. Typhimurium
compared with E. coli O157:H7 when
exposed to spray rinses with lactic or acetic
acid (Hardin et al. 1995). Higher microbial
reductions were obtained on adipose than on
lean tissues (Cutter and Siragusa 1994b;
Dickson 1988). However, the inside round
of carcass, in which fecal material and asso-
ciated microorganisms may be imbedded in
muscle bundles as well as between fat and
lean, was the most difficult carcass surface
region to decontaminate even with organic



acid rinses (Hardin et al. 1995). E. coli
O157:H7 survived less on post-rigor frozen
beef tissue, treated with 2% acetic acid
(56°C, 15s), compared with pre-rigor fresh
tissue, presumably due to higher bacterial
attachment on fresh than on frozen surfaces
(Cutter et al. 1997). In general, however, the
efficacy of organic acid treatments is reduced
on chilled compared with hot (fresh) car-
casses, because bacterial attachment increases
with time from slaughtering to chilling,
and the temperature of the rinsing solution is
reduced by the chilled surface (Bacon et al.
2002b).

Application of organic acid early after
slaughtering, such as after dehiding or after
evisceration, is highly effective (Prasai et al.
1991). For instance, pre-chilling treatment of
inoculated beef samples with lactic acid and
water resulted in 5.2log,, CFU/cm’ reduc-
tions of inoculated S. Typhimurium and E.
coli O157:H7, while post-chilling lactic acid
spraying reduced these organisms by only
1.6 and 2.4log,, CFU/cm? respectively
(Castillo et al. 2001b). Spraying of carcass
tissue with 5% Tween 20 (a nonionic surfac-
tant) 15 minutes before acid treatment was
found to loosen or prevent bacterial attach-
ment, thereby facilitating the subsequent
decontamination by lactic acid spraying
(Calicioglu et al. 2002). Such methods would
probably be more effective on fat-covered
surfaces, such as briskets and ribs or poultry
skin.

In addition to initial microbial reductions,
the residual levels of acids, and thus, the
reduction of pH on treated meat surfaces,
may suppress pathogen proliferation or even
exert bactericidal effects during storage
(Koutsoumanis et al. 2004). Specifically,
spray-washing with acetic, lactic, or citric
acid at concentrations 1-5% reduced the pH
on the surface of lean tissues from 5.60 to
3.79-4.96 (with an average of 4.3-4.6)
immediately after treatment, whereas after 1
day, the pH rose to 5.29-5.39 (Cutter and
Siragusa 1994b). The respective pH changes
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on adipose tissue were 3.24—4.39 after treat-
ment and 3.74-4.84 after 1 day (Cutter and
Siragusa 1994b). Following prolonged
storage, such as 21 days at 4-5°C, the pH on
the surface of meat may increase up to the
initial values of 5.5-5.6 (Dorsa et al. 1997a,
1998a, b, c; van Netten et al. 1997). For
pathogens that cannot grow at refrigeration
temperatures, such as E. coli O157:H7, S.
aureus, C. jejuni, and S. Typhimurium, beef
decontamination with 1.5-5% lactic, or 1.5—
3% acetic acid (25-65°C, 15 or 30s) contrib-
uted to reductions of 2-31og;, CFU/cm?” and/
or eliminated populations during storage in
air or vacuum at 4-5°C (Podolak et al. 1996;
Dorsa et al. 1997a, 1998a, b, c; van Netten et
al. 1998; Berry and Cutter 2000; Cutter and
Rivera-Betancourt 2000; Castillo et al.
2001b; Calicioglu et al. 2002; Gozélez-
Fandos and Dominguez 2006). Other studies
(van Netten et al. 1997, 1998; Dorsa et al.
1998a, b, c; Ikeda et al. 2003; Koutsoumanis
et al. 2004) have found that organic acids at
2% and 5% suppressed growth of the same
pathogens at 12°C, and of L. monocytogenes
and Y. enterocolitica during aerobic storage
or storage in vacuum sealed packages at 4 to
10°C. However, Uyttendaele et al. (2001)
found that treatment of beef tissues with 1%
or 2% lactic acid/sodium lactate buffer solu-
tion did not affect survival of E. coli O157:H7
on beef stored (4°C) aerobically. Organic
acid applications may also extend the shelf-
life of treated meat, by delaying growth of
meat spoilage bacteria. Lactic acid caused a
shift in the dominant flora of aerobically
stored meat from pseudomonads to yeasts
and lactic acid bacteria (van Netten et al.
1997; Koutsoumanis et al. 2004). Moreover,
treatments (25 or 55°C) of lamb or beef with
2-5% acetic or lactic acid delayed growth of
the Gram-negative aerobic flora and to a
lesser extend of lactic acid bacteria at —1 to
25°C (Anderson et al. 1988; Kotula and
Thelappurate 1994; Goddard et al. 1996;
Dorsa et al. 1997a, 1998a, b, c; van Netten et
al. 1997, 1998; Koutsoumanis et al. 2004).
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In conclusion, lactic acid spray rinses up
to 5% to constitute an effective decontamina-
tion intervention for both immediate reduc-
tion of microbial contamination on carcass
surfaces and meat as well as inhibition of
growth in packaged meat. Application of
lactic acid after water-washing is recom-
mended in order to ensure long-term antimi-
crobial effects. Nonetheless, excessive use of
organic acids may result in corrosion of meat
processing equipment (Theron and Lues
2007). Currently, lactic acid decontamination
is widely used in U.S. beef slaughtering
plants.

Other Chemical Solutions

Chlorine is a well-known sanitizing agent,
which is commonly used in the food industry
for sanitation of equipment, utensils, and
water supplies (Sofos and Smith 1998). It can
also be added in the water used for final
washing or chilling of carcasses. Chlorine
solutions (20-50ppm) applied at 4-23°C
reduced presence of Salmonella and Cam-
pylobacter on chicken carcasses by 56% and
12%, respectively (Kelly et al. 1981; Tsai
et al. 1995; Sofos and Smith 1998; Whyte
et al. 2001; Park et al. 2002; Fabrizio et al.
2002; Stopforth et al. 2007; Bauermeister
et al. 2008). On beef, the bacterial reductions
achieved by 50-900ppm chlorine (pure or
electrolytically generated), or 200-500 ppm
of acidified chlorine are of similar magnitude
to those caused by water-washing (Emswiler
et al. 1976; Kochevar et al. 1997b; Bosilevac
et al. 2005). Effectiveness of chlorine treat-
ments may be enhanced at high (74°C) com-
pared to low (16°C) washing temperatures
(Kochevar et al. 1997b). However, chlorine
is considered a less effective decontamina-
tion agent than organic acids (Acuff 2005;
Edwards and Fung 2006), whereas concerns
have been expressed for corrosion of equip-
ment, formation of harmful by-products
when reacting with organic matter, and oxi-
dation of meat color and lipids. Indeed,

“available” chlorine is decreased by organic
material (due to oxidizing-reducing reac-
tions), while effectiveness is reduced at low
temperatures, and it is highly affected by the
pH of the solution, with maximum activity
in the 6.0-7.0 range (Oomori et al. 2000;
Edwards and Fung 2006; Kalchayanand et al.
2008).

Chlorine dioxide (ClO,) is an alternative
to chlorine, which is effective in controlling
the natural flora occurring in poultry chill
water, with no interference of pH (Tsai et al.
1995). However, it is not more effective in
reducing microbial contamination on car-
casses than chlorine or spraying with water
alone (Cutter and Dorsa 1995; Stopforth
et al. 2007). Furthermore, given the lack of
information related to potential health risks
of ClO, (Tsai et al. 1995), it has not been
commercially applied as a decontaminant on
beef, but, as indicated, it finds use in poultry
chill tank water as well as vegetables.

Other chemical agents containing various
forms of chlorine, such as 500-1200 ppm
acidified sodium chlorite (ASC) and 100 mM
sodium chlorate, have been shown to reduce
bacterial pathogens, APC, and TCC in chilled
meat or poultry carcasses and meat cuts
(Kemp et al. 2000; Anderson et al. 2001; Gill
and Badoni 2004; Lim and Mustapha 2004;
Stopforth et al. 2007). Preliminary in vitro
studies showed that 20mM of a commercial
sodium chlorite-based oxyhalogen disinfec-
tant (Salmide®) caused 3-5log;, CFU/cm’
reductions of E. coli O157:H7, Salmonella,
and L. monocytogenes in aqueous solutions,
whereas when combined with ethylenediami-
netetracetic acid (EDTA) the observed reduc-
tions were >61log;, CFU/cm?* (Mullerat et al.
1995). Spraying of beef carcass samples with
ASC (1200ppm for 10s at 69kPa at 22—
24°C) activated with phosphoric or citric acid
(final pH 2.5-2.9) decreased inoculated E.
coli O157:H7 and S. Typhimurium counts
by 4 to 5log,, CFU/cm? and L. monocyto-
genes and S. aureus counts by 1-1.9log;,
CFU/cm? (Castillo et al. 1999b; Lim and



Mustapha 2004). A mixture of ASC with
0.5% CPC or 0.1% potassium sorbate yielded
1log,, CFU/cm? additional reductions and
suppressed growth of pathogens during
storage of treated samples at 4°C for 14 days
(Lim and Mustapha 2004). A commercially
available compound (Sanova®) is comprised
of 1200ppm sodium chlorite and 2% citric
acid. In general, chlorine compounds are rec-
ommended for use in poultry processing in
order to keep contamination low in chilling
water.

TSP is a bactericidal agent approved for
the treatment of beef and poultry carcasses in
the United States. The antimicrobial activity
of TSP applied at 8—12% is attributed to its
high pH (11-12) and its ability to reduce
attachment of pathogens to carcass surfaces
(Lillard 1994; Mendonca et al. 1994; Cabedo
et al. 1996; Dorsa et al. 1998a, b, c). The
latter effect may be further enhanced by
combining 5% Tween 80 with 1% TSP for
treatment of poultry skins (Hwang and
Beuchat 1995). A patented solution of TSP
(AvGARD™, Rhone-Poulenc), commonly
applied at 8-12% and temperatures from
10-60°C (15-365), has been shown to reduce
Salmonella, E. coli O157:H7, L. monocyto-
genes, C. sporogenes, and APC by 1 to
>31og;, CFU/cm?, on chicken, beef, and pork
tissues (Dickson et al. 1994; Lillard 1994,
Gorman et al. 1995b; Dorsa et al. 1997a;
Kochevar et al. 1997b; Xiong et al. 1998;
Dorsa et al. 1998a, b, c¢; Cutter and Rivera-
Betancourt 2000; Whyte et al. 2001). Wang
et al. (1997) also demonstrated that increas-
ing the water temperature from 10 to 60°C
and the spraying pressure from 206.8 to
1034.2kPa may improve the effectiveness of
10% TSP (30s) in reducing S. Typhimurium
on chicken skin. In conclusion, TSP appears
to be effective in inhibiting bacterial attach-
ment, thereby facilitating removal of bacteria
by washing. It is not used for treatment of
beef, but it may find some application in
poultry processing (Sofos and Smith 1998;
Whyte et al. 2001).
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Aqueous ozone solutions have also been
evaluated as decontamination interventions
for meat. Ozone is a GRAS substance for use
in foods in the United States (Sofos and
Smith 1998). In general, water containing
0.5% to 0.95% ozone applied for 16-36
seconds at 24-36°C was not more effective
in reducing APC, E. coli O157:H7, and
Salmonella than knife-trimming or washing
with pure water alone (Gorman et al. 1995b;
Reagan et al. 1996; Castillo et al. 2003;
Kalchayanand et al. 2008). Similarly, hydro-
gen peroxide at levels of 5% has been found
only slightly more effective than water-wash-
ing and TSP (Gorman et al. 1995b; Cabedo
et al. 1996; Reagan et al. 1996; Kochevar et
al. 1997b). The antimicrobial effect of hydro-
gen peroxide is mainly attributed to the for-
mation of radicals that damage fundamental
cellular components, such as nucleic acids,
lipids, and proteins. There have been con-
trasting reports on the effectiveness of per-
oxyacetic acid (PAA) as a decontaminant,
although a commercial PAA-based solution
(Inspexx 200™, Ecolab Company, St. Paul,
MN) has been approved for application on
carcasses in the United States. This product
has demonstrated approximately 11log,, CFU/
cm? reductions when applied at 200 ppm at
the post-evisceration stage (Gill and Landers
2003a, b). However, Penney et al. (2007)
observed 3—41log;, CFU/cm? reductions of E.
coli O157:H7 after treatment with 180 ppm
PAA. Conversely, under the conditions tested
by Gill and Badoni (2004) and Ransom et al.
(2003), 0.02-0.04% PAA had little effect on
APC, TCC, and E. coli. In contrast to treat-
ments with hydrogen peroxide and PAA,
application of 1% CPC for 15 seconds at
35°C not only reduced APC and inoculated
E. coli O157:H7 and S. Typhimurium by
6log;, CFU/cm? but also totally inhibited
their growth during storage of vacuum-pack-
aged beef at 4°C (Cutter et al. 2000).
Furthermore, two consecutive washings of
cattle hides (for 3 and 1 min) with 1% CPC
decreased prevalence of E. coli O157:H7 on
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pre-evisceration carcasses from 23% to 3%,
whereas APC and Enterobacteriaceae counts
on treated surfaces decreased by 1log;, CFU/
cm® (Bosilevac et al. 2004a). In poultry
decontamination, studies have shown that
0.1% or 0.5% CPC for 30 seconds to 3
minutes at 15-60°C reduced S. Typhimurium
by 1.7 to 2.5log;, CFU/cm?, with reductions
increasing with temperature, duration, and
concentration of spraying solution (Kim and
Slavik 1995; Wang et al. 1997; Xiong et al.
1998). Moreover, reductions of 5log;, CFU/
cm? in S. Typhimurium were obtained either
by spraying 0.4% CPC for 3 minutes or 0.2%
CPC for 10 minutes (Breen et al. 1997).

A variety of other antimicrobial sub-
stances have been proposed and evaluated
with varying effectiveness for the decontami-
nation of meat and poultry. Cutter and
Siragusa (1994a) illustrated 1.79 to 3.541og,
CFU/cm’ reductions of beef spoilage bacteria
and L. innocua by spraying with nisin solu-
tion of 5000 AU/ml. Bovine lactoferrin (LF)
is an iron-binding protein, commonly found
in milk, saliva, tears, seminal fluids, and sec-
ondary granules of neutrophils. “Activated
lactoferrin” is an LF derivative through a pat-
ented process that has received a GRAS
status in the United States for use on fresh
beef (Naidu 2001, 2002). It is thought to
interfere with bacterial adhesion on surfaces,
causing detachment of microbial contamina-
tion (Naidu et al. 2003). Lactoferricin B is a
peptide, deriving from hydrolysis of LF that
binds to the outer membrane of Gram-
negative bacteria, reported to inhibit E. coli
O157:H7 at the minimum level of 8ug/ml
(Shin et al. 1998). USDA-FSIS has approved
the use of LF either as 2% water-based anti-
microbial spray, for decontamination of beef
carcasses and parts, or as a spray that would
deliver 1g of LF per dressed carcass, fol-
lowed by washing with temperate water and
lactic acid rinse (USDA-FSIS 2008c).

Other potential decontaminants tested,
with limited effectiveness, include gluconic
acid at 1.5% and 3% (Garcia Zepeda et al.

1994); Carnatol™ (composed of copper
sulfate petahydrate) and Timsen™ (com-
posed of alkyldimethylbenzylammonium
chloride) (Cutter et al. 1996); solutions (10%
or 1.5% of commercial preparation) of
sodium tripolyphosphate, monosodium phos-
phate, sodium acid pyrophosphate, or sodium
hexametaphosphate; and 0.05-1.6% NaOH
(Rathgeber and Waldroup 1995; Hwang and
Beuchat 1995; Bosilevac et al. 2005), 85
ppm of peracetic acid mixture (comprised
of peracetic acid and hydrogen peroxide;
Bauermeister et al. 2008), 0.1% ammonium
hydroxide, 1-4% SM and 0.005% acidic,
or basic oxidized water (Hsu et al. 2004;
Stopforth et al. 2005)

Multiple Decontamination
Interventions

Application of combinations of hurdles of
low intensity, or sublethal, may replace the
use of single hurdles of higher or lethal inten-
sity, thereby achieving the desired antimicro-
bial effect without compromising sensory
quality or other properties. Multiple hurdles
or interventions of sublethal intensity may be
applied sequentially or simultaneously (Sofos
and Smith 1998; Sofos 2005). Sequential
decontamination  treatments, combining
physical and chemical methods, have been
proven more effective compared to single
treatments. Such a concept may improve the
effectiveness of some physical methods, such
as washing with cold water or knife-trim-
ming, while using lower concentrations of
chemicals in subsequent stages (Graves
Delmore et al. 1998). For instance, Reagan
et al. (1996) found that the combination of
knife-trimming and washing of beef car-
casses caused almost two-fold and six-fold
higher reductions of the incidence of Listeria
and Salmonella, respectively, compared
with washing or trimming alone. This study
formed the research hypothesis on sequential
decontamination interventions. Then, Graves
Delmore et al. (1998) validated the concept



by testing the efficacy of multiple spray-
washing/rinsing treatments in the laboratory
utilizing warm/hot water and/or acetic acid
solution separately and in sequence to reduce
microbial contamination on beef tissue inoc-
ulated with E. coli. Treatments applied
achieved variable reductions of APC, E. coli,
and TCC in the range of <1 to 1.7 or 4.3 log,
CFU/cm* (Graves Delmore et al. 1998).
Furthermore, the combination of steam-vac-
uuming with hot (72 or 95°C at 24 bar for
5s) and then cold (30°C) water, and/or 2%
lactic acid (55°C, 11s) increased log-reduc-
tions of aerobic bacteria, indicator organ-
isms, and pathogens up to 4.3-5.3log,, CFU/
cm?, as compared with 1-3log;, CFU/cm*
reductions obtained by application of single
treatments (Dorsa et al. 1996b; Castillo et al.
1999a; Phebus et al. 1997). Likewise, appli-
cation of chemical agents, such as 1.8%
acetic acid, increased the decontamination
efficacy of hot water (80°C) by 2log,, CFU/
cm? and also reduced the number of positive
E. coli samples (Eggenberger-Solorzano et
al. 2002). The impact of consecutive water-
washings (i.e., first with hot and then with
cold water) is weaker compared with the
combination of hot water with chemical
agents (Dorsa et al. 1996b; Stopforth et al.
2005). Moreover, the order of application of
hot water and lactic acid is important for the
microbial reduction and residual antimicro-
bial effects during storage (Castillo et al.
1998c, 1999a; Koutsoumanis et al. 2004).
Koutsoumanis et al. (2004) found that appli-
cation of hot water (75°C) first, followed by
lactic acid (2%, 55°C; HW-LA), was more
effective than the reverse sequence (LA-HW)
in delaying growth of L. monocytogenes
during storage (4, 10, and 25°C) of vacuum-
packaged beef tissues. Possible reasons for
HW-LA being more effective than LA-HW
include cellular damage by heat and suscep-
tibility of injured cells to subsequent acid
exposure, while application of hot water
after acid treatment may reduce residual
acid levels on the surface of treated meat
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(Koutsoumanis et al. 2004). Likewise,
Castillo et al. (1998c, 1999a) found fewer
beef carcasses with Enterobacteriaceae
above 1log,, CFU/cm? or positive for
Salmonella and E. coli O157:H7, when hot
water was applied before lactic acid.
However, delaying the application of lactic
acid after water-washing further enhances the
effectiveness of acid treatment by minimiz-
ing the dilution of acid concentration by the
residual surface moisture (Gill and Landers
2003b).

Stopforth et al. (2005) performed a study
simulating application of multiple decontam-
ination treatments (each one for 30s), includ-
ing lactic acid, ammonium hydroxide, SM,
and acidified or basic electrolyzed oxidized
water, in order to reduce initial E. coli
O157:H7 and S. Typhimurium contamination
levels of 5.6-5.7log;, CFU/cm* on beef
tissue. Sequential applications involving use
of SM or lactic acid application were the
most effective, achieving 1.1-2.0log,, CFU/
cm® reductions (Stopforth et al. 2005).
Furthermore, in a multiple-hurdle decontami-
nation system of carcasses pre- and post-
evisceration, as well as pre- and post-chilling,
the combinations of either two lactic acid
applications, or at least one hot and one lactic
acid application, were more effective than
multiple hot-water or single lactic acid sprays
(Stopforth et al. 2005). More detailed exam-
ples of the performance of multiple decon-
tamination interventions are provided in
Table 3.1.

The above suggests that all the physical
and chemical decontamination treatments
described may be used as multiple interven-
tions from the stage of animals arriving at the
abattoir, during the dressing process, until
chilling and fabrication, in order to reduce
microbial contamination on hides, carcasses,
and cuts. Currently, the U.S. beef industry
uses sequential and simultaneous inter-
ventions, such as animal washing, knife-
trimming, steam-vacuuming, pre-evisceration
washing/rinsing, washing with hot water
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or steam pasteurization, post-evisceration
washing, chemical rinses, and chilling, that
reduce contamination of E. coli O157:H7
from above 50% on animal hides to less than
0.5% on carcasses.

Chilling

At the end of the dressing process, carcass-
chilling takes place in cold (=5 to 4°C) air
chambers with or without intermittent spray-
ing (or misting) carcasses with cold water for
variable durations within 12-24 hours, while
the total chilling process lasts 24-48 hours
(Dickson and Anderson 1991; Hippe et al.
1991; Strydom and Buys 1995; Gill and
Bryant 1997a; Gill and Jones 1997b; Greer
and Jones 1997; Stopforth and Sofos 2005;
Simpson et al. 2006). Spray-chilling has been
adopted in various beef plants because it
facilitates temperature reductions and reduces
losses of carcass surface moisture and weight.
Such a process may cause bacterial injury
and death either due to localized freezing of
surface moisture when cooling below 0°C
occurs or due to the evaporative water losses
on the carcass surface (Sheridan 2004;
Simpson et al. 2006). However, chilling is a
step for control of microbial growth rather
than a decontamination intervention, since it
relies mainly on cold temperatures, unless
pre-chilling decontamination interventions
have been applied, or antimicrobials are
added into the spray-chilling water, which,
combined with cold temperatures, may lead
to the death of injured cells. Indeed, chilling
of pig, lamb, and beef carcasses with cold
water may increase numbers of psychro-
trophs and inhibit growth of E. coli and coli-
forms (Gill and Bryant 1997a; Gill and Jones
1997b; Jericho et al. 1998). In a study moni-
toring the microbiological changes on the
surface of carcasses after 22-36 hours of
chilling with cold water to average tempera-
tures of —1.4 to 2.5°C in four beef packing
plants, the total aerobic counts on carcass
surfaces increased by 1-2log,, CFU/cm?

whereas E. coli and coliforms counts
remained stable (Gill and Landers 2003b).
However, pre-chilling decontamination inter-
ventions, such as pre- and post-evisceration
spraying with 2% lactic acid and steam or hot
water pasteurization, markedly reduced the
populations of E. coli and coliforms during
chilling (Gill and Landers 2003b). The latter
may be associated with a pre-chilling injury
of cells due to the decontamination treat-
ments and the subsequent death or inability
of cells to repair their damage during
chilling.

In addition to lactic acid, other chemical
agents, such as 0.1 or 0.5% CPC, 0.05-0.1%
ammonium hydroxide, 0.12% ASC, 0.02%
PAA, 0.01% NaOH, or 0.005% sodium
hypochlorite within 48 hours of chilling of
beef carcass at 3°C to 1°C have been reported
to reduce inoculated E. coli O157:H7 by 1 to
3log,, CFU/cm?, that is 0.5 to 2log,, CFU/
cm’® higher than spray-chilling with water
alone (Dickson 1991; Stopforth et al. 2004).
Stopforth et al. (2004) evaluated the above
chemicals in simulated spray-chilling of beef
adipose tissue and found that CPC, followed
by lactic acid, were the most effective chemi-
cal agents, followed by PAA and ASC.
However, acid-habituated E. coli O157:H7
cells (in acidic washings of pH 4.12) remained
at higher levels than non-acid-habituated cul-
tures after 10 hours of spray-chilling with
CPC and after spray-chilling with lactic acid
and 48 hours of storage of chilled tissues at
1°C (Stopforth et al. 2004). Commercial
evaluation of spray-chilling in three poultry
processing plants showed that chlorine (20—
50ppm) and ClO, (500-1200ppm ASC)
spray-chilling caused up to 1.2log;, CFU/
cm? reductions of APC and TCC on poultry
carcasses (Stopforth et al. 2007). A mixture
of peracetic acid and hydrogen peroxide
(PAHP), approved for use in poultry chillers
in the United States, reduced Salmonella and
Campylobacter positive poultry carcass
samples by 92% and 43% exiting the chiller,
respectively, when applied at 85ppm in a



commercial facility (Bauermeister et al.
2008); PAHP mixture was more effective
than 30 ppm chlorinated water.

Nonetheless, chillers may also be sites of
cross-contamination. Studies have shown
that chilling may increase the incidence of
Salmonella on poultry carcasses (Stopforth et
al. 2007) as well as E. coli counts on beef
carcasses (Gill and Landers 2003b). Possible
routes of contamination include the chiller
exit contact surfaces, as well as contact
between carcasses and conveyors (Stopforth
et al. 2007; Gill and Landers 2003b).
Therefore, post-chilling interventions may be
useful for reduction of contamination before
and after fabrication.

Post-Chilling Decontamination
Treatments

Despite the reduction of microbial popula-
tions and pathogen prevalence by decontami-
nation interventions during slaughtering,
dressing, and chilling, surviving microorgan-
isms or additional contamination may be
present on carcasses, primal and sub-primal
cuts, and trimmings (Gill and Bryant 1992;
Bacon et al. 2002b). Thus, post-chilling
decontamination treatments of whole carcass
sides and cuts may be useful in further reduc-
ing microbiological contamination of meat
and preventing pathogen proliferation during
storage of packaged meat. For example, post-
chilling spraying of beef carcass samples
with 4% lactic acid (55°C, 30s) reduced
inoculated Salmonella and E. coli O157:H7
by 1.9-2.4log,, CFU/cm” and decreased their
populations during storage (4°C) of ground
meat prepared from treated samples (Castillo
et al. 2001b). Beef processors in the United
States apply decontamination interventions
of lactic acid and Inspexx 200™ or Sanova®
on carcass sides as they exit the cooler and
enter into fabrication.

Multiple sequential treatments, including
hot water and air, as well as chemical solu-
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tions, have been suggested for post-chilling
decontamination of carcasses and trimmings.
Specifically, post-chilling sequential expo-
sure of beef and pork trimmings to temperate
(25°C, 75-180s) or hot (65 or 82°C, 15-455)
water, lactic acid (2% for 15-120s or 5% for
305s) and hot air (510°C, 75s) reduced total
bacteria and preserved ground products
derived from these trimmings during refrig-
erated storage (Castelo et al. 2001a, b; Kang
et al. 2001a, b; Stopforth et al. 2005).
Pohlman et al. (2002a, b, ¢) found that single
or double sequential treatments of beef
trimmings with solutions of chemical anti-
microbials, such as 5% acetic acid, 1%
ozonated water, 0.5% CPC, 200ppm ClO,,
and 10% TSP, may significantly reduce
Salmonella and E. coli, TCC, and APC,
while maintaining redness and fresh odor of
ground beef produced from the treated trim-
mings during storage under retail display
conditions at 4°C. Other antimicrobials,
including low-molecular weight polylactic
acid (2%) and nisin (2%) (Ariyapitipun et al.
2000), applied alone or in combination on
beef cubes, have reportedly suppressed
growth of L. monocytogenes during vacuum
storage at 10°C.

Post-chilling interventions, applied fol-
lowing pre-chilling treatments, may increase
the total reductions achieved by pre-chilling
interventions. Specifically, Castillo et al.
(2001b) found that pre-chilling water and
lactic acid (2%) treatments reduced
Salmonella and E. coli O157:H7 by 3log;,
CFU/cm?, while subsequent post-chilling
application of lactic acid (4%) by spraying
increased total reductions to >5log,, CFU/
cm?. Likewise, Stopforth et al. (2005) found
that post-chilling application of 5% LA
(55°C, 30s) on beef carcass samples con-
ferred additional reductions to those achieved
by pre-chilling sequential treatments with
warm (55°C), hot (82°C) water, and 1% SM
(82°C), simulating pre- and post-evisceration
of beef carcasses and pre-chilling decontami-
nation interventions, respectively.
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In general, lower water and acid spray
temperatures, as well as shorter exposure
durations compared with pre-chilling inter-
ventions, are recommended in order to avoid
any negative impact on color and odor of cuts
or trimmings (Castelo et al. 2001a; Kang et
al. 2001a; Kotula and Thelappurate 1994;
Table 3.1). Some discoloration may occur on
the surface (to a 2-3 mm depth) of trimmings
subjected to multiple decontamination treat-
ments, especially in those including heat and
acid. The discoloration of meat cuts by hot-
water treatment depends on the quality of
meat (normal, dark-firm-dry, or pale soft
exudative), the type of tissue (i.e., muscle vs.
fat, or pork vs. beef), and the rigor (i.e. pre-
vs. post-rigor) state (Gill and Badoni 1997).
However, the grinding process “dilutes” the
surface color, and the resulting product has
color similar to that of products from
untreated trimmings (Kang et al. 2001b). The
decontamination treatments are more effec-
tive on fat than on lean beef trimmings
because the fat tissue allows higher microbial
reductions (Castelo et al. 2001a, b), whereas
its color is more stable than that of the lean
tissue (Kang et al., 2001a). The decision as
to the intensity of post-chilling hot water
treatments is also dependent on the com-
mercial use of the product. For example,
in case of frozen patties destined for restau-
rants, discoloration by hot water is of limited
commercial importance. Conversely, discol-
oration may be important for the acceptabil-
ity of the product by consumers. In this
respect, treatment of beef cuts (manufactur-
ing beef) with hot water (85°C, 45s) reduced
APC by 2log,, CFU/cm? without any detect-
able effect on the color and flavor of frozen
beef patties produced from the treated meat
(Gill et al. 2001).

Overall, application of decontamination
treatments on trimmings may contribute to
immediate microbial reductions and residual
antimicrobial effects during aerobic storage
or storage of trimming in vacuum sealed
packages (Castelo et al. 2001a, b; Castillo et

al. 2001b; Kang et al. 2001b). However,
post-chilling interventions that may change
the properties of the product require change
in the labeling requirements and the product
may have to be presented with a name more
complex than “meat,” unless the treatments
do not cause substantial changes in meat
properties and thus can be designated as a
“processing aid.”

Overview of Practical
Improvements Achieved by
Decontamination

The Pathogen Reduction final rule (USDA-
FSIS 1996c) established microbial testing
for meat plants to assess the effectiveness of
the control measures undertaken to prevent
and reduce contamination of carcasses with
fecal material, hair, ingesta, and associated
bacteria. The established criteria for E. coli
and Salmonella were based on national
baseline studies (1992-1993) that had col-
lected data from various meat plants (USDA-
FSIS 1994, 1996b). The adoption of HACCP
principles (USDA-FSIS 1996¢) and associ-
ated critical control points applied as decon-
tamination interventions constitute important
measures for control of carcass contamina-
tion. Following implementation of decon-
tamination strategies in the U.S. beef plants,
microbial testing of carcasses demonstrated
significant improvements in the hygiene of
the slaughtering process. Specifically, FSIS
performed a national baseline data collection
program (1997-1998) for cattle and swine
carcasses from approximately 1,400 and
1,250 establishments, respectively (USDA-
FSIS 1998a, b). Prevalence of E. coli and
Salmonella in 1,881 cattle samples was
16.6% and 1.2%, respectively, and 44.1%
and 6.9% in 2,127 swine samples. Of the
samples that were positive for E. coli, 98.9%
of cattle and 91.5% of swine samples had
E. coli between 0—10 CFU/cm?. Furthermore,
a three-year survey (1998-2000) of 98,204
samples of various meat and poultry prod-



ucts, including broilers, cows, bulls, steers,
and heifers, as well as ground beef, ground
chicken, and ground turkey collected from
large to very small federally inspected U.S.
establishments, showed that the prevalence
of Salmonella was significantly lower after
than before the implementation of HACCP
(Rose et al. 2002). The above results also
showed significant compliance with per-
formance criteria for E. coli and standards
for prevalence of Salmonella (USDA-FSIS
1996¢; 1998a, b; Rose et al. 2002). The
prerequisites/HACCP  verification testing
program for Salmonella in raw meat (cows,
bulls, steers, heifers, hogs) and poultry prod-
ucts in the period 1998-2007 showed that the
average percentage of samples from different
product categories, such as carcasses, cuts, or
ground products, meeting the performance
standards for prevalence of Salmonella
exceeded 90% (USDA-FSIS 2008b).
However, the presence of pathogenic bacte-
ria on the surface of carcasses, even though
of low prevalence, emphasizes the need for
proper refrigeration, handling, and cooking
of meat products before consumption. Testing
of raw ground beef for E. coli O157:H7 from
1994 to 2007 showed an average percentage
of less than 0.5% for positive samples from
federal establishments and retail stores,
and a decreasing trend of E. coli O157:H7
prevalence below 0.20% after 2003, in
samples taken for the U.S. ground beef
testing program (USDA-FSIS 2008a). In
order to keep the percentage of positive raw
ground beef samples low, FSIS considers it
extremely critical to keep the percent of
positive ratings for beef trimmings low.
Therefore, routine verification sampling of
beef manufacturing trimmings intended for
use in raw ground beef or beef patty products
has also been initiated at the slaughter estab-
lishments that produce such trimmings. The
results of a one-year (December 2005-—
January 2007) study for approximately
1,700-1,900 samples of beef trimmings
showed that the prevalence of E. coli
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O157:H7 and Salmonella was 0.68% and
1.28%, respectively, suggesting implementa-
tion of effective decontamination strategies
(USDA-FSIS 2007). In all positive samples,
pathogens were below 3 MPN/cm?.
Microbial surveys have also been carried
out by individual research groups in slaugh-
tering plants (for steers, heifers, lambs, cows,
and bulls) to evaluate whether and how much
the applied control measures increased the
probabilities of carcasses passing the imposed
performance criteria (Sofos et al. 1999b, c, d;
Bacon et al. 2000, 2002a, b; Elder et al. 2000;
Duffy et al. 2001; Arthur et al. 2004). Some
of these studies (Sofos et al. 1999b, c, d)
were carried out in 1995-1996, while the
industries were preparing to operate under
HACCP, and thus, could be used to compare
and evaluate the effectiveness of the control
strategies to be applied. The establishments
involved in these surveys used either single
or sequential decontamination interventions.
Pre-evisceration interventions (in the follow-
ing order of application) included: (i) steam-
vacuuming; (ii) carcass-washing with water
(21-38°C) or organic acids (acetic or lactic
acid 1.6 to 2.6%, 43-60°C); and, (iii) hot
water (71-77°C) or steam pasteurization.
Post-evisceration interventions included: (i)
organic acid solution rinsing; (ii) pre-chilling
carcass-washing (final washing); and, (iii)
24-hour chilling. Reductions in the magni-
tude of 3—41log,, CFU/cm” were obtained for
total bacterial counts, TCC and E. coli start-
ing immediately after hide removal and
before any decontamination until the end of
chilling (Bacon et al. 2000). Regarding the
animal type, Salmonella incidence after chill-
ing was higher on cow-bull (0.5-4.4%) than
on steer-heifer (0-2.2%) carcasses (Sofos et
al. 1999c). The percentage of samples passing
the performance criteria for E. coli counts
(m < 5 CFU/cm?) increased from 68.3% at
pre-evisceration to 96.2% after final washing
(Sofos et al. 1999b, d). It was more difficult
to meet the performance criteria during the
wet (November through January) than the
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dry (May through June) season (Sofos et al.
1999b, c, d). Likewise, total bacteria on lamb
carcasses were lower in the spring than in the
winter (Duffy et al. 2001). Elder et al. (2000)
and Arthur et al. (2004) in their survey in four
and two meat processing plants, respectively,
indicated that sanitary procedures and post-
evisceration antimicrobial interventions
could reduce the prevalence of E. coli
O157:H7 on carcasses from 20.1-43.4% pre-
evisceration to 0-1.8% post-processing.
Similarly, Barkocy-Gallagher et al. (2003)
found that the percentage of positive E. coli
O157:H7 and Salmonella carcass samples
was reduced from 26.7% and 12.7% pre-
evisceration to 1.2% and 0.1%, on dressed
carcasses, respectively; that is after interven-
tions with chemicals and chilling. Finally, a
hot-water (80°C) decontamination system,
consisting of a stainless steel spraying cabinet
and a recirculation water system, was effec-
tive in reducing microbial contamination on
carcasses and gained approval by FSIS for
commercial use in beef slaughter (Sofos and
Smith 1998). Of the aforementioned in-plant
decontamination interventions, water/steam
pasteurization and spraying with lactic acid
are considerably more effective in reducing
TCC and E. coli than water-washing (Gill
and Landers 2003a). Furthermore, combina-
tion of lactic acid rinses of carcasses, primal
cuts, and contact surfaces for carcass fabrica-
tion may reduce the numbers of total bacte-
ria, coliforms, and E. coli on carcasses and
the processing environment, thereby improv-
ing the sanitary conditions of the plant (Bacon
et al. 2002a).

The reduction of E. coli O157:H7 during
the dressing process has been demonstrated
in establishments using the best intervention
strategies and processing techniques. Pre-
harvest strategies that may reduce the preva-
lence in feces, as well as additional measures
to prevent pre-evisceration contamination,
would also markedly improve the microbial
safety of the final product (Elder et al. 2000).
Arthur et al. (2004) observed high correlation

(r>0.99) between hide and pre-evisceration
carcass contamination. Therefore, the estab-
lishments should apply prerequisite pro-
grams, including good manufacturing
practices, sanitation standard operating pro-
cedures (SSOPs), HACCP programs, and
carcass-decontamination interventions, SO
that carcasses enter the chillers with reduced
contamination (USDA-FSIS 2002). However,
even the best decontamination technologies
require the foundation of a good plant design
and hygienic process control (Sofos et al.
1999a).

Potential Concerns and Risks
Associated with Decontamination

An important concern of organic acid decon-
tamination is the potential for selection of
strains that may be able to adapt and develop
acid resistance. Subsequently, such strains
may colonize equipment surfaces, recontami-
nate carcasses, and resist subsequent decon-
tamination treatments (Samelis and Sofos
2003, 2005). Berry and Cutter (2000) showed
that acid-adapted E. coli O157:H7 was more
resistant against acetic acid sprays than non-
adapted cells. Similarly, acid-habituated E.
coli O157:H7 was more resistant to spray-
chilling of beef with chemical solutions than
nonhabituated cells (Stopforth et al. 2004).
Furthermore, there is a potential risk for
extended survival of E. coli O157:H7 in envi-
ronmental niches, where acidic decontamina-
tion runoff fluids are mixed with water,
forming sublethal pH environments (pH 4.5—
5.0). These environments may allow devel-
opment and maintenance of acid resistance
by E. coli O157:H7 with increased potential
of growth initiation compared to cells that
have not been exposed to such adverse condi-
tions (Samelis et al. 2002, 2004; Stopforth et
al. 2007; Skandamis et al. 2007, 2009). Such
situations may also harden bacterial biofilms
on equipment surfaces and render them less
sensitive to sanitation agents (Stopforth et al.



2003). Moreover, even though cells exposed
to acidic environments formed by diluted
organic acid run-off fluids may be injured by
sanitizing agents and be undetectable with
common plating methods, they may recover
and restore their acid resistance during sub-
sequent exposure to fresh meat decontamina-
tion run-off fluids (Skandamis et al. 2009).
However, the role of acid adaptation on
microbial resistance to decontamination
treatments possibly depends on the microor-
ganism and product storage conditions, since
acid adaptation of L. monocytogenes did not
seem to affect the survival and proliferation
of the organism during storage at 10°C of
beef treated with hot water and/or lactic acid
(Ikeda et al. 2003). An additional concern is
that organic acid treatments may alter the
natural flora of the beef carcass, thereby
reducing the competitive effect of the back-
ground flora against enteric pathogens, or
allowing proliferation of acid tolerant organ-
isms, such as lactic acid bacteria or yeasts
and molds, and thus, altering the spoilage
association in fresh meat (Ikeda et al. 2003;
Samelis et al. 2002).

Concerns were expressed at the European
level about the development of antimicrobial
resistance to chemical agents that may be
used for carcass decontamination. Thus, the
European Food Safety Authority (EFSA)
issued an opinion paper on the potential for
pathogens acquiring “reduced susceptibility”
to ClO,, ASC, TSP, and PAA applied for
removal of meat surface contamination, or
the potential to develop “resistance to thera-
peutic agents” as a result of exposure to the
above biocides (EFSA 2008). According to
this opinion, there was no existing evidence
that proper use (in terms of concentration) of
the aforementioned biocides for carcass
decontamination would result in reduced sus-
ceptibility in resistance to therapeutic agents.
Similarly, it has been reported that disinfect-
ing poultry chiller water with 20 ppm ClO, is
of negligible risk to human health, due to its
reduction of chlorite and chlorate (Tsai et al.
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1995). However, excessive doses of the
above antimicrobials may allow for antimi-
crobial resistance (EFSA 2008). Furthermore,
in vitro studies suggest that exposure of
pathogens to sublethal levels of certain meat
decontamination chemical agents may induce
tolerance to lethal levels of the same bio-
cides, as well as to other (heterologous)
stresses  (cross-resistance or protection).
Specifically, Sampathkumar et al. (2004)
found that pre-treatment of S. enterica
serovar Enteritidis with sublethal levels of
TSP (i.e., 1.5%) increased tolerance to higher
TSP concentrations, and conferred cross-
tolerance to heat (55°C) and alkaline pH
(11.0). However, evidence for such cross-
tolerance in situ is still lacking.

Given that several Salmonella strains
implicated in foodborne outbreaks have been
identified as resistant to multiple antibiotics,
the hypothesis that such strains are also resis-
tant to antimicrobial interventions in beef
processing has been tested. Bacon et al.
(2002c) performed a survey for antibiotic
resistant Salmonella strains in eight beef-
packing plants and found that even though
the prevalence of Salmonella was reduced
from 15.4% on hides to 1.3% on carcasses,
approximately 60% of the isolates were resis-
tant to at least one antibiotic. Moreover, the
isolation of two antibiotic resistant Salmonella
strains from carcasses after final washing
suggested potential resistance to decontami-
nation interventions (Bacon et al. 2002c).
However, studies have found no correlation
between susceptibility to antimicrobial
agents and resistance to heat (55-61°C) or
low pH (2.3 or 3.0) stress (Bacon et al. 2003a,
b). Likewise, Arthur et al. (2008) found that
the susceptibility of Salmonella to various
meat decontamination agents, including 2%
acetic or lactic acid, electrolyzed-oxidizing,
and ozonated (6 ppm) water as well as com-
mercial acid (pH 1.6) products, was not influ-
enced by their multidrug resistance status.
Similarly, the ability of certain E. coli
O157:H7 strains to cause human disease was
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not associated with resistance to the above
antimicrobial interventions (Arthur et al.
2008).

In conclusion, even though existing labo-
ratory data suggest that acid decontamination
interventions may increase the potential of
pathogens to develop acid resistance, there is
no clear evidence that chemical decontami-
nation poses additional risks due to faster
pathogen growth or higher acid resistance
during storage of products, compared with
physical decontamination. Furthermore, mul-
tidrug resistant pathogens are not more resis-
tant to decontamination treatments than
susceptible strains. Therefore, the proper use
of chemical rinses may lead to significant
reduction of pathogens on meat without
raising concerns associated with stress-
adapted pathogens, provided that hygienic
and sanitary practices are applied throughout
the processing chain, as zero tolerance
inspection assures in the United States.

Legislative Aspects of
Decontamination

Two approaches are applied worldwide rela-
tive to microbial control during meat produc-
tion (Bolton et al. 2001; Midgley and Small
2006): (i) the “intervention HACCP”; and,
(i1) the “nonintervention HACCP.” The inter-
vention HACCP uses decontamination inter-
ventions along the production line to reduce
microbial contamination and is adopted by
the United States and many meat-processing
plants in Canada and Australia. More specifi-
cally, the USDA-FSIS has recognized and
approved that one or more physical or chemi-
cal decontamination steps should be included
in the slaughter/dressing process as critical
control points under HACCP. In Canada, the
use of lactic and acetic acid sprays is approved
as part of the Good Manufacturing Practices
(GMP) during the carcass-dressing process,
provided that proper facilities, equipment,
and quality control are available (Theron
and Lues 2007; http://www.inspection.gc.ca/

english/fssa/meavia/man/mane.shtml). In
Australia, beef plants exporting meat to the
United States have used lactic acid decon-
tamination technologies (Smulders and Greer
1998). However, no organic acid-treated
meat is exported to Europe. Finally, even
though chemical hide washing is approved in
Australia, chemical dehairing is not allowed
(Midgley and Small 2006), while in the
United States chemical dehairing needs to be
approved on a case-by-case basis; no applica-
tion exists at this time.

The nonintervention HACCP relies on
monitoring, and application of hygiene mea-
sures (strict adherence to GMP) that prevent
occurrence of contamination (Bolton et al.
2001). Itis currently adopted by the European
Union (EU) meat industry, even though the
new EU regulations have approved or provide
the basis for approval of decontamination
interventions. More specifically, the existing
Regulation 852/2004 on food hygiene
(Commission of the European Communities
2004a) and the need for implementation of
HACCEP principles in the entire food chain
have forced establishments to improve their
hygiene and processing procedures, as well
as to verify and validate their systems.
Furthermore, according to Regulation
2160/2003, proper and effective measures
should be taken for detection and control of
zoonotic agents throughout the food chain
(Commission of the European Communities
2003). In principle, such methods include
hygienic practices during feed production,
at the farm level and during transportation
of the animals, good animal husbandry
practices, record-keeping, and traceability
(Commission of the European Communities
2003). Application of strict hygiene mea-
sures and good slaughter practices may be
considered sufficient to avoid problems asso-
ciated with carcass contamination during
slaughter under conditions of slow slaughter
speeds. In addition to these practices, thermal
decontamination interventions, such as hot
water and steam pasteurization are also per-



mitted and potentially used as critical control
points in HACCP systems applied in slaugh-
tering operations within the EU. Moreover,
carcass-chilling involving application of cold
air and reduction of surface water activity at
the end of the dressing processes is a manda-
tory practice worldwide (Bolton et al. 2002).
Chemical decontamination treatments have
not yet received official approval in the
EU, even though Regulation 853/2004
(Commission of the European Communities
2004b) permits the use of substances other
than potable and clean water for decontami-
nation of surfaces of foods of animal origin
intended for human consumption. Moreover,
in agreement with U.S. authorities, EFSA
suggests the use of chemical decontamina-
tion as a supplementary (not primary)
measure to reduce and control microbial con-
tamination of carcasses, as part of an inte-
grated control program (EFSA 2008).
Permission for use of chemical decontami-
nants under EU legislation is provided when
preceded by a thorough scientific evaluation
in collaboration with EFSA for the impact of
suggested chemicals on public health (EFSA
2008). Lack of such information has pre-
cluded the approval of chemical decontami-
nation in the EU so far. In this respect, EFSA
encourages further research on the scientific
evaluation of the efficacy of antimicrobial
treatments, their toxic effect on humans, as
well as the potential for development of
resistant clones.

Future Trends

In view of demands by consumers for high-
quality, natural, nutritious, fresh in appear-
ance, and convenient meat products that
maintain their freshness for extended periods,
alternative mild methods for improving
safety of meat have been developed and
evaluated. The potential for adaptation of
pathogens and the development of resistance
to current decontamination technologies
further necessitate the development of new
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methods. An overview of such methods
can be found in the book chapter by Guan
and Hoover (2005) and the review article
by Aymerich et al. (2008). More specifically,
these technologies include high hydrostatic
pressure (HHP; 300 to 600 MPa, 2—10min),
irradiation with 1.5-5.5kGy, pulsed electric
fields, shock waves, high-intensity light,
carbon dioxide treatment (supercritical CO,),
ultrasonics, gas plasma (ionized gas) treat-
ment, and oscillating magnetic fields (2—100
tesla; Tinney et al. 1997; Arthur et al.
2005; Aymerich et al. 2008; Guan and
Hoover 2005). Most of these treatments are
still in the experimental stage and may
require a long time and work before they find
commercial application as meat decontami-
nation technologies. However, HHP at
600 MPa for 2 to 10 minutes has been com-
mercially used in meat products, such as
ham and pre-cooked meals, as well as chicken
and pork cuts, to control L. monocytogenes
during storage at 4°C (Hugas et al. 2002;
Garriga et al. 2004; Guan and Hoover 2005).
In addition to the lethal effect on bacteria,
HHP does not compromise the nutritional
characteristics of the product (Aymerich
et al. 2008). Nevertheless, this method is
not applicable on carcasses or big pieces
of meat.

Although studies have demonstrated the
effectiveness of irradiation in reducing patho-
gens on fresh meat and it is approved in the
United States, the process has been commer-
cially applied only to a limited extent, due to
consumer concerns for potential adverse
health effects. Presently, a petition is pending
in the United States for use of irradiation to
decontaminate carcasses after dressing. On
the other hand, active packaging systems,
including antimicrobial coating or incor-
poration of agents in the packaging film,
may control microbes during product storage
(Aymerich et al. 2008; Coma 2008).
Antimicrobials to be potentially used in such
packaging systems include compounds of
plant, microbial, or animal origin, such as
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essential oils, nisin, and lactoferrin, which
also meet the demands of consumers for
more natural products. Such emerging anti-
microbial treatments, in combination with
good hygiene practices and efficient control
measures during slaughtering (such as
decontamination interventions), may further
enhance meat safety. However, further
research is needed in order to evaluate the
effect of such interventions on the sensory
properties of foods and the feasibility of their
applicationonanindustrial scale. Furthermore,
prior to application of novel decontamination
strategies, the potential of such interventions
to induce microbial resistance through adap-
tation should also be considered.
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Introduction

Humans (both men and women alike) con-
tinue to look for ways to slow down, control,
or virtually eliminate the aging process,
often looking for the infamous “fountain of
youth.” Scientists (Strehler 1986) from the
Molecular Biology Division at the University
of California, Los Angeles, have demon-
strated that gene loss is the primary cause of
the human aging process. On the contrary,
the “aging” of meat is viewed positively, and
the practice of storing meat for extended
periods of time after the death of an animal,
in order to improve its texture, has been a
practice followed by many for a very long
time.

Most consumers do not understand the
basic notion that all meat—red, white, or
pink—is muscle. Its origin is muscle, which
converts over time into meat, and this con-
version is by no means instantaneous. The
widely held view that postmortem storage
of meat at refrigerated temperatures (referred
to as aging) results in a significant improve-
ment in meat tenderness has been adhered to
for a very long time, and aging still remains
an important method used for producing
tender meat. The first scientific reports
looking at postmortem tenderization of meat
were those of Bouley (1874) and Lehman
(1907), who reported that there was an
increase in meat tenderness during extended
postmortem storage. Hoagland et al. (1917)
provided indication of protein breakdown by
showing that there was an increase in nonco-

agulable nitrogen during the storage of meat.
Postmortem “aging” has been called “condi-
tioning” or “ripening” and is a natural process
when meat is subjected to controlled refriger-
ated storage conditions. While meat from any
species could be aged, postmortem aging is
generally limited to beef, due to the relative
youth of pork, lamb, and veal at the time of
slaughter. Muscle from poultry carcasses
also undergoes aging, but the time course for
aging in poultry muscle is hours and minutes
as compared with days for beef.

Tenderness development in postmortem
skeletal muscle is a very complex phenom-
enon. Immediately post-exsanguination,
muscle is soft and tender until the onset of
rigor mortis causes irreversible linkages
between the actin and myosin proteins, which
cause the meat to toughen. With aging,
however, protein degradation and ultrastruc-
tural changes occur that cause tenderization
of the meat. During this tenderization phase,
degradation of myofibrillar and cytoskeletal
proteins such as troponin, desmin, vinculin,
dystrophin, nebulin, and titin occurs within
the muscle (Taylor et al. 1995; Robson et al.
1997). As these proteins degrade, muscle
ultrastructure changes as: (1) breaks at the
junction of the I-band and Z-disk occur, (2)
Z- to Z-line attachments are disrupted by the
degradation of intermediate filaments, and
(3) Z- and M-line attachments to the sarco-
lemma are disrupted. Ultimately, the ultra-
structural changes that occur within muscle
during aging are thought to be the result of
enzymatic degradation of myofibrillar and
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cytoskeletal proteins. Thus, the purpose of
this chapter is to provide an overview of the
established theory of enzymatic aging tender-
ization and to review recent developments
that contribute to a more complete under-
standing of the underlying mechanisms that
influence postmortem proteolysis and the
aging tenderization of meat.

Enzyme Systems

Skeletal muscle contains numerous enzymes
that drive various metabolic pathways in the
living tissue. Many of these enzyme systems
are thought to remain active in postmortem
muscle and influence meat-quality develop-
ment. In particular, the cathepsin, calpain,
and proteasome enzyme systems have been
extensively studied to determine their roles
in the proteolysis associated with the aging
tenderization of meat.

Cathepsins

Cathepsins are acid proteases usually located
in the lysosomes (DeDuve et al. 1955) and
in phagocyte cells but have also been found
in the sarcoplasmic reticulum of muscle
cells (Allen and Goll 2003). Ultrastructural
studies indicate lysosomes are prevalent in
fetal muscle tissue but occur much less fre-
quently in adult skeletal muscle. Cathepsins
are distinguished by their active sites (aspar-
tic, cysteine, and serine proteases) and
substrate specificity. Over 15 lysosomal
cathepsins have been identified, but only
eight (B,L, H, S, F, K, D, E) have been found
in skeletal muscle fibers (Barnier 1995;
Hopkins and Thompson 2002; Sentandreu et
al. 2002).

Cathepsins often are not considered as
important in meat tenderization because their
membrane-bound location is thought to limit
substrate accessibility. Lysosomes are inca-
pable of engulfing the myofibril structure and
no myofibrillar fragments have been identi-

fied within the lysosome. On the other hand,
lysosomes have fragile membranes that may
rupture with the decreasing temperature
and pH in the muscle during postmortem
storage. Only cathepsins B, D, H, and L have
been found to degrade the same proteins
as observed during postmortem aging
(Etherington 1984; Etherington et al. 1987,
1990; Prates 2002; Sentandreu et al. 2002; Li
et al. 2008). Inhibition of cathepsins B and
L, however, does not prevent tenderization
(Hopkins and Thompson 2001). Cathepsin B
degrades myosin, and actin to a lesser extent,
while cathepsin D degrades both actin and
myosin into small peptide fragments.
Cathepsin L acts on myosin, actin, o-actinin,
troponin-T, and troponin-I. Both an endo-
and exopeptidase, cathepsin H is reported to
act on myosin (Allen and Goll 2003).
Although cathepsins probably do not account
for the bulk of postmortem proteolysis during
aging, their contributions cannot be com-
pletely discounted.

Calpains

Calpains are Ca**-dependent cysteine prote-
ases with optimal activity at neutral pH and
are found in all kinds of living organisms,
including animals, plants, fungi, and bacteria.
Discovered about a decade after cathepsins
(Guroff 1964), calpains have been exten-
sively researched and the subject of many
reviews on muscle proteolysis (Goll et al.
1992, 1998, 2003; Geesink et al. 2000; Ilian
et al. 2001; Friedrich and Bozdéky 2005;
Geesink et al. 2005; Koohmaraie and Geesink
2006; Geesink and Veiseth 2009). Currently,
at least 15 different calpains have been iden-
tified in mammals (Suzuki et al. 2004). Six
different calpains are expressed as mRNA in
the mammalian skeletal muscle, but only pL-
and m-calpains and p94/calpain 3 isoforms
can be detected at the protein level (Sorimachi
et al. 1990; Spencer et al. 1995; Sorimachi
and Suzuki 2001; Huang and Wang 2001).
The Ca® requirements, optimum pH and



temperature of activity, autolysis, and inhibi-
tors of calpains have been extensively
reviewed (Allen and Goll 2003; Geesink and
Veiseth 2009). Calpain 1, or p-calpain,
requires micromolar (10-50uM) calcium
concentration for full activity. Calpain 2,
m-calpain, is activated at 0.3-1.0mM Ca®,
while the Ca® requirement of p94/calpain 3
is reported to be at submicromolar levels
(Branca et al. 1999; Ono et al. 2004). Chicken
muscle expresses a distinct |/m-calpain,
intermediate to |- and m-calpains in Ca**
requirements for activation (Sorimachi et al.
1990; Sorimachi and Suzuki 2001; Lee et al.
2008). In postmortem chicken muscle, W/m-
calpain activity remains steady during aging,
in contrast to [L-calpain activity, which disap-
pears by 6 hours postmortem (Lee et al.
2008). From this finding it was postulated
that chicken muscle tenderizes more rapidly
than beef due to greater activation of the
calpain system (Lee et al. 2008).

Ubiquitous p- and m-calpains are het-
erodimers that dissociate in the presence of
Ca® into a regulatory 28kDa subunit that is
identical in both isoforms (Carafoli and
Molinari 1998) and into a large catalytic
subunit (~80KDa). It is the catalytic subunit
(Dutt et al. 2002) that dictates the Ca** level
for activation. The p- and m-calpains are
located in the sarcoplasm and are concen-
trated around the Z-disk region bound to
their inhibitor, calpastatin (Allen and Goll
2003). The equilibrium binding of calpains
to calpastatin also is Ca**- and pH-dependent,
with binding decreasing as pH decreases
(Dransfield 1993). Moreover, the Ca®
required for calpains to bind to calpastatin is
significantly lower than that for activating
U-calpain proteolysis (Cong et al. 2000,
2002).

The p94/calpain 3 isoform, unique to skel-
etal muscle, is not fully inhibited by and can
degrade calpastatin (Ono et al. 2004);
however, its role in postmortem aging is not
fully understood (Parr et al. 1999; Ilian et al.
2000, 2001a, b, 2004; Stevenson et al. 2002;
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Geesink et al. 2005). Although the mRNA
levels for p94 are 10 times greater than p-
and m-calpain mRNA (Kinbara et al. 1998),
purification from muscle is difficult because
it is highly unstable. The p94 has both a cys-
teine protease domain and a calmodulin-like
Ca* binding domain in the same polypeptide
chain that binds to the N2A and M-line
regions of titin (Ojima et al. 2007). The
endogenous N-terminal (but not C-terminal)
domain of p94 is localized in the Z-bands and
also directly binds to sarcomeric o-actinin,
suggesting incorporation of proteolytic frag-
ments into the Z-bands. It has been suggested
that p94 protects titin from degradation by
U- and m-calpains (Ojima et al. 2007;
Beckmann and Spencer 2008; Hayashi et al.
2008). Because p94 is active even in the
absence of Ca®** (Sorimachi and Suzuki
2001), it is thought to have a role in the regu-
lation of - and m-calpain activity or be a
negative regulator of apoptosis (Goll et al.
2003).

Less than 10% of total calpain is normally
activated in the skeletal muscle (Goll et al.
2003). Research has demonstrated that the
optimal condition for calpain activity is pH
7.5 at 25°C (Zeece et al. 1986), but activity
is still detected at pH 5. Meat tenderization
begins at about pH 6.3 (approximately 6h
postmortem in beef), as [L-calpain is activated
at low Ca* concentrations. M-calpain, or
calpain 2, is optimally active at pH range of
6.5 to 8.0 and 1-2mM Ca® but shows
minimal activity at pH 5.5 and 5°C, condi-
tions achieved in 24 to 48 hours postmortem
in the beef carcass. It is estimated that
approximately 30% of m-calpain remains
inactive and can be detected up to 56 days
postmortem (Geesink and Koohmaraie
1999). With this limited postmortem activity
range and reported discrepancies between in
vitro and intracellular Ca®>* concentrations,
some researchers doubt that calpains alone
areresponsible foraging of meat. Furthermore,
purification of calpains and calpastatin is dif-
ficult to accomplish, and techniques for mea-
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suring calpain under different pH/temperature
and ionic strength combinations may not
provide an accurate estimation of activity
because of precipitation of calpain or the
alteration of the interaction with substrates.
These issues have been the topic of much
debate in the literature (Prates 2002; Goll et
al. 2003; Geesink and Veiseth 2009), but the
prevailing belief is that p-calpain is the
essential and predominant enzyme responsi-
ble for postmortem proteolysis and that com-
bined m- and u-calpain activity may be
responsible for up to 85% of postmortem
meat tenderization (Geesink et al. 2000;
Geesink et al. 2006)

Proteasomes

Evidence has been accumulating that cal-
pains are necessary to initiate the degradation
of myofibrillar proteins by releasing them
from the surface of the myofibril and making
them available for subsequent degradation.
Given that calpains cleave proteins at a
limited number of sites and produce large
polypeptide fragments rather than small pep-
tides or amino acids, it is clear that other
proteases may be involved in the bulk degra-
dation of sarcomeric structures (Goll et al.
2003). For the subsequent breakdown of
myofibrillar proteins, once calpains have
released them from the sarcomere, the main
candidate is the proteasome (Attaix et al.
1998, 2001; Delbarre-Ladrat et al. 20006;
Yamamoto et al. 2009; Geesink and Veiseth
2009).

The proteasome, or multicatalytic protein-
ase complex (MCP), is a multisubunit prote-
ase complex with an apparent sedimentation
coefficient of 20S. Two types of regulatory
complexes bind to both ends of the cylindri-
cal 20S. One complex, the 26S proteasome,
is a eukaryotic ATP-dependent protease
(Tanaka 1998) and hydrolyzes ubiquitin-
conjugated proteins (Tanaka 1998; Delbarre-

Ladrat et al. 2006). The proteasome, first
isolated in 1980 (Wilk and Orlowski 1980),
is a barrel-shaped polypeptide structure with
active sites in its interior core (Mykles and
Harie 1995; Attaix et al. 1998, 2001;
Glickman and Cienchanover 2002). A 20S
latent form is part of the 26S proteasome
(Attaix et al. 1998, 2001) and can be acti-
vated by mild denaturing treatments
(Yamamoto et al. 2009) such as heat, chemi-
cals, or high pressure. At least five multipep-
tidase activities (Mykles and Harie 1995)
have been described: trypsin-like, chymo-
trypsin-like, branched-chain amino acid-pre-
ferring, small neutral amino acid-preferring,
and peptidylglutamyl peptide hydrolase
(PGPH). The MCP proteasome enzymes
have optimal pH activity at pH 7.0-8.0, and
the proteasome is found in the sarcoplasm
(Foucrier et al. 2001) of skeletal muscle.
Control of indiscriminate proteolysis appears
to be regulated by two methods. The MCP
preferentially degrades polypeptides that
have been ubiquitinated and secondly by
physical size limitation; that is, only poly-
peptides that can pass through the narrow
10-13A opening to the central core of the
barrel are easily degraded into 6-12 amino
acid fragments in a single pass (Attaix et al.
1998, 2001; Glickman and Cienchanover
2002). It is likely that another protease, cal-
pains for example, acts in concert or synergy
to release proteins from the myofibrillar
assembly in order to make large proteins
available for degradation into amino acids by
the MCP (Hasselgren 1999; Allen and Goll
2003). The MCP plays a major role in degrad-
ing sarcoplasmic proteins and myofibrillar
fragments; however, there is insufficient evi-
dence that MCP breaks down the same pro-
teins in postmortem muscle as in in vitro tests
(Huang et al. 2007). Proteasomes remained
relatively stable throughout 7 days of aging
in beef and rabbit muscle (Yamamoto et al.
2009), supporting their potential role in meat
tenderization.



Current Enzymatic Model of
Postmortem Proteolysis and
Aging Tenderization

In order to identify enzymes responsible for
the postmortem aging of meat, researchers
have used the criteria that candidate enzyme
systems must: (1) be endogenous to skeletal
muscle and have access to substrates, and (2)
have the ability to degrade the same proteins
that are degraded during the postmortem
storage of muscle (Goll et al. 1983, 2003,
2008; Koohmaraie 1996). Of the three major
enzyme systems investigated, only calpains
meet both criteria. Calpains have access to
substrates and have been shown to have
limited proteolytic capabilities (Goll et al.
2003), cleaving myofibrillar proteins at a
specific number of sites to produce large
polypeptide fragments similar to those
observed after the postmortem storage of
muscle. In contrast, lysosomal cathepsins and
proteasomes are capable of exhaustively
degrading proteins into small peptides or
short amino acid segments but cannot disas-
semble the myofibril and do not generate the
same degradation patterns of myofibrillar
proteins observed during meat aging.
Furthermore, the location of cathepsins in
lysosomes is thought to restrict their access
to substrates. Thus, the prevailing theory is
that the calpain/calpastatin system is the pre-
dominant driver of postmortem proteolysis
and aging tenderization.

While it is widely accepted that proteoly-
sis of key myofibrillar proteins by the calpain
enzyme system is primarily responsible for
increased tenderness during postmortem
storage (Koohmaraieetal. 1991; Uytterhaegen
et al. 1994; Goll et al. 2003; Koohmaraie and
Geesink 2006), it can be argued that calpains
alone are not sufficient to fully explain post-
mortem proteolysis and meat tenderization.
Questions regarding the role of calpains in
postmortem tenderization initially centered
on: (1) the observation that calpain activity
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substantially diminishes early postmortem,
and (2) the fact that many of the conclusions
regarding the calpain role in tenderization are
based on indirect evidence. Within the pH
range of 7.4 to 5.8, both p-calpain and m-
calpain retain enzymatic activity, but as
muscle pH drops more autolysis of p-calpain
occurs and proteolytic activity diminishes
(Koohmaraie 1992). Over the first 24 hours
postmortem, bovine [-calpain retains <20%
of its activity when assayed at pH 7.0 and
5°C (Koohmaraie 1992). Even though
Koohmaraie (1996) demonstrated that p-
calpain in muscle retains 5% to 10% of its
original activity even after 14 days storage,
the question still remains whether this level
of activity is sufficient to explain the protein
degradation observed in muscle beyond 24
to 48 hours postmortem. Direct evidence
that p-calpain is involved in the postmortem
proteolysis associated with tenderization
was strongly provided by two studies in
which postmortem proteolysis of myofibril-
lar proteins was severely diminished in p-
calpain knockout mice (Geesink et al. 2006)
and in mice over-expressing calpastatin
(Kent et al. 2004). Despite such strong evi-
dence for the role of L-calpain, some post-
mortem proteolysis was still detected in both
these studies, suggesting that p-calpain does
not account for postmortem proteolysis in
its entirety.

Many recent studies on meat tenderness
have confirmed the importance of the calpain
system but have further indicated that aging
tenderization is a highly complex process
that stretches beyond the explanation pro-
vided by the current calpain theory of post-
mortem tenderization. A growing body of
evidence suggests that multiple enzymes and
interdependent muscle factors may be neces-
sary to fully explain postmortem proteolysis
and its link to tenderization. The remainder
of this chapter will focus on recent novel
findings that contribute to a more complete
understanding of the underlying mechanisms
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that control postmortem proteolysis and
aging tenderization of meat.

Apoptosis Theory of Aging
Tenderization

Recent data has indirectly shown that the
process of apoptosis may play a role in post-
mortem proteolysis and meat tenderization
(Herrera-Mendez et al. 2006; Ouali et al.
2006). In living organisms, apoptosis, or pro-
grammed cell death, is a complex mechanism
by which cells can be eliminated without
damaging surrounding cells (Kerr et al. 1972;
Fidzianska et al. 1991). Apoptosis is initiated
and regulated by either the target cell or the
central nervous system, and is mediated by
the caspase enzyme system. As a result of the
slaughter process, the muscle tissue will be
deprived of oxygen and nutrients due to the
loss of the blood supply. The hypothesis is
that under these anoxic conditions, the muscle
cells will have no alternative but to initiate
apoptosis, which through the caspase system
would induce a series of biochemical and
structural changes important in the tenderiza-
tion process. Thus, the traditional model of
the conversion of muscle to meat would
include a phase corresponding to the initia-
tion of cell death in addition to the phases of
rigor mortis development and aging tender-
ization (Ouali et al. 2006). The apoptotic
process would then occur until muscle condi-
tions (pH, ionic strength, energy availability)
would be unfavorable for enzyme activity
(Ouali et al. 2006). Direct evidence to support
this emerging hypothesis is still lacking,
however.

Caspases

Apoptosis within the cell occurs through
the action of the caspase enzyme system.
Detailed information on the structure, activ-
ity, activation, and inhibition of caspases can
be found in the review of Fuentes-Prior and
Salvesen (2004). In brief, caspases are a

group of neutral cysteine proteinases that
upon activation, which involves cleavage
of the pro-domain and dimerization, cleave
proteins at specific aspartic acid residues
(Sentandreu et al. 2002; Fuentes-Prior and
Salvesen 2004; Herrera-Mendez et al. 2006).
To date there are 14 caspases that are divided
into three classes based on biological func-
tion: cytokine activators that function in
inflammation, apoptosis initiator caspases,
and effector caspases (Fuentes-Prior and
Salvesen 2004; Herrera-Mendez et al. 2006).
During the apoptosis process, the initiator
caspases (caspases 8, 9, 10, and 12) activate
the downstream effector caspases (caspases
3, 6, and 7), which cleave specific target
proteins (Earnshaw et al. 1999). Since the
primary in vivo function of caspases is to
enzymatically degrade cellular structures
(Creagh and Martin 2001), in regards to meat
tenderization it has been postulated that
caspases would probably initially degrade
proteins involved in the spatial organization
of myofibrils and that further degradation
of cellular components would proceed with
the contribution of additional proteolytic
systems such as the calpains, cathepsins, and
proteasomes (Ouali et al. 2006). Similar
to calpains, caspases have been shown to
degrade a large number of muscle proteins
(Earnshaw et al. 1999; Nicholson 1999;
Fischer et al. 2003). In particular, caspase 3
has been shown to cleave myofibrillar pro-
teins in muscle during catabolic conditions
(Du et al. 2004).

Only a few studies, however, have inves-
tigated caspases in skeletal muscle in regards
to their potential contribution to postmortem
proteolysis and meat tenderization. Using
porcine trapezius, psoas, longissimus dorsi,
and semitendinosus muscle, it was demon-
strated that caspases and the caspase inhibitor
apoptosis repressor with caspase recruitment
domain (ARC) can be detected in different
muscle types at varying levels of expression
(Kemp et al. 2006a). Incubation of recombi-
nant caspase 3 with porcine myofibrils



resulted in the degradation of desmin, tropo-
nin I, actin, troponin T, and myosin light
chains under in vitro conditions similar to
those found in muscle during postmortem
aging (Kemp and Parr 2008). One study
investigated the in vivo behavior of the
caspase system by measuring caspase 3/7 and
caspase 9 activities and the degradation of
caspase substrates, alpha II spectrin, and poly
(ADP-ribose) polymerase (PARP) in porcine
longissimus muscle between 0 and 8 days
postmortem (Kemp et al. 2006b). In this
study, caspases were found to be most active
early postmortem (<4 hr), and caspase activ-
ity diminished with postmortem time. It was
also observed that caspase activity (caspase
3/7 and caspase 9) and the abundance of
alpha II spectrin degradation products were
negatively correlated to Warner-Bratzler
shear force measurements. This led to the
conclusion that the changes in caspase
activity and caspase-mediated cleavage of
muscle proteins observed during postmortem
aging may be associated with meat
tenderization.

Other research, however, contends that
caspases are not likely to play a major role in
the postmortem proteolysis associated with
meat tenderization. In beef muscle, it was
observed that caspase 3 activity is present
immediately after slaughter but that it
decreases with time postmortem (Underwood
et al. 2008). In this study, pro-caspase 3 was
not activated during postmortem storage and
caspase 3 activity was not correlated with
Warner-Bratzler shear force in beef longis-
simus. The data from one study using muscle
from callipyge and normal lambs indicated
that caspase 3/7 and caspase 9 activities
decreased between 1 and 21 days postmor-
tem but did not directly support or reject the
involvement of the caspase system in meat
tenderization (Kemp et al. 2009).

There is some speculation that caspases
may influence postmortem proteolysis
through their interaction with the calpain/
calpastatin enzyme system. Numerous studies
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have observed cross-talk between the calpain
and caspase systems during apoptosis, in
which calpain activity is indirectly up-regu-
lated by caspase enzymes cleaving calpastatin
(Wang et al. 1998; Porn-Ares et al. 1998;
Neumar et al. 2003). Calpains have also been
shown to impact caspase activity during
apoptosis (Nakagawa and Yuan 2000; Chua
et al. 2000; Neumar et al. 2003). There is
relatively little data, however, on the interac-
tion between caspases and the calpain enzyme
system in skeletal muscle as it relates to post-
mortem proteolysis. A negative relationship
between peak caspase 3/7 activity at 8 hours
postmortem and calpastatin activity at O and
2 days postmortem has been observed in the
muscles of normal lambs but not in callipyge
lambs (Kemp et al. 2009). Thus, while there
is no direct evidence that caspases contribute
significantly to postmortem tenderization,
data suggest that they may play an indirect
role by degrading calpastatin. More data is
needed, however, to determine definitively
the direct and indirect contribution of the
caspase system to postmortem proteolysis
and meat tenderization.

Heat Shock Proteins

Due to their anti-apoptotic functions in living
tissue, small heat shock proteins (HSP) are
increasingly being investigated as potential
factors influencing the conversion of muscle
to meat and meat quality. In living muscle
tissue, HSP such as alpha p-crystallin,
HSP20, and HSP27 have a homeostatic func-
tion in which they stabilize unfolded pro-
teins, help refold denatured proteins, and
prevent protein aggregation (Liu and
Steinacker 2001). Due to their abilities to
protect cellular proteins from denaturation
and loss of function, HSP expression is up-
regulated in living tissues in response to
stress. It is speculated that HSP expression
could be stimulated after slaughter in
response to the muscle cell stress and death
during the conversion of muscle to meat and
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that they may influence postmortem prote-
olysis (Ouali et al. 2006). Several recent
studies have demonstrated that HSP are up-
regulated in postmortem muscle (van Laack
et al. 1993; Bouley et al. 2004; Hwang et al.
2005; Jia et al. 20064, b; Sayd et al. 2006; Jin
et al. 2006). In a study comparing microar-
rays between high and low quality meat
groups from beef longissimus muscles, the
down-regulation of alpha B-crystallin and
HSP27 in muscle samples taken at 10 minutes
postmortem was associated with improved
tenderness, juiciness, and flavor (Bernard et
al. 2007). In this study, the expression of
DNAIJA1, which encodes for a member of
the large 40kDa heat shock protein family,
was negatively correlated to tenderness mea-
surements after 14 days of aging and alone
explained 63% of the variability in sensory
assessed tenderness (Bernard et al. 2007).
From this it was suggested that the anti-apop-
totic activity of this gene could slow cellular
death during the conversion of muscle to
meat and lower meat tenderization. HSP27
content in fresh beef muscle and levels of
HSP27 fragments in 14-day aged beef were
found to explain up to 91% of the variation
in sensory tenderness scores (Morzel et al.
2008). In pre-rigor beef, HSP20 and alpha
B-crystallin levels peak at 0.5 and 3 hours
postmortem and then decline until 22 hours
postmortem (Pulford et al. 2008). HSP
content postmortem is also influenced by
postmortem muscle pH (Pulford et al. 2008).
Similarly, high levels of alpha B-crystallin at
22 hours postmortem are associated with
diminished protein degradation in beef
muscle with low ultimate pH, suggesting that
HSP may shield the muscle structure from
proteolytic degradation during aging (Pulford
etal. 2009). Further data are needed, however,
to determine if HSP levels in postmortem
muscle are merely indicators of postmortem
proteolysis and meat tenderization or if
they play a mechanistic role in the aging
process.

Instrinsic Muscle Factors
Influencing Postmortem
Proteolysis

In order to fully understand how calpains
contribute to postmortem proteolysis and
aging tenderization, researchers have also
looked at postmortem characteristics of
muscle that could influence either calpain
activation or the efficacy of calpain-mediated
proteolysis. Differences in muscle factors
such as protein oxidation levels and sarco-
mere length have been investigated for their
potential to account for some of the variabil-
ity observed in the rate and extent of post-
mortem myofibrillar protein degradation.

Effect of Oxidation on
Calpain-Mediated Proteolysis

There is increasing evidence that postmortem
proteolysis and aging tenderization are influ-
enced by dynamic changes that occur in the
microenvironment of the muscle cells during
the conversion of muscle to meat. In addition
to a decline in pH and an increase in ionic
strength, there is a rise in the formation of
reactive oxygen species and an increase in
protein oxidation within postmortem muscle
(Martinaud et al. 1997; Harris et al. 2001;
Rowe et al. 2004a, b). Using vitamin E sup-
plementation and irradiation to generate a
range of oxidation levels in beef longissimus
muscle, researchers have found that increased
oxidation of muscle proteins early postmor-
tem (<24 h) negatively impacts meat tender-
ness (Rowe et al. 2004a, b). Similar to the
reversible inactivation of calpain that occurs
in vivo (Guttmann and Johnson 1998), oxida-
tive conditions in postmortem muscle can
diminish calpain activity and reduce myofi-
brillar proteolysis (Rowe et al. 2004a, b;
Maddock et al. 2006) and limit tenderization
(Rowe et al. 2004a, b). Since both p- and
m-calpain have a cysteine residue at their
active sites and require reducing conditions



for activity, it is not surprising that oxidizing
conditions inhibit proteolysis by p-calpain
(Guttmann et al. 1997). It has also been dem-
onstrated that oxidation alters calpain activity
and the inhibition of calpains by calpastatin
differently, depending on the pH and ionic
strength conditions of the muscle (Maddock
et al. 2006). Overall, these studies indicate
that oxidative conditions in postmortem
muscle may influence the postmortem prote-
olysis associated with the aging tenderization
of meat.

Effect of Muscle Shortening on
Calpain-Mediated Proteolysis

The direct impact of muscle shortening and
sarcomere length on meat tenderness has
been well-established and it is thought that
sarcomere shortening dictates tenderness
early postmortem (<24 h) while variations in
proteolysis control differences in tenderness
during aging (Wheeler and Koohmaraie
1994). Numerous studies have demonstrated
that muscles with longer sarcomeres have
lower resistance to shearing than those
with shorter sarcomeres (Herring et al. 1965;
Herring et al. 1967; Hostetler et al. 1972;
Marsh and Carse 1974; Smulders et al.
1990; Wang et al. 1994). Past data has
reported that sarcomere length does not
impact postmortem proteolysis and that the
negative impact of short sarcomeres on ten-
derness is solely due to the increased overlap
of the thick and thin filaments (Young et al.
1980; Locker and Wild 1982; Jaime et al.
1992; Wheeler and Koohmaraie 1999). More
recently, however, several studies have dem-
onstrated that there may be some interaction
between sarcomere length and the degrada-
tion of myofibrillar proteins (Weaver et al.
2008, 2009). Using a muscle stretching
model to generate muscle samples with a
wider range in sarcomere lengths than have
been used in previous investigations, one
study found that sarcomere length contrib-
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uted to differences in the extent of troponin-T
proteolysis in excised beef semitendinosus
muscle from 2 to 10 days postmortem
(Weaver et al. 2008). Using an in vitro model,
in which myofibrils with varying sarcomere
lengths were digested with exogenous LL-
calpain, it was observed that sarcomere
length influenced the rate and extent of tro-
ponin-T degradation (Weaver et al. 2009). In
both of these studies, less proteolysis was
observed in samples with shorter sarcomeres.
The limited protein degradation with shorter
sarcomeres was hypothesized to be a func-
tion of limited substrate availability (Weaver
et al. 2008, 2009), but more data is required
to elucidate this mechanism. It is also unclear
from these studies if the range in sarcomere
lengths that resulted in proteolytic differ-
ences is indicative of the natural variation in
sarcomere length that exists in muscles from
commercially processed beef. Nevertheless,
these studies indicate that besides having a
direct effect on tenderness, large differences
in sarcomere length may also impact the
postmortem proteolysis responsible for the
aging tenderization of meat.

Nonenzymatic Mechanisms of
Aging Tenderization

Since there is nearly universal agreement that
aging reduces meat toughness in all but sar-
comere-shortened muscle, and an over-
whelming number of studies have shown that
a decrease in toughness of meat is accompa-
nied by a corresponding increase in protein
degradation and protein solubility as meat
ages, most research efforts have focused
solely on the endogenous proteolytic enzymes
as the primary mechanism regulating tender-
ization. The accumulated evidence on pro-
teolytic systems, however, has numerous
contradictions and more importantly, does
not fully explain the large variation in meat
tenderness or great differences in tenderiza-
tion rates among species. It has been demon-
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strated that a minimal amount of proteolysis
occurs during the first 3 days of aging, yet
the largest changes (~65%) in postmortem
tenderization occur during the first 3 days
postmortem (Wheeler and Koohmaraie 1994;
Taylor et al. 1995). Although much less
investigated, some mechanisms not related to
proteolysis appear to contribute to postmor-
tem tenderization.

Calcium Theory of Tenderization

The rise in free sarcoplasmic Ca®** from
10™*mM in living skeletal muscle to 0.2 mM
in postmortem muscle has been hypothesized
to be responsible for postmortem tenderiza-
tion, regardless of proteolysis (Takahashi
1992, 1996, 1999). The calcium theory of
meat tenderization is based on evidence that
all structural weakening of myofibrils and
rigor linkages, which contain molecular con-
stituents with an affinity for binding with
Ca*, are fully induced when the concentra-
tion of free Ca® increases to more than
0.1 mM (Takahashi 1992, 1996, 1999). This
concept, however, has not received wide-
spread acceptance. Based on reports over the
last four decades, the mechanism underlying
the weakening of myofibrils (Takahashi et al.
1967; Hattori and Takahashi 1979) has been
related to the liberation of phospholipids
from Z-disks (Ahn et al. 2003), and the frag-
mentation of cytoskeletal structure proteins
titin (Tatsumi et al. 1999), nebulin (Tatsumi
and Takahashi 1992, 2003), and desmin
(Takahashi 1996) through direct binding
reactions with free Ca*. The second key
element, weakening of rigor linkages, was
attributed to the translocation of paratropo-
myosin from the A-I junction region onto
thin filament actin (Hattori and Takahashi
1988; Takahashi et al. 1995; Fei et al. 1999).
All these ultrastructural changes were dem-
onstrated specifically by 0.1mM Ca* ion
treatments in vitro, in muscles from beef,
pork, chicken, and rabbits. With regard to the
different speeds of meat tenderization among

animal species, evidence was presented that
the rate of free calcium increase paralleled
the respective tenderizing rates for different
species in the order of chicken (fastest),
rabbit, pork, and beef (slowest) muscles
(Yamanoue et al. 1994; Ji and Takahashi
2006). A prevalent argument that proteolysis
could not be a factor is that meat during aging
is under nonphysiological conditions, so the
activity levels of the highly pH and tempera-
ture dependent proteolytic systems are too
low or inactive (Kanawa et al. 2002) in a
postmortem cellular environment (ultimate
pH 5.5-5.8; 2°-5°C temperature) to elicit the
postmortem changes observed. One concern
regarding all these studies is the absence of
objective measurements of tenderness to
further support the calcium theory of tender-
ization. One report (Geesink et al. 2001)
observed a rise in sarcoplasmic Ca* in post-
mortem muscle and correlated it to the myo-
fibrillar fragmentation index (MFI) and shear
force, which seems to support the calcium
theory, but provided alternative interpreta-
tions of these results that contradicted the
calcium theory of tenderization.

Osmotic Pressure

One of the most extensively investigated
factors during the development of rigor
mortis is the postmortem fall in pH. The
intracellular osmotic pressure (i.e., ionic
strength) increases nearly twofold and has a
close relationship with pH (r = 0.97) during
the time course of rigor mortis (Ouali 1990),
yet it has received comparatively little atten-
tion in meat research studies. It was sug-
gested that the pH drop was likely the major
cause for the large increase in osmotic pres-
sure through alteration of proteins to which
ions (mainly Na*, K*, Ca*, and Mg*) are
normally bound (Ouali et al. 1991). In
general, salt concentrations above physiolog-
ical values (~0.15M) raise myofibrillar
protein solubility; consequently, it was pos-
tulated the ionic strength attained at the com-



pletion of rigor (0.24—0.30M) could be high
enough to induce partial dissociation of the
myofibrillar structure and increase proteo-
lytic susceptibility of myofibrillar proteins.
The high ionic strength in postmortem muscle
(0.3M) was shown to be responsible for
the solubilization of structural proteins
(C-protein, M line protein, troponoin T,
actin, tropomyosin, and o-actinin; Wu and
Smith 1985, 1987) and changes in myofibril-
lar ATPase activity with aging (Ouali 1992).
This was further supported by the fact that
the highest osmotic pressure values coin-
cided with the contraction speed of muscles
(i.e., fast-twitch white muscles tenderize
faster than slow-twitch red muscles; Geesink
et. al. 1992; QOuali et al. 1991, 1992). From
these studies it was concluded that elevated
osmotic pressure, in addition to proteolytic
enzymes, has a physico-chemical impact on
myofibrillar proteins that could be associated
with improvements in tenderness.

Results so far do not support a synergistic
role of elevated ionic strength with proteoly-
sis. The pH/ionic strength conditions in post-
mortem muscle induce conformational
changes in the substrate proteins, conse-
quently altering their susceptibility by ren-
dering specific cleavage sites inaccessible to
proteolytic attack. Secondly, an increase in
ionic strength was also shown to inhibit the
activity of u- and m-calpain (Huff-Lonergan
et al. 1995; Geesink and Koohmaraie 2000;
Lietal. 2004; Maddock et al. 2005). Increased
ionic strength, similar to the fall in pH, is an
important variable to examine in determining
the relative contribution of proteolytic
enzymes to postmortem tenderization.

Emerging Use of Proteomic
Approaches to Study Aging
Tenderization

While the basic understanding of the mecha-
nisms that control postmortem proteolysis
and aging tenderization have not changed
substantially over the last decade, techno-
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logical advances during that time frame have
helped uncover new pieces to the puzzle.
Traditionally, most of the research on post-
mortem proteolysis and meat aging was
done using classic SDS-PAGE and western
blotting techniques to document protein deg-
radation in either tissue sampled from aged
intact muscle cuts or from protein extracts
following the in vitro digestion of isolated
myofibrils and muscle proteins. Researchers
are increasingly taking a proteomics approach
to understanding protein changes related to
meat quality by utilizing two-dimensional
electrophoresis (2DE) combined with protein
identification by mass spectrometry (MS).
Rather than just investigating a few proteins
at a time, this powerful tool allows resear-
chers to simultaneously and efficiently sepa-
rate a wide range of proteins expressed in
muscle tissue and to identify numerous
protein changes that occur in postmortem
muscle.

Lametsch and Bendixen (2001) first dem-
onstrated in porcine muscle the use of pro-
teome analysis to determine postmortem
protein changes. Using 2DE to separate pro-
teins from 5-200kDa with pls ranging from
pH 4-9, 15 significant changes were observed
in the proteome patterns of porcine longis-
simus muscle between slaughter and 48 hours
postmortem. A subsequent study using
matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry (MALDI-
TOF MS) to identify proteins demonstrated
that peptide fragments from three structural
proteins (actin, myosin heavy chain, and
troponin-T) and six metabolic proteins (gly-
cogen phosphorylase, creatine kinase, phos-
phopyruvate hydratase, myokinase, pyruvate
kinase, and dihydrolipoamide succinyltrans-
ferease) accumulated in porcine longissimus
muscle between slaughter and 48 hours post-
mortem (Lametsch et al. 2002).

Several studies have investigated protein
changes in porcine longissimus muscle
between O and 72 hours postmortem
(Lametsch et al. 2003; Morzel et al. 2004).
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From these studies, myofibrillar proteins or
fragments of myofibrillar proteins found to
change with postmortem storage include
actin, myosin heavy chain, titin, myosin
light chain I, myosin light chain II, CapZ,
cofilin, troponin-T, cypher proteins, and
myozenin. Sarcoplasmic proteins enolase,
phosphoglycerate kinase, pyruvate dehydro-
genase, glycogen phosphorylase, triosephos-
phate isomerase, myokinase, eukaryotic
translation initiation factor SA, o-crystallin,
creatine kinase, and pyruvate kinase were
also found to change with postmortem
storage in these studies (Lametsch et al.
2003; Morzel et al. 2004). Using a model in
which isolated myofibrils were incubated
with pl-calpain under simulated postmortem
conditions and protein degradation was mea-
sured by combining MALDI-TOF MS with
SDS-PAGE and 2DE, one study observed
that desmin, actin, myosin heavy chain,
myosin light chain I, troponin-T, tropomyo-
sin, thioredoxin, and CapZ were degraded in
vitro by l-calpain (Lametsch et al. 2004). In
both bovine longissimus and semitendinosus
muscles, levels of cofilin, lactoylglutathione
lyase, substrate protein of mitochondrial
ATP-dependent proteinase SP-22, HSP27,
and HSP20 were found to be different
between samples removed at 0 and 24 hours
postmortem (Jia et al. 2006). This study also
found 15 additional proteins that changed
during postmortem storage in either the lon-
gissimus or semitendinosus muscles (Jia et al.
20006). In a similar study, thirty-nine proteins
were identified from bovine longissimus
muscle that significantly change during the
first 24 hours postmortem (Jia et al. 2007).
Proteins undergoing changes included meta-
bolic enzymes, cellular-defense and stress-
response proteins, structural proteins, and
proteolytic enzymes.

Some of the proteomic changes observed
during postmortem aging have been corre-
lated with tenderness measurements. The
abundance of actin fragments, myosin heavy

chain fragments, myosin light chain II, and
triose phosphate isomerase at 72 hours post-
mortem correlate to shear force measure-
ments at 1 and 4 days postmortem in porcine
longissimus muscle (Lametsch et al. 2003).
Similarly, spots corresponding to actin, myo-
kinase, F-actin capping protein, HSP27,
myosin light chain I, peroxiredoxin 2, trios-
ephosphate isomerase, and troponin T were
correlated to shear force changes between 1
and 7 days postmortem in porcine longissi-
mus muscle (Hwang et al. 2005). In longis-
simus muscle from Korean native cattle,
researchers identified seven proteins that are
differentially expressed in samples from
carcasses segregated into high- and low-qual-
ity beef grades (based on marbling, lean
color, fat color, maturity, and tenderness)
(Kim et al. 2008). Both HSP27 and inositol
1,4,5-triphosphate (IP3R1), whichis involved
in the intracellular pathways that mediate
Ca* release from intracellular stores
(Berridge and Lipp 2000), were higher in
low-quality beef, and HSP27 was positively
correlated to 2-day postmortem shear force
measurements.

Proteomic studies on postmortem muscle
have led to new insights into the mechanisms
of aging tenderization in meat. Based on
studies using one-dimensional SDS-PAGE, it
has been accepted for years that actin is not
degraded postmortem (Bandman and Zdanis
1988; Huff-Lonergan et al. 1995; Koohmaraie
1994). Several studies using 2DE separation,
however, have demonstrated that fragments
of actin accumulate with postmortem storage
(Lametsch et al. 2002; Lametsch et al. 2003;
Morzel et al. 2004; Hwang et al. 2005)
and that the abundance of actin fragments
correlates to tenderness (Lametsch et al.
2003; Hwang et al. 2005). Similarly, these
studies have also observed that fragments of
myosin accumulate with postmortem storage
(Lametsch et al. 2002, 2003; Morzel et al.
2004). While aging tenderization is usually
thought to be a manifestation of changes to



the myofibrillar and cytoskeletal components
of muscle, the findings of proteomic studies
on postmortem muscle suggest that meta-
bolic enzymes and other water-soluble pro-
teins within muscle may be potentially useful
as markers for meat tenderness. With the
limited number of proteomic-based and high-
resolution studies on aged muscle, however,
it is still unclear if the protein changes
observed during postmortem storage play a
mechanistic role in aging tenderization or if
they are simply indicators of proteolysis.

Conclusions

In summary, we can state that skeletal muscle
is a product of exceedingly structured and
oriented proteins containing numerous
enzymes that drive various metabolic path-
ways in the living tissue and is destined to
undergo a variety of changes after death.
Dramatic changes take place both during
chilling and aging but most markedly during
the immediate postmortem period as muscle
is transformed to meat. The subject of utmost
importance in the minds of many is where do
we go from here in research on quality and
palatability of meat? Postmortem aging is a
process that occurs naturally in all muscle
tissues, whether vacuum packaged or in the
form of carcasses or wholesale cuts. In the
conversion of muscle to meat, postmortem
aging of carcasses and cuts is a natural
process that usually improves tenderness
under refrigerated conditions. Endogenous
enzymes found in muscle cells fragment key
proteins in such a way that the fundamental
integrity of the muscle ultrastructure is
altered, resulting in improved meat tender-
ness. Although postmortem aging has a pro-
found effect on meat tenderness, it does not
ensure total and uniformly tender meat.
Aging tenderization of meat is a complex
phenomenon with numerous factors (both
antemortem and postmortem) that influence
the underlying enzymatic mechanisms.
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Chapter 5

Freezing/Thawing

Christian James and Stephen J. James

Introduction

Modern commercial meat freezing has a
surprisingly long history. It is believed that
the first modern meat freezing works were
established at Darling Harbour in Sydney,
Australia, in 1861 (Critchell and Raymond
1912). In the next decade, there were a
number of attempts to transport frozen meat.
The first entirely successful frozen meat ship-
ment was that of the S.S. Paraguay from
Buenos Aries to Havre in 1877. Due to a
collision, the ship took seven months to
complete her journey; however, the 5,500
mutton carcasses were still reported to be
in “in tip-top condition” when the ship
arrived at Havre. A second voyage was
planned but never happened, and to quote a
Dr. Bergés (Critchell and Raymond 1912),
“As has often happened in the history of
industries, it has been the French who have
made the discoveries, and the English have
turned them to account to their profit.” Thus
it was that the arrival of the S.S. Strathleven
in London on December 8, 1880 with its
cargo of 40 tons of frozen Australian beef
and mutton may be said to have truly started
the international frozen meat trade. This
meat was sold for up to three times its value
in Australia and, as stated in the Daily
Telegraph at the time, “It has been tested by
the ordinary method of cooking, and found
to be in such good condition that neither by
its appearance in the butchers’ shops, nor by
any peculiarity of flavour when cooked for
the table, could it be distinguished from

freshly killed English meat” (Critchell and
Raymond 1912).

Despite this glowing report, soon frozen
meat began to suffer from a perception that
its eating quality was not as good as that of
“fresh” chilled meat. In the middle 1950s,
Swift and Company tried to introduce frozen
red meat to the consumer but found that “the
consumer indicated she was not interested in
purchasing frozen red meats” (Bernholdt
1974). In Australia in 1986, 24% of respon-
dents in a survey of retail and consumer
handling of beef considered that freezing
“definitely affected quality” and a further
13% felt it would “under certain circum-
stances” (Walker and Mitchell 1986). Today
some retailers and media still pedal this per-
ception. For example, one online store in the
United States quotes that “When you are
buying steaks online, you want to get a good
value, and you want to get great quality,
right? We do too! That means we want unfro-
zen steaks” (Anonymous 2008). However,
contrary to this, consumers appear happy to
purchase chilled meat and freeze it at home.
A U.S. survey found that approximately 80%
of a major retailer’s customers did this (Payne
et al. 2002). A similar New Zealand survey
reported that while the majority of red meat
(84.6%) purchased by consumers surveyed
was fresh (rather than frozen), approximately
64% of the fresh meat they purchased was
subsequently frozen in the home (Gilbert
et al. 2007).

Currently, meat for industrial processing
is usually frozen in the form of carcasses,
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quarters, or boned-out primals in 25-kg
cartons. It is not unusual for meat to be frozen
twice before it reaches the consumer. During
industrial processing, frozen raw material is
often thawed or tempered before being turned
into meat-based products (i.e., pies, conve-
nience meals, burgers, etc., or consumer por-
tions, fillets, steaks, and so on). These
consumer-sized portions are often refrozen
before storage, distribution, and sale.

The Effect of Freezing and
Thawing on Meat Quality

There is a general view that fast freezing
offers some quality advantage, with “quick
frozen” appearing on many meat products
with the expectation that consumers will pay
more for a quick-frozen product. Studies
have shown that freezing rate influences ice
crystal size, location (intra- or extra-cellular),
and morphology (Grujic et al. 1993).
However, there are little data in the literature
to suggest that, in general, the method of
freezing or the rate of freezing has any sub-
stantial influence on the quality characteris-
tics or final eating quality of meat. Slightly
superior chemical and sensory attributes have
been found in meat cryogenically frozen in a
few trials (Dobrzycki et al. 1977; Sebranek
et al. 1978; Sebranek 1980), but other trials
have not shown any appreciable advantage
(Lampitt and Moran 1933), especially during
short-term storage (Hill and Glew 1973). As
an example, in a study comparing frozen beef
burgers, no significant difference could be
seen in cooking losses or eating quality
between samples frozen using either spiral,
impingement, or cryogenic methods, even
after 2 months storage (Sundsten et al. 2001).
In terms of increased throughput, however,
the study did reveal some slight commercial
advantages of fast freezing.

High-pressure freezing and in particular
“pressure shift” freezing is attracting consid-
erable scientific interest (LeBail et al. 2002).
The meat is cooled under high pressure to

sub-zero temperatures but does not undergo
a phase change and freeze until the pressure
is released. Rapid nucleation results in small
even ice crystals. However, studies on pork
and beef (Fernandez-Martin et al. 2000) and
on pork (Zhu et al. 2004) failed to show any
real commercial quality advantages, and an
increase in toughness was found in the later
study.

There are few published data relating
thawing processes to the palatability of meat,
and eating quality is generally independent
of thawing method. However, two reports
indicated that cooking directly from the
frozen state produced less juicy lamb rib-
loins (Woodhams and Smith 1965) and less
tender beef rolled rib joints (James and
Rhodes 1978) when compared with meat that
had been thawed before cooking.

Tenderness and Texture

To quote an Australia CSIRO report (1988),
“Toughness (in meat) is caused by three
major factors—advancing age of the animal,
‘cold shortening’ (the muscle fiber contrac-
tion that can occur during chilling), and unfa-
vorable meat acidity (pH).” There is general
agreement on the importance of these factors,
with many experts adding cooking as a fourth
equally important influence.

The texture of frozen meat will have been
generally fixed by what happened to the meat
during the primary chilling of the carcass.
Chilling can have serious effects on the
texture of meat if it is carried out too rapidly
when the meat is still in the pre-rigor condi-
tion, that is, before the meat pH has fallen
below about 6.2 (Bendall 1972). In this state,
the muscles contain sufficient amounts of the
contractile fuel adenosine triphosphate (ATP)
for forcible shortening to set in as the tem-
perature falls below 11°C, the most severe
effect occurring at about 3°C. This is the so-
called “cold shortening” phenomenon, first
observed by Locker and Hagyard (1963) and
its mechanism described by Jeacocke (1986).



The meat “sets” in the shortened state as rigor
comes on, and this causes it to become
extremely tough when it is subsequently
cooked. If no cooling is applied and the tem-
perature of the meat is above 25°C at comple-
tion of rigor, then another form of shortening
rigor or ‘“heat shortening” will occur
(Dransfield 1994), also on cooking.

The severity of cold shortening is highly
pH-dependent. It is much greater if muscle
temperatures below 10°C are achieved while
the pH is 6.8 (i.e., exceptionally rapid chill-
ing) than at pH 6.2 (i.e., at an easily attain-
able commercial rate of chilling). To allow a
safety margin, and taking into account the
fact that some carcasses will show high initial
pH values in the eye muscle, it is recom-
mended that any part of a beef or lamb
carcass should not be chilled below 10°C
until at least 10 hours after slaughter. In pork,
cold shortening occurs if temperatures
between 3 and 5°C are reached before the
onset of rigor (normally 3 to 8 hours); this
will only occur in rapid pork chilling systems
and is not as common. Avoiding cold short-
ening in beef through the use of slow chilling
rates can lead to problems of “bone-taint”
(James and James 2002). Electrical stimula-
tion of the carcass after slaughter can allow
rapid chilling to be carried out without much
of the toughening effect of cold shortening.
However, electrical stimulation followed by
moderate cooling may affect tenderness in an
unpredictable way and could result in tougher
meat (Buts et al. 1986). Electrical stimulation
will hasten rigor and cause tenderization to
start earlier at the prevailing higher tempera-
ture. In beef, meat from carcasses given high-
or low-voltage stimulation and slow cooling
can obtain adequate aging in about half the
time of non-stimulated meat.

If freezing is applied immediately after
slaughter, cold shortening may be prevented.
However, a more severe shortening, thaw
shortening, will occur on thawing (Bendall
1974). An entire lamb carcass can be frozen
in 6 hours, thus freezing all the meat in a
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pre-rigor state. However, pork and beef car-
casses, with their greater insulation of fat,
cool more slowly; thus thaw shortening is
rarely encountered in these meats. Thaw
shortening may be prevented in lamb car-
casses by applying electrical stimulation
prior to freezing, or by tempering the meat at
temperatures between —2 and —5°C for up to
6 days during thawing (Dransfield 1974).

When meat is stored at above freezing
temperatures it becomes progressively more
tender. This process, known as “aging” (or,
alternatively, as conditioning or maturation),
is traditionally carried out by hanging meat
carcasses for periods of 14 days or longer (in
the case of beef) in a controlled environment
at between —1 and 5°C (so called “dry
aging”). Alternately, the carcass may be
divided into sub-primals and aged in vacuum
packs (usually referred to as “wet aging”).
The rate of aging differs significantly between
animal species (Dransfield 1986) and neces-
sitates different times for tenderization. Beef,
veal, and rabbit age at about the same rate
and take about 10 days at 1°C to achieve
80% of aging. Lamb ages slightly faster than
beef but more slowly than pork. The ultimate
tenderness will depend on the initial “back-
ground” tenderness of the meat and the
tenderization that has occurred during chill-
ing. The age of the animal is also
important.

Frozen meat that has been aged prior to
freezing is more tender than that frozen
within 1 or 2 days, and the difference has
been shown to be maintained throughout
frozen storage for 9 months (Jakobsson and
Bengtsson 1973). However, there is evidence
that aging shortens the frozen storage life.
Chilled storage of lamb for one day at 0°C
prior to freezing can reduce the subsequent
storage life by as much as 25% when com-
pared to lamb that has undergone accelerated
conditioning and only 2 hours storage at 0°C
(Winger 1984). It has been shown that pork
that has been held for 7 days prior to freezing
deteriorates at a faster rate during subsequent
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frozen storage than carcasses chilled for 1 to
3 days prior to freezing (Harrison et al. 1956).
Aging for periods greater than 7 days was
found by Zeigler et al. (1950) to produce
meat with high peroxide and free fatty acid
values when stored at —18°C or —29°C.
Although shorter aging times appear to have
a beneficial effect on storage life, there is
obviously a necessity for it to be coupled
with accelerated conditioning to prevent any
toughening effects.

There is some evidence that freezing rate
affects the rate of tenderizing after thawing
but not the ultimate tenderness (Dransfield
1986). Freezing at —10°C more than doubles
the rate, while freezing in liquid nitrogen
almost trebles the rate. Freezing is known to
cause structural damage by ice crystal forma-
tion. It seems likely that ice crystals, particu-
larly small intracellular ice crystals formed
by very fast freezing rates, enhance the rate
of aging by release of enzymes (Dransfield
1986). Repeated freeze-thaw cycles using
relatively low freezing rates do not seem to
cause any enhanced tenderising (Locker and
Daines 1973). There is little evidence of any
relationship between chilling rates and sub-
sequent frozen storage life.

Whether aged or unaged, chilled or frozen,
it is in the cooked final product that the con-
sumer will assess tenderness and texture.
Thus, the way the meat is cooked must
always be considered. The consumers’ envi-
ronment or setting can also influence their
appreciation of tenderness. In one study, con-
sumers were found to be more critical of the
tenderness of beef steaks cooked in the home
than those cooked in restaurants (Miller et al.
1995). The Warner-Bratzler force transition
level for acceptable steak tenderness was
between 4.6 and 5.0kg in the home and
between 4.3 and 5.2kg in restaurants.

Drip Production

When meat is frozen, its water-hold capacity
is reduced. This in turn gives rise to increased

“drip.” Drip can be referred to by a number
of different terms including “purge loss,”
“press loss,” and “thaw loss,” depending on
the method of measurement and when it is
measured. The protein concentration of drip
is about 140mgml™" (i.e., about 70% of that
of meat itself). The proteins in drip are the
intracellular, soluble proteins of the muscle
cells. The red color is due to the protein myo-
globin, the main pigment of meat. Drip loss
occurs throughout the cold chain and repre-
sents a considerable economic loss to the red
meat industry. The potential for drip loss is
inherent in fresh meat and related to the
development of rigor mortis in the muscle
after slaughter and its effect on pH. It is influ-
enced by many factors. Some of these,
including breed, diet, and physiological
history, are inherent in the live animal.
Others, such as the rate of chilling, storage
temperatures, freezing, and thawing, occur
during processing.

When meat is frozen quickly, the water,
both that released by the fibrils as the meat
has gone into rigor and that which is still
held, is frozen simultaneously. Consequently,
there is no change in the water’s relative
positions or amounts. At slower freezing
rates, however, the water balance is altered,
the extracellular water freezing first. As
freezing, continues, the existing ice crystals
grow at the expense of water from the intrafi-
brillar space. When meat is thawed, the
reverse of freezing process occurs. Water that
has been frozen is released and has to rees-
tablish equilibrium with the muscle proteins
and salts. Obviously, if the muscle proteins
have been denatured, they will reabsorb less
water. Since the fibers have been squeezed
and distorted by ice formation, this nonreab-
sorbed water will lie in wider channels within
the meat structure, thus increasing the poten-
tial drip. If cell walls have also been damaged
by freezing, even less water will be reab-
sorbed and will exude as drip.

Drip potential clearly appears to be related
to species. In general, beef tends to lose pro-



portionately more drip than pork and lamb.
The potential for drip loss is inherent in fresh
meat and related to the development of rigor
mortis in the muscle after slaughter and its
effect on pH. In pigs, especially, there are
large differences in drip loss from meat from
different breeds. Taylor (1972) showed that
there was a substantial difference, up to 2.5-
fold, in drip loss between four different
breeds of pig.

There can be large differences in drip loss
between different muscles. Taylor (1972)
showed that there was a 1.7- to 2.8-fold dif-
ference in drip between muscle types in pigs.
Since most of the exudate comes from the cut
ends of muscle fibers, small pieces of meat
also drip more than large intact carcasses,
and the way that different muscles are cut
will also have an influence on drip.

A number of scientific investigations,
which can be compared to commercial prac-
tice, have defined the effect of freezing rate
on drip production. Petrovic et al. (1993)
stated that the optimal conditions for freezing
portioned meat are those that achieve freez-
ing rates between 2 and 5cmh™ to —7°C.
Grujic et al. (1993) suggest even tighter
limits: 3.33 to 3.95cmh™. They found that
“slow freezing” up to 0.39cmh™ resulted in
decreased solubility of myofibrillar proteins;
increase in weight loss during freezing,
thawing, and cooking; lower water-binding
capacity; and tougher cooked meat. “Very
quickly frozen” meat (>4.9cmh™) had a
somewhat lower solubility of myofibrillar
proteins, lower water-binding capacity, and
somewhat tougher and drier meat. The
samples were thawed after storage times of 2
to 3 days at —20°C so the relationship between
freezing rates and storage life was not inves-
tigated. Sacks et al. (1993) found that after
2.5 months, drip loss from mutton samples
frozen using cryogenics was >2% less than
in those using air freezing.

These results are scientifically very inter-
esting; however, in industrial practice most
meat is air frozen in the form of large indi-
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vidual pieces or cartons of smaller portions.
In commercial situations, freezing rates of
0.5cmh™ in the deeper sections would be
considered “fast,” and there would be consid-
erable variation in freezing time within the
meat. The samples frozen by Sacks et al.
(1993) were much smaller (77.6 g in weight)
than most commercial products. Even with
such small samples, there was no significant
difference in drip after 48 hours between
cryogenic freezing at —90°C and a walk-in
freezer operating at —21°C.

Even partial freezing will increase drip.
Hence tempering of meat to aid cutting,
dicing, slicing, etc. will increase drip loss,
though not to the same extent as full freezing.
Irie and Swatland (1993) found that drip loss
from 3 mm thick slices of pork that had been
“lightly frozen” before slicing average
8.0 = 4.2% over a 4-day period. Drip losses
from samples that had been kept in a freezer
at —10°C for 6 days had a higher drip loss of
14.0 £ 4.3%.

Excessive drip may have a small effect on
the eating quality of meat. Perceived juici-
ness is one of the important sensory attributes
of meat. Dryness is associated with a decrease
in the other palatability attributes, especially
with lack of flavor and increased toughness
(Pearson 1994). However, moisture losses
during cooking are typically an order of mag-
nitude higher than most drip losses during
refrigeration. Consequently, small differ-
ences in drip loss will have little effect on
eating quality.

Odor and Flavor

There is no evidence that freezing and
thawing has any effect on meat flavor.
However, meat flavor can alter during frozen
storage. This is principally caused by lipid
(fat) oxidation, also referred to as oxidative
rancidity, which results in unacceptable “off”
or “rancid” flavors. The importance of lipid
oxidation in frozen meat may be illustrated
by a short quotation from a paper published
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by Lea (1931): “it is often the deterioration
of the fat which limits the storage life—from
the point of view at least of palatability—of
the meat.” This view has been reiterated
many times since (Watts 1954; Love and
Pearson 1971; Morrissey et al. 1998), and
as freezing technology has improved, it is
true to say that lipid oxidation remains the
obstacle to very long term storage of frozen
meat.

The reaction of oxygen with fat is an auto-
catalytic process (Enser 1974). Once the
reaction starts, the products of the reaction
stimulate it to go faster. The initial reaction
is that between a molecule of oxygen and a
fatty acid to form a peroxide. This is a slow
reaction but, like any other chemical reac-
tion, raising the temperature increases its
rate. The type of fatty acid also influences the
rate. Saturated fatty acids react slowly, but
unsaturated fatty acids react more rapidly,
and the more double bonds that a fatty acid
contains, the more reactive it is. The presence
of peroxides in fat does not change the flavor;
it is the breakdown products of the peroxides
that produce the rancid odor and flavor. The
breakdown of peroxide is accelerated by
heat, light, organic iron catalysts, and traces
of metal ions, especially copper and iron. It
is also the breakdown products of the perox-
ides that cause the oxygen to react more
rapidly with the fatty acids, thus producing
the autocatalytic effect.

The development of oxidative rancidity in
meat is affected by many factors (Enser
1974; Morrissey et al. 1998; Pérez Chabela
and Mateo-Oyague 2006), some intrinsic
(such as species, muscle type, amount and
type of fat in the diet, enzymes), others
extrinsic (such as light, heat, damage to
muscle structures caused by freezing,
mincing, and the addition of sodium chlo-
ride). There is considerable evidence that
dietary vitamin E supplementation reduces
lipid oxidation (Morrissey et al. 1998). It is
less clear what other components of the diet
may beneficially effect lipid stability

(Morrissey et al. 1998). This process can also
be significantly slowed in frozen meat if
oxygen is completely eliminated and the
storage temperature is extremely low (i.e.,
under —60°C) (Pérez Chabela and Mateo-
Oyague 2006).

Color and Appearance

The appearance of meat at its point of sale is
the most important quality attribute govern-
ing its purchase. Changes in color of the
muscle and blood pigments (myoglobin and
hemoglobin, respectively) determine the
attractiveness of fresh red meat, which in turn
influences the consumer’s acceptance of
meat products (Pearson 1994). Consumers
prefer bright red fresh meats, brown or gray
cooked meats, and pink cured meats
(Cornforth 1994).

The pigment concentration in meat that
governs its color is certainly influenced by
species. Beef and lamb contain substantially
more myoglobin than pork and poultry meat,
thus accounting for the difference between
“red” (beef and lamb) and “white” (pork and
poultry) meats. Pigment concentration (myo-
globin content) also increases with age; for
example, veal is brownish pink, while beef
from three-year-old steers is bright, cherry
red (Miller 2002). However, within a species,
meat color can be adversely affected by a
variety of factors, including postmortem han-
dling, chilling, storage, and packaging (Miller
2002).

The color of frozen meat varies with the
rate of freezing. There is a direct relationship
between freezing rate and muscle lightness;
the faster the rate, the lighter the product
(MacDougall 1974). These differences in
frozen meat lightness result from the depen-
dence of ice crystal growth on the freezing
rate. Small crystals formed by fast freezing
scatter more light than large crystals formed
by slow freezing, and hence fast frozen meat
is opaque and pale and slow frozen meat is
translucent and dark (MacDougall 1974).



“Freezer burn” is the main appearance
problem that traditionally affected the appear-
ance of meat in frozen storage. Desiccation
from the surface tissues produces a dry,
spongy layer that is unattractive and does not
recover after thawing. This is commonly
called freezer burn. It occurs in unwrapped
or poorly wrapped meat. The problem is
accentuated in areas exposed to low-humid-
ity air at high velocities, and by poor tem-
perature control. Since most meat iS now
wrapped and temperature control much
improved, this is less of a problem than it
once was commercially. Provided problems
of freezer burn can be eliminated, the major
appearance problem that affects frozen meat
arises from the oxidation of oxymyoglobin to
metmyoglobin.

Both temperature and illumination level
affect the rate of discoloration during frozen
storage, but light is by far the more serious
factor. Lentz (1971) reported the progress of
discoloration in the light (160-220 dekalux)
and in the dark for frozen beef stored at a
range of temperatures in terms of the Munsel
color notation. At —18°C, a temperature
typical of good commercial display, the color
remained attractive for 3 months in the dark
but only 3 days in the light.

There is an interaction between the color
of meat after thawing and its freezing rate.
Jakobsson and Bengtsson (1969, 1973) found
that slowly frozen beef, which darkened on
freezing, also showed considerable loss of
redness after thawing. In contrast, meat
frozen in liquid nitrogen and then defrosted
was a light bright red. Little difference was
also found between thawed beefsteaks that
were frozen at 15cmh™ in liquid nitrogen
spray and those that were blast frozen at
4cmh™ (Pap 1972). In thawed meat, the rate
of pigment oxidation is increased (Cutting
1970), and therefore, the color will be less
stable than in fresh. On prolonged frozen
storage, a dark brown layer of metmyoglobin
may form I-2mm beneath the surface so
that, on thawing, the surface color will
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rapidly deteriorate. Meat that has lost its
attractiveness during frozen storage because
of oxidation of oxymyoglobin on the surface
will remain brown after thawing.

Unwrapped meat thawed in high humidity
air, water, or in steam under vacuum appears
very white and milky after thawing. However,
if then stored in a chill room for 10 to 24
hours, it will be almost indistinguishable
from fresh meat. Unwrapped meat thawed in
air at high temperatures and low humidities
will take on a dark, dry, tired appearance.
It will not recover its appearance during
chilled storage and will often require exten-
sive trimming before sale (James and James
2002).

The major problem in retail marketing of
frozen meat is its appearance. The freezing
process causes changes in the structure and
color of the muscle, and the deterioration
in appearance during frozen storage and
display ultimately leads to rejection of the
product by the consumer. Storage tempera-
ture, light intensity on the display area, and
method of packaging all affect the rate of
deterioration. The appearance of fresh meat
is a primary factor in acceptability at retail
level, and the same criteria of attractiveness
will apply to frozen meat, retailed either
frozen or after thawing. The poor color of the
frozen product and the drip associated with
it when it thaws have in the past both con-
tributed to consumer resistance. The appear-
ance of frozen meat is markedly improved if
retail-sized portions are first packed in film
to exclude air between the meat surface and
the film and then rapidly frozen. With this
product, however, the price differential
between fresh and frozen would necessarily
be small, and the consumer would have to be
persuaded by the trade that such frozen meat
was in no way inferior to fresh.

Freezing Systems for Meat

Heat transfer can only occur by four
basic mechanisms: conduction, radiation,
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convection, and evaporation/condensation.
Conduction requires a good physical contact
between the meat to be cooled and the cooling
medium, and this is generally difficult to
achieve with carcasses and other irregular
meat cuts. Radiation does not require any
physical contact, but a large temperature dif-
ference is required between the surface of the
meat being cooled and that of surrounding
surfaces to achieve significant heat flow. In
primary freezing, radiation is only important
in the initial stages of the process in a system
where the meat is not surrounded by other
product. Again, in the initial stages of the
freezing of cooked meat products (e.g., pies,
pasties, joints), radiant heat loss can be sub-
stantial if the products are surrounded by
cold surfaces. Evaporation from a meat
surface reduces yield and is not desirable in
most meat refrigeration operations but can be
useful again in the initial cooling of cooked
meat products. Convection is by far the most
important heat transfer mechanism employed
in the majority of meat refrigeration systems.
In most cases, refrigerated air is the transfer
medium; however, in some cases water,
brine, or a cryogenic gas can be used.

Air Freezing Methods

Air is by far the most widely used method of
freezing meat, as it is economical, hygienic,
and relatively noncorrosive to equipment.
The big advantage of air systems is their ver-
satility, especially when there is a require-
ment to freeze a variety of irregularly shaped
products or individual products. However,
relatively low rates of heat transfer are
attained from product surfaces in air systems.
Systems range from the most basic, in which
a fan draws air through a refrigerated coil and
blows the cooled air around an insulated
room, to purpose-built conveyerized blast
freezing tunnels or spirals. In a continuous
system, meat is conveyed through a freezing
tunnel or refrigerated room, usually by an
overhead conveyor or on a belt. This over-

comes the problem of uneven air distribution,
since each item is subjected to the same
velocity/time profile. Some meat products
are frozen on racks of trays (2m high), while
pulled or pushed through a freezing tunnel by
mechanical means. For larger operations, it
is more satisfactory to feed meat on a con-
tinuous belt through linear tunnels or spiral
freezers.

In the past decade, the use of impingement
technology to increase the surface heat
transfer in freezing systems has received
attention (Newman 2001; Sundsten et al.
2001; Everington 2001). Impingement is the
process of directing a jet or jets of fluid at a
solid surface to effect a change. The very
high velocity (20-30ms™") impingement gas
jets break up the static surface boundary
layer of gas that surrounds a meat product.
The resulting medium around the product is
more turbulent, and the heat exchange
through this zone becomes much more effec-
tive. Impingement freezing is best suited for
products with high surface-area-to-weight
ratios (i.e., hamburger patties or products
with one small dimension). Testing has
shown that products with a thickness less
than 20mm freeze most effectively in an
impingement heat transfer environment.
When freezing products thicker than 20 mm,
the benefits of impingement freezing can still
be achieved; however, the surface heat trans-
fer coefficients later in the freezing process
should be reduced to balance the overall
process efficiency. The process is also very
attractive for products that require very rapid
surface freezing and chilling.

Contact Freezing Methods

Contact freezing methods are based on heat
transfer by contact between products and
metal surfaces (which in turn are cooled by
either primary or secondary refrigerants) or
direct immersion in a refrigerated liquid.
Modern plate cooling systems differ little
in principle from the first contact freezer



patented in 1929 by Clarence Birdseye.
Essentially, product is pressed between
hollow metal plates containing a circulating
refrigerant. A hydraulic cylinder is used
to bring the freezing plates into pressure
contact with the product. These plates can
be either horizontal or vertical (Fig. 5.1).
Good heat transfer is dependent on product
thickness, good contact, and the conductivity
of the product. Plate freezers are often limited
to a maximum thickness of 50 to 70mm.
Good contact is a prime requirement. Air
spaces in packaging and fouling of the plates
can have a significant effect on cooling
time; for example, a water droplet frozen
on the plate can lengthen the freezing time
in the concerned tray by as much as 30%
to 60%.

An immersion freezer is made up of a tank
with a cooled freezing liquid that can be any
nontoxic salt, sugar, or alcohol solution in
water, and a means of conveying the wrapped
meat through the tank. The freezing process
is often completed in an air blast system. Ice
slurries are being considered as an alternative
to conventional immersion liquids. Such
binary systems are described in the scientific
literature as flow ice, fluid ice, slush ice, or
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liquid ice. Such systems may achieve higher
rates of heat transfer than the single-state
liquids (Maria et al. 2005).

Contact freezing offers several advantages
over air cooling—for example, much better
heat transfer and significant energy savings.
However, disadvantages are the need for
regularly shaped products with large flat sur-
faces with plate systems, and the need to
wrap and wash off the immersion liquid in
immersion systems.

Cryogenic freezing is essentially a subset
of immersion freezing, in that it directly uses
cryogenic refrigerants, such as liquid nitro-
gen or solid carbon dioxide. The method
of cooling is essentially similar to water-
based evaporative cooling, where cooling
is brought about by boiling off the refriger-
ant, the essential difference being the tem-
perature required for boiling. As well as
using the latent heat absorbed by the boiling
liquid, sensible heat is absorbed by the result-
ing cold gas. Due to very low operating tem-
peratures and high surface heat transfer
coefficients between product and medium,
cooling rates of cryogenic systems are often
substantially higher than other refrigeration
systems.

Figure 5.1. Vertical plate freezer for freezing of blocks of boned meat.
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Frozen Storage Systems for Meat

Theoretically, there are clear differences
between the environmental conditions
required for cooling, which is a heat removal/
temperature reduction process, and those
required for storage, where the aim is to
maintain a set product temperature. However,
in many air-based systems, cooling and
storage take place in the same chamber, and
even where two separate facilities are used,
in many cases not all the required heat is
removed in the cooling phase. This failure to
remove the required heat can be due to a
number of causes:

1. Insufficient time allowed.

2. Insufficient refrigeration capacity to
cater to high initial product load.

3. Overloading.
4. Variability in size of products.
5. Incorrect environmental conditions.

Three factors during storage—the storage
temperature, the degree of fluctuation in the
storage temperature, and the type of wrap-
ping/packaging in which the meat is stored—

are commonly believed to have the main
influence on frozen storage life.

Storage Temperature

Extensive data are available on the optimum
storage conditions and attainable frozen
storage lives for many meats (IIR 2006;
ASHRAE 2006), as shown in Table 5.1. It is
generally accepted that lowering the frozen
storage temperature of meat extends the
storage life. However, there are surprisingly
few articles where data are presented from
experiments on the PSL of meat at different
storage temperatures. Some researchers, such
as Pérez Chabela and Mateo-Oyague (2006),
have also questioned the validity of some of
the data used, since much is “rather old,
based on freezing conditions that nowadays
are old-fashioned.” Experimental data (James
and Evans 1997) from many different publi-
cations have been plotted against the tem-
perature of storage for beef (Fig 5.2), pork
(Fig 5.3), and lamb (Fig 5.4). There is a clear
effect of temperature on storage life, with
lower temperatures resulting in extended

Table 5.1. Practical storage life (months) of meats and meat products at different storage

temperatures
Product —12°C —15°C -18°C -22 to -29 to Reference
—24°C -30°C
Beef 41012 6to 18 12 to 24 >12 ASHRAE 2006
Beef 6 12 Lawrie and Ledward
2006

Beef carcasses 8 15 24 TIR 2006

Beef steaks/cuts 8 18 24 IIR 2006
Ground beef 6 10 15 1IR 2006

Beef liver 2t03 2to4 ASHRAE 2006
Veal carcass 6 12 15 1IR, 2006

Veal steaks/cuts 6 12 15 IIR 2006

Lamb 3t08 6to 16 12 to 18 >12 ASHRAE 2006
Lamb carcasses 18 24 >24 1IR 2006

Lamb steaks 12 18 24 1IR 2006

Pork 2t06 4012 8to 15 10 ASHRAE 2006
Pork 3 6 12 Lawrie and Ledward

2006

Pork carcasses 6 10 15 IIR 2006

Pork steaks/cuts 6 10 15 TIR 2006
Sliced bacon (vac.) 12 12 12 1IR 2006

Liver 4 12 18 TIR 2006
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Figure 5.2. Experimental data on the frozen storage life of beef at different temperatures.

storage, but considerable scatter between
results at any one temperature.

There is some evidence that consumer
panels are often not very sensitive to quality
changes. In a study on the quality of lamb
stored at —5°C and —-35°C, a consumer
panel could not tell the difference between
samples, although a trained taste panel could
differentiate and scored the samples stored
at —=5°C as rancid (Winger 1984). Some
researchers, such as Jul (1982), have ques-
tioned the wisdom of storage below —20°C

and have asked whether there is any real eco-
nomic advantage in very low temperature
preservation.

Temperature Fluctuation

Generally, fluctuating temperatures in storage
are considered to be detrimental to the
product. However, it has been reported that
repeated freeze-thaw cycles do not cause any
essential change in the muscle ultrastructure
(Carrol et al. 1981) and that several freeze-
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Figure 5.3. Experimental data on the frozen storage life of pork at different temperatures.
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Figure 5.4. Experimental data on the frozen storage life of lamb at different temperatures.

thaw cycles during a product’s life cause
only small quality damage (Wirth 1979) or
possibly no damage at all. In fact, a slight but
significant improvement in samples that had
been frozen and unfrozen several times was
found by one taste panel (Jul 1982).

Minor temperature fluctuations in a stored
product are generally considered unimpor-
tant, especially if they are below —18°C and
are only of the magnitude of 1 to 2°C. Well-
packed products and those that are tightly
packed in palletized cartons are also less
likely to show quality loss. However, poorly
packed samples are severely affected by the
temperature swings. There is disagreement
on how much effect larger temperature fluc-
tuations have on a product. Some authors
consider temperature fluctuations to have the
same effect on the quality of the product as
storage at an average constant temperature
(Dawson 1971); others consider that fluctua-
tions may have an additive effect (Van Arsdel
1969; Bech-Jacobsen and Bggh-Sgrensen
1984). There is evidence that exposure to
temperatures warmer than —18°C rather than
temperature fluctuations may be the major
factor influencing quality deterioration
(Gortner et al. 1948).

Packaging

Packaging has a large direct effect on storage
life, especially in fatty meats and meat prod-
ucts, and in extreme cases, indirectly due to
substantially increasing the freezing time. A
number of examples have occurred where
large pallet loads of warm boxed meat have
been frozen in storage rooms. In these cases,
freezing times can be so great that bacterial
and enzymic activity results in a reduction of
storage life.

In most cases, it is the material and type
of packaging that influence frozen storage
life. Without wrapping, freezer burn may
occur, causing extreme toughening and the
development of lipid oxidation as the surface
dries, allowing oxygen to reach subcutaneous
fat in the affected area. Wrapping in a tightly
fitting pack having a low water and oxygen
permeability (such as a vacuum pack) can
more than double the storage life of a product.
Waterproof packing also helps to prevent
freezer burn, and tight packing helps to
prevent an ice buildup in the pack. When a
product is breaded, packaging appears to
have little effect, and in a trial where breaded
pork chops and breaded ground pork were



packed in poor and very good packs, an
effect of packing could not be found.
Lighting, especially ultraviolet, can also
increase lipid oxidation (Volz et al. 1949;
Lentz, 1971). Exposure to the levels of light
found in many retail frozen food display
areas can cause appreciable color change
within 1 to 3 days. Development of off flavor
can be accelerated and may be noticeable
within 1 to 2 months on display. Products
kept in dark or opaque packages may there-
fore be expected to retain color longer than
those exposed to the light.

Thawing and Tempering Systems
for Meat

Frozen meat as supplied to the industry
ranges in size and shape, although much of it
is in blocks packed in boxes. Thawing is
usually regarded as complete when the center
of the block has reached 0°C, the minimum
temperature at which the meat can be filleted
or cut by hand. Lower temperatures (e.g., =5
to —2°C) are acceptable for meat that is des-
tined for mechanical chopping, but such meat
is “tempered” rather than thawed. The two
processes should not be confused because
tempering only constitutes the initial phase
of a complete thawing process. In practice,
tempering can be a process in which the tem-
perature of the product is either raised or
lowered to a value that is optimal for the next
processing stage. In this section, methods of
raising the product temperature will be dis-
cussed. Tempering systems where the tem-
perature of frozen product is lowered will be
covered in the tempering and crust-freezing
section.

Thawing is often considered as simply the
reversal of the freezing process. However,
inherent in thawing is a major problem that
does not occur in the freezing operation. The
majority of the bacteria that cause spoilage
or food poisoning are found on the surfaces
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of meat. During the freezing operation,
surface temperatures are reduced rapidly, and
bacterial multiplication is severely limited,
with bacteria becoming completely dormant
below —10°C. In the thawing operation, these
same surface areas are the first to rise in tem-
perature, and bacterial multiplication can
recommence. On large objects subjected to
long uncontrolled thawing cycles, surface
spoilage can occur before the center regions
have fully thawed.

Most systems supply heat to the surface
and then rely on conduction to transfer that
heat into the center of the meat. A few use
electromagnetic radiation to generate heat
within the meat. In selecting a thawing
system for industrial use, a balance must be
struck between thawing time, appearance,
the bacteriological condition of the product,
processing problems such as effluent dis-
posal, and the capital and operating costs of
the respective systems. Of these factors,
thawing time is the principal criterion that
governs selection of the system. Appearance,
bacteriological condition, and weight loss are
important if the material is to be sold in the
thawed condition but are less so if the meat
is for processing.

The design of any thawing system requires
knowledge of the particular environmental or
process conditions necessary to achieve a
given thawing time, and the effect of these
conditions on factors such as drip, evapora-
tive losses, appearance, and bacteriological
quality.

The process of freezing a high water-
content material such as meat takes place
over a range of temperatures rather than at an
exact point, because as freezing proceeds, the
concentration of solutes in the meat fluid
steadily increases and progressively lowers
the freezing temperature. Thawing simply
reverses this process.

Thawing time depends on factors relating
to the product and the environmental condi-
tions and include:
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1. dimensions and shape of the product,
particularly the thickness,

change in enthalpy,

thermal conductivity of the product,
initial and final temperatures,

surface heat transfer coefficient, and

A

temperature of the thawing medium.

Thermal conductivity has an important
effect in thawing. The conductivity of frozen
meat muscle is three times that of the thawed
material. When thawing commences, the
surface rises above the initial freezing point.
Subsequently, an increasing thickness of
poorly conducting material extends from the
surface into the foodstuff, reducing the rate
of heat flow into the centre of the material.
This substantially increases the time required
for thawing.

There are two basic methods of thawing:
thermal and electrical. Thermal methods are
dependant upon conventional heat conduc-
tion through the surface. Electrical methods,

on the other hand, employ heat generation
inside the product. There is no simple guide
to the choice of an optimum thawing system
(Table 5.2). A thawing system should be con-
sidered as one operation in the production
chain. It receives frozen material, hopefully,
within a known temperature range and of
specified microbiological condition. It is
expected to deliver that same material in a
given time in a totally thawed state. The
weight loss and increase in bacterial numbers
during thawing should be within acceptable
limits, which will vary from process to
process. In some circumstances (e.g., direct
sale to the consumer), the appearance of the
thawed product is crucial; in others, it may
be irrelevant. Apart from these factors, the
economics and overall practicality of the
thawing operation, including the capital and
running costs of the plant, the labor require-
ments, ease of cleaning, and the flexibility of
the plant to handle different products, must
be considered.

Table 5.2. Advantages and disadvantages of different thawing systems

ADVANTAGES

DISADVANTAGES

Conduction AIR
systems

WATER

VACUUM-HEAT
(VHT)

HIGH PRESSURE

MICROWAVE/
INFRA RED

Electrical
systems

RESISTIVE

ULTRASONIC

Easy to install: can be
adapted from chill
rooms.

Low velocity systems

retain good appearance.

Faster than air systems.

Fast.

Low surface temperatures.

Very controllable.

Easily cleaned.

Fast.

Reduces microorganisms.

Very fast.

Fast.

Fast.

Very slow, unless high velocities and
high temperatures are used, when
there can be weight loss, spoilage
and appearance problems.

Effluent disposal.

Deterioration in appearance and
microbiological condition.

Unsuitable for composite blocks.

Deterioration in appearance.

High cost.

Batch size limited.

Not commercially available at
present.

Problems of limited penetration and
uneven energy absorption. Can
cause localized ‘cooking’.

High cost.

Problems of contact on irregular
surfaces.

Not commercially available at
present.




Thermal Thawing/Tempering Methods
Air

Air is used in the vast majority of thawing/
tempering applications. Use of still air is
limited to thin products; otherwise, thawing
times are excessively long. Although little or
no equipment is needed, considerable space
is required to lay out individual items of
product. Moving air is more commonly used,
providing more rapid heat transfer as well as
improved control of temperature and humid-
ity. Two-stage air thawing with high initial
air temperature followed by a second stage at
an air temperature below 10°C has also been
used. The duration of the high temperature
stage is limited to 1 or 2 hours to avoid exces-
sive bacterial growth, but the increase in heat
input during this time considerably reduces
the overall process time.

Immersion

Immersion in liquid media allows much more
rapid heat transfer, especially if pumped or
agitated to avoid temperature stratification in
the liquid and grouping together of products.
Thawing times are therefore greatly reduced.
Practical limitations are that boxes and other
packaging (unless vacuum pack or shrink
wrap) must be removed before immersion,
bulk blocks are liable to break up, leaching
of product surfaces can lead to poor appear-
ance, and frequent changing of water for
hygiene reasons requires disposal or treat-
ment of large quantities of effluent.

Plate

Plate thawing takes place between metal
plates through which warm liquid is piped.
The plates and product may also be immersed
in water to improve thermal contact between
them. Shape is important for reasonable
contact with the flat plates, although immer-
sion helps by filling gaps. If immersion is
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used, frequent water changes are required to
prevent bacterial accumulation.

Vacuum

Vacuum thawing relies on the transfer of
latent heat of condensation of steam onto
product surfaces at low pressure and tem-
perature. For example, if a pressure of
1704 Nm~? is maintained, steam can be gen-
erated at 15°C and will condense at this tem-
perature onto the frozen product surfaces.
This ensures that although large amounts of
latent heat are added, the product will not rise
above 15°C. The process is rapid, but evacu-
ation to sub-atmospheric pressure restricts it
to batch operation. It is more effective for
thin products where the heat released at the
surface is quickly conducted through the
product.

High Pressure

High pressure decreases the phase change
temperature of pure water (down to —21°C
at 210MPa). The lowering of the melting
point allows the temperature gap between the
heat source and the phase change front to
increase, and thus enhances the rate of heat
flux (LeBail et al. 2002; IIR 2006). The pres-
sure is released when the food temperature is
a little above 0°C. High pressure thawing has
been applied experimentally to pork and beef
(Suzuki et al. 2006). There is some evidence
that the high pressure has the additional
benefit of reducing the number of microor-
ganisms (LeBail et al. 2002; IIR 2006).

Electrical Thawing/Tempering
Methods

Resistance

Resistance to the passage of a current (50—
60 Hz) creates heating effect (ohmic heating).
Electrical contacts are required and product
structure must be uniform and homogeneous;
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otherwise the path of least resistance will be
taken by the current, resulting in uneven tem-
peratures and runaway heating. Frozen foods
do not readily conduct electricity at low tem-
peratures, but this improves at higher tem-
peratures, so uniformity of initial temperature
distribution is also important to avoid
runaway heating.

Dielectric

This is split into two frequency bands: radio
frequency and microwave. The first uses
more typical electrical techniques, with con-
ductors, electrodes, etc. The second relies
more on electromagnetic wave technology,
with waveguides to “beam” the waves into a
cavity.

Radio Frequency

This uses the application of alternating
electric e.m.f. (3-300MHz), using elec-
trodes. Product requirements are similar to
resistance methods: uniform structure, homo-
geneity, and uniformity of temperature distri-
bution. The field is created between two or
more electrodes, but the product need not be
in direct contact with them. Conveyorized
systems have been applied to thawing of
meat and offal, in some cases using water
surrounding the material to aid temperature
uniformity.

Microwave

Electromagnetic (900-3000 MHz) waves are
directed at the product through waveguides
without the use of conductors or electrodes.
Potentially very rapid, the application is
limited by thermal instability and penetration
depth. Instability results from preferential
absorption of energy by warmer sections and
by different ingredients, such as fat. Warmer
sections may be present at the start of the
process; for example, the surface temperature
may be warmer than the middle, or they may

be produced during the process, such as
when energy is absorbed at the surface rather
than penetrating all of the product. In the
extreme, such warming can lead to some
parts of the food being cooked while others
remain frozen. These problems, as well as the
capital cost of equipment, have greatly
limited commercial use. Attempts to avoid
runaway heating have involved low-power
(and hence longer duration) microwaving,
cycling of power on and off to allow equal-
ization periods, and cooling of surfaces with
air or liquid nitrogen. Penetration depth
depends upon temperature and frequency,
being generally much greater at frozen tem-
peratures and greater at lower frequencies.

Ultrasonic

In some work, ultrasound has been merely
used to assist heat transfer during immersion
thawing. However, research has shown that
ultrasound is more highly attenuated in
frozen meat than in unfrozen tissue, and that
the attenuation increases markedly with tem-
perature, reaching a maximum near the initial
freezing point of the food (Miles et al. 1999).
The ultrasound attenuation-temperature
profile therefore appears to be better suited
to producing stable rapid thawing than micro-
wave. Miles et al. (1999) has demonstrated
that using 300kHz ultrasound at an intensity
of 1Wcm™, a 15 cm thick block of meat can
be thawed in less than 1 hour.

Tempering and Crust-Freezing
Systems for Meat

Tempering can be a process in which the
temperature of the product is either raised or
lowered to a value that is optimal for the next
processing stage. Tempering systems where
the temperature of frozen product is raised
have been covered in the thawing and tem-
pering section above. Tempering operations
are used to produce the optimum texture in a



chilled product so that it is suitable for
mechanical processing. Crust freezing is
often used for the same purpose but is essen-
tially a less controlled process where only the
surface is frozen. In tempering, product is
semifrozen so that it is stiff enough to be
sliced, cubed, etc. without deformation.
Reducing deformation during cutting im-
proves the yield, by enabling faster cutting
and reducing the number of misshapen slices.
However, the process must be carefully con-
trolled. The optimum tempering temperature
is a function of the meat and the slicer. If too
much of the water in the meat is frozen, the
subsequent sliced, diced, or chopped meat is
likely to show a large increase in the amount
of drip released. Also, when the temperature
is too low, the hard meat may shatter, and
blade wear is excessive. When the tempera-
ture is too high, the soft meat will deform and
may stick to the blade, and the fat may be
torn away from the lean.

Methods for tempering or crust freezing
are essentially the same as those used for
freezing. A small number of operations use
plate freezer, liquid immersion systems, and
cryogenic tunnels to temper bacon for high-
speed slicing. However, the majority of
industrial systems employ air in a single or
two-stage process. Since the temperature of
a fully tempered product is critical, it can
take a long time to be achieved in a single
stage process.

Conclusions

Under commercial conditions, differences in
freezing rates are unlikely to produce notice-
able changes in the organoleptic quality of
the meat produced. However, current legisla-
tion requires a minimum meat temperature of
—12°C to be achieved before meat is moved
from the freezing system. Freezing time
is therefore of considerable economic
importance.

Most unprocessed meat is either frozen in
batch air systems as bone-in carcasses, sides,
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or quarters, or boned out in cartons. Freezing
times in such systems are typically 25 to 72
hours. Some offal is frozen in plate freezers.
Small processed items are typically frozen in
continuous belt freezers or in cryogenic
tunnels.

Crust freezing and tempering are increas-
ingly being used to allow high-speed mechan-
ical portioning or slicing of meat and meat
products. The final temperature distribution
produced by the freezing system is critical in
such operations.

Although a great deal has been written on
the frozen storage life of different meats, the
underlying data are backed up by a relatively
small number of controlled scientific experi-
ments. Much of the scientific data date back
to the time when meat was either stored
unwrapped or in wrapping materials that are
no longer used. It is not surprising when we
consider the changes in packaging and han-
dling methods over the last century that there
is a considerable scatter in data on storage
lives for similar products.

In recent years, energy conservation
requirements have caused an increased inter-
est in the possibility of using more efficient
storage temperatures than have been used to
date. Researchers, such as Jul, have ques-
tioned the wisdom of storage below —20°C
and have asked whether there is any real eco-
nomic advantage in very low temperature
preservation. There is a growing realization
that storage lives of several foods can be less
dependent on temperature than previously
thought. Since research has shown that red
meats often produce nonlinear time-temper-
ature curves, there is probably an optimum
storage temperature for a particular product.
Improved packing and preservation of prod-
ucts can also increase storage life and may
allow higher storage temperatures to be used.
One suggestion is that with storage at —18°C,
low-stability meats such as mechanically
recovered meat should be stored for 8 months
or less, medium-stability meats such as pork
and processed meats should be stored for
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between 8 and 15 months, and high-stability
meats, which include all red meat except
pork, could be stored for more than 15
months.
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Chapter 6

Curing

Karl O. Honikel

Introduction

In its original meaning, curing means cor-
recting, making better, that is, treating sick
people, curing disease, or in our subject, pre-
serving, drying, salting, pickling, or smoking
a piece of meat (The New Penguin Thesaurus
2000). Curing is supposed to enhance the
shelf life of meat by preserving and avoiding
spoilage with the help of salt, acid (pickle),
or drying and/or smoking. In a narrower
sense today (and this is the meaning used in
this chapter), we understand meat curing to
be the addition of salt with or without nitrite
and/or nitrate during the manufacture of meat
products.

Originally, meat curing was the addition
of rock salt, sea salt, or mined salt to an
unheated piece or small cuts of meat in order
to lower the water activity, prevent microbial
growth and chemical spoilage, tenderize the
meat, and add flavor to the product.

In the 19th century, meat processors real-
ized that some salts preserved better than
others and also some were better at enhanc-
ing and stabilizing the product’s red color.
Saltpeter (KNO;) was recognized as the con-
taminant of these “better” salts. The chemical
reactions behind it, however, remained
unknown. Known for centuries for its oxida-
tive power in gunpowder (carbon + KNO;),
saltpeter was known as an oxidative
compound.

Thus the reaction of nitrate in preserving
or in preventing oxidative changes (rancid-
ity) remained a secret until Polenske (1891)

from the German Imperial Health Office
published experiments where he could
prove that by adding nitrate (saltpeter) to a
pickling solution, nitrite was formed, appar-
ently due to the action of microorganisms
in the brine. Lehmann (1899) and Kisskalt
(1899) confirmed that nitrite was the agent
producing meat’s red color and heat stability.
Haldane (1901) shed light on the chemistry
of the curing process by showing that redox
reactions occurred in meat on curing. He
also extracted the NO-myoglobin as the sub-
stance responsible for the bright red color of
cured meat. Hoagland (1910, 1914) showed
that the nitrite anion was not the reactant;
it was the nitrous acid (HNQO,) or a metabo-
lite of it, such as NO, that reacted with the
myoglobin, as shown in the equations in
Figure 6.1.

The coloring of meat by nitrogen com-
pounds was understood at the turn of the 20th
century, but the antimicrobial and flavoring
action was still thought to be mainly due to
the salt (NaCl) concentration. Only in the last
two decades was light shed on the action of
nitrite on flavor and preservation (Grever and
Ruiter 2001; EFSA 2003; Liicke 2008).

Nitrite or nitrous acid formed as shown by
the first equation in Figure 6.1, when reduced
by microbial action is able to sequester
oxygen in a meat batter, chemically reacting
in the reverse direction to form nitrate, thus
preventing oxidative (rancidity) processes.
(Honikel 2008; Fig. 6.2). Also, the formation
of flavoring substances, mainly from fatty
acids, during storage and preparation of meat
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(KNOs3) nitrate >

KNO, + H'
2HNO,

N,03

NO + myoglobin

reduction by microorganisms

- nitrite (KNO,)

S HNO, +K'

5 N,O03 + H,0
5 NO+NO;

- NO-myoglobin

Figure 6.1. Scheme of the proposal of Hoagland (1910, 1914) for the action of nitrate in cured meat

products.

in the presence of oxygen, does not take
place in nitrite-cured meat, since nitrite has
sequestered the oxygen. Commonly, this
change in flavor is called curing flavor.
Furthermore, nitrite or its derivatives bind
to myoglobin (forming NO-myoglobin,
responsible for the heat-stable red color of
meat products), or they react with ascorbate,
amino acids, and other compounds (Honikel
2008).

Additionally, NO; and NOj anions bind
cations like Fe**/Fe**, which exist in cells in
the form of free ions. There are microorgan-
isms in which the binding to Fe ions by nitrite
inhibits the growth of the microorganisms
such as Clostridium botulinum (Grever and
Ruiter 2001; Liicke 2008).

So we now understand more about the
action of salt and nitrate/nitrite in curing. But
due to the different modes of action, the
curing with salt and salt plus nitrite or nitrate
is discussed separately in this chapter.

Action of Salt in Meat Products

Chemically, salt is sodium chloride (NaCl),
which dissociates in water into Na* and CI”

2HNO, = N0; +H,0

N,0; s NO +NO,

NO + % 0O, > NO,

2NO; + H,0 > HNO; + HNO;
overall: 2HNO, +% 0, = HNO; + HNO;

Figure 6.2. Oxidation of nitrous acid to nitric acid.

ions. NaCl is soluble to 35.7 g/100ml in cold
water and 39.1g/100ml in hot water. Its
molecular weight is 58.45 Dalton. A solution
of 1% NaCl is equivalent to a concentration
of 0.17mol/litre (M); in sausage batters, the
common 2% NaCl is equivalent to 0.34 M,
while the final concentration of NaCl in a dry
cured ham is around 5% 2 0.85M.

Microbial Inhibition

The ions go into solution by becoming sur-
rounded by water molecules (Fig. 6.3). The
polar water (H,O) molecules, which are mol-
ecules with a 105° angle between the two
hydrogen atoms and the oxygen atom, exhibit
a partially negative load around the oxygen
atom and a partially positive charge at the H
atoms. Due to this polarity, the water mole-
cules are immobilized (no free movement)
around the ions in several layers and are no
longer available for chemical/enzymatic
reactions, neither in food nor in microorgan-
isms. We call this immobilization: the water
activity (a,) is reduced. In pure water, the
a, = 1.00. In a totally dry product, a, = 0. By
freezing, the water molecules are also bound

H, o]
o] H,

H,0 Na" OH, OH, CI' H,0
o] H,
H, 0

Figure 6.3. Action of water molecules on salt ions
leading to solution of salt and immobilization of
water molecules; the orientation of the H,O mole-
cules indicates their polarity.



in ice crystals and are not free in movement,
and thus they are not available for chemical/
enzymatic reactions. Ice has an a, value
below 1.00. In this way, freezing prevents
one aspect of microorganism growth and
food spoilage. In chilled fresh meat, the
a, = ca. 0.99. A 2% salt solution has an a,,
value around 0.97. Adding 2% salt to a meat
batter in emulsion type sausages or paté, the
a,, is reduced to 0.96-0.97. For some micro-
organisms, this a, is already too low for
growth. In raw meat products with higher salt
concentrations like salami or raw ham, a,
falls < 0.93. Bacteria do not grow any longer;
only molds can cope with such low a,, values
(Lawrie 1998).

Physical Action of Salt at Ambient
and Chill Room Temperatures

Despite the water layers around salt ions that
are dissolved in water, they are still attracted
to each other by opposite charged ions, e.g.,
the charged side chains of amino acids like
—COO™ or —NHj in meat proteins.

The water-surrounded ions of a salt brine
added to meat diffuse into the muscle cells,
or when added into a batter with disrupted
myofibers, they may penetrate between the
fibrillar proteins. The salt ions themselves
thus become immobilized together with their
surrounding water layers (Fig. 6.4). But by
moving the ions and water in between the
protein chains of the myofibers, the attractive
forces of the ions in the protein side chains
themselves become weaker, and the myofi-
bers swell by molecular movement. Figure
6.4 shows schematically that the myofibers’
structure gets wider by salt diffusion.

This swelling allows more water mole-
cules to move in between the protein chains.
The volume of the myofibers increases (Fig.
6.5, from A to B). The disruption of the per-
pendicular and longitudinal fixed proteins of
the myofibers caused by the knives in a bowl
chopper is considerable, and in the course of
swelling from salt, a part of the protein chains
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. NIH3+ —Cr
L NH,*
3 cr Na+\

“00C A -
00C -

L coO™ Na*
"HN4{ *NaCL™ — | CO/O" “— Na*
CI'*— "H.N -
- COO™ ~— Na*
Na* CII
H,N

+ COO™
"H;5N A

swelling

Figure 6.4. Diffusion and immobilization of water
surrounded salt ions into myofibrillar structures. The
width of myofibers increases through swelling.

is separated from the rest of the myofibers
(Fig. 6.5, B to C). As these protein units
become independent of the others in the salt
solution, they are dissolved in a chemical
sense. Dissolving means that the attractive
forces between dissolved molecules or ions
no longer exist, and the molecules/ions move
freely in the solvent.

As the myofibrillar proteins are well coor-
dinated and organized in the myofibers (Fig.
6.6) by cytoskeletal proteins, Z-line proteins,
and the forces between the filaments such as
the actomyosin complex, only a part of the
proteins becomes dissolved. Under the physi-
ological concentrations of a cell (equivalent
to about 1% NaCl = 0.17M), the myofibers
are insoluble. Increasing the salt concentra-
tion to about 2%, as is the custom in cooked
hams and emulsion type sausages, causes a
majority of myofibers to swell and only a
minority to dissolve.

Heating of Meat and
the Addition of Salt

Heating means that the native structures of
many constituents and membranes of cells
(in our case, muscle and fat cells of meat) are
denatured.

The lipid bilayers of meat’s cellular mem-
branes lose their integrity around 40°C at the
pH of meat <5.8, as we see in the enhanced
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Figure 6.5. Scheme of myofibers and the action of salt. A shows the myofibers of meat with immobilized
water (background net structures in an agueous environment); B shows salt-swollen meat myofibers with more
immobilized water within the myofibers; C shows that some myofibers are dissolved in the aqueous environ-
ment with only a few immobilized water layers (thin lines along the fibers).

drip loss of PSE pork (Honikel and Kim
1986). Between 40 and 50°C, some soluble
proteins in the sarcoplasm denature and
become insoluble, as can be seen also in the
paleness of PSE pork (dispersion of light, as
in milk). Whereas soluble proteins coagulate
(denature) into a random structure by heating,
fibrillar proteins shrink during denaturation
(Fig. 6.7 left side).

Both denatured protein structures encoun-
ter less space. Myofibers consist of many
proteins, as can be seen in Figure 6.6. They
denature between 50°C (myosin) and 70°C

(actin) (Quinn et al. 1980). Meat and fat cells
are surrounded by connective tissue, which
denatures and shrinks between 50-65°C,
depending on age of the animal. The collagen
in connective tissue starts to dissolve in this
process between 55 and 85°C, again depend-
ing on the age of the animal.

By coagulation and shrinkage, water is
pressed out of myofibrils or proteins in
general and cooking loss occurs (Table
6.1). Cooking loss may increase to 45% or
60% of the total water (75%) in meat
(45%175% = 0.6).

Figure 6.6. Electron microscope picture of myofibers in meat in their well-ordered structure.
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e.g. amino acid compositon of myosin
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lipophilic or hydrophobic
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Figure 6.7. The effect of heating and salt on meat proteins.

Table 6.1. Cooking loss of lean beef in cubes This water release is called cooking loss

of meat of about 100-120g (75% water at pH . ¢ okout if fat is also released in fat-
5.5) with a heating velocity of 2.5°C/min from Al
7°C to the temperatures indicated and kept containing meat. Table 6.2 shows that when

there for 40min a lean meat (pork < 2% fat) is cooked, it loses

% cooking loss 28% of its w§ight as cooking loss or 37.5%
20°C 0 of the water in the meat (Table 6.2, A). Let
30°C 0 us call this the “reference cooking loss.”
40°C 2 Mincing, without any further addition,
50°C 6 .
550C 9 reduces the cooking loss by a few percent due
60°C 13 to the more open structure of the minced
ggzg ;g meat (Table 6.2, A to B).
750C 8 Mixing salt into the minced meat (B to C)
80°C 33 improves its water-holding capacity consid-
1(9)828 3; erably (only 6% cooking loss). As can be

expected, the addition of water (B to D),

as is common in “emulsion type” sausages,
enhances the cooking loss dramatically to
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Table 6.2. Influence of the addition of salt, water, fat on cookout in meat and comminuted meat

(B to Q)

Heating was carried out from about 7°C with about 2.5°C/min until 80°C was reached. The size of meat in A

was 3 cubes of 10g each, from B-G, 30g of mince or batter; lean pork contains 75% water

Code Composition % water loss water loss of % fat loss fat loss of

at 80°C* total water %" at 80°C* total fat®

A piece of lean pork 28 37.5 0 —

reference (<2% fat)

B minced lean pork 24 32 0 —
(<2% fat)

C B + 2% salt 6 8 0 —

D B + 50% water 41 33 0 —

E D + 2% salt 8 6.5 0 —

F B + 25% water + 25% 33 33 10 37
back fat

G F + 2% salt 2 2 1 4

“% related to the material weight

"% related to total water/fat weight in the meat or mixture

41% from the reference value of 28%. But
if 2% salt is added to the meat plus water
(D) (Table 6.2 E), then the cooking loss is
low again, at 8%, near to what it would be
without water addition (C). The addition of
water and fat (F) shows a cooking loss of
33%. In experiment G, 2% salt is added to
the composition of F, and the cooking loss
is the lowest of all experiments shown in
Table 6.2.

If one relates the cooking loss to the total
content of water/fat in the product, then a
meat piece (reference) loses 37.5% of total
water; mincing (B) with the addition of 50%
water (D) or 25% water and 25% back fat
releases about 32/33% of the total water in
the product. The addition of 2% salt with or
without added water reduces the cooking loss
to 6.5/8% from 32/33% without salt; salt,
water, and fat (experiment G) reduces it
further to 2% of total water loss. The fat
cookout is also reduced by salt.

In conclusion: mincing (comminuting)
enhances the water-binding slightly; addition
of salt reduces the cookout considerably even
if water is added. The comminuting of addi-
tional fat and salt strongly improves the
water- and fat-binding. The latter happens in
emulsion type sausages, where salt and/or fat
are needed for a sausage without cookout.

Heating of an Emulsion Type Sausage
Batter (with Fat)

The addition of salt and water at low tem-
peratures (0-10°C) causes a denaturation in
myofibers by swelling and dissolving, as
described earlier. If the meat is heated, the
shrinkage is prevented, as shown in the
experiments given in Table 6.2.

The proteins in the myofibers at physio-
logical conditions (about 0.1M salt, pH 7,
and 37-38°C) are insoluble. They are kept
together by chemical bonds like S—S bridges
or (reduced) Schiff bases (such as those in
collagen), by ionic attraction (Van-der-Waal
forces), hydrogen bonds, or hydrophobic
interactions of the lipid side chains of the
amino acids. On denaturation with salt
and heat, the native structure changes differ-
ently, as shown in Figure 6.7. The heat
enhances the hydrophobic bonds of protein
side chains, and the proteins become insolu-
ble or shrink. With salt, the denaturation
leads to a different structure, where the
hydrophobicity is also enhanced (Fig. 6.7,
right side), due to the weakening of ionic
attraction and loss of hydrogen bonds.
The swollen myofibrillar protein structure
becomes wider, and the hydrophobic side
chains are at the surface.



As already described, some of the proteins
even dissolve and attract each other by the
hydrophobic side chains. These swollen and
dissolved proteins form a three-dimensional
heat-stable network, as they do in emulsion-
type sausages (scheme in Fig. 6.8). The
hydrophobic bonds on the surface are able to
interact with each other (Fig. 6.7) or interact
with small “emulsified” fat particles of meat
batters (Fig. 6.9) surrounding them, thus pre-
venting their cohesion to larger fat droplets
(Fig. 6.10) and the cookout of fat in a batter
(Table 6.2)

When meat is heated without salt, the
denatured shrunken protein (Fig. 6.7, left
side) is no longer able to be dissolved or
swollen by the addition of salt. This is why
products like liver paté and blood sausages,
which are cooked before salt is added, do not
form a heat-stable batter. Paté, with liver as
the only protein source, as well as blood sau-
sages, do not form heat-stable batters because
liver and blood proteins do not swell and
dissolve like myofibrillar proteins. These
products may be sliceable below ambient
temperatures, but above 20 to 25°C they are
usually spreadable.

Conclusion for the Meat Processors
Salt causes swelling of myofibers, and with

the simultaneous addition of water, a partial
dissolving of myofibrillar proteins takes

native protein

water
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\ ’L\ e water
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Figure 6.8. Formation of the three-dimensional
meat batter network by comminution, salt, water,
and heating. The myofibers are indicated by the
honeycomb-like structures, solubilized proteins are
shown by wave-like structure, fat particles are the
black rectangular or circular structures.

by salt dissolved or swollen protein

fat

Figure 6.9. Covering of fat particles’ surfaces by protein. For explanation of structures, see Figure 6.7.
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Figure 6.10. Electron microscope picture of a fat globule surrounded by protein sheets.

place. Through this process, water molecules
are immobilized. Swelling and dissolving
proteins at ambient temperatures and below
enhances the tenderness of raw meat prod-
ucts. Salt also lowers the a,, values of meat,
enhancing its microbial stability and shelf
life. Finally, salt adds to flavor.

Upon heating, the swollen and dissolved
proteins form three-dimensional networks
in which “emulsified” small fat droplets
are surrounded by the hydrophobic/lipophilic
surface structures of proteins, causing a heat-
stable structure in an emulsion-type sausage.

Principle Action of Salt in Various
Types of Meat Products

Emulsion-Type Sausages

These are manufactured from raw meat plus
fatty tissue. The meat plus fat is minced or
comminuted with salt and water. Both salt
and water are technologically necessary for
swelling and dissolving of myofibrillar pro-
teins by which the hydrophobic parts of the
protein chains envelop small fat particles.
Upon heating, they form three-dimensional
stable networks.

Cooked Hams

Cooked hams are processed from raw meat
(big or small pieces) with about 2% salt or
brine given to the raw meat, which is usually
mechanically revolved (tumbled). During
this process, which generally lasts about a
day, salt or brine penetrates into the meat
cells and lets the myofibers swell. Due to the
limited space for swelling by the more or less
intact myofibers and connective tissue sheets
and the usual use of smaller amounts of water
than with emulsion type sausages, the dis-
solving of myofibrillar proteins is limited in
cooked ham. On heating, the swollen myofi-
bers get tender and the added water remains
in the products, making them juicy.

Raw Hams

These are salted in principle in the same way
as cooked hams. In many cases, pure salt,
with no brine, is used. Due to the omission
of a heating process, higher salt concen-
trations are necessary (lowering a, value
further) for preventing spoilage, and often
the products also need chilled storage. The
salt penetrates slowly into the meat and



during a drying process, reaches concentra-
tions of 4 to 6% NaCl in the finished product.
The salt lets the structures swell and become
more tender. Salt enhances stability and shelf
life.

Raw Sausages

Raw sausages like salami are manufactured
by adding salt (ca. 3%) to a minced or com-
minuted meat plus fat batter without adding
water. The fermentation (which lowers
pH) and drying process (which enhances
the salt concentration to 3.5-5%) make the
product shelf stable, often without refrigera-
tion. The swollen protein structures also
“glue” the particles together at cool room or
ambient temperatures and keep the products
sliceable.

Liver Paté, Liver Sausages,
and Blood Sausages

Meat products like these use either meat that
is cooked without salt, or raw liver or blood,
which contains no myofibrillar proteins. As
discussed above, salt cannot swell heat-
denatured myofibers, and liver and blood
proteins do not form heat-stable networks
above chill room temperatures. In some
products, the sliceability at higher tempera-
tures is obtained by the addition of gelatin.

Action of Nitrite and Nitrate
Together with Salt in
Meat Products

Nitrite and nitrate are not used as sole curing
agents. Each is always applied with salt.
The concentrations of nitrite and nitrate are
in the range of 100 to 200 mg/kg, while the
salt in meat products is 2000mg/kg and
more. As already mentioned, salt lowers
the water activity and enhances food safety.
Salt also changes the protein structures of
meat. Nitrite and nitrate support the safety
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action of salt, and improve appearance and
flavor.

Nitrogen exists in seven different states of
oxidation, starting from ammonia (NH;) with
a formal electron load of —3, through nitro-
gen gas with a formal load of 0, to NO (load
+2), nitrite (NO3, formal load +3), NO, gas
(load +4), to nitrate (NOs3, formal load +5).
In the case of curing salts, the states of NO
(load +2) to nitrate (load +5) mainly occur.

Figures 6.1 and 6.2 show the changes in
nitrous acid occurring in meat systems. After
nitrous acid is formed from nitrite in an
acidic environment, it can form its anhydride
(N,O3), which is in equilibrium with the
oxides NO and NO,. NO reacts with myoglo-
bin or amino acids like cystein, or with glu-
tathione, whereas NO, reacts with water,
forming again one molecule of nitrous acid
and one molecule of nitric acid. In this reac-
tion sequence, nitrite or nitrous acid (oxida-
tion state N**) is oxidized to nitric acid
(nitrate), with oxidation state N°*. When NO
is the other reaction partner, it has a N** oxi-
dation state and has been reduced.

In the past few decades, ascorbic acid or
its salt, ascorbate resp. isoascorbate (erythor-
bate), has been used in cured meat batters. A
reaction of ascorbate with oxygen forms
dehydroascorbate, and thus prevents the oxi-
dation of nitrite to nitrate (Andersen and
Skibsted 1992; Skibsted 1992; Skibsted et al.
1994). On the other hand, ascorbate may
react with nitrite (nitrous acid or NO) as Dahl
et al. (1960), Fox and Ackerman (1968), and
Izumi et al. (1989) have shown. Ascorbate
reacts with “nitrite” by binding NO. The
bound NO seems to be able to react as NO
with other meat ingredients. Ascorbate is also
added to reduce the formation of nitrosa-
mines. The sequence of reactions of ascor-
bate preventing nitrosamine formation has
not been fully elucidated. It may be due to the
reduction by ascorbate of residual free nitrite
in meat products (EFSA 2003) or the binding
of NO to ascorbate and its retarded release.
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Furthermore, ascorbate in batters reduces
the toxin production by proteolytic Clostri-
dium botulinum type A and B together with
nitrite and salt (Robinson et al. 1982). The
microbial action of nitrite has been discussed
in the introduction and very thoroughly by
EFSA (2003).

All this makes clear that nitrite is a very
reactive substance that undergoes many reac-
tions in meat products, and thus its use has
to be controlled.

Legislative Requirements

Many countries have issued directives or
other regulations for the use of nitrite and
nitrate in meat products. The European Union

(EU) has reconsidered its regulation, and in
directive 2006/52/EC/ (Directive 2006), the
use of nitrite and nitrate was limited as shown
in Table 6.3.

In general, 150 mg nitrite/kg are allowed
to be added to all meat products, plus 150 mg
nitrate/kg for unheated meat products. That
is a maximum of 300 mg nitrite plus nitrate/
kg that may be added to a batter or a piece
of raw ham. A large number of exceptions,
such as Wiltshire or dry cured bacon, may
have 175mg residual nitrite/kg plus 250 mg
residual nitrate/kg (i.e., 425mg residual
nitrite plus nitrate/kg are possible). This
means that well above 500mg nitrite plus
nitrate have been added when the production
starts.

Table 6.3. Directive (2006) of the European Union regarding nitrite and nitrate for meat products

shortened in the list of specified products

E No name foodstuff maximum amount that maximum residual
may be added during level (expressed
manufacturing as NaNO,
(expressed as NaNO,)
E249* potassium nitrite meat products 150 mg/kg —
E 250° sodium nitrite —
sterilized meat products 100 mgrkg
(Fo > 3.00)°
traditional immersion cured — 50-175 mg/kg
meat products (number or
products)
traditional dry cured meat — 50-175 mg/kg
products (number of
products)
other traditionally cured 180 mg/kg 50mg/kg
meat products (number of
products)
E 251° potassium nitrate non-heat-treated meat 150mg/kg —
E 252¢ sodium nitrate products
traditional immersion cured 300 mg/kg 10-250mg/kg
meat products (number of (some without
products) added)
traditional dry cured meat 300mg/kg >50mg/kg (some
products (number of without nitrite
products) added)
other traditionally cured 250-300 mg/kg 10-250 mg/kg
meat products (without nitrite
added)

*When labelled “for food use” nitrite may be sold only in a mixture with salt or a salt substitute

"Fo-value 3 is equivalent to 3 minutes heating at 121°C

“Nitrates may be present in some heat-treated meat products resulting from natural conversion of nitrites to nitrates

in a low acid environment



Many countries have similar regulations.
For example, the regulations of the United
States should be mentioned here. The
U.S. Code of Federal Regulations (U.S.
Government 2005) states that the food addi-
tive sodium nitrite may be safely used in or
on specified foods in accordance with the
following prescribed conditions:

As a preservative and color fixative,
with sodium nitrate, in meat curing
preparations for the home curing of
meat and meat products (including
poultry and wild game), with directions
for use which limit the amount of
sodium nitrite to not more than 200
parts per million in the finished meat
product, and the amount of sodium
nitrate to not more than 500 parts per
million in the finished meat product.

All regulations, directives, and laws take
into account that nitrite is a toxic substance,
and that unlike other additives, nitrite does
not remain unchanged in the product during
processing. The discoveries of the early 20th
century are also taken into consideration.
Nitrate is only effective after being reduced
to nitrite. This is caused by microorganisms
only in products that are not heat treated early
after manufacturing, such as raw hams and
raw sausages.
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Chemical Changes of Nitrite and
Nitrate in Meat

Sodium or potassium salts of nitrite (Table
6.3) are added to meat products. Both salts
are very soluble (Honikel 2007) and dissoci-
ate into their ions. The mother compound,
nitrous acid, is the actual reactive compound
(Hoagland 1914). It, however, exists at
meat’s pH values mainly in its undissociated
form. If 150mg/kg nitrite are added at pH
5.7, nitrous acid is formed as shown in Table
6.4 in minute amounts of about 0.45mg/kg
HNO,. This means that only 1/336 of the
nitrite added is converted to nitrous acid.
This small amount is in equilibrium with its
anhydride N,O; (Fig. 6.1), which again dis-
sociates into NO + NO,. The NO can react
with myoglobin, or with oxygen, forming
NO,; the NO, reacts with water and nitrous
and nitric acid (Fig. 6.2).

This means that only very small concen-
trations of NO are available in a batter to
react with different compounds. If the pH of
the batter is higher than 5.7, then even less
nitrous acid is formed. At lower pH values,
the concentration of nitrous acid increases.
Thus, the nitrite concentration in a batter
depends on its pH.

Table 6.5 shows that increasing batter pH
from 5.3 to 6.3 increases the remaining nitrite

Table 6.4. Nitrous acid concentration in unheated meat batters

Assumption:
Assumption:

Facts:

Calculation:

pH 5.7 of batter =2-10°MH*
addition of 150mg NaNO,/kg =2.17- 10°MNaNO,

pk, of HNO, = 3.35; k, = 4.47-10*M
NaNO, (MW = 69D)
Na*+NO; +H* = HNO, + Na*
(MW =46D) HNO, = H*+NO;

Cron Copr
4.47.10°*M = —2——
CHNO:
2.17-107.2-10°°
G ==~ M

0.446ppm HNO, present _ 1

= 0.446 mg/kg ~ 0.5mg/kg (ppm)

150 ppm NaNO, added 336
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Table 6.5. Nitrite breakdown and nitrate appearance after nitrite addition (100mg/kg) to meat
batters of various pH values after heating and storage (adapted from Bordevi¢ et al. 1980)

pH of batter days of storage

nitrite (mg/kg)

53 0 28
12 5
5.8 0 45
12 13
6.3 0 58
12 31

nitrate (mg/kg) sum of nitrite +
nitrate (mg/kg)

20 48

9 14

30 75

8 21

18 76

10 41

and that nitrate also forms. The nitrite con-
centration at day O (immediately after prepa-
ration) with pH 6.3 is twice the concentration
at pH 5.3; after twelve days in storage at pH
6.3, it is six times higher. The nitrate formed
from nitrite by sequestering oxygen is less
influenced by pH during manufacturing. It is
reduced during storage but rather indepen-
dently of pH. Immediately after heating, the
measured sum of nitrite and nitrate at pH 5.3
amounts to 48%; at pH 5.8 and pH 6.3 it is
75/76%. During storage for twelve days, the
amount of the sum is reduced to 14% at pH
5.3 and 41% at pH 6.3.

Table 6.6 shows that the disappearance
of nitrite continues with storage. Heating
reduces the nitrite to ca. 30% of its added
amount, while 0.5 mg nitrite/kg remain after
sixty days of chilled storage. When 75mg
nitrite/kg was added to the batter, a similar
degree of breakdown was observed after the
addition of 200 mg nitrite/kg.

Table 6.7 shows nitrite’s possible reaction
partners. The wide range of percentages is
due to the various concentrations of nitrite,
heating and storage conditions, and pH.

Table 6.6. Nitrite remaining (mg/kg) during
chilled storage (2°C) after addition of 75 and
200 mg/kg after heating to 80°C (adapted from
Kudryashow 2003)

time nitrite 75mg/kg  nitrite 200 mg/kg
added added

after heating 22 (30%) 54 (27%)

20 days 75 154

60 days 0.5 5.8

The oxidation of nitrite to nitrate in meat
is also the primary reason why nitrate will be
found in considerable concentrations in meat
products to which only nitrite has been added
(see also footnotes to Table 6.3). In Figure
6.11 the nitrite concentrations of German
meat products are shown. The emulsion type
and cooked sausages and cooked hams are
manufactured with nitrite only, but they
contain a mean of 20-30mg nitrate/kg, as is
also shown in a very recent survey outlined
in Table 6.8. Nitrite is in most cases lower
than nitrate in the finished product, with con-
centrations below 20mg nitrite/kg in the
median value. Only a few samples of sau-
sages and hams contain above 60 mg nitrite/
kg (Fig. 6.11), and these also have higher
nitrate concentrations. Nitrate may have been
added to the raw meat products.

It can be assumed that the concentration
of nitrate, in a sausage to which only nitrite

Table 6.7. Nitrite and metabolites in meat prod-
ucts (Sadapted and changed from Cassens et al.
1978

bound to/or form % of total assumption
Honikel

nitrite 5-20

nitrate 1-10 10-40°

myoglobin 5-15

bound to —-SH 1-15

bound to lipids 1-15

bound to proteins 20-30

gas 1-5

sum ~70 90

“according to results presented in fig. 6.11 and tables 6.5
and 6.6
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Figure 6.11. Nitrite concentrations in meat products. (Adapted from Dederer 2006.)

is added, is related to the nitrite content.
Figure 6.12 shows that with emulsion-type
sausages (only nitrite curing salt used), the
residual amounts of nitrite and nitrate exhibit
no relationship above 20mg residual nitrite/
kg. There is no generally recognizable
increase of nitrate with increasing residual
amounts of nitrite. Without nitrite addition, a
residual amount of nitrate up to 30 mg/kg is
probably due to the addition of drinking
water to the batter (0—50 mg nitrate/l).

It is interesting to note that the application
of ultra-high pressure does change the nitrite
concentration, as the sum of nitrite plus
nitrate is > 95% at control (no pressure, no
heat in vacuo) up to 800MPa (Table 6.9).
Even after storage for twenty-one days
(in vacuo), the sum of nitrite plus nitrate is

Table 6.8. Nitrate and nitrite concentration in
German meat products 2003-2005 (adapted
from Dederer 2006)

sausage type N median
nitrite nitrate
(mgrkg) (mg/kg)

emulsion type 91 13 24
sausages

non-heat treated 15 18 59
sausages

non-heat treated 14 19 17
ham

liver/blood 16 12 43
sausages

around 90%. In products with access to
oxygen, the remaining concentrations are
by far lower than 90% (see Tables 6.5, 6.6,
and 6.8).

Nitrosamine Formation in
Meat Products

In the 1970s in the United States, a discus-
sion arose about the formation of nitrosa-
mines in cured meat products, especially
fried bacon. Fiddler et al. (1978) showed that
bacon and its cookout on frying contained
considerable amounts of nitrosopyrrolidine.

According to the reactions shown in
Figure 6.13, nitrosamines are formed by
amines with nitrite at higher temperatures.
But there are some prerequisites for the
sequence of reactions to nitrosamines to
occur.

* Amines must be present. In fresh meat
there are very minute amounts of amines
present, which are the decarboxylation
products of amino acids. During aging and
fermentation, amines will be formed.

* Only secondary amines form stable nitro-
samines. Primary amines are immediately
degraded to alcohol and nitrogen. Tertiary
amines cannot react. Most amines in meat
are primary amines derived from o-amino
acids.
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Figure 6.12. Relationship of nitrite and nitrate concentrations in emulsion-type sausage, N = 48. (Adapted

from Dederer 2006.)

e The pH must be low enough to produce
NO* or metal ions must be engaged to form
NO".

As heated meat products are produced
from fresh meat (chilled or frozen), no free
amines are present. In dry-cured meat prod-
ucts with a long period of production, amines
can be formed, but the nitrite concentration
is rather low (see Fig. 6.11 and Table 6.8).
Thus, the formation of NO™ is rather unlikely.
In products heated above 130°C, nitrosa-
mines can be formed. Fried bacon, grilled
cured sausage, and fried cured meat products
such as pizza toppings may experience condi-
tions that form nitrosamines. Table 6.10
shows the results of an investigation by
Deierling et al. (1997) where, of the foods
investigated, only beer and pizza exhibited

dimethyl-nitrosamine in detectable amounts.
Thus, nitrosamines occur only in small
amounts and they are easily avoidable by
proper frying, grilling, and pizza baking.
Jakszyn et al. (2004) published a database for
nitrosamines and other processing-related
residues in foods. Besides amines, amides
and unsaturated fatty acids or derivatives of
the latter can react with nitrite or its deriva-
tives. Fatty acids or their derivatives can form
alkylnitrites. Very little is known about their
presence and concentrations in meat prod-
ucts. (See the Jakszyn et al. 2004 database.)

In this context, it should be mentioned that
nitrosamines can be present in elastic rubber
nettings for meat products, which may con-
taminate the edible parts of meats such as
cooked ham (Helmich and Fiddler 1994;
Fiddler et al. 1998).

Table 6.9. Nitrite and nitrate concentration in emulsion type sausage (Bologna/Lyoner) (72 ppm
nitrite added) after ultra-high-pressure application and storage of the unheated batter (adapted

from Honikel 2007)

days 0 7 21 0 7 21 0 7 21
Treatment nitrite (mg/kg) nitrate (mg/kg) nitrite + nitrate (mg/kg)
control 543 47.1 393 15.15 19.5 26.2 69.45 66.55 65.5
400 MPa 53.3 46.4 37.7 15.8 22 26.95 69.05 68.4 64.6
600MPa 53.0 44.8 37.2 16.15 23.85 29.1 69.1 68.65 66.25
800 MPa 52.3 44.7 37.7 17.5 23.95 26.6 69.75 68.65 64.25
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NaNO, + H" - HNO, + Na’
HNO, + H - NO" +H0
2HNO, - N,O; + H,0O
N,O3 2> NO + NO,
NO +M > NO' +M
primary amine RNH, + NO" = RNH-N=0O+H" > ROH+N,
secondary amine  R,NH + NO" 2> R,N-N=0+H"
tertiary amine R3N + NO+ -> no nitrosamine formation

Figure 6.13. Chemical reactions leading to possible nitrosamine formation; M/M* are transition metal ions (like

Fe?*/Fe’* and others).

Nitrite and the Color of
Meat Products

For consumers, the red color of cured meat
products is one of the important effects of
nitrite in meat products. The red color devel-
ops in a number of complicated reaction
steps until NO-myoglobin (Fe**) is formed.

Myoglobin exists in muscle in three states,
in which the cofactor heme, a porphyrin ring
with an iron ion in its center, binds different
ligands or in which the iron exists in the Fe**
or Fe* state. In the native myoglobin, the
porphyrin moiety (Fig. 6.14) is supported in
the ligand binding by amino acids of neigh-
boring protein.

In its “original” state, myoglobin with
Fe?* in the porphyrin cofactor does not bind
any ligand except water molecules. In the
presence of oxygen, the porphyrin can bind
an O, molecule, and it becomes bright red.
The iron ion is in the Fe?* state. But oxygen

Table 6.10. NO-dimethylamine in foods (ug/
kg); adapted from Deierling et al. (1997)

Food N >0.5 Content
min max
Beer 195 3 0.5 1.2
Pizza 57 6 0.5 8.7
Meat products 17 0 0 0
Milk products 6 0 0 0

and other oxidizing agents such as nitrite can
oxidize the Fe?* to Fe*. The metmyoglobin
(MetMb) that is formed is brown.

The “original” myoglobin (Mb), the oxi-
myoglobin (MbO,), and the metmyoglobin
occur together in meat. In the muscle of a live
animal there is very little metmyoglobin, but
it increases postmortem with the disappear-
ance of oxygen, except when meat is packed
with high oxygen. In MAP-packs with
about 70% oxygen, the color is bright red.
Oximyoglobin is not heat or light stable, and

c\oo* /coo*
CH CH
\ [
CH, g CH,
N
H,C_ / ~c7 N\, CH;
gD
nce” \Fe/ \/\CH
c—n" “N—cC
H,C /] |\
NP NG
C \/C/ \C/ \C\
H
CHs ISI\CH2
Haem

Figure 6.14. Haem/Fe-protoporphyrin (IX), cofactor
of myo- and hemoglobin.
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if oxygen is used up, it turns brown (because
of the presence of metmyoglobin) or green
(indicating spoilage from microbial action).

Reducing enzymes, or chemical reactions
with a reducing agent like ascorbate, reduce
the Fe** to Fe?*. The NO formed from N,O;
can bind to the myoglobin (Fe**) and form a
heat-stable NO-myoglobin. Oximyoglobin is
not heat stable and dissociates. The meat
turns grey or brown.

Oxygen, carbon monoxide (CO), and NO
are biatomic molecules. Like NO, CO binds
to myoglobin very tightly. In some countries,
MAP packaging of fresh meat with 1-2% CO
is permitted. CO and NO addition to fresh
meat are not permitted in the EU.

The CO-myoglobin and the NO-myoglobin
are heat stable. Heating denatures the protein
moiety, but the red NO-porphyrin ring system
(often called nitroso-hemochromogen) still
exists and is found in meat products heated
to 120°C. This heat-stable red color will
change after bacterial spoilage, and it fades
under UV light. The first is advantageous,
since it allows the consumer to recognize
spoilage, as fresh meat also changes color
when it spoils. CO bound to myoglobin is
light resistant.

In the last two years the riddle of the red
color of cured raw hams, like Parma ham
produced without nitrite or nitrate, has been
solved. Various authors have proved that the
Fe’* in the porphyrin ring is exchanged with
Zn**, which gives the hams a pleasant red
color. Nitrite addition prevents the exchange
(Mgller et al. 2003; Parolari et al. 2003;
Wakamatsu et al. 2004a, b; Adamsen et al.
2006).

Conclusions

Salt as the primary curing agent has several
effects on meat. It lowers the water activity
and retards or prevents microbial growth and
spoilage. Salt enhances water binding in
meat. Thus, it prevents the cookout of water
on heating and also covers fat particles, pre-

venting their release on heating. By dissolv-
ing and swelling the meat protein structure,
salt also tenderizes meat and leads to
heat-stable structures in “emulsion type”
sausages.

The curing agents nitrite and nitrate react
with meat ingredients due to the easily
changeable oxidation status of nitrogen into
many derivatives. Nitrite gives the products
an esteemed and stable red color, acts as
an antioxidant by sequestering oxygen, pre-
vents or retards mircobial growth, and finally,
adds a pleasant flavor. The positive effects
are overwhelming compared to the small
possibility of the formation of nitrosamines.
The intake of curing agents (nitrite plus
nitrate) through meat products is small (a few
percent) in comparison with other foods
(EFSA 2008).

References

Adamsen, C. E., J. K. S. Mgller, K. Laursen, K. Olsen,
and L. H. Skibsted. 2006. Zn-porphyrin formation in
cured meat products: Effect of added salt and nitrite.
Meat Science 72:672-679.

Andersen, H. J., and L. H Skibsted. 1992. Kinetics and
mechanism of thermal oxidation and photooxidation
of nitrosylmyoglobin in aqueous solution. Journal of
Agricultural Food Chemicals 40:1741-1750.

Cassens, R. G., L. Ito, M. Lee, and D. Buege. 1978. The
use of nitrite in meat. Bioscience 28(10):633-337.

Dahl, H., L. Lotte, and C. A. Bunton. 1960. 42. Uber
die Oxydation von Ascorbinsdure durch salpetrige
Sdure. Teil VI: Ubersicht und Diskussion der
Ergebnisse. 18. Mitteilung iiber Reduktone und 1,2,3-
Tricarbonylverbindungen. Helvetica Chimica Acta
53:320-333.

Dederer, 1. 2006. Personal communication.

Deierling, H., U. Hemmrich, N. Groth, and H.
Taschan. 1997. Nitrosamine in Lebensmitteln.
Lebensmittelchemie 51:53-61.

Directive 2006. Directive 2006/52/EC of the European
Parliament and of the Council of 5 July 2006 amend-
ing Directive 95/2/EC on food additives other than
colors and sweeteners and Directive 95/35/EC on
sweeteners for use in foodstuffs, O. J. L204 of
26.7.2006.

Dordevié, V., B. Vuksan, P. Radeti¢, H. Durdica, and
M. Mitkovié. 1980. Prilog ispitivanju uticaja poje-
dinih faktora na promene sadrZaja nitrita u mesu.
Tehnologija mesa 21(10):287-290.

EFSA. 2003. Opinion of the Scientific Panel on
Biological Hazards on the Request from the
Commission related to the Effects of Nitrites/Nitrates



on the Microbiological Safety of Meat Products.
EFSA Journal 14:1-31.

EFSA. 2008. Nitrate in vegetables. EFSA Journal
689:1-79.

Fiddler, W., J. W. Pensabene, E. G. Piotrowski, J. G.
Philips, J. Keating, W. J. Mergens, and H. L.
Newmark. 1978. Inhibition of formation of volatile
nitrosamines in fried bacon by the use of cure-solubi-
lized o-tocopherol. Journal of Agricultural Food
Chemistry 26(3):653-656.

Fiddler, W., J. W. Pensabene, R. A. Gates, and R. Adam.
1998. Nitrosamine formation in processed hams as
related to reformulated elastic rubber netting. Journal
of Food Science 63:276-278.

Fox, J. B., and S. A. Ackerman. 1968. Formation of
nitric oxide myoglobin: Mechanisms of the reaction
with various reductants. Journal of Food Science
33:364-370.

Grever, A. B. G., and A. Ruiter. 2001. Prevention of
clostridium outgrowth in heated and hermetically
sealed meat products by nitrite and nitrate. European
Food Research Technology 213:165-169.

Haldane, J. 1901. The red color of salted meat. Journal
of Hygiene 1:115-122.

Helmich, J. S., and W. Fiddler. 1994. Thermal decom-
position of the rubber vulcanisation and its potential
role in nitrosamine formation in hams processed in
elastic nettings. Journal of Agricultural Food
Chemistry 42:2541-2544.

Hoagland, R. 1910. The action of saltpeter upon the
color of meat. In 25" Annual report of the Bureau
Animal Industry. Washington, D.C.: U.S. Department
of Agriculture, Government Printing Office, 1910.

Hoagland, R. 1914. Coloring matter of raw and cooked
salted meats. Journal of Agricultural Research III
3(3):211-225.

Honikel, K. O. 2007. Principles of curing. In Handbook
of Fermented Meat and Poultry, edited by F. Toldra.
Ames, Iowa: Blackwell Publishing.

Honikel, K. O. 2008. The use and control of nitrate and
nitrite for the processing of meat products. Meat
Science 78:68-76.

Honikel, K. O., and C. J. Kim. 1986. Causes of the
development of PSE-pork, Fleischwirtschaft 66:
349-353.

Izumi, K., R. G. Cassens, and M. L. Greaser. 1989.
Reaction of nitrite with ascorbic acid and its signifi-
cant role in nitrite-cured food. Meat Science
26(1989):141-153.

Jakszyn, P., A. Agudo, R. Jbdnez, R. Garcia-Closas, G.
Pera, and P. Amiano. 2004. Development of a food
database of nitrosamines, heterocyclic amines, and
polycyclic aromatic hydrocarbons. Journal of
Nutrition 134:2011-2014.

Kisskalt, K. 1899. Beitrige zur Kenntnis der Ursachen
des Rotwerdens des Fleisches beim Kochen nebst
einigen Versuchen iiber die Wirkung der schwefeli-

Curing 141

gen Sdure auf der Fleischfarbe. Arch. Hyg. Bakt.
35:11-18.

Kudryashow, V. 2003. Personal communication.

Lawrie, R. A. 1998. Lawrie’s Meat Science. Cambridge,
U.K.: Woodhead Publishing Ltd.

Lehmann, K. B. 1899. Uber das Haemorrhodin. Ein
neues weit verbreitetes Blutfarbstoffderivat. Uber
Phys. Med. Gesellschaft Wiirzburg 4:57-61.

Liicke, F. K. 2008. Nitrit und die Haltbarkeit
und  Sicherheit  erhitzter  Fleischerzeugnisse,
Mitteilungsblatt der Fleischforschung Kulmbach
47:177-185.

Mogller, J. K. S., C. E. Adamsen, and L. H. Skibsted.
2003. Spectral characterisation of red pigment in
Italian-type dry-cured ham. Increasing lipophilicity
during processing and maturation. European Food
Research and Technology 216:290-296.

Parolari, G., L. Gabba, and G. Saccani. 2003. Extraction
properties and absorption spectra of dry cured hams
made with and without nitrite. Meat Science
64:483-490.

Penguin Books. 2000. The New Penguin Thesaurus.
London: Penguin.

Polenske, E. 1891. Uber den Verlust, welchen Rindfleisch
und Nihrwert durch das Pokeln erleidet sowie iiber
die Verinderungen salpeterhaltiger Pokellaken.
Arbeiten aus dem kaiserlichen Gesundheitsamt
7:471-474.

Quinn, J. R.,, D. P. Raymond, and V. R. Harwalkar.
1980. Differential scanning calorimetry of meat pro-
teins as affected by processing treatment. Journal of
Food Science 45(5):1146-1149.

Robinson, A., A. M. Gibson, and T. A. Roberts. 1982.
Factors controlling the growth of clostridium botoli-
num types A and B in pasteurized meat. V. Prediction
of toxin production. Journal of Food Technology
17:727-744.

Skibsted, L. H. 1992. Cured meat products and their
oxidative stability. In The Chemistry of Muscle
Based Foods, edited by D. A. Ledward, D. E.
Johnston, and M. U. Knight. New York: Academic
Press.

Skibsted, L. H., G. Bertelsen, and S. Quist. 1994. Quality
changes during storage of meat and slightly preserved
meat products. Proc. 40" ICoMST, The Hague,
Netherlands, paper S-II, MP1.

U.S. Government. 2005. Code of Federal Regulations,
Title 21, Volume 3, Food and Drugs, Part 170, Food
Additives, §§170.60, 172.175, 172.170.

Wakamatsu, J., T. Nishimura, and A. Hattori. 2004a. A
Zn-porphyrin complex contributes to bright red color
in Parma ham. Meat Science 67:95-100.

Wakamatsu, J., J. Okui, Y. Ikeda, T. Nishimura, and A.
Hattori. 2004b. Establishment of a model experiment
system to elucidate the mechanism by which Zn-
protoporphyrin IX is formed in nitrite-free dry-cured
ham. Meat Science 68(2):313-317.






Chapter 7

Emulsification

Irene Allais

Definition

“Emulsified” meat products are generally
defined according to their appearance: meat
particles are so fine that they are not visually
distinguishable on the smooth product
surface.

“Emulsified” meat products are consumed
all over the world. Hundreds of different
products are available for consumers. They
can be classified according to various criteria
(Table 7.1). They are very convenient, and
there is little or no waste from these products
(Sebranek 2003).

From a processing point of view, com-
minuted meat products are generally classi-
fied according to the main stabilizing
treatment used in the processing. “Emulsified”
meat products can be either raw-cooked or
precooked products (Heinz 2007). For meat
products, it should be underlined that the
emulsification step is always followed by a
thermal treatment that aims to stabilize the
multiphase batter and to attain the final
sensory properties. Raw-cooked products are
often named “cold emulsions.” The product
components are raw (i.e., uncooked) when
they are finely comminuted. The resulting
viscous batter is portioned and submitted to
heat treatment (Figure 7.1a).

Precooked meat-products named “hot
emulsions” are characterized by two heat
treatment procedures. The first heat treatment
is the precooking of some raw materials
(fatty tissues), usually in the range of 80°C,

and the second heat treatment is the cooking
of the final product (Figure 7.1b).

Sensu stricto, an emulsion consists of two
immiscible liquids with one of the liquids
dispersed as small droplets in the other,
called the continuous phase (McClements
1999). The term “meat emulsion” has been
used as a general term to describe finely
chopped meat mixture. Yet this term is ques-
tionable. In cold emulsions, the mixture is
not a true emulsion but a multiphase media.
The dispersed phase is itself a multiphase
media containing solid fat particles with a
size ranging from 1 to 50 um, liquid fat drop-
lets, and air bubbles. The continuous phase
is a mixture of water, proteins, salt, carbohy-
drates, and many fibrous particles (Girad
1990). This media is structured but neither
homogeneous nor an isotrope. Still, some
controversy exists regarding the mechanism
involved in meat emulsion’s stabilization
(Ruiz-Carrascal 2002). Traditionally, the
most widely accepted theory viewed meat
batters as behaving like a “classic” oil-in-
water emulsion, where fat particles were dis-
persed in a continuous aqueous solution, and
meat proteins formed an interfacial protein
film around fat particles. On the other hand,
some studies have indicated that the gel-
forming ability of meat proteins is the main
stabilizing factor (Regenstein 1988; Gordon
and Barbut 1992). Micrographs taken in
poultry meat batters showed that an orga-
nized matrix arrangement already exists prior
to cooking (Barbut et al. 1996). Results from
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Table 7.1. Classification and Examples of Emulsified Meat Products (From Heinz 2007 and Feiner

2006)
Classification criteria Examples
Shape Sausages, balls, loaves
Size — Small-caliber: Frankfurters, Vienna, hot-dogs sausages

Composition

Geographical origin

(France)

Thermal treatment

Way of consuming

— Large caliber: Bologna, Lyoner sausages

Pork, beef, poultry mixed or pure, cereals, vegetables, various seasoning
and flavorings

— mortadella (Italy)
— Lyoner sausage, foam or emulsion or block of fattened duck liver

— Chicken sausage with oil

— Frankfurter, Cooked Bratwurst, Bockwurst, Weisswurst, Fine liver
sausage, ... (Germany)

— Krakowska Sausage (Poland)

— Yor sausages (Thailand)

— Luncheon or “Devon” or “Polony” (Australia)

— Wiener Fine Veal Liver Sausage, Fine liver sausage (Austria)

— Fine liver sausage (Russia, South Africa)

Cooking, sterilization, smoking
Cooked, cold or reheated

Final product or ingredient — Final product used alone : Frankfurters or liver pate
— Ingredient as a basic mix containing coarse particles product: Buffalo,
coarse ham or Krakow sausages

Main stabilizing treatment — Raw-cooked meat products : Cold emulsions
— Precooked-cooked meat products : Hot emulsions (Fine liver
sausages/pates)

a recent work (Ruiz-Carrascal 2002) support
the hypothesis that meat emulsions are most
likely stabilized (at least in part) by trapping
the oil, rather than by surface coating the oil
droplets with emulsifying agents.

In “hot emulsions,” due to the temperature
(>35°C), the major part of the fat is liquid
and the term “emulsion” seems to be more
appropriate than for cold emulsions. Still,
some small elements remain solid (collagen),
and the proteins do not equally and com-
pletely coat the fat particles. Therefore, it
might be better to use the term meat “batter”
or “matrix” instead of meat “emulsion” and
the term “fine emulsion-like products” or
“finely comminuted meat products” instead
of “emulsified” products. Nevertheless,
similar basic phenomena are encountered for
structuration of finely chopped meat mixtures
and for true emulsions.

Theory of Emulsion

During emulsification, the interfacial area
between phases drastically increases and
a high amount of mechanical energy is
required. The higher the interfacial tension,
the more energy is required to achieve emul-
sification (Wilson 1981).

Emulsifiers are conducive to emulsion
formation by reducing the interfacial tension.
They also enhance emulsion stability. Myosin
is the main emulsifier in comminuted meat
products; it orients itself with the heavy
meromyosin head facing the hydrophobic
phase, and the light meromyosin tail oriented
toward the aqueous phase (Mandigo 2004).
Emulsions are by definition thermodynami-
cally unstable. Therefore, a stable emulsion
is only kinetically stable (Bergenstahl
1995). Different mechanisms are involved in
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Figure 7.1. a. Processing diagrams for “cold” emulsions. b. Processing diagrams for “hot” emulsions.

emulsion instability: creaming or sedimenta-
tion; Ostwald ripening, which is a diffusion
transport of the dispersed phase in small
droplets into larger ones; coalescence, which
is the process in which two droplets combine
to form a single droplet; and flocculation,
which is the aggregation of droplets due to
collisions. The droplet size is the key param-

eter determining the destabilization kinetics
of emulsion. Large droplets are prone to
sedimentation and coalescence, whereas
finely dispersed emulsions are more sensitive
to flocculation and Ostwald ripening
(McClements 1999).

The bulk physicochemical and organolep-
tic properties of emulsions depend on molec-
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ular and colloidal interactions, which govern
whether emulsion droplets aggregate or
remain as separate entities (McClements
1999). These interactions affect protein func-
tionality attributes such as emulsification,
gelation, and water binding (Gordon and
Barbut 1997). Main molecular forces are
repulsive electrostatic forces, attractive van
der Waals forces, and steric overlap.
Hydrogen bonding and hydrophobic interac-
tion are higher-order interactions that occur
between specific chemical groups commonly
found in food molecules (McClements
1999). Hydrogen bonds and electrostatic
attractions appear to have some importance
and seem to participate in the binding of the
interfacial protein film (IPF) to the protein
matrix (Mandigo 2004). Hydrophobic inter-
actions are strong attractive forces that act
between nonpolar groups separated by water
(McClements 1999). They happen when sur-
faces are nonpolar, either because they are
not completely covered by emulsifier (during
homogenization or at low emulsifier concen-
tration) or because the emulsifier has some
hydrophobic regions exposed to aqueous
phase (e.g., adsorbed proteins) (McClements
1999). Protein hydrophobicity is important
for effective formation of the IPF and
stabilization of the protein matrix (Mandigo
2004). During heating, myofibrillar proteins
start to denature, leaving several hydropho-
bic domains exposed. Hydrophobic interac-
tions are then more likely, as is enhanced
protein aggregation that immobilizes the fat
globules by physical entrapment (Mandigo
2004).

Aims of Emulsification

The emulsification unit operation has three
specific aims. First, it has to ensure the
physicochemical stability of the product.
Emulsification determines the characteristic
structure of the batter, which greatly influ-
ences fat and moisture separation from the
product during cooking. Second, it creates

typical sensory properties such as appear-
ance, texture, flavor, or noise. Finely com-
minuted products are defined by their smooth
surface. The “knackwurst,” which contains
pork, beef, spices, and some garlic, is named
for the familiar popping noise when bitten
(“Knack!”). Generally, “cold emulsions”
give sliceable products, whereas “hot emul-
sions” give spreadable products. Third, it is
a means to create “value-added” meat: rela-
tively low-value meat offcuts can be used,
including trimmings or parts of the animal
that are less acceptable in their whole state
due to a high content of connective tissue
or fat (Sebranek 2003; Wilson 1981).
Emulsification operation also has side effects:
it improves keepability and safety by the use
of ingredients such as salt and by thermal
treatment. It is also a means to improve nutri-
tional properties through low-fat and low-salt
products or through products enriched with
fibers and micronutrients. Relevant proper-
ties are obtained by a proper combination of
ingredients and processing procedures.

Formulation

Basic meat batter ingredients are lean meat,
fat, water, and sodium chloride, but various
nonmeat ingredients are often used.

Meat Muscles and Meat Derivatives
Structure of Muscles

High-quality lean meat shows very good
functional properties. It is well recognized
that solubilized muscle proteins are a natural
emulsifying agent due to the nature of the
amino-acid side-chains situated along their
lengths, some of which are lyophilic and
others hydrophilic (Wilson 1981). Meat pro-
teins have very different properties, depend-
ing on their functional role in the muscle.
They can be divided into three groups, based
on their solubility characteristics (Nakai and
Li-Chan 1988; Zayas 1997). Proteins that are



insoluble even in solutions of high salt con-
centration constitute the stromal fraction.
The main ones are elastine and collagen con-
tained in the connective tissue. Proteins that
are soluble in water or dilute salt solutions
constitute the sarcoplasmatic fraction. There
are around fifty sarcoplasmatic proteins,
which represent 30% to 35% of the total
muscle proteins. They have very weak
binding properties, but they participate to sta-
bilize the emulsion by lowering the interfa-
cial tension between aqueous phase and lipid
(Calderon 1984). Among them, myoglobin is
the most abundant. Proteins that are soluble
in more concentrated salt solutions constitute
the myofibrillar fraction. They play the most
critical role during meat processing, as this
fraction is responsible for the structure build-
up and the resulting texture of meat products
(Culioli et al. 1993; Xiong 1997; Zayas
1997). They represent more than 50% of the
muscle proteins (Cheftel 1985). Their func-
tionality is based on their ability to form
three-dimensional viscoelastic gels, bind
water, and form cohesive membranes at the
oil/water interface of emulsions or flexible
films around air bubbles. Actin, myosin, and
actomyosin are responsible for most of
the functional properties of meat; they con-
tribute to approximately 95% of total water-
holding capacity of the meat tissue and
75%-90% of the emulsifying capacity (Li-
Chan et al. 1985). Among them, myosin
is the most important for fat emulsification
and water-holding capacity (Galluzzo and
Regenstein 1978; Xiong 2000). The superior
emulsifying properties of myosin are believed
to be the result of the concentration of hydro-
phobic residues in the head region, the hydro-
philic groups in the tail region, and the high
length-to-diameter ratio promoting protein-
protein interaction and molecular flexibility
at the interface (Xiong 1997). Meat func-
tional properties depend on the type of meat
muscle, species, and pH. Binding properties
decrease with the decreasing skeletal muscle
content of the meat used. Low pH meats have
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less binding properties. Different kinds of
meat—beef, pork, veal, poultry—can be used
in finely comminuted products. Beef has the
highest binding properties compared with
pork or poultry, but pork is often used (Heinz
2007).

Influence of Processing Treatment

High pH or the addition of NaCl or polyphos-
phates prerigor decrease the actine-myosine
interaction and thus increase the swelling
capacity. Prerigor meat is known to have
higher water-holding capacity (WHC) and
better fat emulsifying properties than
postrigor meat; it is thus better suited to make
comminuted meat products such as sausages
(Hamm 1982; Calderon 1984; Bentley et al.
1988; Claus and Sorheim 2006). This is due
to higher pH and ATP level (Pisula and
Tyburcy 1996).

The high level of ATP in prerigor muscle
inhibits the interactions between actin and
myosin and creates a loose network able to
absorb water. During rigor, the ATP degrada-
tion releases divalent ions (Ca++ and Mg++),
which favor bridges between proteins,
leading to a tight network. During the later
maturation, bridges between actin and myosin
can be broken and WHC can increase
(Calderon 1984).

At high pH, above the isoelectric point,
the WHC is maximum. After 24 hours post-
mortem, pH decreases due to lactic acid for-
mation’s tendency toward the isoelectric
point. Due to the decrease of electrostatic
repulsion, the protein network tightens, and
WHC drastically decreases. Moreover, it was
found that emulsion stability increases at
high pH, particularly for myosin (Denoyer
1978). HLB (Hydrophile Lipophile Balance)
meat protein values increase with muscle pH:
HLB equals 14.5 for proteins in the prerigor
state, whereas HLB equals 13 to 13.5 for
proteins in the postrigor state (Girard 1990).

An alternative method to keep a high
water-holding capacity is to use freezing or
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salting (Calderon 1984). Adding salt (NaCl)
before the concentration of ATP has fallen to
a level where rigor is initiated can maintain
the high binding properties of the meat.
Preventing bonds from forming between
actin and myosin causes the myofibrils to
swell (Sorheim et al. 2006). The pH in the
meat should be at a level above 5.9-6.0 at the
time of salting to fully utilize the benefits of
pre-salting of prerigor meat (Farouk and
Swan 1997; Honikel et al. 1981). During
frozen storage at temperatures of —20°C or
lower the ATP concentration remains almost
unchanged. If beef frozen in this way is
processed before thawing, sausages of
excellent quality are obtained (Hamm 1972).
It is better to salt the prerigor meat before
freezing than to add the salt during the prepa-
ration of the sausage emulsion (Honikel
1978).

Mechanically Deboned Meat (MDM)

MDM is obtained by mechanically separat-
ing remaining muscle tissue from the car-
casses (Heinz 2007). Mechanically deboned
poultry meat (MDPM) is frequently used in
the formulation of comminuted meat prod-
ucts due to its fine consistency and relatively
low cost (Harding Thomsen 1988; Mielnik et
al. 2002; Daros et al. 2005; Saricoban et al.
2008). Proteins from mechanically deboned
chicken meat show high gelling properties
compared with egg white and beef plasma
(Selmane et al. 2008). MDM contains about
ten times more polyunsaturated fatty acids
(PUFAs) and also more hemoproteins than
HDM and is essentially more susceptible to
both chemical and biochemical oxidation,
which results in off-flavors and off-odors.
This is why MDM addition is limited, as it
affects physical, microbiological, and senso-
rial properties of the products and may result
in products that are not in line with national
food regulations in some countries (Piissa
et al. 2008).

Water

Water has several functions. It accelerates
curing and helps to extract water-soluble
meat proteins influencing most of the func-
tional properties and yield. It is also a means
to control batter temperature by adding ice in
cold emulsions or hot water during paté man-
ufacturing. It reduces the per-unit cost and
lowers the product energy value, and it has a
direct impact on product texture by increas-
ing juiciness (Ockerman 2004).

Fat

For finely comminuted meat products, fats
are major ingredients (in the range of 20%),
and they are essential for texture, taste, flavor,
and physical-chemical stability. Traditionally,
fats came from fatty animal tissues directly
incorporated into meat batters as ingredients.
Fat emulsion or vegetable oils can also be
used. The four main factors influencing the
firmness of fat tissues are the water and lipid
contents, the extent of connective tissue, and
the fatty acid composition (Lebret et al.
1996). Fat tissues are less firm when they
contain few lipids and a lot of water. When
fat tissues contain a lot of connective tissue,
they are relatively soft at ambient tempera-
ture, but when temperature increases, the
connective tissue contracts and gels, trapping
lipids in a network that prevents lipid flow
(Lebret et al. 1996). At a given temperature,
a fat containing fewer unsaturated acids will
be firmer than one containing more. Highly
unsaturated fats have a lower melting point
compared with saturated fats. Animal fats are
principally triglycerides, but the fatty acid
composition of adipose tissues (and conse-
quently their firmness and their melting tem-
perature) depend greatly on their origin
(Lebret and Mourot 1998; Mourot and
Hermier 2001) and on the feeding regime.
Recent works were targeted to increase the
ratio of PUFA (polyunsaturated fatty acids)



to SFA (saturated fatty acids) and to get a
more favorable balance between n-6 and n-3
PUFA in meat products by selecting appro-
priate dietary fats. This has consequences on
technological quality by lowering the fat
melting temperature, increasing carcass fat
softness, and increasing oxidation sensitivity
(Mourot 2001). Due to temperature increase
during grinding, highly unsaturated fats can
start to melt and form a fat coating on the
product, which is visually unattractive (Carr
et al. 2005).

The taste and flavor of fat varies between
animal species. Chicken fat is neutral in
taste and well suited as a fat component for
pure chicken products (Heinz 2007). It con-
tains a lot of linoleic acid; it melts at a
low temperature; and it becomes oxidized
easily (Solignat 2003). Beef fat is considered
less suitable for further processing than pork
fat, due to its firmer texture, yellowish color
and more intense flavor (Heinz 2007). Its
melting behavior is comparable to pork
kidney fat due to its low content of collagen
tissues and saturated fat (Solignat 2003).
Beef and mutton fats are used for specific
processed meat products when pork fats
are excluded for sociocultural or religious
reasons. Spices can be added to mask their
strong flavor and taste. It is usual to use pork
fat as it is almost odor- and flavorless and
largely available.

The combination of the four main factors
described above can explain the behavior
of the different pork fat tissues used to
manufacture “emulsified” meat products
(Table 7.2).

Knowing the fatty tissue composition
and understanding the crystalization and
melting of lipids in food is important to
create food emulsions with desirable proper-
ties. Traditionally, the rules for making meat
emulsions were based on fat choice and tem-
perature control. To obtain sliceable prod-
ucts, backfat is the more appropriate, even if
jowl and belly fat can also be used. The end-
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point chopping temperatures should remain
below 18°C, 12°C, and 8°C for beef, pork,
and poultry fats respectively to avoid fat
melting (Mandigo 2004). To make spread-
able products, fat must be dispersed in the
liquid state at “hot” temperatures. The end-
point chopping temperatures should be above
the fat melting point (i.e., 35°C) (Solignat
2003). To achieve this final temperature, fats
are usually poached in water at temperatures
above 80°C before being mixed with the pro-
teins (liver or lean meat). The objective is to
reach a final internal temperature between
50°C and 60°C for ham fat and between 70°C
and 75°C for jowl fat. Fat poaching also
causes contraction of the connective tissues,
which will facilitate the grinding; it elimi-
nates low-melting fats, which can cause
weight losses during cooking, and it lowers
the microbial content. Thus, for hot emul-
sions, low-melting fats are preferred, such as
ham and jowl fats that remain firm during
cooking at high temperatures.

Increasing concerns about the potential
health risks related to the consumption of
high-fat foods has led the food industry to
develop new formulations or modify tradi-
tional products to make them healthier. The
most common of these modifications has
been fat reduction (Papadima and Bloukas
1999). This is achieved by the use of leaner
meat raw materials and by substituting fat
with water and other ingredients such as
inulin (Jimenez-Colmenero 2007). Significant
cholesterol reduction (20%-50%) can be
achieved by replacing animal fat with vege-
table oils and by adding various plant-based
proteins (Jimenez-Colmenero 2007). Fatty
acid profile can be improved by using vege-
table oils or fish oil (Caceres 2008) or by
incorporating vegetable ingredients such as
walnuts (Jimenez-Colmenero et al. 2005).
Fatty acid profiles have also been improved
by the direct addition of CLA to meat batters.
Addin