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PREFACE

The work presented in this thesis was carried out at the Department of
Biotechnology, Faculty of Natural Sciences and Technology, Norwegian University of
Science and Technology. Financial support was given by the Research Council of
Norway.

The scope of the thesis has been to study endogenous proteolytic enzymes in fish
muscle, and their impact on muscle proteins and textural properties. The overall aim has
been to increase the understanding of the mechanisms of fish muscle softening.

An introduction to the topic is found in Chapter 1, together with general information
about the task. In addition, a brief introduction on some proteolytic enzymes and
instrumental texture analysis is given. A more extensive and detailed description of the
scope of the thesis is found in Chapter 2.

The first part of Chapter 3 deals with some general aspects of fish storage, and
choice of methods for determination of textural properties and activities of proteolytic
enzymes. The chapter continues with a brief summary of the papers, before a discussion
of the importance of proteolytic enzymes based on results from all the papers. It is
recommended to read the papers before the summaries, as the summaries are more like
extended abstracts. Information concerning the specific results (graphs and discussions)
is only included in the papers.

Some concluding remarks are given in Chapter 4, and a few suggestions for further

studies in Chapter 5.
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SUMMARY

This thesis covers studies on endogenous proteolytic enzymes and their impact on
fish muscle proteins and texture. The studies have been performed using Atlantic
salmon (Salmo salar) and cod (Gadus morhua) subjected to different treatments and
storage conditions.

The textural properties were very different in the two species. Salmon fillets were
significantly softer and less resilient than cod fillets, and the properties changed
somewhat differently during storage experiments. Different proteolytic enzymes have
been reported to participate in muscle softening. Some of these enzymes were
investigated, and specific proteolytic activities were detected throughout the storage
periods. Collagenase-like enzymes seem to be the most important for cod muscle
texture. Microorganisms and/or microbial enzymes seem not to be important for
changes in salmon muscle texture. Results suggest that the cathepsin B-like enzymes are
important for salmon texture. The activities of the proteolytic enzymes may be greatly
affected by the muscle pH, and by the treatment(s) the fish are subjected to. In any case,
changes caused by differences in proteolytic activities may need some time to be
detectable or have significant impact on fish quality.

When cod fillets are stored in ice, it is highly recommended to keep the temperature
low. Even a relatively mild temperature abuse was sufficient to result in less favorable
textural characteristics, and make the fillets seem older than their days of storage.

Salmon fillets are often subjected to cold-smoking. The smoking temperature was
important for the solubility properties of the muscle proteins, and for their composition,
but did not affect the proteolytic activity. The effects of the processing parameters were
most important early in the product’s shelf life, as the differences caused by the

different smoking temperatures were reduced by further storage of the smoked samples.
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1. INTRODUCTION

1.1. General aspects of fish quality

Traditionally, fishing has been very important in Norway, both as food supply and
for the economy. Today the stocks of many fish species are decreasing, while there is an
increasing demand for fish as a healthy food. A solution to this is fish farming. In
Norway, Atlantic salmon (Salmo salar) has been farmed for decades, and other species,
such as Atlantic cod (Gadus morhua), are emerging. It is therefore important to know
how the farmed species respond to different treatments and storage conditions they may
be exposed to during different types of processing.

By farming fish, the needs for increasing amounts of food for the increasing human
population can be met. The consumers’ acceptance of fishery products depends on
several attributes of food quality (Haard, 1992). Important attributes include safety,
freshness, nutrition, flavor, texture, color (especially of pigmented species) and
appearance and the suitability of the raw material for processing and preservation. The
order of importance of the different characteristics depends on the specific product and
its use. Fish farming allows the fish farmer to influence the quality of the fish by means
of different rearing conditions, and thereby achieve fish with desired quality
characteristics.

During storage after harvest, many fish species exhibit changes in textural properties,
long before they are spoilt (Bremner, 1992). This may result in flesh softening and
gaping, and trimming losses occur (or increase), resulting in reduced fillet yield. In
addition, products may have a poorer appearance and are therefore downgraded and/or
returned to the producer, with accompanying loss of reputation and economical losses.
In extreme cases, the fillets may fall apart in the skinning operation, being too soft to be
usable in mechanical processing. It is therefore important to understand the

mechanism(s) of this softening, in order to avoid it or even use it beneficially.
1.2. Fish muscle composition and structure

Fish muscles are divided into myotomes separated from each other by thin sheets or

membranes made up of connective tissues (myocommata). Within each myotome, the



muscle fibers run approximately parallel to each other, but at varying angles to the
myocommatal sheets to give the necessary moment for swimming during contraction
(Figure 1). The muscle cells run roughly parallel to the longitudinal axis of the fish
(Dunajski, 1979).
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Figure 1. The metameric structure of fish muscles. The pattern of lines on the cross (1)
and longitudinal (2) sections represents the arrangement of sheets of connective tissue in
the muscles. From Dunajski (1979).

The muscle proteins can be divided into three groups, based on solubility properties
(Haard, 1992; Foegeding, Lanier, and Hultin, 1996). These are water-soluble or
sarcoplasmic proteins (mainly enzymes), salt soluble or myofibrillar proteins (the
contractile network) and the insoluble proteins (primarily collagen). Fish muscle
contains a relatively high concentration of myofibrillar proteins and a low concentration

of insoluble proteins compared to muscles from land animals (Table 1).

Table 1. Distribution of protein fractions in fish muscle. From Haard (1992).

Source Sarcoplasmic Myofibril Stroma
protein (%) protein (%) protein (%)
Fish, general 10-25 70-90 3-10
Atlantic cod 21 76 3
Carp 24 71 5
Flounder 21 76 3
Beef 16-28 39-68 16-28

This implies that the myofibrillar proteins are very important for the textural and
water-holding properties of fish muscle. In addition, the large differences in

composition and structure of mammalian and fish muscle make a direct transfer of



results on proteins and textural properties from mammalian muscle to fish muscle
impossible.

A fine network of collagen surrounds each muscle fiber and proceeds into the
myocommata (Bremner, 1992; Bremner and Hallett, 1985). The collagen content of fish
muscle varies considerably between species, and is found in increasing proportion in the
tail region (Bremner, 1992). Concentrations of 0.3-3% are common in the main edible
portion, depending on season and nutritional status. During chilled storage of blue
grenadier (Macruronus novaezelandiae) it was observed that the attachments between
muscle fibers and myocommata, and the whole sarcolemma, was degraded, and muscle
fibers were detached from the myocomma (Bremner and Hallett, 1985; Hallett and
Bremner, 1988). A similar degradation is observed with king salmon (Oncorhynchus
tshawytscha) (Fletcher, Hallett, Jerrett, and Holland, 1997), Atlantic salmon (Salmo
salar) and cod (Gadus morhua) (Ofstad, Egelandsdal, Kidman, Myklebust, Olsen, and
Hermansson, 1996).

The intermolecular cross-links in collagen, the main constituent of fish connective
tissue, are thought to be responsible for the stability, physical strength and mechanical
properties of the connective tissue and other components of the extracellular matrix
(Bracho and Haard, 1995). Breakdown of the connective tissue by endogenous
collagenases may lead to undesirable textural changes in the fish.

The present thesis focuses on cod and salmon. Both are economically important for
Norway, and both are available as wild and farmed fish. The two species are bony fish,
and the left and right fillets are considered to be equal. The composition of the fish
muscle differs between the fatty salmon and the lean cod. Salmon muscle contains
approximately 64% water, 20-22% protein, 13-15% lipid and 1.3% ash, whereas the
corresponding values in cod muscle are 81%, 18%, 0.5% and 1% (Foegeding et al.,
1996). The composition varies considerably even within a species, due to fish size and
age, season, nutritional status, and sexual maturation of the fish. In addition, the
proximate composition varies between different fillet parts (Katikou, Hughes, and
Robb, 2001; Rasmussen, 2001). The lean cod muscle generally has a shorter shelf life

than the fattier salmon muscle (reviewed by Sivertsvik, Jeksrud, and Rosnes, 2002).



1.3. Proteolytic enzymes

1.3.1. General

Proteolytic enzymes are found in all tissue, although both the distribution of different
enzymes and their activities show considerable variation. The highest activities are
found in fractions such as viscera and liver, but there are significant proteolytic
activities in muscle tissue as well, where the enzymes play an important role in protein
turnover. Endogenous fish muscle proteases are located in intracellular fluids and in the
sarcoplasm, or they are associated with various cell organelles. In the live animal, the
proteases function in muscle protein turnover. After death, the biological regulation of
the enzymes is lost, and the enzymes hydrolyze muscle proteins and resolve the rigor
mortis contraction (Foegeding et al., 1996).

The quality of fish muscle will deteriorate during iced storage of raw fish.
Endogenous proteases, which are able to hydrolyze different proteins in the muscle, are
important early in the deterioration process (Cepeda, Chou, Bracho, and Haard, 1990;
Kolodziejska and Sikorski, 1996). Proteolytic enzymes are proteins, and they act by
cleaving the peptide bonds of proteins and peptides, as shown schematically (reaction

from right to left) in Figure 2.
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Peptide bond
Figure 2. General action of a proteolytic enzyme. From Stryer (1995).

Proteases are generally classified according to the active center as cysteine, serine,
metallo, and aspartyl proteases. In addition, proteases may also be divided in two groups
according to their mode of action: endopeptidases, which hydrolyze peptide bonds in
the middle of polypeptide chains, or exopeptidases, which remove terminal amino acid
residues from polypeptide chains (Palmer, 1995).

The proteolytic activity depends on location in the muscle, the life cycle of the fish,
pH and temperature. In addition, the activity in situ is controlled by the presence of

endogenous activators (mostly reducing compounds and metal ions) or inhibitors (both



broad and specific inhibitors may be found in fish muscle). The enzymes are involved in
protein catabolism in the muscle, and are important for the creation of gonads during the
sexual maturation process and spawning migration (when the fish is not eating, but is
using its own proteins for building gonads). For farmed fish, a change in culture
conditions may change the enzyme content and proteolytic enzyme activity of fish
muscle (Haard 1992).

Hansen, Gill, Rentved, and Huss (1996) studied the relative importance of autolysis
and microbial activity on spoilage of cold-smoked salmon. Salmon with reduced and
normal loads of microorganisms were compared. The microbiological activity caused
formation of the characteristic spoilage odors and flavors, while the autolytic enzymes
from the fish tissue had major impact on the textural deterioration (also found by
Hansen, Gill, and Huss, 1995). Texture softened before off-odors and off-flavors were
observed. Lund and Nielsen (2001) investigated changes in the contents of free amino
acids and low molecular weight peptides during cold storage of salmon. Only small
changes were observed, and this was used as an indicator of low activity of
exopeptidases in the stored salmon. Most of the proteolysis occurring during cold
storage of salmon must therefore be due to endopeptidases cleaving peptide bonds
distant to the termini of polypeptide chains.

The rate of enzyme-catalyzed reactions can influence quality attributes of the meat
(Haard, 1992). The content of free amino acids in the muscle of aquatic animals is
normally higher than in muscle of land animals. The free amino acids play an important
role as taste and flavor components, and the free amino acid content in muscle from
aquatic organisms normally ranges from about 0.5% (w/w) to 2% of muscle weight.
Cultured fish tend to contain less free amino acids than wild fish. In addition, both the
distribution and total amounts of free amino acids vary with intrinsic (such as nutritional
status and sexual maturation) and extrinsic (such as water salinity) factors.

General proteolytic activity is usually measured against hemoglobin. The activity
varies with origin of the enzymes, in addition to incubation temperature and pH in the
reaction mixture (Stoknes and Rustad, 1995; Stoknes, Rustad, and Mohr, 1993).
Generally, the activities are very low (or not even detectable) at temperatures below 20
°C, regardless of species, tissue fraction and assay pH. The content of trichloroacetic

acid (TCA) soluble peptides may also be used as a measure of proteolytic activity



(Yamashita and Konagaya, 1990b). However, this will only detect exopeptidases. An
increase in TCA soluble components was detected in chum salmon muscle with highest
autolytic activity during storage at 4 °C for 6 days.

In this thesis, we have chosen to investigate a few of the proteolytic enzymes that
were believed to be important for the textural properties of fish muscle, namely

calpains, cathepsins, and collagenases.
1.3.2. Calpains

The calpains are thought to participate in post mortem degradation of fish muscle by
cleaving myofibrillar proteins (Geesink, Morton, Kent, and Bickerstaffe, 2000;
Kolodziejska and Sikorski, 1996; Ladrat, Chaplet, Verrez-Bagnis, Noel, and Fleurence,
2000). Calpains (EC 3.4.22.17) are neutral cysteine endopeptidases found in the
sarcoplasm of muscles. They are composed of two subunits, and are activated by
calcium ions and thiol compounds. The enzymes are most active at neutral pH (6.9-7.5)
and 30 °C (Kolodziejska and Sikorski, 1996). Many different forms have been
identified, with varying calcium requirements (as shown in Figure 3). Calpain I is often
called p-calpain, and calpain II m-calpain (indicating the high and low level of calcium
sensitivities, respectively). Forms of intermediate Ca®" sensitivity also exist. An

endogenous inhibitor protein, calpastatin, has also been characterized.
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Figure 3. Calpain-like activities as a function of added calcium and free calcium to
obtain half of the maximum activity. From Ladrat et al. (2000).



The concentration of Ca*" necessary for activation of p-calpain is similar to that
prevailing in the sarcoplasm of the living muscle. Post mortem concentration of free
Ca”" may increase to amounts sufficient to activate both the low- and high-calcium
requiring types of calpain, due to the loss of calcium retaining ability of the
sarcoplasmic reticulum. Calpains are active against many myofibrillar proteins, where
they cleave proteins at specific sites and therefore cause only a limited proteolysis. The
proteins are degraded into large fragments, and this enhances the susceptibility of the
proteins to other proteinases (Kolodziejska and Sikorski, 1996; Ladrat et al., 2000).
Calpains are most active at neutral pH, but are still quite active at pH 5. Optimum
temperature for calpain from carp and tilapia was 30 °C and 20% of the activity was
retained at 0 °C (tilapia calpain, pH 7.5, Wang and Jiang, 1991). Ladrat et al. (2000)
studied calpains from sea bass muscle (Dicentrarchus labrax L.). Two of their partially
purified enzymes had optimum activity between 19 and 25 °C, and the activity
decreased with decreasing temperature. The activity against bovine skin gelatin was
very low, suggesting that calpains are not able to break down collagen in muscle.
Geesink et al. (2000) studied calpains from chinook salmon (Oncorhynchus
tshawytscha) muscle. They found little proteolysis of myofibrillar proteins during
storage. Results were reproduced when myofibrils were incubated with calpains.

During post mortem storage of ovine muscle, the levels of active calpains decreased
rapidly (Ilian, Bickerstaffe, and Greaser, 2003). Active enzymes were degraded by other
proteases, and were converted to inactive proteins with a slightly lower molecular
weight than the intact calpains. Other studies have shown that calpain activity of
chinook salmon (Oncorhynchus tshawytscha) was stable the first days post mortem,
while the activity of calpastatin increased during storage (Geesink et al., 2000).
Autolysis patterns of salmon calpains differed from those of ovine calpains and the
activities were less than those of mammalian calpains. Calpastatin activity was
relatively high and comparable to that of bovine muscles. Altogether, this indicates that
the calpain system may not be as important to fish muscle tenderization as it is to meat

tenderization in mammalian muscles.



1.3.3. Cathepsins

The cathepsins are involved in deterioration of muscle texture, and different
cathepsins may act in concert to autolyze fish muscle (Ashie, Simpson, and Smith,
1996; Ashie, Smith, and Simpson, 1996; Kolodziejska and Sikorski, 1996). The
cathepsins are related to protein catabolism of the fish during spawning migration, as
the activity in white muscle is markedly higher in fish during spawning migration
compared to fish in feeding migration (Yamashita and Konagaya, 1990a). Cathepsins
are found in the lysosomes of muscle fibers and in phagocyte cells. Lysosomes are
intracellular organelles that contain large quantities of hydrolytic enzymes and serve a
digestive role in the cell. The lysosomes may also originate from phagocyte cells
present in the circulatory system (Foegeding ef al., 1996). Many types of cathepsins
have been identified, with different amino acids at the catalytic site, and cathepsins B
(EC 3.4.22.1, a cysteine protease) and L (EC 3.4.22.15, a cysteine protease) are
probably the most important for deterioration of muscle texture (Aoki, Yamashita, and
Ueno, 2000; Jamdar and Harikumar, 2002; Kolodziejska and Sikorski, 1996). The
activities differ between muscle fractions and fish species (Aoki ef al., 2000; Yamashita
and Konagaya, 1990a). The optimum activity is reported to be at about 40-50 °C, and
the activity decreases with reducing temperatures. Although they generally perform best
at pH 3-4, some of them retain fairly high activity also at pH 6.0-6.5. Cathepsins B and
L are activated by reducing compounds (thiol compounds). In addition, results suggest
that hormones inducing sexual maturation directly regulate the activities of cathepsins.

The degradation pattern of myofibrillar proteins of softened chum salmon muscle
was almost reproduced when myofibrils were treated with purified cathepsin L
(Yamashita and Konagaya, 1990b). This indicates that cathepsin L is the most probable
enzyme responsible for extensive muscle autolysis and softening observed in mature
chum salmon. Cathepsin B from chum salmon in spawning migration hydrolyzed carp
myofibrillar proteins in solution, but was not able to hydrolyze carp collagen
(Yamashita and Konagaya, 1991). However, when the myofibrils and connective tissue
were denatured, the proteins were extremely susceptible to the hydrolytic action of
cathepsin B. The relative amounts of these two enzymes in the post mortem muscle are

not known.



Any treatment that causes disruption of lysosomes will lead to an increased autolytic
activity (Yamashita and Konagaya, 1990b). Because of this, the fish muscle will be
more vulnerable to deterioration of muscle texture. This may be especially important
after thawing of fish, where the lysosomes may have been disrupted by ice crystals

during the freezing process or the frozen storage.
1.3.4. Collagenases

Endogenous collagenases may break down the connective tissue in the fish muscle
and thereby lead to undesirable textural changes and gaping, in addition to rendering the
components of the extracellular matrix more vulnerable to attack by other proteases
(Ando, Yoshimoto, Inabu, Nakagawa, and Makinodan, 1995; Ashie et al., 1996, Bracho
and Haard, 1995; Bremner and Hallett, 1985; Cepeda et al., 1990). Collagenases (EC
3.4.24.7) are metalloproteinases found in skeletal muscle (Kolodziejska and Sikorski,
1996). Many different proteases belong to this class. The matrix metalloproteinases are
believed to be involved in normal degradation of the matrix. Different catalytic subunits
(single polypeptide chains) exist, with varying calcium requirements, and the activity
varies between fish species. They are secreted proteins, and thereby placed in a proper
location for degradation of the extracellular matrix (Bracho and Haard, 1995).
Generally, the initial attack on the collagen triple helix is by specific collagenases. Once
the initial cleavage has been achieved, other non-specific proteases can pursue attack
(Kristjansson, Gudmundsdottir, Fox, and Bjarnason, 1995). The collagenases are
synthesized in latent form as zymogens. After activation (a wide variety of proteolytic
enzymes can perform the activation), the collagenases are controlled by Tissue
Inhibitors of Metallo Proteinases (TIMP), which are small cationic glycoproteins
(Bremner, 1992). Collagenolytic enzymes have been isolated from the skeletal muscle
of fish (Bracho and Haard, 1995; Hernandez-Herrero, Duflos, Malle, and Bouquelet,
2003; Teruel and Simpson, 1995). The enzymatic activities were dependent on fish
species, and were most potent at pH values close to neutrality or higher. The enzymes
are most active at pH values close to neutrality (7-8), and are activated and stabilized by
metal ions (Ca®") and other activators (such as stress, injury, infection or heat) and
inhibited by calcium chelators (Bracho and Haard, 1995; Bremner, 1992). Two

metalloproteinases from skeletal muscle of Pacific rockfish (Sebastes species) were



most active at pH 7.5-8.5 (Bracho and Haard, 1995). The activity against collagen and
gelatin was very high, whereas almost no activity was detected against proteins
unrelated to the extracellular matrix. This indicates that the metalloproteinases could
participate in degradation of collagen and other extracellular matrix proteins and
thereby play a role in the loss of integrity of the muscle structure in fish held at abuse

temperatures.

1.4. Textural properties

1.4.1. General definition

The term “texture” can be defined in many ways, indicating that it is a complex
sensory phenomenon, and a large number of words are used to describe textural
properties (Hyldig and Nielsen, 2001). The texture of fish meat is both a valued sensory
characteristic for consumers and an important attribute for the mechanical processing of
fillets by the food industry (Dunajski, 1979; Haard, 1992). Consumers generally prefer a
firm and elastic fish meat (Rasmussen, 2001). According to Szczesniak (2002), there is
a general agreement that “texture is the sensory and functional manifestation of the
structural, mechanical and surface properties of foods detected through the senses of
vision, hearing, touch and kinesthetics”. This definition conveys important concepts of
texture, such as:

e itis a sensory property, and can only be perceived and described by a human
being. Instruments can only detect and quantify certain physical parameters,
which needs interpretation in terms of sensory perception;

e it is a multi-parameter attribute, which covers a wide range of characteristics;

e it derives from the structure of the food, both molecular, microscopic and
macroscopic structure; and

e it is detected by several senses, where the senses of touch and pressure are the

most important.
1.4.2. Factors influencing textural properties of fish muscle

Texture is one of the most important quality characteristics of fish as a food. In most
terrestrial animals it is desirable to accelerate and increase meat softening. The situation

is opposite in the case of seafood like fish, and soft fillets are a problem for the fish
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industry (Andersen, Thomassen, and Rera, 1997; Haard, 1992; Hallett and Bremner,
1988; Koteng, 1992; Sigholt, Erikson, Rustad, Johansen, Nordtvedt, and Seland, 1997).
The “background” texture of fish muscles is softer than that of land animals, because
fish muscles have about one-tenth the collagen and less cross-links than muscles from
terrestrials (Haard, 1992). Texture of fish meat is influenced by several factors, such as
fish species, age and size of the fish within the species, fat content and distribution of
muscle fat, amount and properties of the proteins and connective tissue, and handling
stress before slaughter. Post mortem factors include the rate and extent of pH decline,
rigor mortis, rate and extent of proteolysis causing breakdown of myofibrils and
connective tissue, and temperature during and length of storage period (Andersen et al.,
1997; Dunajski, 1979; Haard, 1992; Sigholt et al., 1997; Sigurgisladottir, Torrissen, Lie,
Thomassen, and Hafsteinsson, 1997). The collagen content and its properties contribute
to the texture of raw fish, but is far less important for textural properties of cooked fish.
Generally, the post rigor fish muscle softens with increasing storage time on ice
(Andersen ef al., 1997; Ando, Toyohara, Shimizu and Sakaguchi, 1993; Einen and
Thomassen, 1998; Veland and Torrissen, 1999; Yamashita and Konagaya, 1990b). The
amount of muscle glycogen at death influences the meat quality by determining the
ultimate pH of the meat (Haard 1992). The acidity of the muscle is probably the most
important single factor affecting the textural properties, and fish with a low post mortem
pH normally has firm texture (Dunajski, 1979; Foegeding ef al., 1996). The effect of pH
is largest below pH 6.7. However, the rate of post mortem pH decline in the muscle is
also important, as a rapid pH decline may cause soft texture and poor water-holding
capacity of the meat even when the ultimate pH is low (Ang and Haard, 1985). The
muscle glycogen content may be lowered by ante mortem stress (during capture of wild
fish and netting/transport of farmed fish) or starvation (Haard, 1992; Rustad, 1992;
Sigholt et al. 1997). In addition, farmed fish tend to have a softer, less preferable texture
than free-living fish (Haard, 1992). It is therefore very important to understand how
different processing operations and/or conditions may influence the proteins and

proteolytic enzymes and thereby result in changes in the quality of the fish product.
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1.4.3. Determination of textural properties

Different methods for instrumental texture measurements have been developed. A
wide variety of knives, spheres and cylinders have been used to cut or press into fish
fillets, cutlets or other pieces of given geometry, both parallel to and perpendicular to
the muscle fibers (Botta, 1991; Bourne, 1978; Einen and Thomassen, 1998; Hyldig and
Nielsen, 2001; Jonsson, Sigurgisladottir, Hafsteinsson, and Kristbergsson, 2001;
Morkere and Einen, 2003; Sigurgisladottir, Hafsteinsson, Jonsson, Lie, Nortvedt,
Thomassen, and Torrissen, 1999; Sigurgisladottir ez al., 1997). The preferred methods
have been based on shearing, with recent research focusing on less destructive methods
such as compression. However, there is no universally recommended method for
determining textural properties of fish muscle. In the industry, the finger method (a
person evaluates fish firmness by pressing a finger on the fish or fillet) has been used
extensively. Development of instrumental methods has made it possible to get more
objective measurements of textural properties, in addition to avoiding the high costs of
highly trained personnel for sensory evaluations. Many attempts have been made to
correlate instrumental measurements with sensory evaluation of fish texture, with
varying results (Hamann and Lanier, 1987; Hyldig and Nielsen, 2001; Merkere and
Einen, 2003; Sigurgisladottir et al., 1997). Lack of correlation between instrumental
measurements and sensory evaluation of fish texture may at least partly be explained by
the heterogeneous nature of the fish muscle, which makes both sampling and
measurements difficult to reproduce. In addition, the instrumental and sensory
evaluations are basically very different in the way texture is measured. The sensory
evaluation is a combination of several parameters covering all impressions from the first
contact between the fish and the sensory evaluator (such as the smell of the sample or
the first contact between the fish and a surface in the mouth), until it is completely
masticated. As earlier noted, many different methods of instrumental texture
measurements are used, with different advantages and drawbacks. This makes it

difficult to compare results from different investigations.
1.4.4. Texture profile analysis

To determine the textural properties, a Texture Profile Analysis (TPA) can be carried

out. Texture profiling involves compressing the test substance at least twice and
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quantifying the mechanical parameters from the recorded force-time curves. TPA is a
kind of test that attempts to imitate with an instrument the conditions to which the food
is subjected in the mouth or on the plate. More specifically, it imitates the masticatory
action of the jaw, except the fact that the speed of travel of the probe is constant and
does not follow the sine-wave speed pattern of the human jaw. The force against
compression is recorded when a probe is pressed a given distance into a sample. After a
specified time, the compression is repeated (at the same position). A force-time curve is
generated, as shown in Figure 4.

A constant compression speed is used, and the areas under the force-time curve are
therefore directly proportional to the work performed by the probe during the
downstroke and by the fillet during the upstroke.
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Figure 4. A general instrumental texture profile curve.

Different textural parameters are read and calculated from the force-time curve as

described by Bourne (1978) and Stable Micro Systems (1993) (letters and numbers refer
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to Figure 4, and Ax:y refers to the area under the force-time curve between anchors x

and y):

Breaking strength: The force at the first significant break in the curve during the
first compression, anchor 2. The force required to bite through
the surface of the fillet.

Hardness: The resistance at maximum compression during the first
compression, anchor 3. The hardness of the sample at the first
bite.

Resilience: The upstroke area divided by downstroke area (both of first
compression), A3:4/(A1:2 + A2:3).

Cohesiveness: The ratio of the positive force area during the second
compression to that during the first compression,

(A6:7 + A7:8)/(A1:2 + A2:3 + A3:4).

Gumminess: The product of hardness and cohesiveness

Resilience gives a relative and dimensionless measure of the elasticity of the muscle,
and considers not only the distance, but also the force and speed with which the fillet
bounces back after the initial deformation (Veland and Torrissen, 1999). If the value of
resilience is 1, all the work performed by the probe during the first downstroke is
returned by the fillet during the upstroke. If the value of resilience is less than 1, the
fillet has not recovered completely to its original thickness, or has recovered with less
force or speed than it was compressed with.

Cohesiveness gives a relative and dimensionless measure of how much of the
muscle’s strength is retained after the deformation of the first compression (Veland and
Torrissen, 1999). If the value of cohesiveness is 1, the muscle has maintained its
strength and regained its structure completely during the pause between the
compressions, and offers the same resistance to the second compression as to the first. If
the value of cohesiveness is less than 1, the deformation of the first compression has

been partly irrecoverable.
1.4.5. Mechanisms of post mortem softening

Fish skeletal muscle contains many different proteases, and the softening rate of the
fish flesh after death varies considerably among species (Ando ef al., 1993, Ando,
Nishiyabu, Tsukamasa, and Makinodan, 1999; Bremner, 1992; Yamashita and
Konagaya, 1990b).
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There are three possible explanatory mechanisms for post mortem softening: some
major components within either the myofibrils or in the extracellular connective tissue
degrade; or links, bonds and connections that organize and stabilize the structure
between the muscle components degrade; or both of these mechanisms occur (Bremner,
1992).

The post mortem textural changes have been attributed to processes that cause
changes in the physico-chemical state of the myofibrillar proteins (Dunajski, 1979).
However, protein hydrolysis may not be important, at least during the first period post
mortem. Myofibrillar proteins of softened chum salmon muscle was extensively
degraded, and the degradation pattern was almost reproduced when myofibrils were
treated with purified cathepsin L (Yamashita and Konagaya, 1990b). Post mortem
chang