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ABSTRACT 

A softening phenornenon has been observed in silver hake (Merluccius biZirzean3) 

when stored on ice. It was presumed that proteolytic enzymes cause this softening. Fresh silver 

hake were stored on ice for up to six days. Enzyme assays (cathepsins B, D, L and total 

catheptic activity as weii as calpain activity) were canied out on sarcoplasmic fluid dong with 

texture analyis of the muscle tissue on alternating days. Cathepsin B showed the greatest 

inmease in proteolytic activity with storage tirne, and showed a positive correlation with muscle 

softening. Calpain and cathepsin D dso increased in activity but not as extensively as cathepsin 

B. It would appear that these enzymes night be responsible for the post mo- softening of 

silver hake. Examination of the microstructure and ultrastructure of silver hake muscle tissue 

also show evidence of degradation leading to the softening of the muscle tissue which is 

probably due to the proteoIytic activity of cathepsin B, D and calpain. 
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1. INTRODUmoN 

Silver hake are small gadoid fish of great abundance in the North Atlantic Ocean. They 

have not previously been considered a useiùl species because of soflening during iced storage 

and tissue toughening in fiozen storage due to cross linking induced by the enzymatic 

formation of formaldehyde. Due to the declining traditionai fish stocks, the utilization of this 

species has increased but the problerns associated with processing these fish stiii exist. In the 

past, silver hake has mainly been used in the manufachring of fish meal. A potentid end- 

product for silver hake is surimi. To produce a high quality surhi, oniy the highest quality fish 

muscle should be used, therefore the fish must be processed quickly upon arriva1 at the fish 

plant or on board ship immediately upon landiig. As very fiesh fish must be used to obtain firm 

muscle tissue, the fishermen can only remain at sea for a Zimited amount of tirne. The fish must 

be processed quickiy or quality of the end product will be adversely affected. 

It would be desirable to determine the mechanism that causes the softening of the siiver 

hake and to use this information to minimize the arnount of muscle softening in processing. 

Proper processing w4i increase both the yield and the quality of the surimi. Traditionally, 

fishermen would tmwl for silver hake during a three to four day voyage. They would then bke 

the fish to the plant to be immediately processed. It would be desirable to be able to 

rnechanicaliy debone on-board and make fish mince, then mix the mince with cyroprotectants 

prior to fkeezing on-board or altematively, mix chiiled mince with food-grade protease 

inhibitors in order to preserve the raw material for fbrther processing ashore. The processor 

would then be able to make surimi over a more extended penod of t he .  

It is hypothesized that there is a slow release of membrane-bound proteolytic enzymes 

causiag subsequent softeriing of the muscle tissue. Assuming that the enzymes are water 

soluble, one may be able to correlate the enzyme proteolytic activity in the sarcoplasmic fluid 

with texturai analysis. Because there are many proteolytic enzymes associated with fish, only 

those that are considered active at the physiologicd pH, and intirnately associated with the 

myofibrils, were exarnined. Using phase conirast microscopy and scanning electron microscopy 



(SEM), the ultrastructure of the myofibrils can also be examined to help ver@ the conclusions 

acquired fiom the enzyrnehexture relationship. 

2.1 Softening of Siiver Hake 

There are many biochemicai changes that may ultimately detennine the quaiity of fish. 

Lipid oxidation, iipid hydrolysis, proteolysis, storage the ,  temperature of storage, handling 

practices, and bacterial deterioration are a few of these changes (see El[aard, 1992, for more 

details). Most of these problems can be reduced with proper handling practices includiig 

proper chiiling. In some cases the problems become more complex. In recent years, a decline 

in traditionai fish stocks has forced many processors to resort to processing under-utilized 

species of fish. Some species such as silver hake are s m d  and therefore processing by 

conventional methods is dicult .  One method that has been used recently in North America is 

the production of surimi and nom that, karnaboko that has been traditionaüy produced in Japan 

for centuries. Surimi is washed, stabifized fish mince that c m  be fiozen. Kamaboko is formed 

by the heat setting of surimi, and can be formed into fish analogues such as imitation crab legs 

and other vaiue added products (Nkholas, 1993). Silver hake (Merlucciius bilineuris) is a small 

gadoid (24-35 cm in length) that has an abundance of an enzyme or enzymes responsible for 

the premature softening of muscle tissue (Nicholas, 1993). It has been known for some tirne 

that when silver hake is stored on ice, the tissue begins to soften and is unacceptable for 

consumption (Leim and Scott, 1966; Hiltz et al., 1976). Other species of fish, such as chum 

salmon, dso show a marked sofiening during spawning (Ymashita and Konagaya, 1990A). 

The viscera enzymes were thought to be the main reason for the softenhg of fish flesh. 

However it was discovered that even if the viscera in carp were imediately removed, the fish 

stiü softened (Meinke and Mattii, 1973). At this point researchers focused their attention to the 

action of muscIe enzymes on fish texture. Autolysis sometimes takes place before any bacterial 

spoilage can occur and may be responsible for the degradation of the raw material needed for 



fish processing. Specifically, products made into surimi and kamaboko fiom mets cut fi-om 

Pacific whiting (a species sirnilar to silver hake) that have been stored on ice for 1-2 âays may 

produce much lower quaiity products than that made of fksh fillets (Akazawa et al., 1993). 

Fish mince made fiom siiver hake fiilets deteriorates about twice as fast as siiver hake mets 

(Hïltz et al., 1976) indicating that the physical disniption of the ceiis is needed to promote 

wfiening. The keeping quality in both iced and fiozen fish, in general, has been known to be 

particularly poor with hake species @tz et al., 1976). In most cases it is the degradation of 

muscle proteins that is responsible for the softening of the flesh. For a more complete review 

on the post mortem changes that occur in fish, refer to Huss (1 995). 

2.2 Rriw Material 

Silver hake are members of the cod family and more slender than cod. They have two 

dorsal fins (refer to Figure 1). Fresh from the water the fish are siIvery iridescent. Adults 

measure 24-35 cm in length, and can weigh up to 700 g. Silver hake are present in depths of 

55-275 m, fiom South Carolina to George's Bank, especially on the banks off the coast of 

Nova Scotia. Fishhg vessels harvest silver hake with bottom trawls (Miruster of Supply and 

S e ~ c e s ,  1983). 

Silver hake has traditiondy been a by-product of other ground fish catches (Minister of 

Supply and Services, 1983). Over the Iast four years, the silver hake landigs have been near 

25,000 metric tonnedyear, and are mostly fished off of the Scotia sheK The most common 

fishing periods for silver hake are f?om Aprii to Iate June and from late August until late 

November. 

Because only small boats are used (refer to Figure 2), and the silver hake softens so 

quickly, three day journeys are the normal duration of each fishing trip. This means that when 

the fish arrive at the processimg plant, some of the fish in the holds are already three days post 

mortem, although freshest fish may oniy be 12 hourspost mortem. Prior to processing at the 

plant, fish are stored in large fish containers, which are taken off the boats, and are kept on ice 

until fiileting, de-boning, etc. 



Figure 1 
~ r & h  silver hake (Merluccius bilinearis). 

Figure 2 
A common vesse1 for fishing silver hake. 



2.3 Proteolytic Enzymes 

Proteases are enzymes that hydrolyse peptide bonds (Lehninger et al., 1993). They 

u d y  digest chahs of amino acids, resulting in the disintegration of the protein (Whstanely, 

1979). Proteases are a subclass of a group of enzymes calleci hydrolases (Polgar, 1989). 

Table 1 The international classiiïcation of enzymes (Lehninger et al., 1993). 

NO. CLASS TYPE OF REACTION CATALYZED 

1. Oxidoreductases Transfer of electrons (hydride ions or H atoms). 

2. Transferases Group transfer reactions. 

3. Hydrolases Hydrolysis reactions (cleavage with addition of water). 

4. Lyases Addition of groups to double bonds or formation of 
double bonds by removal of groups. 

5. Isomerases Transfer of groups within molecules to yield isomenc 
f o m .  

6. Ligases Formation of C-C, C-S, C-O and C-N bonds by 
condensation reactions coupled to ATP cleavage. 

Hydrolases are enzymes that catalyze the addition of fùnctional groups fiom water 

(Refer to Table 1). Proteases can be divided into two subclasses, peptidases (exopeptidases) 

and proteinases (also called proteolytic enzymes, endopeptidases, and peptidylpeptide 

hydrolases). Proteinases are any protease that digests the intenor of a protein moleaile 

(Neuberger and BrocMehurst, 1987), whereas a peptidase is a protease that hydrolyzes single 

amino acids or di-peptides &om either the N-terminus or C-terminus of a protein (Polgar, 

1989). There are, therefore, different meanings for the words protease and proteinase. 

Although they both imply an enzyme capable of hydrolysing proteins, a protease refers to all 

enzymes acting on a peptide bond whereas a proteinase refers exclusively to endopeptidases 



(Pofgar, 1989). Proteinases can also be divided into serine proteinases, which have serine and 

histidine residues at the active site, cysteine proteinases, that have cysteine and histidine 

residues at the active site, and aspartyl proteinases that have two aspartyl residues at the active 

site. The fourth protease is slightly different in that there is a metal ion and a glutamic acid 

residue at the active site (Polgar, 1989). 

Proteases can be found compartmentaiized in lysosomes, or in the sarcoplasm of 

muscle celis (Lxhninger et al., 1993). After death, the sarcoplasmic reticulum becomes "leaky", 

and calcium escapes. This may activate the sarcoplasmic enzymes (caicium activated 

proteases). As well, rupture of the lysosome occurs because of lowering pH and action of 

other proteases. The lysosome contains many proteases, and among those are a very active 

group of cysteine proteases calleci cathepsins. 

2.3.1 Proteases 

There are several enzymes that are thought to be responsible for the softenùlg of fish 

flesh. These enzymes primarily are involved with the autolysis of the fish muscle proteins in 

post mur& tenderization. Some of the more notable proteolytic enzymes include cathepsins, 

calcium activated proteases (calpains) and collagenases. 

The four major families of proteases (cysteine proteases, aspartyl proteases, serine 

proteases, and met aiio proteases) are classified by anaiogous mechanistic devices and 

susceptibility to specific inhibitors (Polgar, 1989; Neuberger and Brocklehurst, 1987). Most 

proteases are synthesized in an inactive form as a long chah protein cded a zymogen. When 

the protease is needed, they are proteolytically trimmed to yield the active foxm (Lehninger et 

al., 1993). The proteases that are most commonly found in muscle cells are cysteine proteases 

and aspartic proteases (Polgar, 1989; Neuberger and Brocklehurst, 1987). 



Table 2. Properties of proteases commonly associated with fish muscle degradation (Barrett 
and Kirschke, 198 1; Polgar, 1989). 

Cathepsin B Cathepsin L Cathepsin D Calpain 

Assay Substrate 2-Arg-Arg- 2-Phe-Arg- Denatured Casein 
NMEC NMEC Hemogiobin 

pH Optimum 6.0-6.5 5.5-6.0 3.0-5.0 7.0-7.5 

Aminopeptidase No 
Activity 

Endopeptidase Moderate H m  Moderate High 
Activity 

Lysosomal Yes Yes Yes No 

RA = Reducing Agent N/A = Not Available 

2.3.2 Calpains 

Calpains are neutral thiol proteases that require calcium and cysteine as an activator. In 

comparison to cathepsins (refer to Figure 3), calpains have high molecular weights (27 kDa for 

cathepsin, 210 kDa for calpain). Calpain is an intracelular, non-lysosomal cysteine 

endopeptidase (Polgar, 1989). There are two f o m  of calpain, p-calpain requiring 5-50 p o l  

and m-calpain, requiring 150-1000 v o l  of cd2 (Gili, 1995). The two calpains have 

dierent catalytic subunits (80 kDa) but have identical regulatory subunits (30 kDa). This may 

account for the dflerence in the concentrations of calcium needed for each subunit (Wang et 

al., 1993). Because there are only micro molar arnounts of calcium in the ceüs imrnediately 

after death, and miiii-molar concentrations do not build up for a few hours, long d e r  sofiening 

occurs, it is most likely that p-calpain is the active enzyme (Ncholas, 1993). In rnarnmals, 

calpain's main site of proteolysis is the z-disc and the proteins associated with it (Koohmaraie, 

1992). However, fish calpains have been noted to dso have an effect on myosin (Muramoto et 



Figure 3 
~ r & h  Neted siiver hake. 
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Figure 4 
The domains and molecular weights of some cysteine proteases (cathepsin B and calpain) and 
other representative proteases and regulatory proteins (Polgar, 1989). 



al., 1989). Calpains are thought to be involved with the turnover of contractile proteins. 

Calpains are also accompanied by a natural inhibitor that is specific for caipains cded 

calpastatin (Toyoharsr et al., 1985; Wang et al., 1993). Koohrnaraie (1992) showed that there 

was a &rat deal of evidence that the enzymes most responsible for the part monkm sofkening 

of mammalian (beef and lamb) muscle were calpains. Athough it was shown that up to 90% of 

the muscle sofiening that was observed may be due to the calpains present, some recent 

research has shown that the caipains rnay be working in synergisrn with other proteases 

(Koohmaraie, 1992). In most studies it is agreed that because of the reduction of the activity of 

calpastatin (the natural inhibitor to dpains) and the initial amounts of calcium, p-calpain has 

been the enzyme most iikely to have caused post mortem tenderization. Ifthere is no p-caIpah 

in the fish muscle tissue, and the amounts of calcium are not sufficient to activate m-calpain, 

perhaps there is another enzyme that is accounting for the higher autolysis that is seen in silver 

hake muscle tissue. 

2.3.3 Cathepsins 

The most notable cathepsins found in muscle tissue are cathepsins B, D, and L. 

Although other cathepsins exist, their pH optima are outside the physiologid pH range and 

are most IikeIy not associated with the post mortem autolysis of fish muscle. Cathepsins B and 

L are cysteine proteases that are found intraceilularly and membrane bound. These cathepsim 

are important to the protein turnover rate, intraceliular breakdown, and myofibrillar turnover in 

living tissue (Polgar, 1989). Their cataiytic activity relies on the presence of thiol groups on 

cysteine. Cathepsins most often occur in an inactive form (zymogen). This inactive f o m  has 

sections proteolyticaily cleaved to be converted to the active form (Polgar, 1989). Cathepsin D 

d i i r s  in that it contains many wboxyl (acidic) groups and has an optimal pH lower than the 

other cathepsins. Most cathepsins are sensitive to thiol blocking agents (Polgar, 1989). 

Cathepsins also have endogenous inhibitors that are specific for cathepsins in living tissue 

(Polgar, 1989; Yarnashita and Konagaya, 1992). Because most cathepsins are glycoproteins 

(mannose the prirnary sugar), they can be separated using &ty chromatography and then 



separated fiom each other using ion exchange (Polgar, 1989). Refer to Table 2 for their 

physicai chmcteristics. 

The cathepsin activity in marine species in some a se s  can be ten times tfiat of beefand 

pork and usually has higher activity in red muscle than in white muscle (Wojtowicz and 

Odense, 1972). From experiments using chum salmon (Oncorhych2ls kefa), Yamashita and 

Konagaya (1991A) have show that sofiening of muscle in iced storage roughIy parallels the 

degradation of stmctural proteins. They showed that cathepsin L exhibits a high degree of 

hydrolytic activity with respect to myofibrillar proteins. The inhibitory studies of An et al. 

(1 995) aiso suggest that cathepsins are the main cause ofmusde deterioratjon. 

An et al. (1995) isolated and characterized cathepsin L fiom Pacific whiting 

(Merluccizlsprobuchrs) and showed its effects on myosin. These same authors also showed 

that the ultirnate pH of the fish (pH 6.0-6.5) is weii above the optimal pH of cathepsin D (3.0- 

5.0). Konagaya (1982) aiso showed that there was little or no activity of calpains in spawning 

salrnon in pHs of 7.04.5 even if there was cat2 added to the system. This would indicate that 

any enhanced or extra proteolytic activity that occurs during spawning in chum salrnon is not 

attributed to caipain. Yamashita and Konagaya (1990B) observed that the activities of 

cathepsins B and L in chum salrnon can be 3-7 times higher during spawning migration and in 

times of stanration than in times of feeding migration. Natural cysteine protease inhibitory 

activity and extractable protein was also 40% lower during spawning migration than during 

feeding migration (Yamashita and Konagaya, 1990B). This would indicate that the larger 

amount of catheptic activity is responsible for the muscle protein breakdown observed. For a 

more complete review on proteins and enzymes involved with contractile proteins, refer to 

Parrish and Lusby (1 983). 

2.3.3.1 Cathepsin l3 

Cathepsin B is a lysosomal cysteine protease that has a major function in intracellular 

breakdown (Polgar, 1989), is a glycoprotein with a very low mannose content, is very unstable 

above pH 7 (Neuberger and Brocklehurst, 1987) and may exist in four dBerent isoenzyme 



forms (Hhard, 1994). Being a cysteine protease, cathepsin B has a thiol-imidazole interactive 

system within the catalytic site (Neuberger and Brocklehurst, 1987). An et al. (1994B) showed 

that one of the most active enzymes in Pacific whithg fish f lets  was cathepsin B. Like silver 

hake, Pacific whiting softens quickiy on iced storage, Cathepsin B has the abiiity to hydrolyse 

myosin heavy chain, actin and troponin-T but not tropomyosin and troponin-C in carp muscle 

tissue (Hara et al., 1988) 

2.3.3.2 Cathepsin D 

Cathepsin D is an aspartic protease (acid protease) considered to take part in the 

intracelluia. digestion of proteins. Cathepsin D has an optimal pH at 4.0 (refer to Table 2) and 

an optimal temperature of 40°C, but loses 85% of its activity at 50°C (Makinodan et al., 1982). 

Cathepsin D has been ascribed to be one of the causes of the soRening phenornenon obseived 

in spawning chum salrnon (Konagaya, 1985). Cathepsin D has an optimal p H  of 3.5-4 when 

using hemoglobin as substrate, and closer to 5.5 when using casein as substrate with lower 

specific activity. Inhibitors such as leupeptin and EDTA have little effect on activity, but acid 

protease inhibitors such as pepstatin irreversibly inhibit cathepsin D (Konagaya, 1 985). 

Cathepsin D also exists as several isozymes, having single chain and double chained forms 

(Polgar, 1989). Two carboxyl groups (corning fiom the aspariyl groups) are essential for 

activity. Myofibrillar proteins such as myosin heavy chain, actin and tropomyosin can be 

hydrolysed by cathepsin D, at pH 5 (Makinodan et al., 199 1). 

2.3.3.3 Cathepsin L 

Cathepsin L is a 1ysosomaJ cysteine protease that has the ability to hydrolyse myosin, 

collagen, connectin, nebulin, a-actinin and troponins T and 1 (Mktsumoto et al., 1983). It was 

demonstrated using immuno-histochemica! localization that cathepsins B and L are present in 

the phagocytes near or in the muscle fibres of white muscle tissue of fish. The elevated levels of 

cathepsins L and B activity that are present in some species of fish could be due to hi& levels 

of phagocytes that occur in white muscle (Yamashita and Konagaya, f991B). The same 



authors showed that cathepsin L and B had a greater aflhity to denatureci myofibrillar proteins 

than to the native proteins, suggesting that relatively low pH and high temperature (during 

processing and storage) cm make muscles particularly susceptible to these cathepsins. An et 

al, (1994A) worked with Pacific whiting proteases and determined that cathepsin L was one of 

the most active of all cathepsins with regard to softening of fish stored on ice. These same 

authors showed that some of the most effective inhibitors to cathepsin L are sulphydryl agents 

such as cystatin, and E-64, cystatin being the most potent. Leupeptin, another cysteine protease 

inhibitor, also decreases the activity of cathepsin L (and some other cathepsins). The binding 

strength of the inhibitor to the enzyme is dependent on the pH ofthe system. At low no 

enzyme-inhibitor complex is formed but only at pHs lower than that exhibited inposf morfem 

muscle. Cathepsin L has ais0 been found in an inactive form. Acid treatment of the inactive 

form converts it into the active form (PoIgar, 1989). 

2.3.4 Inhibitors 

Inhibitors are classüïed h o  synthetic and naturaliy occurring chernicals Protein-like 

inhibitors are very numerous in nature. Leupeptin and antipain have an or-amine aldehyde group 

in the C-terminal section of the peptide molecule. Their action depends on how weU they fuifil 

the specsc requirernents of the enzyme specificity (Neuberger and Brocklehurst, 1987) 

effectively inhibithg cysteine proteases. Cysteine proteases are sensiy\tive to thiol blocking 

agents such as E-64. Soy Trypsin Inhibitor (STI) is a reversible inhibitor that inhibits serine 

proteases. Iodoacetic acid is an alkylating agent and is irreversible. Effective inhibitors of 

cathepsin B are avian egg white and bovine nasal cartilage. Pepstatin and potato extracts are 

very effective inhibitors of most aspartic proteases, for example, cathepsin D (Polgar, 1989). 

2.4 Texture Analysis 

There are rnany methods for measuring the texture of fish muscle tissue (Voisey, 1972; 

Voisey 1977; GU et al., 1979; Botta, 1991). Most of these tests used the shearing of a blade(s) 

through a sample of muscle tissue. The force needed to penetrate the muscle tissue was 



determined to be the measure of the softness of the fish muscle tissue. Popular methods to 

measure the texture of muscle foods are either the Kramer shear ce11 (modified to four blades, 

Figure 5) or the modifiecl Warner-Braîzier ceii (one blade). Another instrument that non- 

destnrctively measures the texture of muscle tissue is the Oceans Lirnited texture d y z e r  (St. 

John's, NF) (Figure 6). This instrument calculates a texture index fiom the determination of 

deformation and rebound of a known force. The Kramer shear cell is a box 66 mm x 66 mm 

that has been modsed for texture measurement of fish. Reduced fiom the onginai ten bladed 

ce& the four bladed W r e  will first cornpress and then extnide the tissue sample (Bourne, 

1982). Samples need to be a consistent size and weighî, because there is a iinear relationship 

between the weight of a sample and the maximum force (Bourne, 1982). 

GiU et al. (1979) tested several geometries and found the modified four bladed, 

reduced capacity Kramer ceIi to  be the most usefil in describig the texture of fish muscle 

tissue. 

2.5 Microbiological Examination 

Common to dl fish is the presence of spoilage bacteria. This can be a measure of the 

condition, acceptance and the hygiene of the fish (Huss, 1988). A fiesh fish usually has a 

bactend load of about 102 - 10' /cm2 on the skin (Ashie et al., 1996). At the tirne of death, 

muscle tissue is essentially sterile unless the skin has been damaged in some way. Irnrnediately 

d e r  death, few bacteria wiii enter the tissue and they do so at a very slow rate (Huss, 1988). 

Bacteria fiom the intestines have also been thought to have an affect on the texture of the 

muscle tissue. There have been very few proteases identifiecl fiom bacterial sources 

contributing to the proteolysis of the muscle tissue (Polgar, 1989). For these reasons, it is 

poshilated that the bacterial flora wiil have little effect on the texture of the muscle tissue or on 

the presence of proteolytic enzymes. 



Figure 5 
Instron with a modified 4-bladed Kramer shear ce11 attachent. 

Figure 6 
Oceans Lirnited texture andyzer. 



2.6 Parasitic Examination 

Parasitic infection can be a real problem with Atlantic  CO^, but there seems to be fttle 

problem with silver hake. Pa&c whiting (a close relative to silver hake) is often infected with 

the parasitic myxosporidian, which has a relationship with the soflening of the muscle tissue, 

although the mechanism is unknown (Seymour et al., 1994). One possible way that catheptic 

activity can be increased is by the presence of parasites in the tissue. Toyohara et al. (1993A) 

showed that Pacific hake infected with myxospridian parasites had elevated activities for the 

cleavage of the artificial substrate Z-Phe-Arg-MC4 which has specificity for cathepsin L. 

These same authors found proteolytic inhibition by E-64 (cysteine protease inhibitor) 

suggesting that the enzymes that are present with the parasite can also effectively increase the 

level of softening. It is still unclear exactly what the relationship between the parasite and the 

protease is (An et al., 1994) therefore the level of parasitic infection should also be noted. 

2.7 CeiiuIar structure 

Muscle tissue in fish is organized much difFerently than in mammals (Eckert et al., 

1988; Huss, 1995). Fish do not have tendons connecting muscle bundles to the skeleton. Fish 

muscle cells are bundled into pardel groups of fibres with a sheath of connective tissue 

surroundhg it called myocomatta (Eckert et al., 1988). These groups of muscle bundles are 

calied myotomes and are separated by a layer of comective tissue called the myoseptum @us, 

1995). Figure 7 illustrates the anatomy of the fish muscle systern. 

2.7.1 Phase Contrast Microscopy 

Fragmentation of muscle fibres most likely has a relationship with the texture of muscle 

tissue (Tokiwa and Matsumiya, 1969; Tsuchiya et al., 1992). Figure 8 shows a schematic of 

muscle microstmcture. Tokiwa and Matsurniya (1969) showed that post rnorfem cap 

myofibrils can be mostly seen in short lengths &er storage at 0°C for 4 days, a s  opposed to the 

longer lengths seen in fiesh carp myofibrils. Cathepsins were also shown to have hydrolysed 

myofibrils at the 2-iine at 35°C (pH 4.5) but little activity and myofibril fragmentation was seen 
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Figure 7 
Cod fiilet showing the anatomy of the fish muscle system (Knorr, 1974). 
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Figure 8 
The ultrastructure of fish muscle myofibril (Beii et al., 1976). 



when cathepsin, extracted fiom carp muscIe tissue, was added to muscle tissue at O°C, pH 4.5 

(Tokiwa and Matsumiya, 1969). This same study also showed that the use of myofibrillar 

fiagrnentation was a good method to investigate the quality changes occuning in fish muscle. 

Figure 9 illustrates an example of a myofibd observed using a transmission electron 

microscope (TEM). Myofibril fiagmentation has been used as a measure of the quality of some 

wp and rainbow trout filiets (Tsuchiya et al., 1992). A fiagmentation index has been used to 

show changes in fish quality. It was shown that the contractile proteins degraded during iced 

storage are a-actinin and connecth indicating that the 2-line was being degraded (Tokiwa and 

Matsumiya, 1969). 

2.7.2 Scanning Electron Microscopy 

As blue grenadier fish are stored on ice, the myofibrils deteriorate and muscle fibres 

detach from the myocommata (Brernner and M e t ,  1985). This was shown using a scannllig 

electron microscope (SEM) on fish muscle tissue at various stages during the storage 

experiment. One explanation could be the action of a collagenase. Cathepsins, which degrade 

collagen (Polgar, 1 98 9) are inhibited by adenosine-triphosphate (ATP), which gradually 

decreases over tirne post rnortem (Giit, 1 995). This would allow the activity of cathepsin to 

increase and degrade the muscle proteins at the junctions (Brenmer and Hailet, 1985). The 

ultrastructure s h o w  in the micrographs clearly showed degradation of muscle junctions and 

throughout the tissue (E3remner and Hàllet, 1985). The breakdown occurred where the 

endomysial collagen meets the myocomrnata. Figure 10 illustrates the microstructure of a 

muscle fibre. Ando et al. (1995) observed that as rainbow trout and yellowtail are stored on 

ice, the breaking strength of Mets decreases. Using SEM, they aiso observed that the 

pericellular connective tissues b e r n e  thinner and the densities of the connective tissues 

decreased. Earlier studies by Ando et al. (1992) using light rnicroscopy and transmission 

electron microscope showed similar findings when comparing sofiening of rainbow 

trout muscle tissue with the ultrastructure of the muscle fibres. Changes in the fine structure of 

rainbow trout muscle tissue correlated well with the changes in the breaking strength of 



Figure 9 
Musde myofibril(15,OOO x) observed using a transmission electron microscope (Eckert et al., 
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Figure 10 
The muscle microstructure (Eckert et al., 1988). 



muscle. It was suggested in this same study that the disintegration of coliagen fibrils in the 

pericellular comective tissue is what causes the post mortem tenderization of the fish, rather 

than the weakening of the z-discs. 

2.8 Extract Preparation 

The proteases that are responsible for the breakdown of muscle tissue must be located 

in the muscle cells, have access to the substrate (myofibrils) and hydrolyse the same proteins 

that are degraded in post mortem storage (Koomaraie, 1992). Of the two calpains, only m- 

calpain has been found in carp muscle (Toyohara et al., 1985). The association between muscle 

softening and enzymatic activity is the essential purpose of this study. For this reason, when 

preparing the crude enzyme extracts, it was desirable not to enhance the proteolytic activity 

throughout the extraction procedure but rather measure the activity of the enzymes that are 

present in the sarcoplasm. By measurhg the textural degradation and enzyme activity over tirne 

in iced storage, a correlation between the two may be expected. 

3. OBJECTNES 

1. To study the rate of muscle soRening while simultaneously measuring the levels of autolytic 

enzymes in the sarcoplasm. The activities of cathepsins B, D, and L, as weii as calpains 

were to be assayed. To dernonstrate the dEerence between the total muscle proteolytic 

activity and that of the sarcoplasm aione, tissue homogenates were prepared for d samples 

in paraiiel to the extraction of sarcoplasm. 

2. To detefinine if an enzyme or the group of enzymes are involved in softening. 

3. To use phase mntrast microscopy and SEM to visualize the histologid changes in muscle 

tissue during the softening process. This may help determine whether the softening process 

involves changes that are specific to certain muscle structures or whether they are more 

generalized in nature. 



4. To use the above knowledge to recommend a way to prevent the autoiysis in whole fish or 

in minced fish in order to extend the sheif life and quafity of the product and to irnprove 

fiinctionality of the proteins. 

3.1 Specific Objectives 

1. To assay silver hake muscle sarcoplasm to deted the presence of proteolytic enzymes. 

2. To identiFj the proteolytic enzymes present. 

3. To determine if there is a correlation between the softness of the flesh and proteolytic 

activity using instrumental textural measurements. 

4. To investigate the effects of various inhibitors on the enzymes involved in soflenhg. 

5. To use phase contrast and scanning electron microscopy to visualize the damage occuning 

because of the proteases. 
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4. MATERIALS ANI) METHODS 

AU reagents were purchased fkom Sigma Chernid Company (St. Louis, MO), unies 

othenivise specified. Double distilled deionized water was used and al1 glassware was cleaned in 

Decon 75 (E3DH Chernicals Canada Limited, Toronto, ON), rinsed three tirnes in wann water, 

and rinsed three times in double distiiied, deionized water. 

4.1 Collection of Samples 

Fish were caught, kiiled and stored on ice for not more than three ciays prior to 

examination. Fish were stored at 3°C on ice and were randomly picked for each expeximent. 

Figure 1 1 ihstrates the schematic of the experiment. 

4.2 Preparation of Crude Sarcoplasm 

For all extractions, the weight of the sample, the volume of sarcoplasm and the 

sarcoplasmic protein concentration was measured. Sarcoplasrnic fluid was extracted in a one 

step extraction as described by Nilsson and Ekstrmd (1 994) with some rninor changes. Muscle 

tissue was excised fiom the dorsal area of the fish and ultracentrifiiged using a Beckman SW- 

27 rotor at 100,000 x g for 60 minutes at 3OC. The supernatant fluid was then coiiected and 

assayed for protein and enzyme activities. 

4.3 Enzyme Assays 

For ail enzyme assays, the optimal pH and temperature were deterrnined. Temperatures 

ranging fiom 0-60°C were tested dong with pH leveIs ranging fiom 3-8. Calculation of total 

enzyme present was calculated for each substrate. In order to determine total enzymes in 

muscle tissue, samples of muscle tissue were homogenized using a mortar and pestle and 

centfiged at 100,000 x g (in order to release membrane bound enzymes). The activities were 

compared to the more gentle treatment of centrifirgation ody, whrch was intendeci to leave 

membranes intact (Lehninger et al., 1993). This procedure helped determine which enzymes 



could be present in the sarcoplasm (Niisson and Ekstrand, 1994). All enzyme extracts were 

kept on ice until their addition to the reaction mixtures. 

4.3-1 Hemoglobin Assay 

The assay for total proteolytic activity was similar to that of totd catheptic activity as 

seen in Anson (1938), Barrett (1972) and Reddi et al. (1972) with the following changes. 

Native fieeze dried hemogiobin was substituted for denaîured hemoglobin and the peptides 

released were measured using the Lowry et al. (1951) method rather than A280 m. The 

incubation mixture consisted of 5 mL of dilute muscle extract (containing 2-20 mg of 

protein/rnL), 2.5 mL of 10% hemoglobin (w/v dissolved in distilleci water) and 7.5 mL of 

Johnsofiindsey buffer (composed of citric acid, potassium dihydrogen phosphate, boric acid 

and diethylbarbituric acid, d at 28.6 mM) (Johnson and Lindsey, 1939). The pH of the buffer 

solution was adjusted using 0.2 M NaOH. The samples were incubated for a total of 60 

minutes at pH values ranging fiom 4-8 and temperatures ranging fiom 0-50°C. Once the 

optimal pH of 6.5 and temperature of 30°C was established, aii other assays were conducted at 

those values. A 2 mL aliquot was taken out every 10 minutes and introduced into 2 mL of 5% 

(wlv) trichloroacetic acid (TCA) in 15 mL conical centrifùge tubes. The tubes were mixed., 

then cooled overnight. The mixture was either filtered or centrifùged on a bench top centrifuge. 

A blank was also prepared by adding the TCA before incubation. Using the method of Lowry 

et al. (I951), the concentration of TCA-soIuble peptides in the supernatant was determineci 

ushg bovine serum albumin @SA) as the standard with a Philips PU 8800 UVMS 

Spectrophotometer (Pye Unicam Liited, Cambridge, GBR). One unit of activity was defined 

as the amount of enzyme that caused an increase of one protein splitting unit per minute per mg 

of protein at 750 nrn (Lowry et al., 195 1) after 60 minutes incubation at 30°C. 

4.3.2 Casein Assay 

The protocol for apparent calpain activity was described in Wang et al. (1993). Each 

reaction mixture (in a final volume of 3 .O mL) contained 4 mg of casein, 50 mM imidazole-HC1 



b a e r  (pH adjusteci using 0.5 M HC1) containing 10 mM P-mercaptoethanol, 0.5 rnM sodium 

azide, 0.05 M calcium chlonde. To this solution, 1.0 rnL of diluted sarcoplasm was added. The 

samples were incubated for a total of 60 minutes at pH values ranging ftom 4-8 and 

temperatures ranging fiom 040°C. Once the optimal pH of 7 and optimal temperature of 30°C 

was established, al1 other assays were conducted at those values. The reactions were then 

terminated by the addition of 0.5 rnL of 10% TCA. The reaction *es were then placed in 

a 3-5°C cold room ovemight and 6iltered through Whatman #1 flter paper. Using the method 

of Lowry et al. (1951) the concentration of TCA-soluble peptides in the filtrate was 

detennined using bovine serum albumin @SA) as the standard with a Philjps PU 8800 U V M S  

spectrophotometer (Pye Unicarn Limited, Cambridge, GBR). One unit of activity was defineci 

as the amount of enzyme that caused an increase of one protein splitting unit per minute per mg 

of protein unit at 750 nm (Lowry et al., 195 1) after 60 minutes incubation at 30°C and 

corrected by subtracting the activity of a blank that was measured in the presence of EDTA 

4.3.3 Z-Arg-Arg-NMec Assay 

The apparent activity of cathepsin B was measured using the procedures described in 

Barrett and Kirschice (198 1) and Yamashita and Konagaya (1990B). The muscle was excised 

as before. The artificial substrate used for cathepsin B was 2-Arg-Arg-NMec 

(benzyloxycarbonyl-Arg-kg-7-(4-methy1)coumIde). The samples were assayed at pH 

values ranging fiom 4-8 and temperatures ranging fiom O-50°C. Once the optimal p H  of 6.5 

and optimal temperature of 25°C was established, d other assays were conducted at those 

values. For this assay, 10 pM 2-Arg-Arg-Nmec was used as the substrate. Stock substrate was 

prepared by dissolving 1 mM 2-Arg-Arg-Nec in diiethyl sulfoxide kept at 3°C. Working 

substrate was made 20 ph4 with 1% Brij (4 lauryl ether) solution daily. 

The activities were measured by rnixing 1 mL of the appropriately diluted amount of 

muscle extract with 1mL 1% Brij solution, 1 rnL of 0.2 M citric acid-phosphate b a e r  (0.1% 

P-mercaptoethanol, prepared daily), waiting one minute for activation, and then beginning the 

reaction with the addition of 1 mL of 2 pM substrate (2-Arg-Arg-NMec). Incubation was 



carried out at the appropriate temperature and pH using a temperature controiied c d  in a 

CS50 luminescence spectrofluorometer (Perkin Elrner Limited, Beaconsfiel à, GBR), set at an 

excitation wavelength of 370 nm, and ernission wavelength of 460 m. A standard of 1 m M  7- 

(4-methy1)coumarylamide was prepared to quantitatively measure the amount of product being 

liberated. Ttiis reaction was perforrned in the dark because 7-(4-methyl)cournary1amide is 

photo-sensitive. One unit of activity was expressed as that releasing 1 of 

aminomethylcoumaridmin at 2S°C. 

4.3.4 Denatured Hemoglobin Assay 

The activity of cathepsin D was measured using the method of Anson (1938) and 

Yamashita and Konagaya (1990A). The sarcoplasm was prepared as before. The hemogiobii 

substrate was prepared by adding 1 g of hemoglobii to 9 mL of 8 M urea. This solution was 

s h e d  for 4 hours at room temperature. To this solution, 90 rnL of distillecl water was added. 

This solution was then filtered through Whatrnan #1 fiiter paper and dialysed exhaustively in 

distilleci water at 3°C. The sarnples were incubated in 1 mL buffer (0.1 M sodium citrate 

phosphate buffer and 1 mg/mL leupeptin, dissolved in distilied water), 4 mL urea denaturd 

hemoglobin and 1 mL of dilute sarcoplasm for a total of 60 minutes at pH values ranging fkom 

3.5-8 and temperatures ranging fiom 0-50°C. Once the optimal pH of 4.5 and optimal 

temperature of 40°C was established, ail other assays were conducted at those values. The 

reaction was stopped by the addition of 1.0 mL of 10% TCA Using the method of Lowry et 

al. (1951) the concentration of TCA-soluble peptides in the filtrate was detennined using 

bovine serum aibumin @SA) as the standard on a Philips PU 8800 W M S  

Spectrophotorneter (Pye Unicarn Limited, Cambridge, GBR). One unit of activity was dehed 

as  the amount of enzyme that caused an increase of one protein splitting unit per minute per mg 

of protein at 750 nm (Lowry et al., 195 1 )  after 60 minutes incubation at 40°C. 



4.3.5 ZPhe-Arg-NMec Assay 

Cathepsin L activity was assayed in sarcoplasrnic fluid as  show by, Barrett and 

Kirschke (1981), Baranowski et al. (1984) and Yamashita and Konagaya (1990A). The 

artificial substrate used for cathepsin L was 2-Phe-hg-NMec (benzyloxycart,onyI-PheArg-7- 

(4-methyl)coumaryimide). The samples were assayed at pHs ranging fiom 4-8 and 

temperatures ranging fiom 0-60°C. Once the optimal pH of 6 and optimal temperature of 50°C 

were established, aii other assays were conducted at those values. For this assay, 10 p M  of 2- 

Phe-hg-NMec was used as the substrate. Stock substrate was prepared by dissolving 1 m M  

2-Phe-Arg-NMec in dimethyl suroide, and was kept at 3°C until needed and was made 20 

pM with 1% Brij (4 lauryl ether) solution daily. 

The activities were measured by mixing 1 mL of the appropriately diluted amount of 

muscle extract with 1 mL 1% Brij solution, 1 mL of 0.2 M citric acid-phosphate buffer (0.1% 

P-mercaptoethanol, prepared daily), waiting one minute for activation, and then beginnllig the 

reaction with the addition of 1 rnL of 2 substrate (2-Phe-Arg-NMec), and was incubated 

at the appropriate temperature, using a temperature controlied ceU in a CS50 luminescence 

spectrofluorometer (Perkin Elmer Limited, BeaconsfieId, GBR), set at excitation wavelength of 

370 nm, and ernission wavelength of 460 nm. A standard of 1 mM 7-(4-methy1)coumarylamide 

was prepared to quantitatively measure the amount of product being liberated. This reaction 

was performed in the dark because 7-(4-rnethyl)couma~ylamide is photo-sensitive. One unit of 

activity was expressed as that releasing 1 ph4 of aminomethylcoumarin/min at 2S°C 

4.3.6 Inhibitory Assays 

Inhibitory assays were perfomed to confimi the identity of the enzyme(s) suspected to 

be the cause of the softening phenomenon. In each case, the same enqmatic assay was 

followed with an additional set of assays with the appropriate inhibitors. Table 3 shows some 

common inhibitors and activators and describes what affect they have on various proteases. 

Table 4 shows the effective concentration of each inhibitor used in each assay. 



Inhibitor and activator concentrations are described in Kominami et al. (1984) and 

Yamashita and Konagaya (1992). The concentrations of each inhibitor used in each assay were 

2 mM E-64, 50 rnM CaC12, 0.05% soy trypsin inhibitor (STI), 2 mM EDT& 0.1 M leupeptin, 

10 pg/mL antipain, 0.1 M pepstatin and 2 mM iodoacetic acid (IAA). Although calcium 

chloride is an activator for calpain-like enzymes and was both included and omitted to show its 

effect. 

Table 3 Common protease inhibitors/activators and their effects (Polgar, 1989). 

E-64. Cysteine protease inhibitor, b lochg  thiol groups. 

CaCI2 Essential for the activity of calcium activated proteases. 

Trypsin Inhibitor Serine protease inhibitor. 

EDTA Chelates divalent cations such as ~ a ' ~ .  

Leupeptin Cysteine protease inhibitor, blocking thiol groups. 

Antipain Cysteine protease inhi bitor. 

Pepstatin CarboxyI protease inhibitor. 

Iodoacetic acid Cysteine protease inhibit or 

4.4 TextureAnaIysis 

Texture analyses were perfonned using an Instron mode1 4502 (Instron Corporation, 

Canton, MA) equipped with a Kramer shear-compression ceIl (Gill et al., 1979; Parrish and 

Lusby, 1983; Whipple et al., 1990). Fresh uncooked fish were used for texture measurements. 

The Instron Series IX Automated Materials Testing System (Version 5.02, Instron 



Corporation) was used to calculate the shear force and peak force at various user dehed 

points on the texture profiie (refer to Figure 34). 

The Oceans Limited texture analyzer (St. John's, NF) was also used to determine the 

texture of the fish. The texture analyzer is a non-destructive testing tooI that measures a 

relative firmness or resilience of a sample (Botta, 1991). A contact probe was lowered into the 

sample and measured the sarnple thickness. The probe was then Iowered ont0 the sample to a 

peak force of 500 g was reached. The sample displacement was then recorded and the force 

then reduced to 1.0 g. The distance rebounded (dr) was then divided by the distance of the 

maximum probe penetration (di) and is expressed as a percentage (&/di x 300) to define the 

"texture index". 

4.5 Microbiological Examination 

From representative parts of the fish, 10 g sarnples of muscle tissue were aseptically 

removed and weighed into a stomacher bag (A.J. Steward, Edmunds, GBR). This sample 

was then rnixed with 90 g of chilled sterile O. 1% peptone solution and was homogenized in a 

Lab Blender 400 (A.J. Steward, Edmunds, GBR) for 30 sec. This sample was the 10'' 

dilution. Appropnate dilutions were made (fiesh fish typically have a flora that can be counted 

between 10" and 1 0" cfi (colony fonning units)/mL). 

Total psychrotrophic count was determined by spreading O. 1 mL of the dilutions made 

ont0 tryptic soy agar (TSA) plates. Pre-sterilised spreaders were used to  inoculate the surface 

of the agar. Plates were incubated at 10°C for a minimum of 5 days and all colonies were 

counted. 

Total mesophilic count and hydrogen suIfide W S )  producing bacteria were 

d e t e h e d  by pipeting 1 rnL of the appropriate dilutions ont0 empty petri dishes. Typically 

dilutions of lu2 - Io4 were used for fiesh fish. This wiii give a detection range of 100 - 106 

cWmL. Molten and tempered Iron Agar (IA), approxirnately 10-15 g, was poured into the 

petri dishes and rnixed thoroughly by swirling the dishes. The agar was then left to solidi. An 

agar overlay of approximately 5 rnL was then applied. This was necessary for the detection of 



the H2S-producing bacteria. Plates were incubated at 25°C for 3 days. Total mesophylic 

numbers were found by counting al1 of the colonies. The H2S producing bacteria were found by 

counting the black colonies. The examination of the bacterial load was to demonstrate that the 

fish have a normal bacterid flora. This experiment was conducteci on h h  fish on &y 0,3 and 

5 for total psychrotrophic count, and day O and day 3 for total mesophyiic count and H2S 

producing bactena. 

4.6 Parasitic Examination 

Upon amival to the laboratory, fish were filleted and exaMined for cysts (3-1 0 mm in 

size) on each fillet, as weli as any other visual infection. Phase contrast microscopic 

examination was also carried out as in Section 4.7.2 in order to detect the presence of parasitic 

infection. 

4.7 Protein Determination 

Protein determinations were perfonned using the method of Lowry et al. (1 95 1) or the 

dye binding method of Bradford (1976), using BSA as a standard where applicable, on a 

Philips PU 8800 U V M S  Spectrophotorneter Oye Unicarn Limited, Cambridge, GBR). 

4.8 Cellular Structure 

4.8.1 Electron Microscopy 

Samples of fish fillets (three) were wrapped in plastic film (polyethylene), iced and 

transferred immediately to the electron rnicroscopy laboratory of the "Institute for Marine 

Biosciences" (National Research Council of Canada, Halifax, NS). The fillets were fùrther 

dissected into 1 mm samples, ensuring that for each sample, there was a longitudinal 

section, an oblique section, and a transverse section. These sarnples were plunged into 

liquid propane, cooled to near liquid nitrogen temperatures. These sarnples were fi-actured 

by striking with a sharp blade, freeze dried in a Meitech Model 750 (Meitech, Houston, 



TX) fieeze drier and gold-coated in an Edwards 306A coater (Edwards High Vacuum 

Limited, London, GBR). The samples were examined using a scanning electron 

microscope (JEOL Mode1 JXA35, JEOL Limited, Tokyo, JPN) at magnifications of 2000 

x and 4000 x. 

4.8.2 Phase Contrast Microscopy 

Aseptically dissected muscle tissue (10 g) and 90 g of distilled water were 

homogenized in a Lab Blender 400 (A.J. Steward, Edmunds, GBR) for 30 seconds in 

order to prepare a fine suspension of individual myofibrils. A drop of this homogenate 

was placed on a clean microscope slide with a cover slip and viewed at 400x under oil 

immersion on a phase contrast Optiphot microscope (Nikon Corporation, Tolqo, JPN) 

equipped with a FX-35A camera (Nikon Corporation, ToQo, JPN). 

4.9 Statistical Analysis 

Systat (version 5.05 for Windows) was used to analyze data using ANOVA 

(analysis of variance), stepwise regression and Tukey pairwise cornparisons when 

appropriate, calculating the t-value and F-value at a 5% level of significance. Error bars on 

figures represent i l  standard deviation units. 



5. RESULTS AND DISCUSSION 

AU results were obtained in a 45 day period fiom May 7 - June 13, 1995. During this 

tirne, four samples of fish were obtained. The first was on May 5 (Batch l), the second on May 

19 (Batch 2), the third on May 22 (Batch 3) and the fourth on June 6 (Batch 4). All batches 

were collecteci at the "Blue Wave Sdoods" fish plant (D'an Fisheries, Port Mouton, NS) and 

were collected in approximately the sarne area of the Scotian sheif Enzyme assays, texture 

analysis, protein assays and fiuid extracted were performed on Batch 1, 2, 3 and 4. 

Microstmcturd and ultrastructural studies were performed on Batch 4. 

5.1 Collection and Condition of Fivh 

Fish were cotlected on the final trawl of a three day fishing voyage off of the Scotian 

sheK Fish were kept on ice on the fishing vessels and were kept on ice at the plant. The fish 

were held on ice fiom the tirne of landing untii Iaboratory experimentation (refer to Figure 12). 

When the fish were first analysed, they were between 12 and 24 hours old and were post 

development and resolution of rigor. The fish measured between 25 and 35 centimetres in 

length, weighing between 120 and 175 grams (refer to Figure 13). Upon anival the fish were 

stored on &esh ice and the ice was topped off daily and meltwater drained fiom the insulated 

chests when required. These conditions were used because they best replicated the fish plant 

conditions. During these expenments, the fish had degraded to an unacceptable level by day 5, 

which was before they becarne sensorily unacceptable. 

5.2 Enzyme Assays 

There have been several studies and reviews of the endogenous enzymes present in the 

muscle tissue of marine species and their effect on the post mortem softening of muscle tissue 

(Reddi el al., 1972; Yamashita and Konagaya, 1990B; Seymour et al., 1994; Gill 1995). For an 

enzyme(s) to be suspected as being the causative agent(s) in the softening process, it must be 

present in the muscle tissue, active at the appropriate pH and temperature and have the 

appropriate activators present. Cathepsins B, D and L a i i  have optimal pH's and temperatures 



Figure 12 
Storage condition of the silver hake 24 hourspost morfem. 

Figure 13 
Fiets and fiileted silver hake 24 hourspost mortem. 



around the physioIogica1 pH and temperature of muscle tissue (Barrett and Kirschke,l981) and 

are known to be present in muscle tissue (Makinodan et al., 1982; Yamashita and Konagaya, 

1990B; Jiang et al., 1994). Calpains dso have an optimal pH and temperature around 

physio1ogical pH and temperatures of muscle tissue (Toyohara et al., 1985; Wang et al., 1993) 

and are known to be present in the muscle tissue (Toyohara et al., 1985) Although the assay 

conditions were nomdiy carried out at optimal in vitro pH and temperature, one might expect 

activity of each assay at physiological pH and temperature for enzymes to be considered as 

possible causative agents of the softening of muscle tissue. The pH of live fish is approximately 

6.8 in most fish and drops to an ultimate pH of 6.1-6.5 (Gill, 1995). Table 4 shows the pH of 

the sarcoplasmic fluid fiom iced silver hake muscle. 

Table 4. pH of silver hake muscle sarcoplasmic fluid during iced storage (n=6). 

5.2.1 Hemoglobin Assay (Tom Proteolytic) 

The total proteolytic activity increased over t h e  on iced storage for alt samples. The 

optimal temperature for this assay was 30°C (refer to Figure 14). At iced storage temperatures 

(0-8°C) there was still about 5% relative activity. The optimal pH for this assay was 6.5 (refer 

to Figure 15). The pH of the sarcoplasmic fluid was 6.8-6.3 during iced storage (refer to Table 

4) and there was about 85% relative activity for this range of pH. There was a 48% increase in 

activity upon disruption of muscle tissue 24 hours post m o m  (PM) and would indicate that 

the enzymes assayed were rnost likely tissue bound (refer to Figure 16). Disruption of muscle 

tissue was therefore used to demonstrate total proteolytic activity (tissue bound enzymes and 

sarcoplasmic enzymes) and the centrifiigation of the muscIe tissue was used to demonstrate the 



Temperature (OC) 
Figure 14. 
Temperature activity curve for hemoglobin hydrolysing activity of muscle sarcoplasmic 
fluid (24 hours PM). Error bars indicate * 1 standard deviation unit (n=4). 

Figure 15. PH 
pH-activity curve for hemoglobin hydrolysing activity of muscle sarcoplasrnic fluid (24 
hours PM). Error bars indicate 1 1  standard deviation unit (n=6). 
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Figure 16. 
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Total 
Activi ty 

Hemoglobin hydrolysing activity of muscle sarcoplasmic fluid and total activiw in muscle 
tissue extract, 24 hours PM, pH 6.5 and 30°C. Error bars indicate 11 standard deviation 
unit e0.047, n=3). 

Figure 17. 

I I 

Day O Day 3 Day 4 

Hemoglobin hydrolysing activity of muscle sarcoplasmic fluid at pH 6.5 and 30°C. Error 
bars indicate 11 standard deviation unit (p=0.000, n=6). 



proteolytic activity present only in the sarcoplasmic fluid. Total sarcoplasrnic proteolytic 

activity increased fiom day O to day 4 on iced storage (refer to Figure 17). Although three 

sampling times were used, the data represent the means of three separate batches of fish 

obtained on three different o c ~ i o n s .  There was a sigtGcant difference (p<O.OS) among the 

specific activities between days 0,3 and 4. 

5.2.2 Casein Assay (Caipains) 

The optimal temperature for this assay was 30°C (refer to Figure 18), and there was 

12% activity at iced storage temperatures (0-8°C). The optimal pH for this assay was 7.0 and 

there was about 16% maximum activity at pH 6.0 (refer to Figure 19). Toyohara et al. (1985) 

measwed the optimal pH of m-calpain isolated fiom carp to be 7.2, while Wang et al. (1 993) 

found that the optimal pH and temperature of m-calpain isolated fiom tilapia to be 7.5 and 

30°C respectively. The disruption of the muscle tissue had little effect on the casein hydrolysing 

activity in sarcoplasm Born muscle tissue 24 hours PM (refer to Figure 20). Because calpains 

are not membrane bound (Polgar, 1989) one may expect that there would be little change in 

the activities of disrupted muscle tissue .fluid and extracted sarcoplasmic fluid. There was an 

increase in the specific calpain-like activity in the sarcoplasm over 4 days of içed storage 

(refer to Figure 21). Using Tukey multiple comparisons, it was seen that there were 

significant differences (pC0.05) among the specific activities between days 0, 3 and 4. The 

data represent the means of three separate batches of fish obtained on three difIèrent occasions. 

For this assay, calcium (ionic form) is necessary not only for activity (Gill, 1995) but also 

for inhibition using leupeptin, antipain and E-64 (Polgar, 1989). In some inhibition studies, 

the presence of calcium increased the rate of inhibition 1000 times (Polgar, 1989). There 

has also been no great difference reported in the specificities between the two calpains 

(Polgar, 1989) although they each have diflerent calcium requirements. For this study, the 

amount of calcium present (0.05M) would most likely have the most activity fiom m- 

calpain. Calpains are powerfùl proteolytic enzymes and thought to be the causative agent 

in the softening of mammalian muscle tissue (Koohmaraie, 1992). It is speculated that the 
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Figure 18. 
Temperature activity cuwe for casein hydrolysing activity of  muscle sarcoplasmic fluid 
(0.05 M ~ a + ~ )  24 hours PM. Error bars indicate * 1 standard deviation unit (n=4). 

Figure 19. 
PH 

pH activity curve for casein hydrolysing activity of muscle sarcoplasmic fluid (0.05 M 
~ a + ~ )  24 hours PM. Error bars indicate + 1 standard deviation unit (n=6). 
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Figure 20. 

Total 
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Casein hydrolysing activity of muscle sarcoplasmic fluid and total activity in muscle 

tissue extract, 24 hours PM, pH 7.0 and 30°C (0.05 M ~ a + ~ ) .  Error bars indicate a 1 
standard deviati on unit @=O. 156, n=3). 

Day O Day 3 Day 4 

Figure 21. 

Casein hydrolysing activity of muscle sarcoplasmic fluid at pH 7.0 and 30°C 

(0.05 M ~a+ ' ) .  Error bars indicate a1 standard deviation unit (p=0.000, n=6). 



mechanism for the softening of the muscle tissue may not be one agent but rather a 

combination of several enzymes (Koohrnaraie, 1992). It would appear that a calpain-like 

enzyme was one of the enzymes that had an affect on the overall texture of silver hake 

muscle tissue. 

5.2.3 ZArg-Arg-NMec Assay (Cathepsin B) 

Cathepsin B assays were completed at the optimal temperature of 25°C (refer to 

Figure 22). An et al. (1994A) determined that the optimal temperature of cathepsin B 

isolated fiom Pacific whiting was 20°C while Jiang et al. (1994) found the optimal 

temperature of cathepsin B isolated from mackerel to be 55°C and the optimal pH to be 

6.5. The relative activity at iced storage temperatures (0-8" was about 597%. The optimal 

pH was determined to be 6.5 (refer to Figure 23) with at least 62% maximum activity for 

the pH range seen in Table 4. The total cathepsin B (tissue bound enzymes and 

sarcoplasmic enzymes) was also calculated and showed that 96% of the cathepsin B was 

solubilized in muscle tissue 24 hours PM (refer to Figure 24). The sarcoplasmic cathepsin 

B specific activity increased nearly 5-fold over time of iced storage (Figure 25) and there 

was a significant difference (pC0.05) between specific activities on days 0, 3 and 4 (using 

Tukey multiple comparisons). This data set is a representative sample of three separate 

batches of fish. Cathepsin B has been regarded as the most active cysteine protease in 

Pacific whiting fish fillets (An et al., 1994B). Because silver hake is a close relative of 

Pacific whiting, it would be reasonable to assume that cathepsin B would be an important 

factor in the proteolysis of silver hake muscle tissue. 

5.2.4 Denatured HemogIobin Assay (Cathepsin D) 

The cathepsin D activity was not expected to play a major role in the softening of the 

muscle tissue because it has such a low optimal pH (4-4.5) which is well below the natural pH 

observed in iced silver hake muscle tissue. AU assays were conducted at the optimal 

temperature of 40°C (refer to Figure 26) and the optimal pH of 4.5 (refer to Figure 27). There 



Temperature (OC) 

Figure 22, 
Temperature activity curve for 2-Arg-Arg-NMec hydrolysing activity of muscle 
sarcoplasmic fluid (24 hours PM). Error bars indicate 1 1 standard deviation unit (n=4). 

Figure 23, PH 
pH-activity curve for 2-Arg-hg-Mec hydrolysing activity of muscle sarcoplasmic fluid 
(24 hours PM). Error bars indicate 1 1  standard deviation unit (n=6). 
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Figure 24. 

2-Arg-Arg-NMec hydrolysing activi ty of muscle sarcoplasmic fluid and total activity in 
muscle tissue extract, 24 hours P W  pH 6.5 and 25OC. Error bars indicate a 1 standard 
deviation unit (p=0.000, n=4). 

Day O Day 3 Day 4 

Figure 25. 

2-Arg-Arg-NMec hydrolysing activity of muscle sarcoplasmic fluid at pH 6.5 and 25°C. 

Error bars indicate 11 standard deviation unit (p-0.000, n=6). 



was stiii about 5% relative activity at iced storage temperatures (0-8OC) and there was about 

20% relative activity in the range of pH seen in Table 4. Makinodan et al. (1982) found that the 

optimal pH and temperature of cathepsin D fiom carp muscle was 4.0 and 50°C respectively. 

Konagaya (1985) found that there was an optimal pH of 4.0 in chum salmon. In 24 hour PM 

( p s t  mortem) silver hake muscle, it would appear that cathepsin D specific activity was 67% 

p a t e r  d e r  the muscle tissue had been disrupted (refer to Figure 28). This was expecîed 

because cathepsin D is a lysosomal protease. This higher specific activity upon disruption 

would indicate that the cathepsin D present was stiü tissue bound and would therefore have 

littIe effect initially on the sofkening of the muscle tissue. When compared to Figure 16, the 

ratio of sarcoplasrnic enzymes to total activity for cathepsin D is greater than for hemoglobin 

splitting activity (at pH 6.5). This could be a result of the dierent pH's of the assays or of the 

urea denaturation of the hemoglobin performed for the cathepsin D assay. Reddi et al. (1972) 

showed while assaying endogenous proteinases using diierent substrates on winter flounder 

for catheptic activity that denatured hemoglobin gave higher specific activity when compared 

to the specifïc activity of native hemoglobin. This suggests that the unfoldimg of the hemoglobin 

better exposed the molecule for proteolysis by the enzyme@). As it can be seen in Figure 29, as 

storage t h e  on ice increases, there is also an increase in the specific activity. There was a 

significant difference (p<0.05) between the specific activities between days O and 4, but not 

between days 3 and 4 (p= 0.293). This may suggest that although there is no cathepsin D 

activity during the initial stages of iced storage but the activity of cathepsin D during the later 

stages of iced storage, when the pH of the sarcoplasrnic fluid becomes lower, may contribute 

more to the softening phenornenon. Athough three sampling times were used, the data is a 

representative set of three separate batches of fish. 

5.2.5 ZPhe-Arg-NMec Assay (Cathepsin L) 

The temperature activity curve (refer to Figure 30) showed that the optimal 

temperature for this assay was 50°C. There was only about 1% relative activity at iced storage 

temperatures (0-8°C). An et al. (1994A) found an optimal temperature of 55°C for cathepsin L 



Temperature (OC) 
Figure 26. 
Temperature activity curve for denatured hemoglobin hydrolysing activity of muscle 
sarcoplasmic fluid (24 hours PM). Error bars indicate I 1 standard deviation unit (n=4). 

Figure 27. PH 
pH-activity curve for denatured hemoglobin hydrolysing activity of muscle sarcoplasmic 
fluid (24 hours PM). Error bars indicate I 1 standard deviation unit (n=6). 
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Figure 28. 

Denatured hernoglobin hydrolysing activity of  muscle sarcomplasmic fiuid and total 
activity in muscle tissue extract, 24 hours Pw pH 4.5 and 40°C. Error bars indicate I 1 

Denatured hemoglobin hydrolysing activity of muscle sarcoplasmic fiuid at pH 4.5 and 
40°C. Error bars indicate I 1 standard deviation unit (p=0.000, n=6). 



Temperature CC) 
Figure 30. 
Temperature activity curve for 2-Phe-Arg-NMec hydrolysing activity of muscle 
sarcoplasmic fluid (24 hours PM). Error bars indicate * 1 standard deviation unit (n=4). 

Figure 31. PH 
pH-activi ty curve for Z-Phe-Arg-NMec hydrol ysi ng activity of muscle sarcoplasmi c 
fluid (24 hours PM). Error bars indicate 11 standard deviation unit (n=6). 
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Figure 32. 

2-Phe-Arg-NMec hydrolysing activity of muscle sarcoplasmic fiuid and total activity in 
muscle tissue extract, 24 hours PM, pH 6.0 and 50°C. Error bars indicate + 1 standard 
deviation unit @O. 10 1, n=3). 

Day O 

Figure 33. 

Day 3 Day 4 

2-Phe-Arg-NMec hydrolysing activity of muscle sarcoplasmic fluid at pH 6.0 and 50°C. 
Error bars indicate 1 1  standard deviation unit (p=0.0 19, n=6). 



isulated fiom Pacific whiting muscle tissue. The optimal pH for this assay was show to be 6.0 

(refer to Figure 3 1). There was at le& 25%, to a maximum of 100%, relative activity in the 

range of pH seen in Table 4. Yamashita and Konagaya (1992) noted the optimal pH of 

cathepsin L isolated fiom chum salmon muscle tissue was 6.0. There was no significant 

ciifference @=0.101) in the sarcoplasmic fluid assays and the assays taken of the disrupted 

muscle tissue, boib 24 hours PM (refer to Figure 32). This would indicate the all of the 

cathepsin L has been released into the sarcoplasm. As tirne on ice increased, no trend in the 

cathepsin L activity could be seen (refer to Figure 33). One explanation for why there is not 

any increase in the enzyme activity fiom day 0 4  is that there may not be any amount of 

cathepsin L present in the muscle tissue. Cathepsin L exists in both an inactive fom and an 

active form. An acid treatment (pH 4.0) will transfonn the inactive form into the active form 

(Polgar, 1989). There is a natural reversible inhibitor associated with cathepsin L (Polgar, 

1989) which can be released by an acid treatment at pH 3.3 (Yamashita and Konagaya, 1992). 

The total cathepsin L activity rneasured would not have included any inactive enzyme or 

enzymeinhibitor complexes present. It would appear cathepsin L may not to have a significant 

infiuence on the texture of iced silver hake muscle tissue. 

5.2.6 Inhibitors and Activators 

Inhibition tests were conducted to help with the identification of each enzyme 

and to eliminate the possibility of others (refer to Table 5). The inhibitors used were Ea4, 

pepstatin, EDTA, soy trypsin inhibitor (STI), leupeptin, antipain, and iodoacetic acid (IAA). 

Although calcium chlorkk is not an inhibitor, it is necessary for the caicium activated enzymes, 

such as calpains, therefore activity changes in its presence are dso shown. For the total 

proteolytic activity, the results would indicate that the enzyme(s) are cysteine proteases, as  

illustrated by its decrease in activity with E-64, leupeptin antipain and iodoacetic acid. The 

minimum decrease in activity with trypsii inhibitor, CaClz, EDTA and pepstatin would also 

help c o d m  that most of the proteolytic activity is not a calcium activated protease? a trypsin 

like enzyme or a carboxyl protease. Cathepsin B which was assayed in the presence of a 
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Figure 34. 
Typical force deformation curve of  a frankfùxter using a Kramer shear cell, illustrating 
possible points of signifi cance (Voisey and Larmond, 1974). 

Figure 35, Days 
Texture profile analysis of silver stored on ice for 4 days (Max. Force, p=0.000; 
Firmness, p=0.000). Error bars indicate 1 1  standard deviation unit (n=4) Refer to 
Figure 34 for definitions of points. 



rather specific artificial substrate (2-Arg-Arg-NMec) was not Sected by the presence of 

c$~ ,  pepstatin or EDTA, but was inhibited in the presence of E-64, leupeptin, antipain 

and iodoacetic acid. 

Table 5. The effects of different inhibitors and activators on the activity of silver hake 
sarcoplasm (percentage of activity with inhibit ors present in assay). 

Inhibitor Cathepsin B Cathepsin L Cathepsin D Calpain Total 

E-64 ( 2 m . I  

Pepstatin (O. 1M) 

EDTA (2 mM) 

sn (o.os% 

Leupeptin (O. 1M) 

Antipain (1 Opg/rnL) 

CaC12 (50mM) 

(2 mM) 

5.3 Texture Analysis 

The Oceans Lirnited texture analyzer and an Instron equipped with a modified Kramer 

shear compression ceii were used to determine the texture andysis of silver hake. M e r  several 

trials, it becarne apparent qualitatively that the modified Kramer force deformation cums 

(hereafter called force deformation curves) would be similar to each other but quantitatively 

differ with regard to measured force and deformation. Because of this, several portions of the 

force deformation curves were examined. Five points on the curve were measured (refer to 

Figure 34 for a typicai force deformation curve). These values were picked because they were 
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Figure 36. 
Relationship between texture (firmness) of silver hake muscle tissue and hemoglobin 
hydrolysing activi ty of sarcoplasmic fluid (pH 6.5). 
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Figure 37. Texture (Firrnness) Nlmrn 

Relationship between texture (fimness) of silver hake muscle tissue and casein 
hydrolysing activity of sarcoplasmic fluid (pH 7.0). 
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Figure 38. 
Relationship between texture (firmness) of silver hake muscle tissue and Z-kg-Arg-NMec 
hydroly sing activity of sarcoplasmic fluid (pH 6.5). 
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Figure 39. Texture (J3rmness) Nlmm 

ReIationship between texture (firmness) of silver hake muscle tissue and denatured 
hemoglobin hydrolysing activity of sarcoplasmic fluid (pH 4.5). 



values that could be seen repeatedly from one texture profle analysis to the next. Of the 5 

points measured the maximum Ioad and firmness measured the softening texture of the silver 

hake best. Because of the size of the fish, a pooled sample was used for analysis. Therefiore any 

variation within each test penod reflects both test variation and the pooled sample variation 

selected for each tirne of storage. Figure 35 shows that during iced storage, the muscle 

tissue became softer and after 4 days of iced storage, developed a "pudding-ke" texture. 

Using the Tukey multiple cornparison test, it was shown that there was a signincant 

ciifference (p<0.5) between profiles taken fiom days 0,2 and 4. This was tme for both the 

maximum force and the firmness curves. The relatively short tirne that was needed for the 

fish to soften would also help show that the softening of the fish is most likely an autolytic 

process rather than a bacterid spoilage process. 

Ando et al. (1991) showed that using a puncture test to evaluate the h e s s  of muscle 

tissue during iced storage has good correlation with that of sensory examination. Although that 

study was used to show a relationship between the softness of sashimi (a raw fish meat dish) 

and the perceived mouth-feei, the study aiso showed that using the breaking strength of muscle 

tissue is a vaiid way to measure tissue softening. 

The Oceans Ltd. texture analyzer was tested to test the feasibility of using this 

instrument to measure the softness of the tissue. Because the fish flets were not thick enough 

(1-1.5 cm) for the analyzer to test properly and the angie of the probe on the flesh of the fish 

was not even, an accurate measurement could not be taken, therefore the results fkom this were 

not considered to be usefiil. 

5.3.1 Texture and Enzyme Activity 

For each of the enzymes assayed, the muscle texture (both firmness and maximum 

load) was analyzed dong with the specific activities for totd, apparent calpain, cathepsin 

B, D and L. It is dificult to establish a "cause and effect" relationship for such a limited 

set of data. However, Figure 36 shows the results for hemoglobin hydrolyzing activity 

versus the texture (firmness) and it can be seen that there was a negative relationship. 
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Figure 40. 
Relationship between texture (firrnness) of silver hake muscle tissue and 2-Phe-Arg-NMec 
hydrolysing activity of sarcoplasmic fluid (pH 6.3). 
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Figure 41. Texture (Maximum Load) N 

Relationship between texture (Maximum Load) of silver hake muscle tissue and 
hernoglobin hydrolysing activity of sarcoplasmic fluid (pH 6.3). 
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Figure 42. 
Relationship between texture (maximum force) of silver hake muscle tissue and casein 
hydroly sing activity of sarcoplasmic fluid @H-7.0). 

Figure 43. Texture (Maximum Force) N 

Relationship between texture (maximum force) of silver hake muscle tissue and 
2-Arg-Arg-NMec hydrolysing activity of sarcoplasmic fluid (pH 6.5). 



That is, softening generally corresponded to higher specific sarcoplasmic proteolytio 

activities. This would indicate that as the hemoglobin hydrolyzing activity increased, the 

texture of the muscle tissue became less firm. The same can be seen in Figure 37 with 

regard to the casein hydrolyzing activity. It would appear that there is a negative 

relationship between casein hydrolysing activity and texture. Figure 38 shows the 

relationship between the Z-Arg-Arg-NMec hydrolysing activity and texture. This 

relationship appears similar to that of the apparent total activity. The denatured 

hemoglobin hydrolysing activity, as seen in Figure 39, showed a negative relationship with 

the firrnness of the muscle tissue. Of al1 the assays, only the 2-Phe-Arg-NMec (Figure 40) 

activity showed no negative relationship between sarcoplasmic enzyme activity and 

texture. This may indicate that the apparent cathepsin L activity has little effect on the 

muscle finnness in silver hake. 

The results for denatured hemoglobin hydrolyzing activity (Figure 41) versus the 

texture (maximum load) show that there was a negative relationship, but would appear to 

be more pronounced at the onset of the storage time. The relationship between the 

apparent calpain and maximum load shown in Figure 42 is also negative, again indicating 

that as the activity increases, the muscle tissue becomes softer. Figure 43 shows the 

relationship between the Z-Arg-ArgNMec hydrolysing activity and the maximum load. It 

would also appear that as the activity of Z-Arg-ArgNMec increases, the muscle tissue 

becomes softer. The denatured hemoglobin hydrolysing activity relationship with 

maximum load (Figure 44) appears to be a negative relationship. Again, the only assay 

that had no negative correlation was the relationship between maximum Ioad (Figure 45) 

and the hydrolysing activity of 2-Phe-Arg-NMec, It should be noted that no error bars are 

present and an ANOVA was not performed on any of the texture versus enzyme 

hydrolysing activity because two dependent variables are being compared and the Iimited 

data available. 
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Figure 44. 
Relationship between texture (maximum force) of silver hake muscle tissue and denatured 
hemoglobin hydroly sing activity of sarcoplasmic fluid (pH 4.5). 

Figure 45. Texture (Maximum Force) N 
Relationship between texture (maximum force) of  silver hake muscIe tissue and 
2-Phe-Arg-NMec hydrolysing activity of sarcoplasmic fluid (pH 6.0). 



5.5 Muscle Muid Extraction 

Sarcoplasmic fluid was extracteci by high speed centrifùgation of muscle tissue. For the 

extraction of tissue with the shortest post mortem age, the supernatant fluid was cloudy. As 

storage t h e  on ice increased, the supernatant fluid b e r n e  clearer. The amount of extractable 

muscle fluid aiso increased (Figure 46) with the most significant difFerences (p<0.05) between 

days 1 and 4. Some explanations could be that proteolysis of proteins made them soluble, 

therefore reducing the arnount of turbidity or the loss of water holding capacity as the muscle 

tissue aged during iced storage. 

5.4 Protein Determination 

The average concentration of protein in the sarcoplasmic fluid was 34.3 (k1.5) mg/rnlL. 

For the test trials fiom day 0-5, there was no significant difference (~4 .875)  between tirne on 

ice and concentration of protein in the sarcoplasmic fluid (refer to Figure 47). The protein 

analysis was essential for the calculation of the specific activity of the enzyme assays. If the 

proteolysis of the proteins made them soluble as seen in Section 5.4, this could explain the 

variance (between sample days) in the protein concentrations calculated. Comparing the 

protein contents taken fiom the fluid each day with the total protein content of the muscle 

tissue could test this. 

5.6 Microbiologicai Examination 

The initial bacterial load of the silver hake was determineci. Total psychrophilic 

bacterid count on the fkesh fish 24 hours PM was 1.13~ 1 o2 cfù (colony fomiing unitsyg and 

increased to 2 .45~10~ cwg after 4 days of iced storage. The mesophylic count on âesh fish 

was 7 cWg and sulphur producing bacteria counts were <1 cWg. The psychrotrophic bacteria 

(having peak growth at lower temperatures, 10°C - 20°C) were gram negative bacteria, 

probably Pseuhmonas, Aeromonas and marine Vibrios. Photobacterium phoqhoreum was 

also tentatively identified. This bacterial load would be normal for fish 24 hours post mortem 

(Dalgaard et al., 1993; Magnusson and Martinsdottir, 1995; Ashie et al. 1996). The numbers 



Day 
Figure 46. 

Fluid extracted from silver hake muscle tissue after centrifugation at 100,000~ g for 
30 minutes (p = 0.000). Error bars indicate * 1 standard deviation unit (n=4). 

Figure 47. 

Protein concentration of the fluid extracted from silver hake tissue extract (p = 0.875). 

Error bars indicate i: 1 standard deviation unit (n=6). 



of bacteria present even on day 4 would not be considered high enough to cause spoiiage or 

putrefacton (Huss, 1995). Bactena would also not likely be able to penetrate the s h  fàst 

enough to be the causative agent for the softening observed. These numbers would be 

expected as the nomial bacterial load, so it was therefore assumeci that the bacteria most iikely 

had minimal e f f i  on the texture of the fish. 

5.7 Parasitic Examination 

One type of parasite that has been associated with the sofl flesh of salmon is Kurloa 

thysites (Roth, 1994). Although the relationship between the parasite and the host is 

unknown, it is known that the parasite infects the fish and causes little or no damage (Roth, 

1994). When the dsh is kilied, proteolytic enzymes begin to digest the muscle tissue and the 

source of the e q m e s  is unknown (Roth, 1994). Parasitic infection of salmon by 

myxosporidean, a parasitic infection of pacific whiting revealed similar results (Biiinski et al., 

1984; Seymour et al., 1994). As with the Kudoa parasite, there is a relationship between the 

parasite and the soflenhg of the muscle tissue, but the source of the enzymes is stili unknown. 

Visual inspection of fish filets revealed no cysts (which on Smokeye s h o n  are 

generally 3-10 mm in size) nor noticeable parasitic infiion. Phase contrast rnicroscopy of 

homogenized muscle tissue also indicated that there was no parasitic infection. This does not 

contradict previous studies that also show that there is Iittle problem with parasitic infection of 

silver hake (Mïnistry of Supply and Services, 1983). This would also indicate that parasites 

probably have little infiuence on the soflening of silver hake muscle tissue. Seymour et al. 

(1994) found that there was a correlation between the parasitic load and the presence of 

cathepsins associated with a texturd change. Histoncally, there have been no parasites 

associated with siiver hake and no visible traces of parasites were seen (Ministry of Supply and 

Services, 1983). It is therefore reasonable to assume that parasites had no ifluence on the 

sofiening ofthe silver hake muscle tissue. 



5.8 CeiiuIar Structure 

5.8.1 Phase Contrast Microscopy 

The silver hake myofibril strands, 24 hours part mortem, were long and connecteci 

(refer to Figure 48). As tirne in iced storage increased there was an increase in the 

hgmentation of the myofibrils and a decrease in length of the myofibrils (refer to Figure 49). 

This would agree with observations seen on the myofibrillar hgmentation of coâ, plaice and 

yellowtail muscle tissue (TolQwa and Matsumiya, 1969). These same authors observed that 

there was a relationship between the myofibriiiar fiagmentation and the texture of the fish 

muscle tissue. As the myofibril fiagmentation increased, there was a soflening of the muscle 

tissue (Tokiwa and Matsumiya, 1969). 

There was an obvious dEerence in the structure of the muscle fibres between 

myofibds 24 hours post morten2 and fish stored on ice for 6 days. The typical striated 

appearance of the muscle tissue was reduced on both the filieted fish and the iced fish. Figure 

49 illustrates the myofibrillar degradation &er 6 days of iced storage. There was a 

disappearance of the Spica1 striated appearance of the A-band. This could lead one to beiieve 

that contractile proteins of the muscle tissue were being degraded. 

Tokiwa and Matsumiya (1969) observed that it was the A-Band deteriorating which 

would make the muscle tissue more susceptible to mechanicai breakage. It was aiso speculated 

that because of the optimal pH of the protease in question and of the hydrolysed proteins, the 

enzymes most likely responsible for this fiagmentation were cathepsins (Tokiwa and 

Matsumiya, 1969). The structural definition of the A-Band decreased with time on ice, 

suggesting degradation of the contractile proteins (refer to Figure 49). Tokiwa and 

Matsumiya (1969) also observed that the 2-line deteriorates during iced storage, which 

would make the muscle tissue more susceptible to mechanical breakage. 



Figure 48 
Silver hake myofibrils (24 hourspost mortem) viewed using a phase contrast microscope under 
oil immersion (Bar = 10pm). 



Figure 49 
Silver hake myofibriis after 6 days of iced storage viewed usiing a phase contrast microscope 
under oil immersion var  = 10p) .  



5.8.2 Scanning Electron Microscopy 

M e r  looking at the muscle fibres using a iight microscope and seeing the degradaiion 

thaî o ~ ~ ~ e d ,  a scanning electron microscope was used to see the muscle on a much d e r  

scale. Again it was seen that the muscle tissue was autolysed and there was signifïcant 

structural damage to the muscle contractile proteins. Not only was there a reduction in the 

coüagen sheath, as seen by Brernner and Hdet  (1985) but there was also a reduction in the 

proteinaceous network seen in muscle myofibrils. The degradation in the coiiagen sheath 

surrounding the myofibril could possibly explain the mechanical breakage occurring during 

kgmentaiion of tissue samples. However, the dissolution of the contractile proteins is 

rerniniscent of protease action on the myofibrils. 

Figure 50a shows a longitudinal section of a myofibril fiorn silver hake muscle 

tissue 24 hours post mortem. It can be seen that the myofibrillar protein network that was 

broken down in the silver hake after 6 days of iced storage (Figure 50b). Figure 51a 

shows a transverse view of a myofibril24 hours post moriem. Again the inter-connections 

present in fiesh muscle tissue deteriorated during iced storage (Figure 51b). Not only was 

there a reduction in the proteinaceous network seen in myofibds but also in the collagen 

sheath surrounding the fibre. Bremner and Hallet (1985) also reported the degradation of 

collagen in fish muscle during storage. The reduction in the collagen sheath surrounding 

the fibre could explain the mechanical breakage occurring dunng fragmentation of tissue 

samples. 

5.9 Seasonal Considerations 

Some of the variables that shou1d be considered were that over the duration of the 

experiment, the water temperature on the Scotia shelf increased. It should also be noted that 

the temperature of the water was lower than normal for that t h e  of year. The trawling speeâ 

and duration for each nin was unhown. Fish were always stored on ice, in an insulated 

container, although on the last voyage, the fish were stored in larger fish boxes (this was 

necessary because of another experiment that was being conducted in unison with this one). 



Figure 50 
Silver hake myofibrils (longitudinal section) viewed using a scanning electron microscope 
myofibrils 24 hourspost mortem B.) myofibrils stored on ice for 6 days (Bar = 1 .Op) .  

Figure 51 
Silver hake myofibnls (transverse section) viewed using a scanning electron microscope 
myofibrils 24 hourspost mortenz B.) myofibds stored on ice for 6 days (Bar = 1 . 0 ~ ) .  



6. CONCLUSIONS 

Cathepsin B, D and calpain(s) are capable of hydrolysis under physiological 

conditions. The enzymes tentatively identified in silver hake had specinc activities, which 

increased as tirne on iced storage, increased. The inhibition studies showed that one 

enzyme was most likely a cysteine protease, and not a trypsin-like protease or a carboxyl 

protease. Another enzyme was more typically like cathepsin B, cleaving the artincial 

substrate, 2-kg-Arg-NMec and was inhibited by E64, leupeptin, antipain and iodoacetic 

acid. The texture degradation of the muscle tissue progressed to an unacceptable level 

f i e r  four days of iced storage. This was evident both visually and upon examination of the 

textural data. The microstnicture and ultrastructure of the muscle tissue showed 

degradation of the contractile proteins of the myofibril. The relationship between the 

texture softening and the activities of the two substrates indicate that the three most Iikely 

enzymes causing the softening of the silver hake muscle tissue were calpain cathepsins B 

and D. 

7- RECOMMENDATIONS FOR FU'IZTRE WORK 

This study provides a base fiom which fiiture work can be completed on seasonai 

variation of muscle softening and the effect of other variables such as feed and size of fish. The 

tentative characterization of the enzymes present was completed but the isolation of the 

enzymes may firther ver@ that these enzymes are the causative agents involved with the 

softening of the muscle tissue. The use of food grade inhibitors on the quality of silver hake fish 

mince was not investigated and would be a worthwhile venture. Food grade inhibitors that may 

also be tested on whole fillets to see if there is any slowing of the autolytic process include 

bovine plasma powder, potato powder, whey protein isolate, and egg white proteins (An et al., 

1994A; Akazawa et al., 1993). 

Future work may investigate the effect of fiozen storage on the activity levels of the 

enzymes assayed. The effects of tirne on iced storage and the ratio of total enzyme in muscle 

tissue and enzymes present in the sarcoplasm are other possible areas of investigation. 
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