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ABSTRACT 

The effects on tilapia and catfish fillets of 

freezing and of frozen storage for up to 24 weeks at three 
0 

temperatures, -14.0 c, 
0 0 

-25.6 c, and -85.0 C was studied. 

Sensory evaluation indicated that tilapia becomes firmer 

immediately upon freezing and remains firm during storage 

at all three storage temperatures studied whereas catfish 

becomes significantly firmer only after 12 weeks of 
0 

storage at -14.0 C. This increase in firmness during 

frozen storage could not be related to extractability of 

either sarcoplasmic and myofibrillar proteins or to muscle 

pH measurements taken during the study. However, pH may 

be involved in the differences in firmness observed 

between the two species. Polyacrylamide gel 

electrophoresis of myofibrillar protein extracts failed to 

reveal marked changes in the myofibrillar proteins during 

frozen storage. Electron micrographs suggested that 

appearance of postrigor fish muscle was variable and di 

not reveal structural changes that could be related to 

sensory changes in muscle firmness. 

xi 



CHAPTER 1 

INTRODUCTION 

Freezing has been used as a long-term preservation 

technique for fish for centuries (hansen, 1979). In 

addition to extending shelf life, freezing has been used 

to maintain quality of fish during transport from harvest 

to processor to retailer and to minimize seasonality of 

supplies in the marketplace (Taylor, 1930). 

Fish muscle has a tendency to deteriorate with 

frozen storage, especially at storage temperatures above -
0 

15 C (Love, 1966a; Gill et al., 1979). Texture is 

especially affected with frozen fish being perceived by 

sensory panels as tougher, drier, and more fibrous than 

fresh fish (Love, 1966b). This increased toughness has 

been tied to denaturation of myofibrillar proteins 

(Sikorski et al., 1976), which make up 66 to 77% of the 

total proteins in fish muscle (Wheaton and Lawson, 1985). 

In a study of consumer preference of various fresh and 

frozen fish products, Wesson et al. (1979) indicated that 

texture is an important criteria when evaluating quality, 

especially when the products exhibited moderate to low 

levels of fishy flavors. 

To help meet the nutritional needs of low-income 

populations, more efficient methods of mass-producing 

1 



quality protein is essential. Emphasis in 

techniques has shifted to meet this demand. 

2 

aquaculture 

In addition 

to raising relatively high-priced "luxury" species, such 

as trout and shrimp, farmers are searching for species of 

fish that can be mass-produced and that can adapt to 

efficient polyculture systems (Wheaton and Lawson, 1985). 

A species new to the fish farming industry in the 

u.s. is tilapia, a tropical, freshwater cichlid, imported 

originally from East Africa. Tilapia adapt extremely well 

to commercial rearing environments, and efficient 

production of protein can be achieved (Mires, 1983). 

Ponds supplemented with animal manures and agriculture by

products yield 6000 to 8000 kg of live tilapia/ha (Lovell 

et al., 1978). This species has also been used 

successfully in polyculture systems with carp and catfish 

(Brown and Gratzek, 1980). 

In a statement of the research and development 

needs for fish and fish products, J.J. Connell, assistant 

director of the Torry Research Station in Aberdeen, 

Scotland, has stressed that study of the causes of quality 

deteriorations in fish and of methods for controlling 

these deteriorations is one of the important needs in 

future research and development of fish and fish products 

(Connell and Shewan, 1980). Although much is known about 

the techniques involved in the commercial rearing of 

tilapia, little is known about its performance as a 
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potential product in u.s. markets. 

This study, therefore, was designed to observe 

some of the changes that might occur during frozen storage 

of tilapia muscle and to compare these changes with those 

that occur in catfish, a cultured fish species already 

established in u.s. markets. Sensory evaluation was 

included to detect any changes in textural perceptions of 

the fish fillets as determined by a semi-trained panel of 

judges, and chemical assays of protein solubilities at 

different ionic strengths, pH, and yields of rnyofibrillar 

proteins were included to learn whether textural changes 

could be related to changes in certain properties of 

proteins. Studies at the molecular level included sodium 

dodecyl sulfate-polyacrylamide gel electrophoresis and 

electron microscopy. 



CHAPTER 2 

LITERATURE REVIEW 

Fish Consumption 

Demand for the fish and fish products has risen in 

recent years possibly, in part, because of increased 

consumer concern about health and dietary issues. U.S. per 

capita consumption of fresh and frozen fish products was a 

record 9 lbs/person in 1985 (US Department of Commerce, 

1986). 

Recent findings that consumption of fish oils may 

reduce risk of heart disease led Kromhout et ~· (1985) to 

recommend one or two meals of fish per week as a 

preventative measure against heart attacks and related 

cardiovascular diseases. The effect of fish oils is 

thought to be due to their high content of omega-3 fatty 

acids. Placing patients with hyperlipidemia on a diet 

containing fish oils lowered plasma lipid levels 

(Phillipson et al., 1985). The increased variety of fish 

and fish products, including minced fish and surimi, now 

on the market has also contributed to the increased demand 

for fish products (Babbitt, 1986). In addition to their 

potential health benefits, fish and fish products are an 

important protein staple in many parts of the world, have 

4 
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the potential for alleviating hunger problems n protein

deficient areas, and can add variety to diets in 

developing countries (Howgate, 1977). 

Aquaculture 

Aquaculture can be used to increase fish 

production because it provides for better control of end 

product quality and higher yields through selective 

breeding and nutritional programs. In addition, 

aquaculture has been an economic boost in certain 

depressed agricultural areas (Drews, 1961; Wheaton and 

Lawson, 1985). Production of catfish, a major cultured 

fish in the United States, increased from 18,416 metric 

tons in 1979 to 45,086 metric tons in just 3 years 

(Wheaton and Lawson, 1986). The increased seafood 

consumption in the United States has contributed to this 

large growth in the catfish industry during the 1970s 

(Anonymous, 1981; Anonymous, 1982). Recently, a new fish 

species, tilapia, was introduced into the U.S. for 

possible use in aquaculture (Griffin, 1986). 

Tilapia as ~ Food Source 

Tilapia is a genus of tropical, freshwater fishes 

that originated from East Africa. Because they reproduce 

rapidly and grow well under a wide range of conditions, 

tilapia seem well suited to aquaculture. 

Using only plankton, insects, and debris as feed, 
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tilapia can reach market sizes of 1 to 1-1/2 pounds within 

a year (Lovell et al., 1978). Evidently, tilapia can use 

substances low on the food chain to a greater extent than 

other species, and this is responsible for their ability 

to grow rapid (Schroeder, 1983). 

Tilapia have been used in conjunction with fish 

farming to keep irrigation canals clear of algae and 

mosquito larvae, can be raised readily in most pond 

situations, even in brackish waters, and have been 

successfully grown in polyculture systems along with 

catfish and carp (Drews, 1961; Lovell et al., 1978). The 

main problems associated with tilapia culture are their 

extreme fecundity and lack of tolerance for water 

temperatures below 55 degrees Farenheit (Brown and 

Gratzek, 1980). In Israel, where tilapia have been farm

raised since the 1960s, tilapia accounted for 25\ of the 

total aquaculture yield in 1979 (Sarig and Arieli, 1979). 

In a study of the potential marketability of 

tilapia in the u.s., Crawford et al. (1978) found that 

sales of tilapia in east-central alabama steadily 

increased and market satiation was never reached. In 

follow-up telephone interviews, tilapia buyers were quite 

favorable in their comments concerning the product. 

Freezing Technology 

Low temperatures have been used for preservation 

by the fishing industry for · years, but it was not until 
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shortly after World War I that freezing was seriously 

studied as a method for preserving fish (Taylor, 1930). 

Spoilage of fish occurs in three ways: chemically 

enzymatically, and microbially (Wheaton and Lawson, 1985). 

Although freezing will not completely halt these spoilage 

processes, it will slow them enough to extend product life 

significantly, assuming that proper procedures are 

followed during the freezing and subsequent storage of the 

product (Olson, 1968; Love, 1966a). 

In addition to preservation, freezing fish helps 

stabilize supply fluctuations due to seasonality of 

harvests, assists in product distribution inland and 

worldwide, and allows exploitation of fishing grounds that 

are too far away from home ports for preservation by 

refrigeration (Taylor, 1930; Wheaton and Lawson, 1985). 

It has been noted for some time that fish muscle 

is less stable to processing than other meat (Suzuki, 

1981; Connell, 1960a). There is ample evidence in the 

fish industry that lower freezing temperatures should be 

used for fish than for other meats (Bramsnaes, 1969). In 

a study of the relative stabilities of different frozen 

food items, Shepherd (1960) found fish to be less stable 

than all other commodities tested, except frozen fried 

chicken. Using onset of flavor change as the criteria for 
0 

quality deterioration, relative stabilities at 0 F were 

about 26-27 months for raw chicken, 12 months for been, 9-
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10 months for pork, 3 months for lean fish, 2 months for 

fat fish, and about 2 months for frozen fried chicken. 

The reduced ability of fish muscle to withstand storage 

seems to be due, in part, to unique properties of fish 

muscle proteins in addition to the high polyunsaturated 

fatty acid content of fish muscle. Connell (1961) showed 

that the skeletal muscle myosins of several species of 

fish were all less stable to heat denaturation, increasing 

concentrations of urea, and rate of digestion by trypsin 

than those of ox, rabbit, or chicken even though the amino 

acid composition and some toher molecular parameters of 

cod and rabbit skeletal muscle were similar. 

Trout myosin aggregated sooner than rabbit myosin 

during freezing (Buttkus, 1970), and the myofibrillar 

proteins of 2 fish species, blue whiting and horse 

mackerel, were less soluble after frozen storage than 

those of chicken or pork (Jimenez-Colmenero and Borderias, 

1983). Because of these basic findings on fish muscle 

proteins, many studies have been conducted to determine 

what characteristics of fish muscle, in particular of the 

myofibrillar proteins, are involved in this stability. 

Texture Effects Due to Freezing 

Fish seems especially susceptible to certain 

processing procedures, including freezing (Howgate, 1977; 

Matsumoto, 1979). Changes in texture during frozen 
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storage can affect saleability of certain fish products 

due to development of unacceptable toughness in those 

products (Poulter and Lawrie, 1977). Textural changes 

that occur during frozen storage of fish include moisture 

loss upon thawing and increased toughness and dryness 

after cooking (Connell, 1968; Matsumoto, 1979). Frozen 

fillets take on a dessicated appearance, lose the typical 

fresh-fish flavor, and develop drier, tougher textural 

characteristics. Fattier species may also develop off

flavors and off-odors associated with rancidity (Seagran, 

1956; Wheaton and Lawson, 1985). Some factors affecting 

this deterioration in textural quality include the rate of 

freezing, storage temperature, length of storage, and 

certain biological features, such as the species of fish, 

condition at harvest, and subsequent handling (Connell, 

1968; Matsumoto, 1979). Taylor (1930) showed that haddock 

fillets began losing fluid upon thawing after 2 days of 

frozen storage and that the amount of this "thaw drip" 

lost upon thawing progressed with increasing time of 

frozen storage. In an experiment on cod fillets, Love 

(1955) demonstrated that the percent expressible fluid 

after thawing did not vary appreciably when the muscle was 

frozen at different rates. 

Muscle protein extractability decreases and 

texture of cooked products toughens when fish has been 

frozen and then thawed (Sikorski, 1980). Also, certain 
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functional properties of proteins, such as water holding 

capacity and emulsifying capacity, decrease (Suzuki, 

1981). In addition to these observations, some 

researchers have found increased free fatty acid content, 

pH changes and changes in the ultrastructural aspect of 

fish muscle that has been frozen (Love et al., 1974; 

Bilinski et al., 1980; Peters et ~., 1968; Licciardello 

et ~., 1982; Bello et al., 1982; Oguni et al., 1975). 

The remainder of this review will examine in more 

detail the changes in texture, as determined by sensory 

evaluation techniques, in protein solubility, in pH, in 

muscle ultrastructure, and in polyacrylamide 

electrophoretic patterns that occur during freezing and 

frozen storage of fish and fish products. 

Sensory Evaluation 

Early investigators noted that taste panels rated 

the texture of frozen-stored fish as tougher and drier 

than that of fresh fish (Reay and Kuchel, 1936; Love, 

1966b). 

In an organoleptic study of deterioration of fish 

during frozen storage, Dyer (1968) found that the major 

change involved in tasters' rejection of samples was 

objectionable texture, followed closely by tase. Because 

the texture of meat is one of the most important of those 

properties appreciated by the consumer in western 

civilizaitons (Harries et al., 1972), the increased 
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toughness of frozen fish muscle has significant economic 

importance. Moreover, since texture is a very important 

determinant of overall consumer panel quality ratins in 

fish samples of low to moderate flavor intensities, 

(Wesson et ~., 1979), poor texture can influence a 

consumer's perception of quality in certain fish products. 

Numerous investigators (Connell and Howgate, 

1969a; Crawford et al., 1979; Dyer and Morton, 1956; 

Licciardello et al., 1982) using sensory evaluation have 

shown that fish muscle texture toughens when the fish is 

frozen and that this toughening increases progressively 
0 

with increasing time of frozen storage at -12 C (Dyer and 
0 

Morton, 1956), -14 C (Connell and Howgate, 1969a), or -
0 

26 C (Crawford et al., 1979). These results were obtained 

with a group of untrained panelists evaluating cod and 

haddock fillets (Connell and Howgate, 1969a), and with 

trained panels evaluating cod (Connell and Howgate, 

1969a), cod and haddock (Crawford et ~., 1979), and red 

hake (Licciarde~lo, et ~., 1982). Even cod fillets that 

had been frozen and then thawed immediately were 

significantly firmer and drier than fresh controls 

(Connell and Howgate, 1969a). 

Although there have been many efforts to correlate 

taste panel ratings of texture and various chemical 

measurements, these studies have bailed to find any single 
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chemical measurement that accurately reflects sensory 

texture. Several investigators (Dyer, 1951; Luijpen, 

1957) found that protein solubility of cod fillets 
0 0 

decreased during frozen storage at -12 c, -232 c (Dyer, 
0 

1951) or -10 C (Luijpen, 1957) as organoleptic toughness 

increased. Love (1956), however, found not change in 

protein solubility during frozen storage of cod fillets at 
0 

-30 C, even though toughness increased during this period. 

Lujipen (1957) also found that protein solubility of cod 
0 

fillets did not change during frozen storage at -20 c or -
0 

30 c, although sensory toughness increased. Consequently, 

it seems that sensory toughness increases during frozen 
0 0 

storage at temperatures between -10 C and -30 c, but that 

muscle protein extractability does not change at frozen 
0 

storage temperatures of -20 C or below (Dyer and Fraser, 

1959; Love, 1956). This conclusion was supported by a 

recent study (Licciardello et al., 1982) showing a 

significant relationship between extractable protein 

nitrogen and organoleptic toughness at storage temperature 
0 0 

of -5 F (about -20 C) or above, but little or no 
0 

relationship at storage temperatures below -5 F. 

Protein Extractability Studies 

One of the most common tests used to follow 

protein changes during frozen storage is protein 

solubility. Many investigators in this field have 

attributed losses in protein solubility to protein 
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denaturation, but the nature of the changes responsible 

for loss of protein solubilities are still unclear. Dyer 

and Dingle (1961) defined denaturation as the process that 

results in a heated protein being less soluble or 

extractable in salt solutions than the native protein. 

This definition differs from the one used by most protein 

chemists in which denaturation is described as the loss of 

the native conformation of the protein molecule. Finn 

(1934) defined denatured protein as the amount of 
coagulated protein in fluid expressed from fish muscle 

and found a significant, inverse relationship between 

amount of denature protein and length of storage, and a 

significant, direct relationship between amount of 

denature protein and storage temperature. Reay (1933) was 

one of the first researchers to show that the loss of 

extractability involved mainly the salt-soluble or 

globulin protein fraction fraction of muscle tissue. 

Although cod muscle was 85\ to 97\ soluble in dilute 

chloride solutions, this solubility declined with 

increasing storage time and temperature (Reay, 1933; Reay 

and Kuchel, 1936). Later, this loss of solubility ·was 

attributed to the actomyosin fraction (Dyer et al., 1950). 

Since these early investigations, numerous workers 

have shown that muscle protein extractability decreases 
0 

during frozen storage of fish at temperatures near -20 c 

or above (Luijpen, 1957; Love and Ironside, 1958; Love, 
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1962a). A series of experiments in which actin and myosin 

were isolated separately from frozen-stored cod fillets 

showed that actin extractability did not decline for the 
0 

first 30 weeks of frozen storage at -14 c, but that myosin 

and actomyosin extractabilities both decreased from about 

98% extractable in 5% neutral soldium chloride solutions, 

to 12% and 34%, respectively, within 15 weeks (Connell, 

1960b; 1962). Dyer (1968) recommended actomyosin 

solubility as a criteria for measuring freeze denaturation 

in fish, instead of total extractable protein, because the 

latter measurement includes the albumin fraction which is 

less sensitive to frozen storage. 

There have been many studies on the relationships 

between extractability of various protein fractions and 

storage time and storage temperature using many different 

species of fish. In general, these studies have confirmed 

the hypothesis that fish muscle protein solubility 
0 

decreases during frozen storage at -20 c or above, whether 

extractable protein nitrogen of red hake fillets 

(Licciardello et ~, 1982), actomyosin solubility of 
0 

plaice fillets stored at -12 c (Dyer and Morton, 1956), 
0 

salt-soluble nitrogen of ribbon fish blocks at -16 c 

(Badonia and Devadasan, 1980), dispersability in 0.6 H 
0 

NaCl of rockfish fillets stored at -10 C (Chan et ~., 

1985), solubility in 5% neutral NaCl of minced blue 

whiting and horse rnackeral samples stored up to 8 months 
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0 

at -20 c (Jimenez-Colmenero and Borderias, 1983), or salt
o 

soluble nitrogen of sole fillets stored at -18 C (Agarwal, 

1984) are measured. Tilapia muscle also seems to exhibit 

this same decrease in protein solubility during frozen 

storage since total extractable protein from tilapia 
0 

decreased during frozen storage at -2 C in the single 

study done thus far on this species (Khairy et al., 1975). 

Love and Olley (1965) studied actomyosin 

solubilities of 7 species of fish and found a decline from 

about 78-95\ soluble to 27-56\ during frozen storage in 

all species. Jiang and Lee (1985) also found that protein 

solubility in 0.6 H KCl and total extractable actomyosin 

of muscle from 4 different species, mackerel, amberfish, 

carp, and mullet decreased during storage. Freezing, 

followed by immediate thawing, reduces protein solubility 

of cod fillets in 5\ neutral NaCl from 96\ to 87\, and the 

rate of freezing had not effect on solubility when fillets 

were thawed immediately (Love and Ironside, 19 58) . 

However, rate of freezing seems to have some effect on 

subsequent protein solubility of fish muscle. Alaskan 

pollack and sea bass frozen rapidly by immersion in liquid 
0 

nitrogen at -195 C had the same solubility in 0.6 M KCl as 

unfrozen controls and this solubility did not change 
0 

during subsequent frozen storage at -20 C for 3 weeks 

(Suzuki et al., 1965). Solubility of cod muscle after 

freezing decreased with decreasing freezing rate (Love, 
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1956), with the greatest loss of solubility occurring when 
0 

60 to 80 min were required to cool fillets from 0 to -5 c. 

Love (1956) suggested that this loss of solubility was due 

to part to formation of large intracellular lee crystals 

during slow freezing, resulting in protein denaturation in 

areas of concentrated salt as freezing progressed. 

QR Effects 

The pH of post-rigor fish muscle (generally 6.2 to 

7.0) is higher than that of other meat (usually 5.4 to 

5.8) (Kelly et al., 1966). Moreover, pH of fish muscle 

seems to increase during frozen storage. For example, pH 
0 0 

of cod and haddock samples stored at -10 c and -18 C (Van 

den Berg, 1961) and of red hake fillets stored at various 

temperatures (Llcclardello et ~., 1982) decreased 

initially and then returned to near their original values 

after 2 to 3 months of frozen storage. The reason for 

this increase in pH is unclear. Van den Berg (1961) has 

suggested that differential precipitation of cations 

during freezing could cause changes in muscle pH. Initial 

precipitation of alkaline salts could cause a small 

decrease in pH with a subsequent precipitation of acidic 

salts causing the increase in pH. On the other hand, 

Poulter and Lawrie (1977) found slight but insignificant 

increases in muscle pH of whiting, cod, -lemon sole, and 
.o 

herring during frozen storage at -80 C for up to 7 months, 
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but found a dramatic increase in muscle pH of a skate 

species stored under the same conditions. They suggested 

that the increase in skate muscle pH during frozen storage 

was due to the formation of ammonia from the urea present 

in skate muscle. 

Most studies have found an inverse relationship 

between fish muscle pH and sensory toughness. Lower pH in 
0 

cod fillets stored for up to 82 months at -29 C (Cowie and 
0 

Little, 1966) or up to 12 months at -29 c (Kelly et ~., 

1966) was associated with increased toughness. Fillets 

from larger fish generally have lower pH values and are 

tougher than fillets from smaller fish (Love et ~., 

1974). Kelly (1969) has shown that pH values of 6.40 or 

less are associated with tougher textural scores in taste 

panel assessments of frozen-stored fish than higher pH 

values of greater than 6.70 and has recommended that fish 

of higher pH should be utilized in long-term cold storage. 

Very few studies correlate changes in pH with 

other changes associated with fish muscle proteins during 

frozen storage. Connell and Howgate (1968) found no 

correlation between pH and protein extractability with cod 

in a frozen storage study and Licciardello et al. (1982) 

stated that since the pH fluctuations never dropped below 

6.70, the changes in pH were probably of little 

consequence in textural deteriorations observed in their 

study. 
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Ultrastructural Studies 

Electron microscopy has been used to attempt to 

learn the basics of the textural changes observed in 

frozen-stored fish muscle. In general, these electron 

microscope studies have suggested that filament diameters 

and interfilament spacings decrease during prolonged 

frozen storage (Tanaka, 1965; Jarenback and Liljemark, 

19 7 Sa) . These changes probably result from extrusion of 

water from the muscle cell during freezing. Howgate 

(1979) observed a compression of fibrils closest to ice 

crystal formations and a degeneration of the sarcoplasmic 

reticulum between the myofibrils. This degeneration was 

greatest in samples stored at higher freezing temperatures 

or for longer periods. Howgate (1979) also noted that 

differences in fixation and preparative techniques and 

difficulties in measurement have caused a large 

variability in measurements of filament diameters and 

inter filament spacings. These difficulties have 

contributed to conflicting findings in this area. For 

example, Connell and Howgate (1969c) and Liljemark (1969) 

found no difference in interfilament spacings between 

tough, frozen-stored and fresh, postrigor cod muscle, 

whereas Jarenback and Liljemark (1975a) and Howgate (1979) 

found that interfilament spacing was less in frozen-stored 

than in fresh, postrigor muscle. Tanaka (1965) also found 

that filament diameters and inter filament spacings 



19 

decreased during frozen-storage of pollack but not yellow 

tail muscle. 

Freeze-etching techniques have indicated that the 

hexagonal array of thick filaments observed in cross-

sections of cod muscle is disordered and that the number 

of volume of sarcoplasmic vesicles in the same muscle is 
0 

decreased after 3 years of storage at -20 C (Jarenback and 

Liljemark, 1975b). No differences were observed in this 
0 

study between frozen samples held for only 4 days at -20 C 

and fresh, unfrozen samples. The number of cross-bridges 

between thick and thin filaments did not change after 

freezing (Jarenback and Liljemark, 1975b). 

Some of the differences in ultrastructure of 

fresh, postrigor and frozen-stored fish muscle may be due 

to rate of freezing. Ultrastructure of fast-frozen 

goldfish tissue (frozen by immersion for 30 seconds in a 

Freon 12 bath that had been pre-cooled with liquid 

nitrogen) differed from unfrozen controls in that there 

were free spaces of holes present within the myofibers of 

the frozen samples, and the arrangements of myofilaments, 

particularly at the A bands, where thick filaments are 

located, was disrupted. Other damage suggested formation 

of many small lee crystals around the muscle fiber, inter-

filament spaces, and in the sarcoplasm during fast-

freezing, including a change in shape of sarcoplasmic 

reticulum to oval or circular, disruption of nuclear 
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membranes and disappearance of T tubules. Freezing at a 
0 

slow rate (-10 C) caused greated distortions in normal 

filament patterns and larger and more irregularly-shaped 

holes, suggesting the formation of larger lee crystals, 

than freezing at a fast rate. The myofibrils closest to 

these large free spaces appeared compressed and 

dehydrated. Although myofibrils maintained typical 

banding patterns, the separation between them increased 

upon freezing. The sarcolemma was broken and degenerated. 

The greater density of the myofibrils found here was again 

attributed to formation of large lee crystals, pushing 

them together. 

Based on their observations, Kozlma and Yamada 

(1977) suggested that ultrastructural changes in frozen 

fish muscle occurred after the chemical changes (drop in 

extractable actomyosin, drop in intrinsic viscosity) in 
0 

carp frozen and stored at -20 and -40 c. Frozen carp 

muscle also had large spaces between individual muscle 

fibers after 4 weeks of storage, and gradually increasing 

"supercontraction" and "super stretching" of myofibrlls up 

to 16 weeks. Storage time had a greater effect on 

ultrastructure than did freezing only. Changes occurred 
0 0 

at a slower rate for carp frozen at -40 C than at -20 c. 

In a second study, Jarenback and Liljemark (1975b) 

examined extracts of myofibrillar proteins prepared from 
0 

cod frozen at -10, -20, and -30 C under the electron 
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microscope. The number of free actomyosin filaments 

decreased and the number of large aggregates increased as 

storage time proceeded. These changes occurred at a 

faster rate in extractions prepared from fish held at 
0 0 0 

-10 C than at -20 c. Samples held at -30 C were not 

different from unfrozen controls. 

Electron micrographs of 0.6 M KCl actomyosin 

extracts of frozen carp (Oguni et al., 1975) showed that 

increases in side-to-side and crosswise aggregation of 
0 

filaments began as soon as muscle was frozen at -20 c. 

These aggregates increased in size, forming network 

masses, as storage continued. The authors proposed a 

scheme of progressive aggregation in which actomyosin 

filaments first entangle and form side-to-side and 

crosswise aggregates that subsequently assemble into 

network masses of increasing size and mass with increasing 

storage time. 

Sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis (SDS-PAGE) has been used much more 

extensively to characterize different species of fish than 

to attempt to determine the relationship between changes 

in the electrophoretic profile of fish muscle and changes 

occurring during the frozen storage of fish. Basiao and 

Taniguchi (1984) have used a horizontal starch gel 
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electrophoresis technique to characterize protein 

polymorphisms among different tilapia stocks in Japan. 

Rowlerson et ~· (1985) has used two-dimensional gel 

electrophoresis to show that, although fish myosins are 

generally similar to mammalian myosins in that both 

contain 3 "fast" light chains in the white muscle and 2 

"slow" light chains in the red muscle, the fast light 

chain 3 migrated at widely different rates in myosins from 

different species of fish. In a similar study, Huriaux 

and Focant (1985) also found greater variability among 9 

fish species in rate of myosins light chain 

electrophoretic mobility and a consistently higher ratio 

of LC3 and LC1 in all fish myosins when compared with 

myosin from chicken, pig, and rabbit. Again, however, the 

fish LC3:LC1 ratio varied among different species. The 

authors suggested that this large dissimilarity among fish 

myosins may be due in part to the extended era of 

evolution of fish as compared to mammals and to the more 

numerous species of fish available. 

The available evidence indicates that the 

electrophoretic mobilities of the 3 myosin LCs could be 

used for identification of fish species (Seki, 1976). For 

example, tilapia has 3 light chains with molecular weights 
4 4 4 . 

of approximately 2.5 X 10 , 1.7 X 10 , and 1.4 X 10 kDa. 

Later, Seki and Hasegawa (1978) reported that there was 

very little variation in electrophoretic patterns of 
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troponin preparations from 6 species of fish, including 

Tilapia nilotica. Hence, troponin would not seem to be 

useful in identifying species of fish muscle in fish 

products. 

Gill et al. (1979) discovered that hake in SDS
o 

polyacrylamide gels of myofibrils stored at -5 and -17 C 

for 35 days at 32 kDa, 27 kDa, 20 kDa, 17 kDa and 15 kDa, 

protein bands gradually decreased, whereas bans at higher 

molecular weights gradually increased. SDS-polyacrylamide 

gels of haddock myofibrils, however, did not change 

significantly during storage. This was attributed to 

reaction of formaldehyde with proteins in the hake, which 

contains trimethylamine oxide that is broken down to 

dimethylamine and formaldehyde. Haddock does not contain 

trimethylamine oxide. 

Yowell and Flurkey (1986) detected no differences 

in electrophoretic patterns of fresh, fast-frozen, and 

slow-frozen cod fish fillets in soluble protein fractions 

extracted with 0.01 M phosphate buffer at pH 7.0, or in 

the remaining insoluble fractions. Consequently, rate of 

freezing seems to have little or no effect on SDS-

polyacrylamide gel patterns of fish. Jiang and Lee 

(1985), however, found that the patterns of protein 

changes as shown by SDS-polyacrylamide gel electrophoresis 

differed among mackeral, amberfish, carp, and mullet. In 
0 

general, after 12 weeks of frozen storage at 20 C all 3 
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myosin light chains disappeared, the percentage of myosin 

heavy chains decreased in all species and the percentage 

of actin decreased in all species except carp with a 

concomitant appearance of a band at about 50-80 kDa and a 

band at the tope of the gels. These results indicated 

that aggregation products may be formed during frozen 

storage and that myosin light and heavy chains may be 

involved in this aggregation. 

Mechanisms of Denaturation 

Much work has been done in an attempt to elucidate 

the mechanism of freeze denaturation of contractile 

proteins. Most researchers conclude that some sort of 

aggregation processes occur, but no definite agreement has 

been reached as to the exact mechanism. 

One theory suggests that side-to~side aggregates 

of myofibrillar proteins form during frozen storage via 

intermolecular linkages. The bonds invovled could 

include hydrogen, ionic, and hydrophobic forces as well as 

different types of covalent bonds, such as disulfide 

bridges, amide bonds, and intercarbon bonds formed from 

hydroperoxides resulting from oxidation of lipids 

(Connell, 1965). 

Earlier, Connell (1959) had reported that 

components sedimenting faster than myosin in the 

analytical ultracentrifuge could be detected in solutions 
0 

of monodisperse myosin frozen at -78 F and stored at 
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various temperatures. These components were identified as 

side-to-side dimers and trimers of myosin. Optical 

rotation studies showed cod and rabbit could not be 

attributed to differences in molecular weight or shape 

(Connell, 1958). 

In a subsequent paper, Connell (1960a) proposed a 

mechanism for myosin aggregation based on kinetic studies 

on frozen cod myosin preparations. He stated that 

aggregation follows a 2-step process in which monomeric 

myosin first becomes slightly altered conformationally and 

then this altered molecule aggregates to form dimers, 

trimers, etc. Connell (1968) later suggested that this 

first alteration renders myosin incapable ofreacting with 

actin and that this altered myosin then combines with 

other myosin molecules, both "altered" and "unaltered", to 

form insoluble aggregates. 

Based on analytical ultracentrifugal studies of 

cod muscle extracted after different times of frozen 

storage, King (1966) proposed that F-actomyosin is 

converted rapidly into G-actomyosin which then dissociates 

into G-actin and myosin during frozen storage. The 

insoluble aggregates in extracts of frozen muscle included 

aggregates of myosin and polymerized G-actln. 

Other investigators have also proposed a 2-step 

scheme of myosin alteration and aggregation (Lowey and 

Holtzer, 1959; Ohnishi et al., 1978; Buttkus, 1970). 
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Lowey and Holtzer (1959) used lightscattering and 

analytical ultracentrifugation of aggregated rabbit 

skeletal muscle myosin and Buttkus (1970) used electron 

microscope examination of solutions of rabbit skeletal 

muscle myosin to show that these myosin molecules 

aggregated side-to-side. connell (1960a), however, felt 

that side-to-side aggregation cannot account for all the 

types of aggregation that occur in frozen cod myosin 

because intrinsic viscosity of the myosin did not change 

during storage. Tsuchiya et al. (1975) concluded from 

electron micrographs of actomyosin from frozen stored carp 

that side-to-side aggregation is important in early freeze 

denaturation but that actomyosin fragmented and clumped 

into larger, 

storage. 

more amorphous aggregates upon longer 

Several efforts have been made to understand the 

types of bonds contributing to formation of myosin 

aggregates during frozen -storage of fish muscle. connell 

(1960a) found no change in "easily-reactable" or total 

sulfhydryl groups between fresh and frozen-stored cod 

muscle. Other researchers have confirmed this finding 

(Lowey and Holtzer, 1959; Tsuchiya et al., 1975). 

Many reports, however, indicate slight to 

substantial changes in -SH groups during frozen storage. 

Mao and Sterling (1970) found that the number of free 

sulfhydryl groups declined slightly upon freezing and 
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subsequent storage. Khan et al. (1968) found that total 

and free sulfhydryl contents of chicken skeletal muscle 

myofibrils decreased from 0.59 and 0.25 umole/mg N, 

respectively, in fresh controls to 0.15 and 0.04, 

respectively in frozen-stored myofibrils. Addition of p-

hydroxymercuribenzoate, which blocks -SH groups, had 

little effect on subsequent protein solubility of water-

holding capacity during frozen storage, whereas addition 

of hydrogen peroxide, an oxidizing agent that converts -SH 

groups to disulfide groups, greatly reduced these protein 

functionalities. The authors concluded that formation of 

intermolecular and intramolecular disulfide bridges may be 

involved in the decrease of sulhydryl groups in frozen 

samples. 

Buttkus (1971) found that aggregates of rabbit and 

trout myosins could not be solubilized salt solutions, SM 

urea, or 6M guanadine-HCl but could be solublized in a 6M 

guanadine solution containing 0.5M mercaptoethanol. 

Because mercaptoethanol can disrupt disulfide bonds,the 

author concluded that intermolecular disulfide bonds 

particpated in the aggregation process. 

Because guanidine seemed required to solubilize 

myosin aggregates, Buttkus (1970) suggested that 

hydrophobic and hydrogen bonds were also involved in 

myosin aggregation. In a model system, developed by 
5 

Buttkus, fresh myosins contained 42-43 -SH groups/5 x 10 
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g of protein. The number of free myosin -SH groups 
5 

decreased by about 10 -SH groups/5 X 10 g upon freezing 
0 5 

at 0 c and reached a final value of 28 -SH groups/5 X 10 

g of protein after ten days of storage. The author 

proposed that first 10 -SH groups are initially lost 

through oxidation to form intramolecular disulfide bonds. 

This produces a myosin molecule that has an altered 

conformation and that is susceptible to further reactions 

involving intermolecular exchanges of of sulfhydryl and 

disulfide groups. The involvement of other types of bonds 

such as hydrogen and hydrophobic linkages, would result in 

gradual formation of polymers of myosin molecules during 

frozen storage. The second process of 

sulfhydryl/disulfide interchange occurs without a decrease 

in the total amount of free -SH groups, and this may 

explain why some laboratories found no overall changes in 

number of sulfhydryl groups during frozen storage. 

Buttkus's (1970) proposed mechanism is consistent 

with the 2-step scheme proposed by Connell (1960a) and 

Ohnishi et al. (1978) because there is first a fundamental 

alteration of the myosin molecule followed by further 

polymerization and aggregation reactions. In a similar 

model experiment, Ishiwata (1976), using actin isolated 

from rabbit muscle, found that F-actin aggregates upon 

freeze-thawing, and this aggregation is delayed by 

addition of . dithiothreito, a reducing agent that prevents 
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formation of disulfide bridges. Only one -SH group of 5 

in native F-actin was lost after freeze-thawing and the F-

actin resulting 

different from 

from freeze-thawing had 

that of unfrozen F-actin. 

a conformation 

This altered 

conformation allowed freeze-thawed actin to form dimers 

via intermolecular disulfide bonds. 

Some studies have indicated that secondary bonds 

are invovled in formation of aggregates during freezing 

and frozen storage. Electrostatic bonds were eliminated 

as possible contributors to the aggregation process when 

it was discovered that there were no differences in the 

amount of titratable acidic or basic groups between fresh 

and frozen-stored cod myofibrils nor did any_ changes in 

titratable groups occur upon freezing (Connell and 

Howgate, 1964). Connell (1965) suggested that noncovalent 

hydrogen and hydrophobic bonds may be important in 

aggregation because the subunit weights of fresh versus 

frozen stored cod myofibrillar proteins dissolved in SDS 

were the same. 

Mao and Sterling (1970) found that covalent bonds 

in addition to disulfide bonds were involved in myosin 

aggregation during frozen storage. Ester bond formation 

increased, aldehyde content increased slightly and Schiff 

base content increased in myosins after freezing and 

subsequent storage. 

Several reports have suggested that interactions 
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between the myofibrillar proteins and other constituents 

of the muscle cell may contribute to aggregation during 

frozen storage. Most of these reports suggest that 

various species of oxidized lipids may interact with the 

myofibrillar proteins during frozen storage of fish muscle 

and that these interactions may decrease protein 

solubility in these tissues, especially in the fattier 

speices of fish where such interactions may be abundant 

(Castell, 1971). 

Free fatty acid levels sometimes rise just before, 

or simultaneously with, the decrease in protein solubility 

during frozen storage of fish muscle (Olley et al., 1962; 

Dyer and Fraser, 1959; Dyer and Morton, 1956). This 

increase in free fatty acid during storage is attributed 

to phospholipase activity (Olley and Lovern, 1960). 

Addition of sodium linolenate caused a decrease in protein 

extractability in 7 species of fish, although this 

decrease did not occur in nonbuffered systems utilizing 

cod proteins (Hanson and Ooley, 1965). King et ~· (1962) 

found that addition of linoleic and linolenic acids cause 

a reduction in cod actomyosin solubility. 

location of body lipids seems to be 

The amount and 

important in 

determining how much protein free fatty acid 

occurs. Neutral lipids have a protective 

interaction 

effect on 

proteins if 

intermediate 

located within muscle cells, 

fatty fishes (around 1-5\ 

as occurs in 

fat). These 
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species experience less protein aggregation during frozen 

storage than do either the leaner species, which have very 

little neutral lipids interspersed within their muscle 

tissues for protection, or the fattier species, which have 

deposits of fat outside the muscles and thus unavailable 

for the protective effect. 

Certain marine fish species contain trimethalamine 

N-oxide (TMAO) which is converted to dimethylamine (DMA) 

and formaldehyde (FA) post mortem by TMAO demethylase, 

which is active during frozen storage. FA, rather than 

TMAO, has been implicated in the toughening of species of 

the Gadoid family during frozen storage (Sikorski and 

Kostuch, 1982; Love, 1980; Roger and Hastings, 1984). 

One recent report (Jiang and Lee, 1985) suggests 

that a relationship exists between type and amount of free 

amino acids and freeze aggregation. Myosin from fish 

having high amounts of frere amino nitrogen aggregated to 

a greater extent during frozen storage than myosin from 

fish with high levels of histidine and lysine in the free 

state. 

Causes of Aggregation 

During the freezing process, water is removed from 

around the contractile proteins as ice is formed. Thus, 

two events contribute to freeze aggregation: protein 

molecules are drawn closer together, thereby enhancing 
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reactivity between them, and salt ions in the 

microenvironment around the prteins become more 

concentrated (COnnell, 1968). 

The theory of cell membrane rupture as a causal 

agent involved in the incidence of thaw-drip of frozen 

fish fillets was disputed by Taylor (1930). He argued 

that cell membranes are elastic enough to accommodate the 

increased volume caused by the expansion of inter- and 

intracellular water as it freezes. However, Love (1955) 

found that when about 2 hours were required to decrease 
0 

the internal temperature of cod fillets from 0 to -5 c, a 

great deal of ultrastructurally observed cellular damage 

occurred with a large amount of cellular protein being 

recovered in the expressible fluids of these fillets. 

Love (1968) also felt that very fast rates of 

freezing leading to formation of small ice crystals can 

cause greater structural damage than slower freezing rates 

because of the effects of these small ice crystals on the 

myofilaments. The presence of small ice crystals between 

the myofilaments themselves distort them and result in 

greater instability of the tissue. Dyer (1969), however, 

contends that storage temperature is more important than 

freezing rate to quality of stored products, and Bramsnaes 

(1969) holds that the high variation of freezing rates 

employed during actual commercial practice suggests that 

freezing rate has minimal effects on ultimate product 
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quality. 

Love (1962b) believes that there is a temperature 

of maximum freeze "denaturation" which for fish muscle 
0 0 

generally lies between -2 to -5 c, and at -1.5 C for cod 

muscle, specifically. Thus, the longer the tissue remains 

in this temperature range, the greater the amount of 

alteration that occurs. This phenomenon is attributed to 

various effects such as alterations in pH (Van den Berg, 

1961), ionic strength (Duerr and Dyer, 1952; Dyer and 

Dingle, 1961; Connell, 1968), and increased reactivity 

with other substances, such as free fatty acids and their 

oxidation products (Dyer and Horton, 1956; Anderson et 

~., 1965) and free amino acids (Jiang and Lee, 1985), all 

of which occur maximally in this temperature range. 

Connell (1960a) showed that cod myosin aggregated faster 

in solutions of high ionic strength than in solutions of 

low ionic strength, so concentration of endogenous salt 

during freezing could contribute to an increase in rate of 

myosin aggregation. 

Taborsky (1979) states that alterations in protein 

conformation may occur at lower temperatures due to 

reduced hydrophobic stabilizations within the protein 

structure (as water molecules become more ordered around 

the protein molecule), and a slight increase in amount and 

strength of hydrogen bonding within the structure. 

Matsumoto (1980) found that cryoprotectants 
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prevented the dehydration effects of freezing because of 

their ability to hold water within the protein structure. 

Hastings et ~- (1985) showed that damage to the myosin 

molecule, as determined by differential scanning 

calorimetry, was similar for drying and freezing 

processes. 



CHAPTER 3 

MATERIALS AND METHODS 

Sample Preparation 

Tilapia (Tilapia aureus) were obtained from the 

Environmental Research Laboratory, 2601 E. Airport Dr., 

Tucson, AZ, 85706 at the University of Arizona. Catfish 

(Ictalarus punctatus) were purchased from Brown's Fish 

Farm of Pima, Arizona, and were equilibrated with the 

tilapia in the same tank, water system, temperature, and 

on the same diet for three weeks before slaughter. 

Average live weights of fish used in the sensory 

evaluation testing were 1167 g and 458 g for catfish and 

tilapia, respectively. For the biochemical and electron 

microscope tests, average weights were 658 g for catfish, 

and 445 g for tilapia. Although the fish were 

approximately the same age, due to inherent species 

differences, catfish were uniformly larger than tilapia at 

time of sacrifice. 

Fish were stunned in ice water, decapitated, 

eviscerated, and filleted by hand. Fillets were 

immediately enclosed in double polyethylene bags, 2 
0 

fillets of one fish per bag, and were held at +2 C for 32 

hours to allow resolution of rigor. They were then hard-
0 

frozen at -85 C for three hr before transfer to their 

35 
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respective storage temperatures. Six fresh, unfrozen 

fillets (representing 3 different fish) from each species 

were used as controls. 

Three bags of fillets (3 fish) of each species 

were allowed to thaw overnight (approximately 18 hr) at 
0 

+2 c, immediately after the three hr of hard-freezing, for 

determination of the effects of freezing alone on texture 

of fish fillets (frozen-thawed samples). All other bags 

of fillets were placed in frozen storage at one of three 
0 

different temperatures: -14.0, -25.6, or -85.0 C. Four 

fillets (two fish) were removed from frozen storage for 

analysis at intervals of 2, 4, 8, 12, 18 and 24 weeks. 
0 

All samples were thawed overnight (18 hr) at +2 C before 

analyses. One week after the end of the frozen storage 

study, six catfish and six tilapia, that had been kept 

alive and in the same tank for the 26 weeks of the 

experiment, were killed. This group of fish were used for 

a second set of analyses on fresh, unfrozen muscle (end, 

unfrozen). The experimental design for this study is 

summarized in Table 1. 

Change in texture of fillets was determined 

subjectively using a sensory panel. Solubility of muscle 

proteins were determined using four different extraction 

techniques, and muscle pH measurements and polyacrylamide 

gel electrophoresis were also performed. The four protein 

solubility measurements taken were: 1) myofibril yields; 



Table 1. summary of Experimental Design Showing 

the Number of Fillets Analyzed in each 
a 

Treatment Group 

Time of Frozen Storage 
(Weeks) 

End 

Initial Frozen- Un- Temp. 
0 

Species Unfrozen Thawed frozen ( C) 2 4 8 12 18 

b 0 
Catfish 6 7 6 -14.0 2 2 2 2 2 

0 

-25.6 2 2 2 2 2 
0 

-85.0 2 2 2 2 2 
b 0 

Tilapia 6 7 6 -14.0 2 2 2 2 2 
0 

-25.6 2 2 2 2 2 
0 

-85.0 2 2 2 2 2 

a 
In every instance, the number of different fish represented is 

half the number of fillets. 
b 

24 

2 

2 

2 

2 

2 

2 

one 

Three fillets were used for sensory evaluation and four fillets were 

used for chemical and structural analyses. w 
.....,] 
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2) extraction of sarcoplasmic proteins; and extraction of 

the sarcoplasmic-protein-free residues with 3) 0.6 M KCl; 

or 4) 1.1 M KI. Ultrastructural changes were monitored 

with transmission electron microscopy. Crude protein and 

water content were determined on fresh-unfrozen samples. 

~ensory Evalu~tion: Gookinq Method 

Both Dyer and Fraser (1964) and Bogges et al. 

(1971) suggested that better sensory discrimination could 

be obtained on fish fillets when baking or steaming rather 

than frying was used for preparation because frying seemed 

to mask quality differenGes. Accordingly, fillets were 

oven-steamed in glass baking dishes covered with foil in 
0 

conventional electric ovens at 175 c. Tilapia was steamed 

for 20 min, whereas catfish was steamed for 30 min because 

of the greater thickness of catfish fillets. Edges were 

trimmed from the steamed fillets and the trimmed fillets 

were cut into 25-30 mm cubes, placed in individual, coded, 

one-oz paper sample cups, and held in a pre-warmed steam 
0 

table at 51 C for 30 to 60 min before serving to panel 

members. 

For panel training purposes, fillets were treated 

before oven steaming. Samples having a mushy texture were 

produced by covering fillets with a 1:20 dilution of 

papain in distilled water and holding at room temperature 

for 30 min to allow proteolysis. The enzyme solution 

was washed off ·with tap water before cooking. Tough 



samples 

dishes 

"roast" 

employed 

of the 
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were produced by heating for 10 min in glass 

covered with plastic wrap in a microwave on the 

setting. These tough and mushy samples were 

as reference standards to anchor the end points 

rating scale used by the panelists during the 

frozen storage study as per Rainey (1986). 

Senso~y Evaluation: Panel Sessions 

Texture of the fish fillets was evaluated by an 8-

member, semi-trained panel of judges. 

of graduate students, faculty, 

The panel consisted 

and staff from the 

University of Arizona. There were 6 females and 2 males 

betweem 31 to 47 years of age. 

The panel was trained in four sessions that ran 

approximately 45 min each. The first session was devoted 

to explanation of terminology, the ranking of different 

food products according to hardness, and triangle testing 

to determine ability of panelists to detect textural 

differences. Subsequent sessions served to familiarize 

panelists with the scoring system and with fish samples 

ranging from the extremes of mushy to tough, using 

reference standards as anchor points for comparison. 

The texture of fillets was evaluated as a 

combination of the , characteristics of hardness or 

firmness, initial resistance, overall texture, and chew 

count (Harries et al., 1972). The scale used was a 100 mm 



40 

unstructured line anchored on the left with "mushy" and on 

the right with "tough", (Gillet al., 1979). Panelists 

were asked to make a slash mark across the line at the 

point they felt best reflected their perception of 

texture, as defined by Jowitt (1974) and agreed upon by 

the panel members during the training/discussion sessions. 

Responses were measured in mm from the extreme left-hand 

end of the line, given as 0. 

At each testing session, 12 samples were presented 

to each panelist in four groups of three samples each. 

The samples represented duplicate samples for each of the 

three different storage temperatures (six samples) for 

each species. Because duplicate samples were used, each 

panel average was the mean of 16 observations. Figure 1 

shows the evaluation sheet used. 

Samples were coded with 3-digit random numbers. 

Order of presentation of samples was randomized, as was 

the order of test presentation. Sessions were held in a 

large, air-conditioned rooms under fluorescent lights, 

and with partitioned booths set on long tables. Each 

panelist was provided with a white paper plate, a white 

plastic fork, napkin, water for rinsing if desired, and a 

cup for expectoration. Also provided was a response 

sheet, pencil, and a list of textural terms defined 

according to Jowitt (1974). 

This study was reviewed by the Human Subjects 
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Name ____________________________ _ Code No. 

Date __________________________ __ 

There are 4 separate tests with three samples per test. 

Judge only for texture: disregard flavor, color, odor, 

size, shape, etc. 

cut a sample in half, chew the first half, mark the score 

scale, then reanalyze the second half to confirm your 

decision. Compare the three samples within a test. Do 

not compare between tests. 

Example: 544 

mushy tough 

Draw a line and identify with the sample number at the 

point that best matches perceived texture. 

Rinse with water between samples, if desired. 

expectoration 

1st Test: 

mushy 

2nd Test: 

mushy 

3rd Test: 

mushy 

4th Test: 

mushy 

Thank you. 

cup is provided. 

tough 

tough 

tough 

tough 

An 

Figure 1. Evaluation Sheet for Textural Perceptions 
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Committee and determined to be "no risk" or "minimal 

risk". All panel members participated voluntarily and 

were read a consent statement, initially. 

Protein Solubil~tv Studies 

All extractions were performed in a cold room at 
0 

+2 c. Reagents and protein solutions were stored at this 

same temperature. One mM sodium azide was added to all 

protein solutions as a preservative. Fillets were cut 

into small pieces 1 mm on a side with with a scapel. 

Extraction of Myofibrils 

Minced fillets (25 g) were blended and purified. 

Myofibrills were prepared according to the scheme 

presented in Figure 2. 

Extraction of Sarc~plasmic Proteins 

Fifteen-g portions of the minced fillets were 

homogenized for 30-sec in 0.03 M potassium phosphate 

buffer at pH 7.4 (8 volumes buffer to 1g of minced 

muscle). The homogenates were stirred magnetically for 3 
0 

hr at 2 c, then centrifuged at 12,000 x G (max) for 10 min 

(Beckman, Model J-21). The supernatant was decanted and 

saved, while the residue was homogenized with 6 volumes 

(v/w) of 0.03 M K-phosphate, pH 7.4, stirred again for 3 

hr, and centrifuged as before. The residue from the 

second extraction was homogenized a third time with 5 

volumes (v/w) of 0.03 M K-phosphate, pH 7.4, and was 



I 
Supernatant 
(contains sarco
plasmic proteins) 

l 
Supernatant 
(discard) 

l 
Supernatant 
(discard) 

l 
Supernatant 
(discard} 

Ground or minced muscle 
1) Suspend in 10 volumes (v/w) 100 mM KCl, 

20 mM K-phosphate, pH 6.8, 2 mH mg 
Cl , 2 mH EGTA, 1 mH NaN3 (standard 
salt solution) by homogenizing for 30 
sec in Waring Blendor. 

2) Centrifuge at 1000 x g for 10 min. 

I I. 
1) 
2) 

3) 

I I I • 
1) 

2) 

3) 

IV. 
1) 

2} 

3) 

v. 
1) 

2} 

I 
Sediment 
Suspend in 6 volumes (v/w) of standard 
salt solution by homogenizing for 30 sec 
in Waring Blendor. 
Centrifuge at 1000 x ~ for 10 min. 

I 
Sediment 
Suspend in 8 volumes (v/w) of standard 
salt solution by homogenizing for 30 sec 
in Waring Blendor. 
Pass suspension through household nylon 
net strainer. 
Centrifuge at 1000 x ~ for 10 min. 

Sedim~nt 
Suspend in 8 volumes (v/w) of standard 
salt solution by homogenizing for 30 
sec in Waring Blendor. 
Pass suspension through household nylon 
net strainer. 
Centrifuge at 1000 x ~ for 10 min. 

Sedlmlnt 
Suspend in 6 volumes (v/w) of standard 
salt solution plus 1\ (v/w) Triton X-100 
by homogenizing for 15 sec in Waring 
Blendor. 
Centrifuge at 1500 x g for 10 min. 

r-------+----1 

Supernatant 
(discard} 

VI. 
1) 

2) 

Sediment 
Suspend in 6 volumes (v/w) of standard 
salt solution plus 1\ (v/w) Triton X-100 
by homogenizing for 15 sec in Waring 
Blendor. 
Centrifuge at 1500 x g for 10 min. 

Figure 2. Preparation of Purified Hyofibrils by 
Using Differential Centrifugation 
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Supernatant 
(discard) 

Supernatant 
(discard) 

Supernatant 
(discard) 

Supernatant 
(discard) 

Supernatant 
(discard) 

VII. 
1) 

2) 

VIII to XI. 
1) 

XII. 
1) 

2) 

XIII. 
1) 

2) 

XIV. 
1) 

2) 

Purified Hyofibrils 
free of membranes 
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Sediment 
Suspend in 8 volumes (v/w) of standard 
salt solution by stirring vigorously 
with polyethylene stirring rod for 
15 sec. 
Centrifuge at 1500 x g for 10 min. 

Sediment 
Repeat Step VII four times, but sus
pending in 8 volumes (v/w) of 100 mM 
KCl instead of standard salt solution; 
centrifuge at 1500 x ~after each sus
pension. 

Sediment 
Suspend in 8 volumes (v/w) of 100 mM KCl 
by homogenizing for 5 sec in Waring 
Blendor. 
Centrifuge at 1500 x g for 10 min. 

Sediment 
Suspend in 8 volumes (v/w) of 100 mH KCl 
by homogenizing for 5 sec in Waring 
Blendor. 
Centrifuge at 1500 x g for 10 min. 

Sediment 
Suspend in 2 volumes (v/w) of 100 mM KCl 
by homogenizing for 5 sec in Waring 
Blendor. 
Do protein analysis of suspension. 

Figure 2. Preparation of Purified Hyofibrils by 
Using Differential Centrifugation 
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stirred magnetically overnight. After centrifugation of 

12,000 x g (max) for 10 min, the third supernatant was 

combined with the supernatants from the first two 

extractions to form the sarcoplasmic protein extract. Two 

separate 15-g samples of minced fillet were used for 

sarcoplasmic protein extraction at each sampling time. 

The residue from one of these sarcoplasmic protein 

extractions was used for extraction with 0.6 M KCl, and 

the residue from the other extraction was used for 1.1 M 

KI extraction. 

KCl and KI Extractions 

The pellets from the two sarcoplasmic protein 

extractions were subjected to further extraction with one 

of two high ionic-strength solutions: 1) 0.6 M KCl, 0.1 M 

K-phosphate, pH 7.4; or 1.1 M KI, 0.1 M K-phosphate, pH 

7.4. These high-ionic strength extractions used the same 

procedures for sarcoplasmic protein extraction, including 

solvent volumes and centrifugation. 

Protein Concentration 

Protein concentration of the various extracts was 

determined with the Folin-Lowry method (Lowry et al., 

1951), using BSA for the standard curve and 2 mM KCl as 

the diluent for all samples and blanks to reduce possible 

interference by potassium ions. Assays for protein 

concentration of myofibril preparations were run in 
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triplicate; all other assays were done in duplicate. 

Attempts to use the buiret method for measuring protein 

concentration were plagued with unacceptable 

reproducibility, especially with the catfish extractions. 

This may have been related to the higher lipid content of 

catfish muscle causing protein-lipid reactions with the 

variable results due to the resulting turbidity. 

Crude Protein 

Ten g of fresh, minced fish muscle was accurately 

weighed into 100 ml beakers and set in a vacuum oven to 
0 

dry at 29 psi of vacuum (water aspirator) and 100 C for 

approximately 6 hr. The dried material was weighed, and 

the weight loss was used to calculate water content of the 

original sample. The dried residue was then pulverized 

with a mortar and pestle, and two aliquots of the dried 

pulverized material was used to determine crude protein 

content by the Kjeldahl method (AOAC, 1984) using a micro-

Kjeldahl unit. Duplicate samples of three different 

fillets were used per species so a total of six separate 

determinations of crude protein were done for each 

species. 

pH Determination 

Ten g of minced fillet were homogenized in 100 ml 
0 

cold (2 C) distilled H 0 for 30 sec in a Waring Blendor at 
2 

top speed. Measurements were taken with a Beckman Model 
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3500 pH meter and Altex combination pH electrode, 
0 

equilibrated to 2 C. 

Sodium Dodecyl Sulfate (SDS)-Polyacrylamide Gel 

Electrophoresis 

The procedure of Laemmli (1970) was followed, 

using horizontal slab gels. SDS-polyacrylamide gel 

electrophoresis was conducted on myofibrils, 0.6 M KCl and 

1.1 M KI extracts. Aliquots of these extracts were 

diluted to approximately 1 mg protein/ml, the diluted 

extracts were mixed 1:1 with a sample buffer containing 1\ 

SDS, 0.1\ bromphenol blue, 0.2\ 2-mercaptoethanol, and 

then were heated for 5 min in a boiling water bath. 

Thirty to forty ug of protein were loaded per lane and 

7.5\ to 20\ linear gradient gels were used. 

Electrophoresis was overnight at 7 rnA per gel for 

approximately 16-18 hr. Gels were stained for 12-16 hr 

with 0.25\ Coomassie Brilliant Blue R in 50\ methanol, 10% 

acetic acid and destained with 7.5\ acetic acid and 5.0% 

methanol in distilled H 0. 
2 

Purified rabbit myofibrils 

were included in every gel for use as molecular weight 

standards. 

Gels were scanned using a Kratos Model so 3000 

spectrodensitometer (Schoeffel Instruments) at 585 nm 

coupled to an IBM 9000 computer for digital integration of 

peak areas. 
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Electron Microscopy 

Established methodologies were used. Tissues were 

fixed in 3\ glutaraldehyde buffered in 10 mM sodium 

phosphate at pH 7.2, dehydrated with ethanol, and embedded 

in epon. Sections were stained with uranyl acetate and 

lead citrate. Routine transmission electron microscopy 

was performed, using a Hitachi 500 TEM system. 

Statistical Analysis 

The general linear model procedure (Snedecor and 

Cochran, 1980) was used to compare means from the 

different storage temperature treatments. The same 

procedure was used in a separate analysis to compare means 

from the initial fresh, end fresh, and frozen-thawed 

treatments. Comparisons of means from the frozen-stored 

samples with those from the initial fresh and the frozen

thawed samples were made with used the Bonferoni test 

(Snedecor and Cochran, 1980). 



CHAPTER 4 

RESULTS AND DISCUSSION 

This section is presented in two major parts: 1) 

changes in chemical and sensory properties of catfish and 

tilapia muscle during frozen storage; and 2) SDS-

polyacrylamide gel electrophoresis and ultrastructural 

analysis of catfish and tilapia muscle during frozen 

storage. Each of these two major parts will contain 

several subsections. 

Several general observations were made during this 

study. Catfish had smaller myotomes that were packed 

together more closely than tilapia muscle. Starting at 

four weeks of frozen storage, a white discoloration 

appeared around the edges and outer surfaces of the 
0 

fillets of both species stored at -14.0 c. These fillets 

all had a dull, brown color, which became more pronounced 

as storage time increased, than did the fillets stored at 
0 0 0 

-25.6 C and -85.0 C. The fillets stored at -25.6 C became 

slightly more brown and dull after 8 to 12 weeks of frozen 
0 

storage, whereas the fillets stored at -85.0 c retained 

the color of the fresh samples throughout the 6-month 

storage period used in this study. Tilapia flesh had a 

red color that was darker than the pink color of catfish 

muscle. 

49 
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Changes ~ Chemical and Sensory Properties of 
Catfish and Tilapia Muscle During Frozen Storage 

Moisture and Protein Content 

The percent moisture and crude protein of tilapia 

and catfish skeletal muscle are shown in Table 2. Catfish 

muscle had significantly less moisture and protein than 

tilapia muscle. Presumably, these differences were due to 

the large lipid content that was noticeable in catfish 

muscle, but because muscle lipid content was not measured 

in this study, this conclusion must remain tentative. 

Tilapia can be classified as a lean species containing 

less than 1% body fat (Khalil et al., 1980), whereas 

catfish have been classified as a species of intermediate 

fat having up to 5% body fat (Botta, 1979). 

The moisture and crude protein values in Table 2 

are similar to values found by a number of other 

investigators for fish skeletal muscle. Mean values of 

77.8% (Mustafa and Medeiros, 1985 for Ictalarus 

punctatus), 77.5% (Perigreen and Joseph, 1980 for 

Tachysurus species) and 79.78% (Pirazzoli-Pietro et al., 

1984 for ~ctalarus melas R> have been reported for the 

moisture content of catfish muscle. Mean values of 79.5\ 

(Khalil et al., 1980, for Tilapia nilotica), 76.09\ (Tan, 

1971, for male hybrid) and 77.37% (Shenoy and James, 1972 

for Tilapia mossambica) have been reported for muscle 

moisture content of various species of tilapia. Catfish 

muscle has been reported to contain 15.4\ (Mustafa and 



Species 

Catfish 

Tilapia 

1 

Table 2. Moisture and Protein Contents of Skeletal 
1 

Muscle from Catfish and Tilapia 

Moisture 

a 
75.30 ±. 1.51 

b 
80.09 ± 0.51 

Dry Matter 
(\) 

24.70 ±. 1.51 

19.91 ± 0.51 

Protein 
(\ Fresh 
Weight) 

a 
15.89 ±. 0.87 

b 
17.19 ± 0.27 

Protein 
(\ Dry 
Weight) 

64.35 ±. 4.24 

86.36 ± 0.74 

Figures are means, plus or minus standard errors, of 2 
determinations on 3 different fish. Means in the same column having 
different superscripts differ significantly (P < .05). 

U1 
...... 
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Medeiros, 1985), 17.47\ (Pergreen and Joseph, 1980), 

or15-49\ (Pirazzoli et al., 1984) crude protein depending 

on the species. Similarly, muscle from different species 

of tilapia has been reported to contain 18.8\ (Khalil et 

~., 1980), 14.17\ (Tan, 1971), or 17.72\ (Shenoy and 

James, 1972) crude protein. These values all are similar 

to the values that were found in the present study, 

although catfish muscle used in the present study had a 

slightly lower moisture content and the tilapia muscle 

used in the present study had a slightly higher moisture 

content than has been reported in the literature. These 

differences are small, however, and could be due to 

differences in age of fish or diet. 

Muscle pH 

Analysis of variance showed that tilapia muscle pH 

was significantly lower (P < .001) than catfish muscle pH 

in both fresh and frozen-thawed muscle (Tables 3 and 5). 

This difference in muscle pH continued throughout the 6-

month frozen storage period (Tables 4 and 5). Although 

the mean square for muscle pH values during frozen storage 

was significant at P < .05 (Table 4), there was no 

general trend of increasing or decreasing muscle pH during 

frozen storage (Table 5), and it seems likely that this 

significant mean square reflects some variation among fish 

muscles sampled at the different times. Consequently, the 

present study did not find the small decrease in muscle pH 



Table 3. Analysis of Variance for pH of Fresh 

and Frozen-Thawed Catfish and Tilapia Muscle 

source of 
Variance 

Group (G) 

Species ( s) 

G X S 

Fishes 
w/G and s 

Total 

*** 

df 

2 

1 

2 

14 

19 

Significant at P < .001 

Mean 
Square 

0.04463 

0.51521 

0.03291 

0.02360 

F 

1.89 

21.83 

1.39 

*** 

53 



Table 4. Analysis of Variance for pH of Catfish 
and Tilapia Muscle Stored at Three Different 

Temperatures and for Six Different Periods 

Source of Variance df Mean Square F 

Storage 
Temperature (TC) 2 0.03659 1.67 

Storage Time ( T) 5 0.05970 2.72 

Species ( s) 1 4.43872 202.48 

Te X T 10 0.03387 1.55 

Te X s 2 0.01332 0.61 

T X S 5 0.00137 0.06 

Te X T X S 10 0.04218 1.92 

Fishes 
w/Te, T, s 33 0.02192 

Total 68 

* 
Significant at p < .05 

*** 
Significant at p < .001 

54 
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*** 



Table 5. Mean pH Values for Catfish and Tilapia Skeletal 

Muscle after storage at Three Different Temperatures 

pH of Time of Frozen Storage (weeks) 
pH of Frozen- Storage 
Fresh Thawed Temperatures 

Species Muscle Muscle ( C) 2 4 8 12 18 

0 
catfish 6.49 6.71 -14.0 6.92 6.80 6.41 6.53 6.86 

0 

6.45 -25.6 6.53 6.61 6.65 6.52 6.69 
0 

-85.0 6.52 6.71 6.68 6.91 6.76 
0 

Tilapia 6.28 6.25 -14.0 6.07 6.17 6.13 6.10 6.31 
0 

6.20 -25.6 6.14 6.28 6.04 6.08 6.25 
0 

-85.0 6.27 6.17 6.06 6.20 6.26 

24 

6.49 

6.81 

6.94 

6.20 

6.27 

6.19 

Figures are means of 2 determinations on 3 different fish for fresh muscle, of 
2 determinations on 4 different fish for frozen muscle and of 2 determinations 
on 2 different fish at each of the different storage times. Standard errors 
were 0.145 (fresh) and 0.168 (frozen) for catfish data and 0.144 (fresh) and 
0.143 (frozen) for tilapia data. Comparisons were made between muscle pH after 
different times of frozen storage and pH of fresh muscle or pH of frozen muscle 
within each species. None of these pH values differed at P < .OS although all 
tllapia muscle pH values were less than catfish pH values. 

Means of 2 determinations on 3 different fish sacrificed at the end of the 
experiment 25 weeks after the fish for the first measurements on fresh muscle 
were sacrificed. 

(.11 
(.11 
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upon freezing followed by a gradual. rise back to the pH of 

fresh, unfrozen muscle that has been reported by some 

investigators in this area (Van den Berg, 1961; 

Licciardello et al., 19 82) . 

The muscle pH values of 6.1 to 6.3 for tilapia and 

of 6.4 to 6.9 for catfish are consistent with muscle pH 

values for fish ranging from 6.2 to 7.0 previously 

reported for other species (Love et al., 1974; Van den 

Berg, 1961; Kelly et ~., 1966; Cowie and Little, 1966; 

Poulter and Lawrie, 1977). It is unclear why tilapia 

muscle pH is lower than catfish muscle pH because muscle 

samples from the two species were handled identically. It 

may be that the greater muscle lipid content of catfish 

glycogen in catfish muscle was metabolized largely to CO 
2 

and H 0 postmortem rather than to lactic acid. 
2 

Myofibrillar Protein Yields 

Yields of myofibrillar protein were significantly 

(P < .001) higher from tilapia muscle than from catfish 

muscle, both from fresh muscle or when muscle that had 

been frozen and placed in frozen storage for 24 weeks was 

used as starting material (Tables 6-8). Yields of 

myofibrillar protein from both catfish and tilapia muscle 

increased after frozen storage for 12 (catfish) or 24 
0 

(tilapia) weeks at -14 C (Tables 7 and 8) . The amount of 

myofibrillar protein obtained from either catfish or 

tilapia muscle ·did not change during frozen-storage at 
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Table 6. Analysis of Variance for Yields of Myofibrils 
from Fresh and Frozen-Thawed catfish and Tilapia Muscle 

Source of Variation 

Group (G) 

Species ( s) 

G X S 

Fishes 
w/G and s 

Total 

* 
Significant at p < .05 

*** 

df 

2 

1 

2 

14 

19 

Significant at p < .001 

Mean Square F 

118.02474 1.87 

*** 
4117.87602 65.18 

* 
363.67983 5.76 

63.17309 
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Table 7. Analysis of Variance for Yields of Myofibrils 
from Catfish and Tilapia Muscle Stored at Three 

Different Temperatures and for Six Different Periods 

Source of Variation df Mean Square F 

Storage 
Temperature (Te) 2 116.11251 2.57 

*** 
Storage Time ( T) 4 486.20627 10.75 

*** 
Species ( s ) 1 23,074.21570 510.03 

** 
Te X T 8 150.86017 3.33 

Te X s 2 75.73381 1.67 
* 

T X S 4 156.62837 3.46 

Te X T X S 8 54.52944 1.21 

Fishes 
W/Te, T, s 28 45.24085 

Total 57 

* 
Significant at p < .05 

** 
Significant at p < .01 

*** 
Significant at p < .001 



Table 8. Mean Values for Yields of Myoflbrils from Catfish and Tllapla 

Skeletal Muscle After Storage at Three Different Temperatures 

--
Myofibril Myofibril Tlme of Frozen Storaqe (weeks) 

Yield Yield 
from Frozen- Storaqe 

Fresh Thawed Temp. 
Species Muscle Muscle ( C) 2 4 8 12 24 

a 1 0 a,1 a,1 a,1 b,2 b,2 
cat£ ish 50.89 54.84 -14.0 45.73 57.96 53.96 70.47 75.70 

0 a,1 a,1 a,1 a,1 b,2 
67.19 -25.6 47.73 48.39 55.47 59.88 69.24 

0 a,1 a,2 a,1 a,1 a,1 
-85.0 55.85 35.26 63.51 55.98 67.75 

a 1 0 a,1 a,2 a,2 a,2 b,2 
Tilapia 96.96 80.23 -14.0 88.02 104.64 98.80 98.67 118.08 

0 a,1 a,2 a,2 a,2 a,2 
82.91 -25.6 89.30 104.08 97.24 103.41 109.12 

0 a,2 a,2 a,2 a,1 a,1 
-85.0 94.24 97.16 98.94 87.83 87.64 

Fiqures are means of 3 determinations on 3 different fish for fresh muscle, of 3 
determinations on 4 different fish for frozen muscle, and of 3 determinations on 
different fish at each of the different storaqe times. Standard errors were 7.23 (fresh) 
and 6.76 (frozen) for catfish data and 6.53 (fresh) and 6.58 (frozen ) for tilapia data. 
Comparisons were made between myofibril yields after the different times of frozen storaqe 
and myofibril yields from fresh muscle or myofibril yields from frozen muscle within each 
species. Means havinq the same superscript letters (comparisons with fresh muscle) or 
superscript numerals (comparisons with frozen muscle) did not differ significantly 
(P < .05). Data on myofibril yields were not collected at 18 weeks of frozen storage. 

Figures are mg myoflbrillar protein obtalned/q muscle, fresh weight. 

Means of 3 determinations on 3 different fish sacrificed at the end of the experiment 
25 weeks after the fish for the first measurements on fresh muscle were sacrificed. 

U'1 
\D 
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0 

-85.0 c for 24 weeks, and for tilapia muscle, did not 
0 

change during frozen storage at -25.6 C (Table 8). 

Myofibrillar protein yields from catfish muscle, however, 

increased slightly after 24 weeks of frozen storage at 
0 

-25.6 C (Table 8). These effects cause the significant 

storage temperature x storage time (P < .01) and storage 

time x species (P < .05) mean squares observed in Table 

7. The significant (P < .05) group x species mean square 

in Table 6 was from differences in amounts of myofibrillar 

protein obtained among the initial-fresh, end-fresh, and 

frozen-thawed samples (Table 8) and is difficult to 

explain in a biologically meaningful way. Freezing alone, 

however, did not significantly change yields of 

myofibrillar protein from either species. 

It is unclear why tilapia should have markedly 

higher yields of myofibrillar protein than catfish, 

especially when (as will be seen later) myofibrillar 

protein, as measured by extraction with 1.1 M KI, is 

similar for the two species. It is possible that the 

relatively large amount of lipid in catfish muscle 

entrapped some myofibrils during extraction so that they 

floated to the top of the centrifuge bottles during 

differential centrifugation and were decanted and lost 

during preparation. Alternatively, catfish myofibrils may 

be less structurally rigid than tilapia myofibrils so they 

are fragmented during the · homogenizations used in 
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myofibril preparations (see Figure 1 in Materials and 

Methods) and the fragments are too small to be 

sedimentable during differential centrifugation. The 

increase in yield of myofibril proteins during frozen 
0 

storage at -14.0 C may result from failure to remove all 

sarcoplasmic proteins from the myofibrils, to an increase 

in stability of the myofibrils, to repeated 

homogenizations or, most likely, to a change in the way 

lipid interacts with the myofibrils so that the 

myofibril/lipid interaction is reduced and fewer 

myofibrils are lost by flotation of myofibril/lipid 

complexes. The yields of myofibrils obtained from tilapia 

muscle in this study (about 80 to 115 mg/g of tissue) is 

about what would be expected for muscle containing 20% 

protein (Table 2) with 63% to 75 of this protein being 

myofibrillar protein. 

Sarcoplasmic Protein Extractability 

Neither freezing itself nor time of frozen storage 

up to 24 weeks had any significant effect on 

extractability of sarcoplasmic protein from tilapia 

skeletal muscle (Tables 9-11). Freezing, however, greatly 

decreased sarcoplasmic protein solubility of catfish 

muscle, and catfish sarcoplasmic protein solubility 

increased slowly with increasing time of postmortem 

storage until it finally reached the level of fresh, 
0 

unfrozen muscle after 24 weeks at -14.0 or -25.6 C (Tables 



Table 9. Analysis of Variance for Extractability 
of Sarcoplasmic Proteins from Fresh and Frozen-Thawed 

Catfish and Tilapia Muscle 

Source of Variation df 

Group (G) 2 

Species ( s) 1 

G X S 2 

Fishes 
w/G and s 14 

Total 19 

** 
Significant at p < .01 

*** 
Significant at p < .001 

Mean Square 

568.66605 

0.92881 

400.60482 

40.75461 

F 

13.95 

0.02 

9.83 

*** 

** 

62 
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Table 10. Analysis of Variance for Extractability of 
Sarcoplasmic Proteins from Catfish and Tilapia 

Muscle Stored at Three Different Temperatures and 
for Six Different Periods 

Source of Variation df Mean Square F 

Storage 
Temperature ( Te) 2 31.98431 1.36 

*** 
Storage Time (T) 5 162.40905 6.89 

*** 
Species ( s ) 1 2,474.20951 104.99 

Te X T 10 38.58591 1.64 

Te X s 2 27.88972 1.18 

T X S 5 47.37420 2.01 

Te X T X S 10 32.15340 1.36 

Fishes 
w/Te, T, s 36 23.56608 

Total 71 

*** 
Significant at p < .001 



Table 11. Mean Values for Extractability of Sarcoplasmic Protein from Catfish 

and Tllapla Skeletal Muscle after Storage at Three Different Temperatures 
- ---

Sarco- Sarco-
plasmic · plasmic in Time of Frozen Storaqe (weeks) 
Protein Frozen- Storaqe 

in Fresh Thawed Temperatures 
Species Muscle Muscle ( C) 2 4 8 12 18 24 

a 1 0 b,1 b,1 b,1 b,1 b,1 a,2 
catfish 61.68 35.23 -14.0 36.20 29.14 39.26 39.48 35.60 52.98 

0 b,1 b,1 b,1 b,1 a,1 a,1 
62.99 -25.6 43.47 38.03 41.46 34.88 44.97 48.07 

0 b,1 b,1 b,1 b,1 a,1 b,1 
-85.0 39.74 41.61 40.78 33.91 45.56 43.66 

0 b,1 b,1 b,1 b,1 a,1 b,1 
Tilapia 58.13 50.19 -14.0 50.59 54.58 51.50 47.80 46.16 58.58 

0 

48.03 -25.6 47.69 55.08 46.88 48.37 48.80 59.32 
0 

-85.0 57.04 53.63 61.71 47.00 49.49 55.39 

Fiqures are means of 2 determinations on 3 different fish for fresh muscle, of 2 
determinations on 4 different fish for frozen muscle muscle, and of 2 determinations on 2 
different fish at each of the different storaqe times. Standard errors were 5.53 (fresh) and 
4.97 (frozen) for catfish data and 5.05 (fresh) and 4.70 (frozen) for tilapia data. 
Comparisons were made between extractability after different times of frozen storaqe and 
extractabiilty of fresh muscle or extractability of frozen muscle with each species. Means 
havinq the same superscript letters (comparisons with fresh muscle) or superscript numerals 
(comparisons with frozen muscle) did not differ significantly at P < .OS. None of the tllapia 
means differed siqniflcantly. 

Fiqures are mq sarcoplasmic protein/q muscle, fresh welqht. 

Means of 2 determinations on 3 different fish sacrificed at the end of the experiment 25 
weeks after the fish for the first measurements on fresh muscle were sacrificed. 

0'\ 
.C. 
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9-11). The pronounced effect of freezing on sarcoplasmic 

protein extractability of catfish muscle without havingany 

effect on sarcoplasmic protein extractability of tilapia 

muscle caused the significant (P < .01) group x species 

mean square in Table 9. 

The large decrease in sarcoplasmic protein 

extractability upon freezing of catfish muscle was 

unexpected because earlier reports have indicated that 

freezing has little or no effect on sarcoplasmic protein 

solubility of cod (Dyer et al., 1950; Connell, 1960b) and 

of mackerel and surma! muscle (Sawant and Magar, 1960). 

Tomilinson and Geiger (1963) reported a number of years 
0 

ago that frozen storage at -10 C for 18 months decreased 

sarcoplasmic protein solubility of lingcod skeletal 

muscle, and it is possible that freezing has selective 

effects on sarcoplasmic protein solubilities of different 

species. Without knowing what caused the decrease in 

sarcoplasmic protein solubility of catfish muscle upon 

freezing, it is difficult to know what caused the increase 

in sarcoplasmic protein extractability during frozen 

storage. 

Extractability of Myofibrillar Protein in 0.6 M KCl 

A 0.6 M KCl solution buffered at pH 7.4 was used 

in this study to monitor the integrity of fish skeletal 

muscle Z-disks during freezing and frozen storage. A 0.6 

M KCl solution readily solublizes myosin but cannot 
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depolymerize actin. Consequently, unless the bonds 

between the actin filaments and the Z-disk are 

sufficiently weak to release actin filaments into 

solution, any myosin solublized from the thick filaments 

simply rebinds onto the actin filaments and remains 

unextractable. Therefore, solubility in 0.6 M KCl 

measures indirectly the integrity of the actin/Z-disk 

linkage. Either actin/Z-disk linkages in fish skeletal 

muscle are weak or these linkages were weakened by the 

repeated homogenizations used for sarcoplasmic and 

myofibrillar protein solubility in this study, because 

myofibrillar protein extractability in 0.6 M KCl did not 

change in catfish muscle after freezing or after frozen 

storage up to 24 weeks (Tables 12-14). Protein 

solubility of tilapia skeletal muscle in 0.6 M KCl 
0 

increased after 12 weeks of frozen storage at -85.0 C but 
0 0 

not at -14.0 Cor -25.6 C (Table 14). The mean values in 

Table 14 suggest some tendency for protein solubility of 

catfish muscle in 0.6 M KCl also to increase after 8 to 12 
0 

weeks of frozen storage at -85.0 c, but this effect was 

not statistically significant at p < .05. These effects 

cause the significant (P < .05) storage temperature x 

storage time mean square in Table 13. It is unclear why 
0 

frozen storage at -85.0 C should cause more weakening of 
0 

the actin Z-disk linkage than storage at -14.0 c or 
0 

-25.6 c. The amount of protein extracted by 0.6 M KCl 



Table 12. Analysis of Variance for Protein Extracted 

by 0.6 M KCl from Fresh and Frozen-Thawed 
1 

Catfish and Tilapia Muscle 

Source of Variation df Mean Square 

Group (G) 2 178.77607 

Species ( s) 1 173.46050 

G X S 2 67.85307 

Fishes 
w/G and s 14 68.52804 

Total 19 

1 

F 

2.61 

2.53 

0.99 
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None of the mean squares were significant at p < .05 or 
less 



Table 13. Analysis of Variance for Protein Extracted 
by 0.6 M KCl from Catfish and Tilapia Muscle Stored 

at Three Different Temperatures and for Six 
Different Periods 

Source of Variation df Mean Square F 

Storage 
Temperature (Te) 2 1862.60260 22.23*** 

*** 
Storage Time ( T) 5 581.87194 6.94 

Species ( s) 1 3.73556 0.04 
* 

Te X T 10 208.96257 2.49 

Te X s 2 158.80964 1.89 

T X S 5 145.68836 1.74 

Te X T X S 10 165.40498 1.97 

Fishes 
w/Te, T, s 36 83.80506 

Total 71 

* 
Significant at p < .05 

*** 
Significant at p < .001 
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Table 14. Mean Values for Protein Extracted by 0.6 M KCl from Catfish and 

Tilapia Skeletal Muscle After Storage at Three Different Temperatures 

0.6 M 0.6 H 
KCl KCl 

Extrac- Extrac-
tablllty tablllty of Time of Frozen Storage (weeks) 

of Frozen- Storage 
Fresh Thawed Temp. 

Species Muscle Muscle ( C) 2 4 8 12 18 24 

0 
catfish 99.63 92.51 -14.0 78.57 94.17 92.54 86.96 87.56 92.13 

0 

95.83 -25.6 67.77 97.91 97.69 103.86 86.50 78.45 
0 

-85.0 95.36 93.44 104.09 102.65 102.68 111.75 
a 1 0 a,1 a,1 a,1 a,1 a,1 a,l 

Tllapia 91.17 82.62 -14.0 80.54 78.05 91.11 104.25 73.63 71.75 
0 a,1 a,1 a,1 a,1 a,l a,1 

97.85 -25.6 78.00 93.21 85.90 103.86 93.40 104.44 

-85.0o 92.66a,l 93.69a,l 101.71a,l 111.89a,2 95.09a,1 131.23b,2 

Figures are means of 2 determinations on 3 different fish for fresh muscle, of 2 
determinations on 4 different fish for frozen muscle, and of 2 determinations on 2 different 
fish at each of the different storage times. Standard errors were 9.05 (fresh) and 9.28 
(frozen) for catfish data and 8.97 (fresh) and 9.42 (frozen) for tilapia data. Comparisons 
were made of extractability after different times of frozen storage with extractability of 
fresh muscle or with extractability of frozen muscle within each species. Means having the 
same superscript letters (comparisons with fresh muscle) or superscript numerals (comparison 
with frozen muscle) did not differ significantly (P < .05). With the exception of 
extractability at 2 weeks at -25.6 c, which differed from extractability of both fresh and 
frozen muscle, none of the catfish extractabilities differed significantly (P < .05). 

Figures are mq protein extract with 0.6 M KCl/g muscle, fresh weight, after the sarcoplasmic 
proteins had been extracted. 

Means of 2 determinations on 3 different fish sacrificed at the end of the experiment 25 
weeks after the fish for the first measurements on fresh muscle were sacrificed. 

<:7' 
1.0 
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from tilapia muscle after 24 weeks of frozen storage at 
0 

-85.0 c (131 mg/g muscle fresh weight) suggests that 

virtually all the myofibrillar protein in this sample had 

been solubilized by 0.6 H KCl (if fish skeletal muscle 

contains 20\ protein and 63-75\ of this protein is 

myofibrillar protein, it would contain myofibrillar 

protein/g muscle, fresh weight). As will be discussed in 

the next subsection, however, these results could also be 

explained by loss of water via sublimation from the 
0 

-85.0 C samples. 

Extractability of Hyofibrillar Proteins in 1.1 H KI 

Because 1.1 H KI can depolymerize actin, this 

solvent, unlike 0.6 H KCl, can extract myofibrillar 

proteins almost completely regardless of the state of the 

Z-disk/actin filament linkages. Consequently, loss of 

solubility in 1.1 M KI reflects changes in the 

myofibrillar proteins, either aggregation or 

"denaturation", that causes them to become insoluble in 

neutral aqueous solvents, and does not reflect any change 

in integrity of the myofibril lattice. Assuming that 

fish skeletal muscle is 16 -20\ protein (Table 2) and that 

63-75\ of this protein is myofibrillar protein (Suzuki, 

1981; Connell, 1964), the results in Tables 15-17 show 

that 1.1 M KI extracts virtually all the myofibrillar 

protein from unfrozen, postrigor muscle of both catfish 

and tilapia. Therefore, it was surprising when the amount 
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Table 15. Analysis of Variance for Proteins Extracted 

by 1.1 M KI from Fresh and Frozen-Thawed 
1 

Catfish and Tilapia Muscle 

Source of Variation df Mean Square F 

Group (G) 2 508.82865 2.82 

Species ( s) 1 386.14472 2.14 

G X S 2 194.98357 1.08 

Fishes 
w/G and s 14 180.34245 

Total 19 

1 
None of the mean squares were significant at p < .05 or 

less 



Table 16. Analysis of Variance for Protein Extracted 
by 1.1 M KI from Catfish and Tilapia Muscle Stored 

at Three Different Temperatures and for Six 
Different Periods 

Source of Variation df Mean Square F 

Storage 
Temperature (Te) 2 72.10995 1.31 

72 

*** 
Storage Time ( T) 5 2,860.11460 52.09 

*** 
Species ( s) 1 761.21517 13.86 

* 
Te X T 10 139.70593 2.54 

Te X s 2 14.61010 0.27 

** 
T X S 5 220.28882 4.01 

Te X T X S 10 62.21390 1.13 

Fishes 
w/Te, T, s 36 54.91183 

Total 71 

* 
Significant at p < .05 

** 
Significant at p < .01 

*** 
Significant at p < .001 



Table 17. Mean Values for Protein Extracted by 1.1 M KI from catfish and 

Tilapia Skeletal Muscle After storage at Three Different Temperatures 

1.1 H KI 1.1 H KI 
Extrac- Extrac- Time of Frozen Storage (weeks) 
tability tabllity from 

from Frozen- Storage 
Fresh Thawed Temp. 

Species Muscle Muscle ( C) 2 4 8 12 18 24 

1 0 1 1 1 1 1 2 
catfish 120.33 106.51 -14.0 99.01 113.66 115.13 109.79 119.45 126.59 

0 1 1 1 1 1 2 
121.38 -25.6 94.43 102.87 118.80 111.85 110.88 146.73 

0 1 1 1 1 1 2 
-85.0 105.65 97.56 120.25 106.63 120.54 146.96 

a 1 0 a,2 a,1 a,1 a,l a,1 a,2 
Tilapia 115.92 119 . 05 -14.0 96.85 119.46 101.00 118.22 132.16 144.43 

0 a,l a,1 a,l a,l a,l b,2 
138.36 -25.6 109.28 114.62 114.71 103.87 128.08 161.41 

0 a,1 a,1 a,1 a,1 a,1 b,2 
-85.0 112.27 121.11 113.08 113.09 125.79 154.40 

Figures are means of 2 determinations on 3 different fish for fresh muscle, of 2 
determinations on 4 different fish for frozen muscle and of 2 determinations on 3 different 
fish at each of the different storage times. standard errors were 8.36 (fresh) and 7.36 
(frozen) for catfish data and 8.11 (fresh) and 7.58 (frozen) for tilapia data. Comparisons 
were made between protein extractability after different tlaes of frozen storage and for 
extractability of fresh muscle or extractability of frozen muscle within each species. Means 
having the same superscript letter (comparisons with fresh muscle) or superscript numeral 
(comparisons with frozen muscle) do not differ significantly (P < .OS). None of the protein 
extractabilities of catfish muscle differed significantly (P < .05) from the protein 
extractability of fresh muscle from this species. 

Figures are mg protein extent with 1.1 M KI/g muscle, fresh weight, after the sarcoplasmic 
proteins had been extracted. 

Means of 2 determinations on 3 different fish sacrificed at the end of the experiment 25 
weeks after the fish for the first measurements on fresh muscle were sacrificed. 

.....,J 
w 
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of protein solublized by 1.1 M KI increased after 24 weeks 

of frozen storage at each of the three storage 

temperatures used in this study. This increase in 1.1 M 

KI-extractable protein was largest at storage temperatures 
0 0 

of -25.6 c and -85.0 c and was larger for tilapia muscle 

than for catfish muscle. These effects caused 

thesignificant mean squares for storage temperature x 

storage time (P < .05), and for storage time x species (P 

< .01) observed in Table 16. Because the sum total of KI-

extractable protein (145 to 160 mg protein/g of fish 

muscle, fresh weight) and sarcoplasmic protein (58 to 59 

mg protein/g of fish muscle, fresh weight, Table 10) is 

more protein than was originally present in the fish 

muscle and because careful tests of the protein 

determination procedures showed that KI did not cause 

anomalous results, the explanation for the results in 

Tables 15-17 is that some moisture was lost from the 

frozen samples after 24 weeks of storage. This moisture 

loss, which may have occurred by sublimation, probably 

resulted in samples that were weighed out for the chemical 

determinations having a lower percentage of their weight 

as water and a higher percentage as protein than the 

unfrozen, postrigor samples. As suggested in the 

preceding section, this same loss of water probably 

affected the results on protein extracted in 0.6 M KCl as 

well. 
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The results in Tables 15-17 do show that neither 

freezing itself nor frozen storage for periods up to 24 
0 0 

weeks at temperatures between -14.0 C and -85.0 C causes 

sufficient changes ("denaturation") in the myofibrillar 

proteins to reduce their solubility. 

Summary of Protein Extractions 

Table 18 summarizes some of the protein 

extractions conducted in this study. The only significant 

(P < .05) effect of freezing alone on protein solublity 

was the reduction in amount of sarcoplasmic protein 

extracted from catfish muscle. Based on the results 

presented in Table 18, catfish and tilapia have similar 

contents of sarcoplasmic (about 34\ of total muscle 

protein for tilapia and 37\ of total muscle protein for 

catfish) and myofibrillar protein (about 66\ of total 

muscle protein for tilapia and 63% of total muscle protein 

for catfish). The values for sarcoplasmic and 

myofibrillar protein contents of catfish and tilapia 

skeletal muscle obtained in the present study are in 

general agreement with previous values reported in the 

literature for mackerel, amberfish, carp, and mullet 

(Jiang and Lee, 1985), and for several species of marine 

fishes (Suzuki, 1981). 



a 
Table 18. Summary of Different Protein Extractions 

catfish Ti lapia 

Signi-
ficant 

Frozen- at Frozen-
Protein Fraction Fresh Thawed p < .05 Fresh Thawed 

b 
Yield of Hyofibrils 50.89 54.84 No 96.96 80.23 

Sarcoplasmic 61.68 35.23 Yes 58.13 50.19 

0.6 H KCl 99.63 92.51 No 91.17 82.62 

Hyofibrillar 120.33 106.51 No 115.92 119.05 
(1.1 M KI) 

a 
Mean values expressed as mg protein/g muscle, fresh weight. 

b 
Mean values for the two species differ at P < .001. 
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Signi-
ficant 

at 
P < • OS 

No 

No 

No 

No 
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Sensory Evaluation 

In general, the sensory evaluation tests conducted 

during this study showed that tilapia were firmer than 

catfish, both before and after freezing, and that firmness 

of both tilapia and catfish muscle increased during frozen 
0 0 0 

storage at -14.0 C and at -25.6 C and -85.0 C for tilapia 

only (Tables 19-21). Because panelists were asked to rate 

firmness, these results do not allow any conclusion about 

the desirability (or lack of desirability) of the 
0 

increased firmness during frozen storage at -14.0 c. 

Freezing alone increased sensory firmness of tilapia 

muscle but had no effect on firmness of catfish muscle. 

This result caused the significant (P < .01) group x 

species mean square shown in Table 19. Firmness of 

catfish muscle increased to a greater extent during frozen 
0 

storage at -14.0 C than firmness of tilapia muscle (Table 

21). This result and the fact that firmness increased 
0 

during frozen storage at -14.0 C for both species, but not 
0 0 

at -25.6 C or -85.0 C for catfish, caused the significant 

storage temperature x storage time (P < .01) and storage 

time x species (P < .01) mean squares shown in Table 20. 

Although the evaluations of firmness done in this study 

cannot be compared directly with evaluations of toughness 

done in earlier studies, the results of the present study 

are in general agreement with earlier results showing that 

toughness of plaice (Dyer and Morton, 1956), of red hake 
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Table 19. Analysis of Variance for Sensory Evaluation 
of Firmness of Fresh and Frozen-Thawed 

Catfish and Tilapia Muscle 

Source of Variation 

Group (G) 

Species ( s) 

G X S 

Fishes 
w/G and s 

Total 

** 
Significant at p < .01 

*** 

df 

2 

1 

2 

12 

17 

Significant at p < .001 

Mean Square 

176.72222 

624.22222 

207.38889 

23.73611 

F 

** 
7.45 

*** 
26.30 

** 
8.74 
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Table 20. Analysis of Variance for Sensory Evaluation 
of Firmness of Catfish and Tilapia Muscle 

Stored at Three Different Temperatures and for 
Six Different Period~ 

Source of Variation df Mean Square F 

Storage 
*** 

Temperature (Te) 2 533.34375 34.32 
*** 

Storage Time ( T) 5 332.78958 21.42 
*** 

Species ( s) 1 5,805.03125 373.60 
** 

Te X T 10 48.08958 3.09 

Te X s 2 6.59375 0.42 
** 

T X S 5 55.72292 3.59 

Te X T X S 10 25.99792 1.67 

Fishes 
w/Te, T, s 36 15.53819 

Total 71 

** 
Significant at p < .01 

*** 
Significant at p < .001 



Table 21. Mean Values for Sensory Evaluation of Firmness of catfish and Tilapia 

Skeletal Muscle After Storage at Three Different Temperatures 

Firm- Firm-
ness ness 

Score Score of Time of Frozen storage (weeks) 
of Frozen- Storage 

Fresh Thawed Temp. 
Species Muscle Muscle ( C) 2 4 8 12 18 24 

a 1 0 a,l a,1 a,l b,2 a,l b,2 
Catfish 42.83 43.17 -14.0 49.50 45.25 46.00 62.26 52.00 63.00 

0 a,1 a,1 a,1 a,1 a,1 a,1 
48.17 -25.6 47.75 34.00 43.25 48.75 49. so 49.75 

0 a,1 a,1 a,1 a,1 a,1 a,1 
-85.0 46.00 43.50 47.75 45.00 43.25 44.00 

a 1 0 b,1 a,2 b,1 b,1 b,1 b,1 
Tilapia 47.17 68.50 -14.0 68.50 54.75 70.25 78.00 79.75 77.75 

0 b,l a,2 a,2 b,1 b,1 b,1 
53.83 -25.6 63.50 55.75 55.25 64.00 72.25 62.75 

0 b,1 a,2 a,1 b,1 b,l b,l 
-85.0 67.50 53.25 60.00 65.75 71.00 64.25 

Figures are means of 8 determinations on 3 different fish for fresh muscle, of 8 
determinations on 3 different fish for frozen muscle and of 8 determinations on 2 different 
fish at each of the different storage times. Standard errors were 3.85 (fresh) and 3.90 
(frozen) for the catfish data and 4.13 (fresh) and 4.29 (frozen) for the ti1apia data. 
Comparisons were made between sensory scores after different times of frozen storage and 
sensory scores of fresh muscle or sensory scores of frozen muscle. Means having the sa~ 
superscript letters (comparisons with fresh muscle) or superscript numerals (comparisons with 
frozen muscle) did not differ significantly (P < .05). 

Figures are expressed as degree firmness in mm, on a scale with 0 = mushy, 100 = tough. 

Means of 8 determinations on 3 different fish sacrificed at the end of the experiment 25 
weeks after the fish for the first measurements on fresh muscle were sacrificed. CD 

0 
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and haddock (Gill et ~., 1979), of cod and pacific hake 

(Crawford et al., 1979), and of cod alone (Love, 1966b; 

Connell and Howgate, 1968) increase during frozen storage. 

Although tilapia muscle seemed to soften somewhat 

after four weeks of frozen storage at each of the three 

temperatures used in this study, the immediate increase in 

firmness found after 8 weeks of frozen storage (Table 21) 

makes it likely that this 4-week softening is a chance 

occurrence and not a reproducible result. That tilapia 

was judged firmer than catfish, even in the unfrozen, 

postrigor state (Table 21), and that tilapia had lower 

muscle pH values than catfish, agrees with earlier studies 

that low muscle pH seems associated with increased 

toughness in cod (Kelly et ~., 1966; Kelly, 1969; Cowie 

and Little, 1966; Love et ~-, 1974). Higher lipid 

contents and low protein: high water ratios also account 

for softer texture (Howgate, 1977). 

SDS-Polyacrylamide Gel Electrophoresis and 
Ultrastructural Analysis of Changes lrr Catfish and 

Tilapia Muscle During Frozen Storage 

SDS-Polyacrylamide Gel Electrophoresis 

SDS-polyacrylamide gel electrophoresis was 

performed on all myofibril preparations and on all 0.6 M 

KCl and 1.1 M KI extractions done in this study. For 

purposes of brevity, however, densitometric scans of only 

those polyacrylmaide gels run on fresh, unfrozen samples 

and on samples stored for 24 weeks will be shown. In 
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general, these SDS-polyacrylamide gels displayed the 

extremes of any changes that occurred during freezing or 

frozen storage, and gels of fractions from frozen, thawed 

muscle or of fractions from muscle in frozen storage for 

less than 24 weeks simply showed intermediate stages in 

these changes. 

Several features of the SDS-polyacrylamide gels 

run in this study were examined carefully because it was 

felt that these features would be the most likely to 

change if proteolytic degradation or pronounced 

aggregation of proteins occurred during freezing or 

postmortem storage. SDS is a potent disruptive agent of 

most noncovalent forces involved in protein structure so 

any aggregation of myosin molecules that did not involve 

formation of covalent bonds would be lost and would not be 

detected by the SOB-polyacrylamide gel electrophoresis 

conducted in this study. Moreover, because the protein 

samples were diluted 1:1 in a buffer solution containing 

2% 2-mercaptoethanol and this mixture was then placed in 

boiling water for five minutes before application to the 

polyacrylamide gel, any disulfide bonds formed during 

freezing or subsequent frozen storage would be lost and 

would not be detected in the SDS-polyacrylamide gel 

electrophoresis studies done in this study. Consequently, 

changes in the SDS-polyacrylamide gels shown in this study 

likely originated either from proteolytic degradation of 
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proteins to smaller peptide fragments or from aggregation 

of polypeptides followed by formation of nondisulfide 

covalent bonds among the aggregated polypeptide chains. 

Because previous reports in the literature 

suggested that fish myosin was unusually labile to 

freezing and frozen storage, the protein bonds at the very 

top of the polyacrylamide gels where aggregated myosin 

would be expected to migrate were examined carefully. In 

addition, the polypeptide chains migrating just ahead 

(faster) of the myosin heavy chain, where proteolytic 

fragments of the myosin heavy chain would be expected to 

migrate, were monitored carefully. 

To eliminate the effects of different protein 

loads on the SDS-polyacrylamide gels, all peak areas were 

normalized by dividing by the peak area for actin in that 

same sample. Actin is a relatively non-labile protein 

that is fairly stable to most kinds of proteolytic 

degradation. 

Average relative molecular weight for the major 

myofibrillar proteins present in SDS-polyacrylamide gels 

of samples from the two species of fish used in the 

present study were determined by comparing proteins in 

rabbit skeletal muscle myofibrils against distance of 

electrophoretic migration. Because rabbit skeletal muscle 

myofibrils were included in every slab gel electrophoresis 

run in thls. study, it was possible to calculate relative 
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molecular weights for all protein bands found in SDS

polyacrylamide gels done on samples from catfish and 

tilapia muscle. Plots of log of molecular weights of 

rabbit skeletal myofibrillar proteins vs distance of 

electrophoretic migration were very reproducible. An 

example of the data obtained in six separate runs is shown 

in Fig. 3. In general, the relative molecular weights of 

the major myofibrillar proteins in myofibrils from catfish 

and tilapia skeletal muscle were similar to the values 

that have been established for their counterparts in 

rabbit skeletal muscle myofibrils (Table 22). Rowlerson 

et al. (1985) and Focant et al. (1976) both found 

previously that the relative molecular weights of fish 

myofibrillar proteins were similar to their counterparts 

in mammalian muscle, although there were some variations 

among the myosin light chains. Some of this variabilty 

may be due to varying proportions of "red" and "white" 

muscle used in eariler studies because fish white muscle 

contains three "fast" light chains, whereas fish red 

muscle contains two "slow' light chains (Rowlerson et al., 
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1985). It is evident from the SDS-polyacrylamide gels run 

that white muscle fibers predominated in the muscle 

samples used in the present study (Table 22). Rowlerson 

et al. (1985) earlier found that catfish fast-muscle 

myosin light chains (LC) had relative molecular weights of 

25.3, 18.1, and 17.7 g/mole and Takashi et al. (1974) have 

found that tilapia fast-muscle, myosin light chains had 

relative molecular weights of 25, 17.5, and 14 g/mole. 

With the exception of myosin light chain 2, where the 

relative molecular weight found in the present study were 

somewhat larger than those reported by Rowlerson et ~ 

(1985) or Takashi et al. (1974), these values for the 

relative molecular weights of cat fish and tilapia myosin 

light chains are in good agreement with the values 

reported here (Table 22). 

Densitometric scans of myofibrils prepared from 

fresh catfish and tilapia muscle, and from catfish and 

tilapia muscle that had been stored for 24 weeks at one of 

the three frozen storage temperatures used in this study, 

are shown in Figs. 4-7. Ratios of areas from these scans 

are shown in Table 23. Densitometric scans of all gels in 
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Table 22. Comparison of Molecular Weights of Major 

Proteins in Myofibrils from catfish and Tilapia 

Skeletal Muscle with Their Counterparts in 
1 

Rabbit Skeletal Muscle Myofibrils 

Rabbit Cat£ ish Tilapia 
Skeletal Skeletal Skeletal 

Muscle Muscle Muscle 
Protein (g/mole) (g/mole) (g/mole) 

Myosin Heavy Chain 200 216 ±. 6 220 ±. 11 

M-Protein 170 162 ± 3 173 ± 4 

C-Protein 135 135 ± 10 145 ± 6 

-Actin in 100 96 ± 3 103 ± 10 

Actin 42 45 ± 0.06 46 ± 0.6 

Troponin T 37 38 ± 0.5 39 ± 0.9 

Tropomyosin 36 33 ± 0.4 33 ± 0.4 

Myosin Light Chain, LC 25 25 ± 0.3 24 ± 0.3 
1 

Myosin Light Chain, LC 19 22 ±. 0.5 21 ±. 0.5 
2 

Troponin C 18 19 ±. 0.2 19 ±. 0.3 

Myosin Light Chain, LC 16 18 ± 0 17 + 0.2 
3 

1 
All values were obtained on the basis of rate of 

migration in SDS-polyacrylamide gels of purified 
myofibrils prepared from skeletal muscle of the three 
species. Values for rabbit proteins were taken from the 
literature and were used to construct a standard curve for 
determining the values for catfish and tilapia proteins. 

3 
Values are means X 10 plus or minus standard errors of 
four determinations on separate samples. 
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Table 23. Ratios of Areas from Densitometric Scans 

Species 

Catfish 

Ti lapia 

1 

of SDS-Polyacrylamide Gels of Myofibrlls 
1 

from Catfish and Tilapia Skeletal Muscle 

Sample 

Fresh 
0 

24 weeks -14.0 
0 

24 weeks -25.6 
0 

24 weels -85.0 

Fresh 
0 

24 weeks -14.0 
0 

24 weeks -25.6 
0 

24 weeks -85.0 

Myosin + 
"Titin"/ Myosin/ H + C 

actin actin /actin 

0.45 2.94 3.20 

0.54 1.73 2.23 

0.48 2.04 2.38 

0.51 2.63 2.95 

0.41 2.79 3.01 

0.75 2.31 2.57 

0.32 2.44 2.73 

0.40 3.11 3.35 

Tro
ponin 

T/ 
Tropo
myosin 

2.81 

2.60 

2.04 

2.49 

2.11 

2.76 

2.16 

2.18 

Areas under peaks from densitometric scans were 

digitally integrated and were used to calculate the ratios 

shown. "Titin" refers to protein near the top of the 

separation gel; this protein has a H > 300,000 g/mole and 
r 

may include aggregates of smaller myofibrillar proteins in 

addition to titln and nebulin. 
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Densitometric scans of SDS-polyacrylamide gels 

of myoflbrlls prepared from tllapia (a) and catfish (b) 
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skeletal muscle frozen-stored for 24 weeks at -85.0 C. 
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this study were initiated at a joint above the separation 

gel so that any protein bands at the very top of the 

separation gel would be scanned. The top of the gel was 

set at 0 min of the scan, but as a consequence of starting 

some scans above the separation gel, some scans contain 

peaks from the area where undegraded titin would be in 

these 50S-polyacrylamide gels. It is recognized, however, 

that the protein band or bands in this area may contain 

proteins besides titin, especially in samples from muscle 

in frozen storage for 24 weeks. With the exception of 
0 

catfish myofibrils stored at -14.0 C for 24 weeks, frozen 

storage had little or no effect on the SDS-gel 

electrophoresis patterns of myofibrillar proteins from 

catfish vs tilapia. Myofibrils prepared from catfish 
0 

muscle after 24 weeks of frozen storage at -14 C had a 

somewhat smaller myosin heavy chain peak than did 

myofibrils prepared from other samples of catfish muscle 

(Table 23, Figs. 4-7). It is possible the myosin heavy 

chain in these samples had been proteolytically degraded. 

Densitometric scans of SDS-polyacrylamide gels of 

0.6 M KCl extracts were remarkably similar to the 

densitometric scans of the gels of myofibrils (cf. Figs. 

4-7 with Figs. 8-11). This confirms the conclusion 

reached earlier that 0.6 M KCl extracts nearly all the 

myofibrillar proteins, even from unfrozen, postrigor 

muscle. The 0.6 M KCl extracts from catfish muscle stored 
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Figure 9. Densitometric scans of 50S-polyacrylamide gels 

of proteins extracted with 0.6 M KCl from tilapia (a) and 

catfish (b) skeletal muscle frozen-stored for 24 weeks at 
0 

-14.0 c. 
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Figure 10. Densitometric scans of SDS-polyacrylamide gels 

of proteins extractede with 0.6 M KCl from tilapia (a) and 

catfish (b) skeletal muscle frozen-stored for 24 weeks at 
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-25.6 c. 
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Figure 11. Densitometric scans of SDS-polyacrylamide gels 

of proteins extracted with 0.6 M KCl from tilapia (a) and 

catfish (b) skeletal muscle frozen-stored for 24 weeks at 
0 

-85.0 c 
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0 

at -14.0 c for 24 weeks had somewhat less myosin heavy 

chain and more material migrating just ahead of the myosin 

heavy chain than the 0.6 M KCl extracts from the other 

catfish muscle samples (Table 24; Fig. 8-11). This same 

phenomenon was noted earlier in the myofibrils prepared 

from catfish muscle proteolytically degraded in this 

muscle sample. Interestingly, with the exception of the 

"titin" to actin ratios in 0.6 H KCl extracts of catfish 
0 0 

muscle stored for 24 weeks at -14.0 or-25.6 c, the area 

ratios from SOB-polyacrylamide gels of the 0.6 M KCl 

extracts are similar to the area ratios from SDS-

polyacrylamide gels of myofibrils prepared from the 

corresponding muscle samples (cf. Tables 23 and 24). 

Densitometric scans of SOB-polyacrylamide gels of 

1.1 M KI extracts from catfish and tilapia skeletal muscle 

also resembled the densitometric scans of SDS-

polyacrylamide gels of 0.6 M KCl extracts and of 

myofibrils from these same muscle samples (cf, Figs. 12-15 

with Figs. 4-7 and 8-11). Again, the amount of myosin 

heavy chain in SDS-polyacrylmide gels of catfish muscle 
0 

stored at -14 C for 24 weeks was less than the amount of 

myosin heavy chain in 50S-polyacrylamide gels of the other 

catfish samples (Figs. 12-15, Table 2 5) • SDS-

polyacrylamide gels of 1.1 H KI extracts of unfrozen, 

postrlgor catfish muscle also had a diminished myosin 

heavy chain content compared with the 1.1 H KI extracts of 
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Table 24. Ratios of Areas from Densitometric Scans 

of SDS-Polyacrylamide Gels of 0.6 M KCl Extracts 
1 

from Catfish and Tilapia Skeletal Muscle 

Species Sample 
"Titin"/ 

Actin 

Area Ratios 

Myosin/ 
Actin 

Myosin 
+ M + C/ 

Actin 

Tro
ponin 

T/ 
Tropo
myosin 

Cat£ ish Fresh 0.45 2.66 2.87 3.41 
0 

24 weeks -14.0 0.95 1.42 1.91 2.98 
0 

24 weeks -25.6 0.89 2.13 2.51 1.99 
0 

24 weeks -85.0 0.36 2.63 2.84 2.43 

Tilapia Fresh 0.38 1.89 2.06 2.83 
0 

24 weeks -14.0 0.68 2.89 3.32 3.18 
0 

24 weeks -25.6 0.59 3.15 3.46 2.84 
0 

24 weeks -85.0 0.51 3.92 4.26 3.05 

1 
Areas under peaks from densitometric scans were 

digitally integrated and were used to calculate the ratios 

shown. "Tit in" refers to protein near the top of the 

separation gel; this protein has a M > 300,000 g/mole and 
r 

may include aggregates of smaller myofibrillar proteins in 

addition to titin and nebulin. 
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Figure 13. Densitometric scans of SDS-polyacrylamide gels 

of proteins extracted with 1.1 H KI from tilapia (a) and 

catfish (b) skeletal muscle frozen-stored for weeks at 
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of proteins extracted with 1.1 M KI from tilapia (a) and 

catfish (b) skeletal muscle frozen-stored for 24 weeks at 
0 

-25.6 c. 
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The peaks corresponding to myosin and actin are labeled. 

,..:----"------......_ _________ ..........._ ______ , ____ __, 

""'"' r. r, 
0 

~ 

7l:J9 I 

z 
r: 
c 

I 
1 ~LA_ ,, ;\ I 

.__ ___ _.....-..---.----r----,---r--·· -.----,---1 

••• l.S Z.l 1..\ 3. 1 :f.!! t.l 
··~ llltii1Tt3 

b 

Figure 15. Densitometric scans of SDS-polyacrylamide gels 

of proteins extracted with 1.1 M KI from tilapia (a) and 

catfish (b) skeletal muscle frozen-stored for 24 weeks at 
0 

-85.0 c. 
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Table 25. Ratios of Areas from Densitometric Scans of 

SDS-Polyacrylamide Gels of 1.1 M KI Extracts from 
1 

Species 

Catfish and Tilapia Skeletal Muscle 

Sample 
"Titin"/ 

Actin 

Area Ratios 

Myosin/ 
Actin 

Myosin 
+ M + C/ 

Actin 

Tro
ponin 

T/ 
Tropo
myosin 

Catfish Fresh 0.68 1.77 1.90 3.40 

Tilapia 

1 

0 

24 weeks -14.0 0.51 
0 

24 weeks -25.6 0.37 
0 

24 weeks -85.0 0.48 

Fresh 0.41 
0 

24 weeks -14.0 0.36 
0 

24 weeks -25.6 0.34 
0 

24 weeks -85.0 0.39 

1.76 2.08 3.42 

2.29 2.49 2.24 

3.17 3.36 2.67 

3.04 3.27 2.27 

2.20 2.57 3.10 

2.70 2.96 2.58 

3.34 3.75 2.70 

Areas under peaks from densitometric scans were 

digitally integrated and were used to calculate the ratios 

shown. "Titin" refers to protein near the top of the 

separation gel; this protein has a M > 300,000 g/mole and 
r 

may include aggregates of smaller myofibrillar proteins in 

addition to titin and nebulin. 
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the other catfish muscle samples. Gels of the 1.1 M KI 

extracts of unfrozen, postrigor catfish muscle, however, 

did not have an increased amount of material migrating 

just ahead of the myosin heavy chain as the gels of 1.1 M 
0 

KI extracts of the -14.0 , 24-week catfish muscle did (cf. 

Figs. 12 and 13). 

In general, the SDS-polyacrylamide gels of tilapia 

and catfish muscle did not change during frozen storage to 

the extent that Jiang and Lee (1985) and Gill et al. 

(1979) described earlier for mackerel, amberfish, carp, 

and mullet and for haddock and red hake. Jiang and Lee 

(1985) found that myosin light chains of mullet. muscle 

decreased during frozen storage with the concomitant 

formation of a protein migrating at a rate corresponding 

to 50 to 60 kDa that they thought represented an 

aggregation product of myosin light chains and other low 

molecular weights. The densitometric scans done in the 

present study failed to reveal the presence of any new 

proteins appearing during frozen storage. 

Electron Microscopy 

Unfrozen, postrigor samples, frozen-thawed samples 

and samples in frozen storage for 12 and 24 weeks at each 

of the three storage temperatures were compared using 

electron microscope techniques. Ultrastructural 

appearance of the unfrozen, postrigor samples was 

surprising. Unfrozen catfish muscle was supercontracted 
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a 

Catfish myofibrils are supercontracted with sarcomeres 1.5 
um or less in length. Catfish myofibrils also are more 
constricted laterally creating more interfibrillar space. 
Magnification X 24,000. 

b 

Figure 16. Electron micrographs of fresh, unfrozen 
catfish (a) and tilapia (b) skeletal muscle. 
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with their filaments overlapped in the center of the 

sarcomerer with thick filaments crumpled up against the Z

disks to produce dense bands, and with sarcomere lengths 

of 1.3 urn, much below rest-length sarcomeres, of 2.3 to 

2.6 urn (Fig. 16a). Unfrozen, postrigor tilapia muscle 

also was slightly contracted, having sarcomere lengths of 

1.9 to 2.0 urn (Fig. 16b). Z-disks in the unfrozen, 

postrigor tilapia muscle were broad and amorphorus and 

resembled Z-disks in beef, porcine and rabbit muscle that 

had been stored for 10 to 14 days postmortem (Henderson et 

al., 1970). The loss of Z-disk structure may be related 

to the ability of 0.6 M KCl to extract almost all the 

actomyosin from this muscle. Unfrozen, postrigor tilapia 

muscle also contained numerous small, dense particles that 

resembled glycogen granules or ribosomes (Fig. 16b). It 

would be very surprising for postrigor muscle to retain 

such large amounts of glycogen, especially when muscle pH 

of postrigor tilapia muscle was 6.24 and significantly 

less than the pH of postrigor catfish muscle (see Table 

5). It was noticed that the tilapia, when immersed in ice 

water were rapidly immobilized and died rather quickly, 

whereas the catfish continued to be somewhat active in the 

ice water until sacrificed. Perhaps the rapid 

immobilization of the tilapia preserved significant 

quantities of their muscle glycogen. 

Freezing catfish muscle caused a startling 
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a 

Myofibrillar bands are more poorly defined, compared to 
fresh tissue, for tilapia and sarcomeres in catfish 
myofibrils have now lengthened. Magnification X 24,000. 

b 

Figure 17. Electron micrographs of frozen-thawed catfish 
(a) and tilapia (b) skeletal muscle. 
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increase in sarcomere lengths from the 1.3 urn observed in 

unfrozen, postrigor muscle (Fig. 16a) to 1.9 urn (Fig. 

17a). This lengthening was accompanied by the 

reappearance of a narrow Z-band. There is no known 

explanation for the lengthening of sarcomeres in the 

absence of ATP. This occurrence may have been due to 

chance in sampling. Ultrastructure of frozen, thawed 

catfish muscle otherwise generally resembled the 

ultrastructure of at-death muscle; Z-disks were narrow and 

the A- and !-bands (Fig. 17a). Ultrastructure of frozen 

tilapia muscle resembled that of the unfrozen, postrigor 

tilapia muscle (Fig. 17b); the muscle was amorphous and 

lacked a fibrillar appearance, and Z-disks was broadened 

and poorly defined. 

Ultrastructure of muscle samples stored in the 

frozen state for 12 weeks was similar to that of frozen, 

thawed muscle and therefore these are not shown here. 
0 

Muscle stored for 24 weeks at -14.0 C showed some 

evidence of freezing damage. The !-band region of muscle 

from both species contained vacuolar-like structures and 

it was difficult to discern thin filaments in the !-band 

(Fig. 18a and b). H-lines were absent from the tilapia 

muscle (Fig. 18b) and Z-disks of both catfish and tilapia 

muscle seemed patchy and were not continuous. Z-disks in 
0 

tilapia and catfish muscle stored at -25.6 C for 24 weeks 

retained a greater degree of integrity than Z-disks in 
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a 

Z-disk deterioration is seen in both species and M-line 
deterioration is noticeable in tilapia. Magnification X 
24,000. 

b 

Figure 18. Electron micrographs of catfish (a) and 

tilapia (b) skeletal muscle frozen-stored for 24 weeks at 
0 

-14.0 c. 
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0 

samples stored for 24 weeks at -14.0 C (cf Figs. 18, a and 

b, 19, a and b) . Muscle of both species stored at 
0 

-25.6 C for 24 weeks retained considerable fibrillar 

structure, and there was little or no evidence of freezing 

damage. Indeed, some elements of the sarcotubular systems 

can still be seen in tilapia muscle after frozen storage 
0 

for 24 weeks at -25.6 C (Fig. 19b). 
0 

Surprisingly, muscle stored at -85.0 C for 24 

weeks seemed to retain less of the structural features of 
0 

at-death muscle than muscle stored at -25.6 C for the same 

period (cf Figs. 19, a and b, and 20, a and b). Catfish 
0 

muscle stored at -85 c for 24 weeks again was extremely 

supercontracted and had sarcomere lengths of 1.25 to 1.30 

urn (Fig. 20a). Tilapia muscle stored for this same period 
0 

of time at -85 C had sarcomere lengths of 1.9 to 2.0 urn. 

Although the extremely supercontracted state of catfish 

muscle after 24 weeks makes it impossible to evaluate the 

structural integrity of Z-disks and !-bands in this 
0 

muscle, Z-disks in tilapia muscle after 24 weeks at -85 C 

were amorphous and seemed broken or discontinuous (Fig. 

20b). M-lines often were missing in tilapia muscle stored 
0 

for 24 weeks at -85.0 C (Fig. 20b). 
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a 

Z-disks and individual fibers remain relatively stable. 
Magnification X 24,000. 

b 

Figure 19. Electron micrographs of catfish (a) and 

tilapia (b) skeletal muscle frozen-stored for 24 weeks at 
0 

-25.6 c. 
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a 

Z-disks in tilapia show some loss of fibrillar structure, 
presumable because of freezing damage and catfish muscle 
appear amorphorus with little evidence of a fibrillar 
structure. Catfish is again super contracted. 
Magnification X 24,000. 

b 

Figure 20. Electron micrographs of catfish (a) and 

tilapia (b) skeletal muscle frozen-stored for 24 weeks at 
0 

-85.0 c. 



CHAPTER 5 

CONCLUSIONS 

With one exception, the extractability studies 

conducted in this study showed no large changes in muscle 

protein solubilities due to freezing or subsequent frozen 

storage. Although there were some increases in protein 

solubilities after 8 to 12 weeks of frozen storage, at 

least some of these increases seemed anomaous and to 

result from loss of muscle water during frozen storage 

rather than to changes in the muscle proteins. This study 

did not detect any losses in muscle protein solubility 

such as those reported by other investigators. 

Except for the unexplained decrease in 

sarcoplasmic protein extractability for catfish, no 

decreases in protein extractabilities were observed. The 

lack of agreement between this study and other authors may 

be due to differences in species, extraction techniques, 

or handling procedures. Solubility studies performed with 

5\ neutral unbuffered sodium chloride solutions may have 

confounded results obtained by others. Thus, 

extractability results do not seem to be of major value in 

predicting changes in muscle firmness detected by the 

sensory evaluation study. 

114 
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This conclusion is in agreement with other 

investigators who found that extractable protein values 

did not correlate well with increased toughness of frozen 

stored red hake and haddock (Gill et al., 1979; 

Licciardello et ~., 1982) and cod (Luijpen, 1957; Cowie 
0 

and Little, 1966) at storage temperatures of -29 C or 

below. 

The firmer sensory textural scores of fresh 

tilapia could not be easily related to any unique 

ultrastructural features of tilapia muscle detectable in 

the electron microscope. The ultrastructural appearance 

of postrigor fish muscle seemed highly variable, and this 

variability made it difficult to relate specific 

ultrastructural changes to differences in sensory 

firmness. Nor could the electrophoretic studies be 

related to textural scores. The consistent reduction in 
0 

the myosin-actin ratio found for catfish held at -14.0 C 

for 24 weeks was not easily associated with the toughening 

of catfish at this same storage time and temperature. No 

major aggregation peaks or peaks corresponding to 

breakdown products of myofibrillar proteins were observed. 

The two major findings of this investigation dealt 

with the species differences seen in the pH results and in 

the sensory evaluation study and may be interrelated. 

Because there were no discernible trends in the pH data, 



116 

the changes in perceived firmness of fish seen in the 

sensory evaluation study are probably not due to any small 

fluctuations in pH over time in frozen storage. However, 

there may be a relationship between the average pH of the 

species and the firmness of its flesh in a cooked product. 

In this study, the tilapia flesh, with the lower pH, was 

consistently scored firmer than the catfish meat with the 

higher pH. Several investigators have suggested that 

tenderness is associated with high muscle pH values (Cowie 

and Little, 1966; Kelly et al., 1973; Love et al., 1974). 

The higher post-rigor pH of fish as compared to mammalian 

muscle may also be one reason why fish flesh is generally 

considered more tender than mammalian meats. 

The slightly softer texture of the catfish may 

have been a reflection of its higher lipid content as 

compared to tilapia. The slightly lower crude protein 

content of catfish may also have contributed to this 

effect. 

The greater ability of catfish to withstand 

toughening upon initial freezing may have been a 

reflection of the greater thickness of the catfish fillets 

as compared to tilapia. It could also have been due to 

the different arrangements of the myotomes, with catfish 

myotomes being packed tighter than tilapia. Both of these 

might have had a protective effect on the proteins of the 

intact fillet. Also, the higher moisture content of 
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tilapia may have accounted, in part, for its greater 

susceptibility to effects of freezing intially. 

Thus, it appears that catfish was slightly more 

stable to the effects of freezing than tilapia, although 

firmness of catfish muscle also increased during frozen 
0 

storage at -14.0 C. Tilapia, however, was scored 

significantly (P < .001) firmer than fresh throughout most 

of the storage studies and at all storage temperatures. 

Other researchers have also reported differences in frozen 

storage behaviors of different species of fish. Wesson et 

al. (1979) reported sensory scores for whitefish were 

slighly softer than perch. Likewise, Gill et al. (1979) 

stated that cooked haddock samples were ranked firmer than 

red hake samples by a sensory panel intially, although the 

hake scores increased to a greater extent than haddock 

during frozen storage. Hanson and Olley (1965) proposed 

that lipid content of fish may contribute to overall 

freeze denaturation effects of fish. They suggested that 

neutral lipid may have a protective effect on myofibrillar 

proteins and that intermediate-fatty fishes benefit most 

from these effects. Catfish may be so protected because 

it contains higher percent body fat than tilapia. Thus, 

inherent differences in species, such as muscle tissue 

structure, pH, protein: water ratio, and fat content may 

all play a role in the differences in firmness between 

catfish and tilapla found in this study. Further studies 
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may be required in order to elucidate more fully the 

effects of freezing and frozen storage on the skeletal 

muscle of these two fish species. Perhaps a more 

extensive investigation using both denaturing and native 

electrophoretic techniques on extracts of the myofibrillar 

proteins may be of use. Consumer acceptability studies 

may also be needed to further characterize tilapia as a 

food item. 
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