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CHAPTER I 

INTRODUCTION 

Since 1974, the energy crisis has greatly influenced the 

economics of the world. The meat industry in the last decade 

has attempted to reduce the energy spent during processing. 

Hot processing (also known as hot boning and prerigor boning) 

of carcasses has the potential to substantially reduce the 

energy required to process meat products. 

Hot processing has been used in the meat industry in fa

bricating the whole carcass. Processing energy, cooler space 

and labor can be saved mainly because of the processing time 

reduction. After hot boning, the temperature gradient within 

the muscle is reduced and the meat quality improved. Addi

tionally, various physical and chemical methods have bean 

used to control the properties of prerigor muscle. Precooking 

is one of them. Advantages of precooking are enhanced tender

ness and reduced cooking loss. In addition, it saves time, 

energy and labor required in conventional cooling, and reduces 

bacterial contamination. Additionally, the precooking treat

ments are not harmful to color and shape. 

Due to varying heating rates and temperatures in precooked 

products, research in precooked meat is difficult to compare. 

Rata of heat penetration and the amount of total heat applied 

are two key factors for prerigor cooking. The physical 
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method of heat transfer determines total heat application to 

a given sample. Heat can influence the activities of enzymes 

through its action on enzyme structure. Phosphofructokinase 

and phosphorylase are the two most important rate limiting 

enzymes in glycolysis. Research concerning the relationships 

between enzymatic activity and prerigor cooking treatment is 

essential. 

The purpose of this study is to obtain a better under

standing of the biochemical characteristics of prerigor pork 

muscle. The specific objectives are (1) to determine the 

effect of processing conditions on selected glycolytic en

zymes in preheated prerigor pork muscle; (2) to define the 

minimal precooking condition to control glycolysis in prerigor 

muscle. 



CHAPTER II 

REVIEW OF LITERATURE 

Hot Boning 

Hot boning is an excellent processing method which can 

be used on pork and beef carcasses. Follett at al^ (1974) 

and Tarrant (19 77) found that excision of muscle from the 

carcass soon after slaughter could reduce the temperature 

gradient throughout the muscle during subsequent cooling. 

This is very important to the industry, since meat quality 

is related to glycolysis, which is, in turn, related to tem

perature gradient in muscle tissue. Hot boning reduces the 

temperature differential within muscle by an increased cool

ing rata in the interior of the muscle and slightly decreased 

rata at the surface. Hence, the rate of glycolysis within 

muscle is mora uniform after hot boning, and there is conse

quently a uniform distribution of pH. 

Excessively slow or fast rates of glycolysis are harmful 

to meat quality. A slow rate of glycolysis may cause cold 

shortening and toughness in beef. Conversely, fast rates of 

glycolysis causa sudden pH declines which result in protein 

denaturation and reduced water holding capacity. 



In addition to temperature affects during hot boning, 

other chemical and physical methods to regulate postmortem 

glycolysis have been investigated. Bata-Smith and Bandall 

(1949) and deFremery and Pool (1963) found that insulin in

jection, beating, excision, cutting, electron irradiation, 

electric stimulation and elevated environmental temperature 

could increase rate of rigor mortis, but not affect ultimata 

pH. These methods are linked to the biochemical processes 

of glycolysis and rigor. Rigor was delayed as long as ade

nosine triphosphate and magnesium were present. 

deFremery (1966) stated that the chemical event most 

closely linked with the onset of rigor mortis was the disap

pearance of ATP. Pearson (1977) found a rapid decrease in 

muscle extensibility as ATP level declined. The cross 

bridges between actin and myosin filaments, which normally 

broke and reformed in muscle contraction, could not be broken 

in the absence of ATP. While rigor was allowed to develop, 

muscle underwent shortening and toughened. 

Generally the rata of ATP turnover determines the degree 

of glycolysis or exhaustion of glycogen and thus the pH of 

postmortem muscle. deFremery and Pool (1963) and Khan and 

Nakamura (19 70) showed that pH decline was the factor which 

appeared to be most directly related to the toughness of muscle 

deFremery and Pool (1963) and Streitel at a]^. (1977) found 

that axtravenous injection of sodium iodoacatata or addition 



of sodium citrate to meat could inhibit phosphoglyceraldehyde 

dehydrogenase and phosphofructokinase activities. Baldwin 

and deMann (1968) indicated that citrate also was used as 
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a Ca chelating agent or a muscle relaxant. Bendall (1973), 

Ellinger (1972), Peterson (1977), Streitel et aĴ . (1977) and 

Schmidt et al. (19 70) used other chelating or muscle relaxing 

agents such as sodium hexametaphosphate, sodium pyrophosphate, 

sodium pyrophosphate-hexametaphosphate and MgCl Bate-Smith 

and Bendall (1949) and Beecher et al. (1965) used myanesin, 

and sodium pentobarbital, respectively, to calm animals prior 

to slaughter. Khan and Nakamura (1970) injected epinephrine 

preslaughter to increase glycogen content in muscle. Peterson 

and Lilyblade (19 79) injected NaHC03/Na2C03 (0.48%) into chi

ckens after evisceration to slow the decline of pH. More 

tender muscle was incidentally observed in this study. 

Follett et a]^. (1974) and Kastner et. al. (1973) indicated 

that hot boning resulted in a lower shrink loss and drip loss 

in the vaccum packed beef semimembranosus than cold boning. 

Hot boning aided in retaining desirable meat color, flavor 

and juiciness. Research by Follett et. al̂ . (1974), Kastner 

et al. (1973), Schmidt and Gilbert (1970) and Schmidt and 

Keman (19 74) showed that hot boning, followed by cooling at 

5 - 15C resulted in meat with decreased sarcomere length and 

which was less tender. Schmidt and Gilbert (1970) and Schmidt 

and Keman (1974) indicated that hot processing also increased 



water-holding capacity and acceptability. Kastner et al. 

(1973) also found that cooking loss and moisture content 

were lower if carcasses were hot boned instead of cold boned. 

Other benefits from hot boning were that loss cooler space 

and shorter refrigeration times were required. 

Inconsistent results, however, have been reported for 

hot boning. Marsh (1977) reported that prerigor excision 

followed by fairly rapid cooling of several major porcine 

muscles caused-significant toughness, Henrickson (1975) 

made the same observation. Marriott et al̂ . (1980) indicated 

that conventionally cold processed pork cuts were acceptable 

in overall appearance, although there were no differences in 

tenderness, color and juiciness. Hot processed meat some

times had higher microbial contamination. This contamina

tion was more serious at the surface of meat than that in 

the interior of cut at 15C.- Follett et al̂ , (1974) and Mar

riott et a]L. (1980) recommended that beef carcass temperature 

prior to rigor should not be lower than 140. Otherwise, 

toughness due to cold contraction could not be completely 

controlled. Marsh and Leet (1966) stated that tenderness of 

meat removed from the carcass in a prerigor condition was 

highly dependent on the extent of cold shortening occurring 

after excision. 



Precooking Methods 

Prerigor heat treatment of muscle is perhaps another 

method for obtaining tender hot processed meat. deFremery 

and Pool (1963), Paul et al. (1952), and Weidemann et al. 

(1967) observed that muscles cooked soon after slaughter 

were more tender than those cooked after development of ri

gor. Marsh (19 77) reported that prerigor meat was tender 

when cooked in boiling water before pH declined noticeably. 

Cia and March (19 76) indicated that prerigor muscle shor

tened considerably more than rigor muscle during cooking. 

However, if cooked within 3 hrs post slaughter, the prerigor 

products were more tender and cooking loss was less than if 

cooked after the occurrence of rigor. The same authors also 

reported that precooking methods could reduce bacterial con

tamination, and reduce cost of conventional cooling in terms 

of time, labor and refrigeration. The precooked treatments 

were not harmful to color or shape of meat cut, since the 

products were mostly served as convenience foods. In con

trast, Weiner et_ al. (1966) and Montgomery et. a]^. (1977) re

ported that precooking treatment could cause product tough

ness. Dransfield and Rhodes (1975) and Marsh et. al. (1972) 

attributed this toughness to the combined infouences of 

shortening and accelerated lactic acid production by heat 

application. 

Dransfield and Rhodes (1975) also reported that the over

all shrinkage of meat heated in the prerigor state was due 
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to the combined effects of rigor contraction, heat contrac

tion and heat shrinkage of connective tissue. Each of these 

factors had its own temperature range. Rigor contraction 

occurred as ATP synthesis from phosphocreatine and glycolysis 

decreased and ATP in muscle disappeared. Bendall et. al. 

(1963) stated that the rate of change in ATP content increased 

from a minimum at 17C to a maximum at 41C. Heat contracture 

began at about 43C and, unlike regor contracture, could occur 

while the ATP level in muscle was high. Heat contracture 

was much more vigorous than rigor contracture and a maximum 

was reached at about 45C and then declined to zero at 50C, 

as contractile proteins were denatured by heat. Heat shrinkage 

of collagen began at 63C and increased in rate up to 80C. 

Consequently, the size of cut the speed, uniformity and tem

perature of heat application were very important factors for 

product tenderness. 

Comparison of Cooking Methods 

Paul and Palmer (1972) stated that the rate of heat pene

tration into meat depends on energy rate, transmission rate, 

size and shape of sample, composition and distribution of 

bone, fat, lean and connective tissue. Decareaue (1968) said 

that microwaves radiate high frequency electromagnetic energy 

and convert energy to heat by action at the atomic and mole

cular levels. Roberts and Lawrie (19 74) noted that microwave 



ovens rapidly generate heat throughout tissue, whereas, con

ventional cooking generated heat outside which subsequently 

conducts to the interior of the tissue. Further, they 

observed that boiling method exposes substances to high tem

perature for a long time. The combination of high heat and 

extended time could well account for the somewhat lower ten

derness in boiled product. Cia and Marsh (1976) reported 

that microwaves raised meat temperatures faster than boiling. 

Thus, microwaves terminated glycolysis earlier. Heating rate 

could have a direct denaturation effect rather than a heat-

accelerated acid production. Dransfield and Rhodes (1975) 

also showed that microwave might produced a uniform heat; they 

caused fiber shortening in unison, whereas, other cooking 

methods caused localized shortening. 

Due to varying experimental conditions, widely varied re

sults are reported concerning different cooking methods such 

as microwave, convection heat, boiling and deep fat frying. 

Ruyack and Paul (1972) said that cooking time was less in 

microwave than that in convection ovens. Carpenter et al. 

(1968), nines et. al. (1980), Korschgen et aL. (1976), Marshall 

et aĴ . (1960) , Montgomery et aĴ . (1977) Pollack and Foin 

(1960) and Ruyack and Paul (1972) found that cooking losses 

(drip loss and evaporative loss) were higher in microwave 

treated samples than those in convectionally cooked ones. 

This was probably due to the faster cooking rate by microwave 

oven. Apgar et al. (1959), Deethardt et al. (1973), Headley 
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and Jacobson (1960) , Hines et al. (1980) , Kylen et aĴ . (1964) , 

Law et al. (1967) , Marshall et al.. (1960) and Montgomery et 

al. (19 77) variously reported microwave treated samples with 

lower scores for appearance, tenderness, juiciness, color, 

aroma, flavor and lower moisture and higher protein content 

than convection oven treated samples. 

Law et al̂ . (196 7) found that microwave treated top-round 

steaks had higher total cooking loss and percent total pro

tein and lower collagen values than those treated by conven

tional oven. Dransfield and Rhodes (1975) said that hot 

processed chops of beef semitendinosus precooked by micro

waves had shorter sarcomeres than those precooked by broil

ing. However, chops with shorter sarcomeres had higher War-

ner-Bratzler shear values. These varying reports might 

result from the varying rigor state of meat samples used in 

each experiment. Usually the final pH of products, which 

reflects state of rigor and influences tenderness, was modi

fied by different heating rates and cooking temperatures in 

the above studies. 

Cia and Marsh (1976) showed that slow heat such as boil

ing hastened glycolysis and significantly reduced muscle pH 

in bovine sternomandibularis. Whereas, in roasting and fry

ing, Paul et aa. (1952) and Dransfield and Rhodes (1975) re

ported that deep fat frying with a faster heating rate re

sulted in more tender meat, while roasting, which was slower 

in nature, hastened rigor with quick toughening. 



11 

Precooking Temperature 

Temperature is also a key factor in meat tenderness. 

Marshall et. al. (1960) showed that evaporative loss and drip 

loss in low temperature roasting became higher as initial 

temperature of cooked meat increased. Hamm and Deatherage 

(1960) found that a severe denaturation of muscle protein 

extract was discovered at 40C and continued to 50C. Laakko-

nen et al. (19 70) observed that the final temperature of 

cooked meat greatly influenced tenderness and cooking loss. 

Davey and Gilbert (1975) said that toughness of meat cooked 

to 60C was only half of that cooked to 80C. Bramblett et al. 

(1959) and Bramblett and Vail (1964) found that muscle cooked 

at 68C was more tender and had acceptable appearance and 

flavor than muscle cooked at 93C. They also concluded that 

time of holding meat between 40 and 60C was closely related 

to tenderness. Paul et al̂ . (196 6) showed the amount of N-

containing compounds in the sarcoplasmic fraction of rabbit 

longissimus dorsi decreased and denatured protein content 

increased by increasing temperature between 40 and 80C, or 

by increasing heating time at a given temperature in a water 

bath. Davey and Gilbert (1974) observed that meat cooked 

to an internal temperature between 40 and 50C became tough, 

its myosin solubility was low and its contractile system was 

denatured. When the internal temperature of meat was raised 

to 65 to 70C, further collagen shrinkage occurred and meat 

fiber shortening caused extrusion of serum. The development 
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of cooking toughness also was closely related to cooking 

shrinkage, both along and across the grain, and with cooking 

weight loss. 

Glycolysis 

Glycolysis leads to ATP production for energy use and 

phosphorylation of creatine for synthesis of ADP (Lehninger, 

1975) . The substrate for this reaction is glycogen; the 

products are lactic acid and ATP. Beecher et aa. (1965) Ben

dall (1973), Briskey et al. (1966), Cassens and Newbold (1966), 

Disney et al. (1967) Bendall et al. (1963) and Tarrant and 

Mothersill (1977) showed that the rate of postmortem glycolysis 

is influenced by temperature, muscle fiber type and secretion 

of hormones. Glycolytic rate also is affected by the inten

sity of nerve stimuli reaching muscle before and during 

slaughter. Animal effects and muscle location within a car

cass are other factors affecting the rate of postmortem 

glycolysis. Newbold and Scopes (1967) and Tarrant and Moth

ersill (1977) reported that muscle quality was highly influ

enced by the rate of pH decline and ultimate pH values. 

These pH factors are, in turn, correlated with temperature. 

Atkinson and Follett (1973) , Bendall et al. (1963) , Disney ejt 

al. (1967) and Hamm (1966) noted that pH could reflect the 

status of various biochemical and physiochemical changes in 

muscle and set standards for assessing meat quality. The 

changes related to pH were water-holding capacity, pigment-
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reducing capacity, tenderness and drip loss. However, gly

cogen content might differ under various nutritional and 

hereditary influences and be a factor in regulating the rate 

and amount of postmortem glycolysis. Also, they noted a 

more severe decrease in both external and internal chain 

lengths of glycogen from certain pigs with a slow rate of 

anaerobic glycolysis. 

Kastenschmidt et al. (196 8) found that muscle with a fast 

rate of anaerobic glycolysis usually was high in glucose-6-

phosphate and glucose, and low in ATP, phosphocreatine and 

fructose-1, 6-diphosphate at time of death. Newbold and 

Scopes (19 71) reported that "beef sternomandibularis muscle 

minced with NAD solution (1 mg/ml) and no phosphate resulted 

in fast loss of ATP, higher ultimate pH and early cessation 

of glycolysis. Inclusion of NAD"̂  in preparations containing 

phosphate led to a reduction in both phosphorylase and 

phosphofructokinase activity. It also prevented accumulation 

of fructose diphosphate. This was the result of lowering 

phosphofructokinase activity rather than of increasing 

glyceraldehyde-3-phosphate dehydrogenase activity. ATPase 

activity was greater in preparations containing phosphate and 

NAD"*" than in the corresponding preparation with NAD"*" only." 

Minced beef had a higher rate of most postmortem changes, but 

a much greater increase in NAD"*" loss rate. Newbold and Scopes 

(1971) also found that "Increasing KCl concentration resulted 

in a higher ultimate pH of diluted preparations, whereas, 
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inclusion of inorganic phosphate in KCl solutions resulted in 

.li5wer ultimate pH, Dilution of minced muscle without addition 

of phosphate decreased glycolytic ATP synthesis without affe

cting initial ATPase activity. Consequently, ATP content 

decreased more rapidly, metabolism was faster and ultimate 

pH was higher than in undiluted minced beef. Inclusion of 

phosphate in diluent stimulated glycolytic ATP synthesis with

out affecting initial ATPase activity. Consequently, loss of 

ATP was delayed until fructose-1, 6-diphosphate and triose 

phosphate accumulated and glyceraldehyde-3-phosphate dehydro

genase became the rate limiting facted for lactate production 

due to loss of NAD . Phosphorylase, phosphofructokinase and 

ATPase enzyme activity were calculated from the changes in 

glycolytic products, intermediates and high energy products." 

Glycolytic Enzymes 

Goll et al̂ . (1970) stated that "the sarcoplasmic protein, 

or myogen fraction of muscle, is usually defined as that frac

tion of muscle protein which is soluble at low ionic strength 

(any ionic strength below .2). Sarcoplasmic protein comprises 

about 30 to 34% of the total protein in skeletal muscle of 

a mature mammal. This proportion varies according to the 

age of animal and among smooth, cardiac and skeletal muscles. 

This fraction contains most of the glycolytic and biosynthetic 

enzymes, together with other proteins such as myoglobin. The 
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sarcoplasmic protein fraction contains at least 50-100 dif

ferent proteins" (Goll et aJ^. 1970) . 

Scopes (1964) observed that solubility of sarcoplasmic 

protein was highest immediately after death and either re

mained the same or decreased during postmortem storage. The 

rate and severity of postmortem decrease in solubility de

pended critically on the rate of pH decline in postmortem 

tissue and on the temperature of postmortem storage. They 

also noted that, if muscle pH decreased below 6.0 while mus

cle temperature was still 35C or higher, sarcoplasmic pro

tein solubility declined substantially. Chaudhry et al. 

(1969) found that postmortem storage of muscle at temperatures 

above 30C resulted in a large decrease in sarcoplasmic pro

tein solubility. On the other hand, Borchert and Briskey 

(1965) , and Goll et aJ.. (1964) stated that rapid cooling of 

the muscle at the moment of death to temperatures of 0 to 

4C, then subsequent storage at these temperatures, retained 

sarcoplasmic protein solubility and its composition to near 

that observed at the moment of death. Furthermore, these 

experiments suggested that myofibrillar of stroma proteins 

were not degraded during postmortem storage. Such degrada

tion should cause an increase in the amount of extracted 

sarcoplasmic protein and the appearance of new protein com

ponents in the sarcoplasmic protein fractions. Paul et al. 

(1966) reported that higher temperature and lower heating 

time could result in an increase in denatured sarcoplasmic 
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protein portion. 

In the glycolytic process, changes in concentration of 

any intermediates between fructose-6-phosphate and lactate 

are small compared with the concomitant increase in lactate 

concentration (Dalrymple and Hamm, 19 75; Helmreich and Cori, 

1965). Also, the same researchers showed that high and 

constant levels of glucose and fructose-6-phosphate, in com

parison with the concentration of metabolites after phospho

fructokinase, demonstrated that mainly phosphofructokinase, 

and to a lesser extent, phosphorylase played the major role 

in the control of metabolites in the ground muscle. Newbold 

and Scopes (1967) found a large variation in hexose mono

phosphate concentration during storage and varying ratios of 

phosphorylase to phosphofructokinase with time and tempera

ture variations. However, at all temperatures, Helmrich and 

Cori (1965), Kastenschmidt et al. (1968) and Newbold and 

Scopes (1967) said the activity of phosphorylase and phos

phofructokinase limited the rate and extent of postmortem 

glycolysis. 

Kastenschmidt et aĴ . (1968) indicated adenine nucleotide 

as the primary regulatory factor for phosphorylase. Helm-

rich and Cori (1965) also said that AMP was a factor respon

sible for acceleration of phosphorylase and phosphofructoki

nase. He also found that ATP was an inhibitor for pyruvate 

kinase in muscle. Inorganic phosphate served as a substrate 

for phosphorylase and as an allosteric inhibitor of phos-
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phofructokinase. ATP was the substrate for hexokinase and 

phosphofructokinase reactions and inhibited phosphorylase 

reactions. Both phosphorylase and phosphofructokinase were 

activated in fast glycolyzing muscle. Williamson (1966) 

said that ATP, ADP and phosphate changes tended to activate 

both phosphofructokinase and phosphorylase. However, ade

nine nucleotide was more important than phosphate, ATP, glu-

cose-6-phosphate and ADP in counteracting the influence of 

AMP and phosphocreatine on pH. 



CHAPTER III 

ACTIVITY OF SELECTED GLYCOLYTIC ENZYMES IN PREHEATED 
PRERIGOR PORK 

Summary 

Lactate dehydrogenase (LDH), phosphofructokinase (PFK), 

phosphorylase (PH) and pyruvate kinase (PK) enzyme activities 

were determined in soluble protein extracts from pork long

issimus muscle. Pork muscle was subjected to experimental 

treatments of hot processing versus cold processing, rapid 

postmortem heating by convection oven or microwave oven, 

and internal temperatures of 40, 50, 60 or 70C. PFK was 

most sensitive to the processing method, but PH was most 

sensitive to heating method. PK was affected only by the 

highest level of heat application. LDH activity was not af

fected by any of the experimental conditions utilized in this 

study. 

18 
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Introduction 

Since Henrickson (1975) concluded that hot processing 

(sometimes referred to as hot boning or prerigor processing) 

of beef and pork could be economically advantageous, inter

est in the process of hot boning has increased considerably. 

Varying procedures used in hot-boning processes, however, 

have made results difficult to interpret. 

A great deal of knowledge has accumulated concerning bio

chemical properties of antemortem and postmortem muscle tis

sue. Little information has been collected on the status of 

prerigor muscle, particularly when processing conditions 

have been superimposed upon the muscle system. In the 

search for an acceptable method for hot processing of meat 

products, both physical and chemical experimental conditions 

have been applied to prerigor muscle. Most experiments have 

benn designed to control the occurrence of rigor mortis in 

postmortem tissue. Some of these conditions apparently have 

succeeded in the control of rigor to some. Epinephrine in

jection was used by Khan and Nakamura (1970) to slow glyco

lysis in postmortem tissue. Chelating agents (sodium hexam

etaphosphate and sodium pyrophosphate) were used successfully 

by Ellinger (1972) and Streitel et aJ.. (1977) . A phospho

fructokinase inhibitor, sodium citrate, also was used by 

Streitel et. aL. (1977) . Addtionally, other chemical methods 

of controlling rigor have included injections of sodium 

iodoacetate (deFremery and Pool, 1963) , insulin and myanesin 
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(Bate-Smith and Bendall, 1949), sodium pentobarbital (Beecher 

et al. 1965) , and magnesium sulfate (Schmidt et al.. 1970) . 

Physical methods for the control of rigor in hot-boned products 

have included electrical stimulation (Clarke et aĴ . 1980, 

deFremery, 1966) and rapid postmortem cooking (deFremery and 

Pool, 1963; Weidemann et aĵ . (1967) and Cia and Marsh 1976) . 

Practically, prerigor heat application (also referred to 

as rapid postmortem cooking or preheating) probably is most 

feasibel. Since the technology of both convection and mi

crowave heating is well established, and since no regulatory 

problems are anticipated by the use of thermal processing of 

prerigor meat, marketing considerations are the major diffi

culties involved in preheating of hot-processed meat products. 

Generally, hot-processed muscle is less tender than cold-

processed product. Due to varying experimental conditions 

used by researchers, inconsistent results are reported in the 

literature in relationship to hot boning and product tender

ness. Weidemann et. aĴ . (1967) and deFremery and Pool (1963) 

reported that muscles cooked soon after slaughter were more 

tender than those cooked after the development of rigor. 

However, in treatment of prerigor muscle, size of tissue 

sample is important. Montgomery et aĴ . (1977) indicated that 

while pork roasts cooked prerigor by convection oven were 

acceptable in tenderness, roasts cooked by microwave (or chops 

cooked by either method) were unacceptable in tenderness. 
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This study was initiated to investigate the causes of 

varying tenderness in prerigor pork. The overall goal was 

to identify the biochemical characteristics of prerigor pork 

muscle so that judgements may be made regarding the state of 

muscle during prerigor treatment.. The objective of these 

experiments was to determine differences in the activity of 

selected glycolytic enzymes caused by differing methods of 

processing, types of preheating method, and severity of in

ternal temperature treatments. 
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Experimental 

Experimental Treatments 

A 2X2X4 factorial experiment was conducted. Main effects 

were processing method(cold process and hot process), method 

of preheating (convection or microwave heat) and internal 

temperature of the muscle during preheating (40, 50, 60 or 

70C) . 

Three Landrace X Duroc X Hampshire cross barrows from the 

Texas Tech University herd were used in this experiment. 

Barrows weighed an average of 100 kg and were about 6 months 

of age when slaughtered. The animals were fasted 16 hr, 

stunned by captive bolt pistol, exsanguinated, scalded, 

dressed and split. Carcass sides were randomly assigned to 

cold process or hot process. Cold processed carcasses were 

chilled 16 hr at -IC. After chilling, processing of the 

coller-stored muscle was exactly the same as that of the 

hot-boned muscle. 

Loins from hot processed carcasses were deboned and ex

perimentally treated immediately after the carcasses were 

dressed. Longissimus muscle slices, 3.5 cm thick, were re

moved from the fifth costa to the fourth lumbar vertebra. A 

4X4 cm square of muscle was excised from each slice. Un-

heated muscle squares from both hot and cold processed sides 

were assigned at random to serve as controls. Remaining 
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muscle samples then were heated by either microwave or con

vection oven to internal temperatures of 40, 50, 60 or 70C. 

A household-type microwave oven (Amana RR9) was set at maxi

mum power (505 watts; Van Zant, 19 73). Samples heated by 

microwave were turned at about 15 sec intervals to enhance 

uniform heating. Internal temperatures of samples heated by 

microwaves were monitored with a thermometer inserted into 

the center of the sample. Muscle squares heated by convec

tion oven were placed in a conventional electric range pre

heated to 163C. Internal temperature of the muscle was mo

nitored by a 32 gauge thermocouple placed in the center of 

the sample. 

After treatments by both heating methods, muscle was re

moved from the oven, allowed to set undisturbed for 5 min, 

then sliced into 5X5 mm chunks. Samples then were wrapped 

in aluminum foil and frozen in liquid nitrogen. Powdered 

tissue was obtained from each treatment by comminution of 

frozen muscle in a precooled stainless steel Waring blendor. 

Tissue was stored in a Whirl-Pak bag at -20C until soluble 

components were extracted. 

Extraction of Soluble Proteins 

Soluble proteins were extracted in triplicate by blending 

3-4 g samples of powdered tissue for 30 sec with 25 mi of 

physiological saline solution. Extracts then were centri-

fuged at 3440 G for 15 min. Supernatant was filtered through 
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a .45 ym pore-size ultrafliter, diluted to volume, then 

stored at 4C to prevent microbial growth. Protein content 

of the soluble protein extract was subsequently determined 

by the Micro-Kjeldahl method (AOAC, 1975). Protein concen

trations were calculated as mg protein/ml of soluble protein 

extract. By the above procedure, a total of nine analyses 

were obtained for each experimental treatment. 

Enzyme Analyses 

Activities of four selected glycolytic enzymes were det

ermined in the soluble protein extract. Lactate dehydroge

nase (LDH), phosphofructokinase (PFK), phosphorylase (PH) 

and pyruvate kinase (PK) activities were analyzed using 

spectrophotometric procedures. The rate of decreasing or 

increasing absorbance at 340 nm, due to the oxidation or re

duction of NADH or NAD , respectively, was measured by a 

double-beam spectrophotometer. Rates of absorbance change 

then were converted to units of enzyme activity. PFK acitiv-

ity was calculated according to the method of Kemp C1975), 

PK by the method of staal et aĴ . (1975) , LDH by procedures 

described in Schwartz and Bodensky (1966), and PH as de

scribed in Medicine et. al. (1975) . Activity for each enzyme 

was calculated as units/mg of soluble protein. 
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Statistical Analyses 

Data were analyzed as a 2X2X4 randomized block design 

analysis of variance by the Statistical Analysis System pro

gram (Helwig and Council, 1979). Animals were blocked to re

move one source of variability. Means were separated by 

Duncan's new multiple range test (Steel and Torrie, 1980). 
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Results and Discussion 

Effects of Processing Method 

Table 1 is a summary of the effects of process, heating 

method, and internal temperature on the activity of experi

mental enzymes. Significant differences in enzymatic activ

ities caused by processing were shown only in PFK. 

TABLE 1. THE EFFECT OF PROCESSING METHOD, HEATING METHOD, 

INTERNAL TEMPERATURE AND THEIR INTERACTION ON THE 

ACTIVITY OF SELECTED GLYCOLYTIC ENZYMES 

Source of variation^ LDH 

Enzyme' 

PFK PH PK 

Processing method (P) 

Heating method (M) 

Internal temperature (T) 

P X M 

P X T 

M X T 

P X M X T 

N . S . P < . 0 1 N . S . 

N . S . N . S . 

N . S . N . S . N . S . 

N . S . P < . 0 1 N . S . 

N . S . N . S . 

N . S . N . S . P < . 0 5 

N . S . 

P < . 0 5 N . S . 

N . S . P < . 0 1 P < . 0 1 P < . 0 1 

N . S . 

N . S . 

P < . 0 1 N . S . 

N . S . 

^Enzymes are lactate dehydrogenase (LDH), phosphofructokinase 
(PFK), phosphorylase(PH) and pyruvate kinase(PK). N.S. = 
Not significant at the .05 level of probability. 

Process = prerigor vs. rigor; heating methods = convection 
vs. microwave and internal temperature = 40, 50, 60 or 70C. 
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During rigor, the pH or muscle declines due to-glycolytic 

production of lactic acid. PFK is relatively sensitive to 

changes in pH, and has an optimum activity at pH 8.2. The 

decline of postmortem muscle pH from 7.2 to about pH 5.6 

will cause decreased activity in PFK (Forrest et al. 1975). 

In this research, PFK activity in hot-processed muscle was 

1.55 + .25 units/mg soluble protein, whereas PFK activity in 

cold processed muscle was only .13 + .02 units/mg soluble 

protein. PFK activity in cold processed pork was thus about 

8% of that in hot-processed pork. The difference substanti

ates the probability that PFK activity declines due to the 

lower pH in rigor muscle. The effect of process on PFK ac

tivity also is mediated by a process-temperature interaction 

which is discussed in a later section. 

Effect of Heating Method 

The effects of convection heat versus microwave heat also 

were observed. A comparison of heating methods (table 1) 

showed no difference (P<.05) in the activities, when calcu

lated as the overall means on 162 samples, of PFK (.84 + .13 

units/mg protein), PK (27.17 + 2.63 units/mg protein), or 

LDH (4078.78 + 968.73 units/mg protein). However, the heat

ing method did cause a significant change in PH activity. 

PH activities were 71.64 +5.31 units/mg protein for unheat-

ed, 33.83+2.67 units/mg protein for convection heated and 

39.01 + 2.72 units/mg protein for microwave heated samples. 
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Both heating methods thus decreased the activity of PH by 

more than 45%, However, convection heating methods de

creased activity of PH significantly more than microwave 

did. These results should be expected since convection 

heating methods are slower in nature, and overall heat ap

plication to the muscle probably is greater in bringing mus

cle to equivalent internal temperatures. The physical method 

of heat transfer, therefore, determines total heat applica

tion to a given sample, and the amount of heat applied is 

reflected by the enzymatic activity of PH. Heating method 

effects on PH activities are further mediated by a two-way 

interaction with internal temperature and a three-way inter

action with process and internal temperature as will be 

described. 

Effect of Internal Temperature 

The effects of heat application as measured by internal 

temperature are summarized in Table 1. Activities of PFK, 

PH and PK were affected (P<.01) by the heat applied to the 

experimental samples, with only LDH activity being unaffected. 

Muscle heated to 50C contained PFK activities reduced to 60% 

of the unheated control. When heated to 60C, activity was 

decreased to 30% of the unheated control. The effect of heat 

application as measured by internal temperature, however, 

is mediated by an interaction with process. Effects of 

temperature on PH activity also were mediated by both two-way 
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and three-way interactions. These interactions will be 

discussed in the next section. 

The effects of heat upon PK activity are shown in figure 

1 . 
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Figure 1, Effect of internal temperature of pork longissimus 
muscle on the activity of pyruvate kinase in soluble protein 
extracts for prerigor and rigor muscle. N = No heat treat
ment. Vertical bar = Standard error of the mean. 

Heating of experimental muscle samples did not affect PK ac

tivity except at 70C. Between 60 and 70C, PK activity de

creased to about 30% of the unheated control. The small 
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standard error at 70C in figure 1 confirms the heat denatu

ration effect at 70C on PK enzyme. 

Interactions of Process, Heating and Internal Temperatures 

Neither LDH nor PK activities exhibited significant 

changes due to interactions of the experimental conditions 

(table 1). Both PFK and PH activities, however, were af

fected by significant interactions. 

PFK was affected by the interaction of processing method 

and temperature. Figure 2 shows the difference in PFK ac

tivity by both processing methods over the temperature range 

used in this study. The interaction on PFK activity was one 

of magnitude and not of direction. In muscle which was 

heated before rigor, PFK activity was linearly decreased by 

application of heat. Higher internal temperatures (>60C), 

therefore, can radically decrease the activity of PFK in 

hot-processed muscles, probably by denaturation of the large 

(360,000 MW) PFK enzyme molecule. 

These results further indicate that PFK inactivation is 

the result of decreased pH in the case of muscle which has 

undergone rigor. PFK in hot-processed muscle, however, is 

inactivated by heat treatment and possibly, to a lesser de

gree, by a decrease in pH due to an increased rate of glycolysis 

as the Scunples are heated. 
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Figure 2. Interaction of process and internal temperature 
on the activity of phosphofructokinase in soluble protein 
extracts from pork longissimus muscle. N = No heat treat
ment. Vertical bar = Standard error of the mean. 

PH was affected by an interaction of heating method and 

temperature. Also, a three-way interaction was found among 

processing method, heating method and internal temperature 

(figure 3), Interaction due to process probably is caused by 

differences in PH activity at 40C. Activities of rigor sam

ples heated to 40C is lower than that of prerigor muscle. 
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PRERIGOR 

40 50 60 

INTERNAL TEMPERATURE ("C) 

70 

Figure 3, Enzymatic activity of phosphorylase (PH) in soluble 
protein extracts from pork longissimus muscle. Interaction of 
process, heating method and internal temperature on the acti
vity of PH. Numbers under the blocks indicate enzyme activity 
(units/mg of soluble protein in the extract). White blocks 
indicate microwave oven heating, black blocks indicate convec
tion oven heating. 

Interaction due to heating method is best illustrated at the 

internal heating temperature of 60C, At 60C, convection 

heating caused a lower (P<,05) PH activity than microwave 

heating. The temperature treatment effect can be seen at 
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heat treatments above 40C, after which most of the tempera

ture effects apparently occur. Differing values for PH ac

tivity occur mainly in the prerigor muscle at 60C. 

Generally, the three-way interaction shows little effect 

on process or heating method due to heat treatment at 40C. 

At higher heat treatments, however, PH activity is greatly 

reduced. PH activity in muscle heated to an internal temp

erature over 40C is about 40% of the unheated control. 

A summary of PH activity in pork heated prior to rigor is 

therefore probably best represented by a graph of the temp

erature main effect, shown in Figure 4. Activity of PH ra

pidly declines in pork treated at temperatures higher than 

40C. This result is true in both processes and in both 

heating methods, although in varying degrees, as shown in 

Figure 3. One may expect, therefore, that pork longissimus 

muscle tissue heated to 50 or 60C is relatively low in PH 

activity. 
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Figure 4. Effect of internal temperature of pork longissimus 
muscle on the activity of phosphorylase in soluble protein 
extracts for both prerigor and rigor muscle. N = No heat 
treatment. Vertical bar = Standard error of the mean. 
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Conclusions 

Of the glycolytic enzymes tested, the activity of PFK 

was most sensitive to processing method, PH was most sensi

tive to heating method and also to level of internal tempera

ture. PK was affected only by the highest levels of heat 

application, and LDH was not affected by any of the experi

mental conditions utilized in this study. 

In terms of practical use of rapid preheating in hot-

processing methods, therefore, PFK and PH are the most likely 

enzymes to "target" in rapid postmortem heat application. Of 

these two enzymes, PH is the more sensitive to heat applica

tion. PH activity declines rapidly after heat treatment 

above 50C, and provides the possibility that glycolysis may 

be controlled by heat treatment of pork muscle at or above 

that temperature. 

Except as related to the rate of heat penetration, the 

method of heating muscle is apparently of little importance 

to the effect on activity of enzymes in prerigor muscle. 

Other considerations such as moisture level of muscle, speed 

of heating, energy costs and safety should be the limiting 

factors on preheating methods. 

Processing method had little or no effect upon activities 

of the enzymes determined in this study, except for PFK. 

Because of the effect of temperature on the activities of 

PFK and PH, these enzymes may possibly be used as indicator 
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enzymes in rapidly preheated hot-processed meat products. 

However, further research concerning protein denaturation 

kinetics of PFK and PH in preheated meat products should be 

conducted before practical use as indicator enzymes may be 

tested. 
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