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SUMMAR Y 

The high water-holding capacity of pre-rigor beef can be preserved for months by 
rapid freezing of the minced salted or unsalted bovine muscle before onset of the 
b reakdo wn ofA TP. I f  bee f frozen in this way is processed without preceding thawing, 
sausages of excellent quality are obtained. The same result can be obtained using beef 
salted and freeze-dried in the pre-rigor state. It is important in both procedures to 
ensure that the depletion of A TP during freezing is kept to a minimum. The optimum 
conditions for cooling and freezing were therefore studied. 

I f  NaCI is not added, the rate of  ATP breakdown decreases with falling 
temperature to about + 6 ° C  but then increases with further cooling, reaching a 
maximum rate at about - 1  °C, at which temperature the meat remains for a 
relatively long period during freezing, l f  the beef is salted, the rate of A TP hydrolysis 
decreases with falling temperature until the meat is frozen. Above +3°C  the 
concentration of ATP is lower in salted than unsalted meat in the first hours post 
mortem, but below this temperature the position is reversed. The influence of 
temperature on lactate formation, i.e. on the rate of glycolysis in the presence and 
absence of salt,follows similar patterns. Therefore, it is better to salt the beef before 
freezing rather than during the preparation of the sausage emulsion. These influences 
of temperature on the ATP depletion in unsalted and salted beef can be explained in 
terms of the release of Ca 2 + ions from the sarcoplasmic reticulum. 

INTRODUCTION 

Muscle in the pre-rigor state has a higher water-holding capacity (WHC) than 
muscle in the rigor or post-rigor states and therefore produces sausages with reduced 
moisture loss and less rendering out of fat when cooked (Hamm, 1972, 1973). These 
superior processing properties of pre-rigor muscle are directly related to its high 
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level of adenosine triphosphate (ATP). The high WHC of pre-rigor beef can be 
preserved for months by rapid freezing of the minced bovine muscle, either salted or 
unsalted, before onset of the enzymatic breakdown of ATP. During frozen storage 
at temperatures of -20°C  or lower the ATP concentration remains almost 
unchanged. If beef frozen in this way is processed without preceding thawing, 
sausages of excellent quality are obtained (Hamm, 1972). The same result can be 
achieved using minced beef salted and freeze-dried in the pre-rigor state and then 
rehydrated (Hamm & Potthast, 1975; Hamm, 1977a). In both types of prc?cedure it 
is important that the breakdown of ATP during freezing is kept to a minimum. For 
this reason the optimum conditions of cooling and freezing of minced pre-rigor beef 
for use in sausage production were studied. For the purpose of comparison freezing 
of non-minced pre-rigor muscle was also included in these studies. 

MATERIAL A N D  M E T H O D S  

Samples from the sternomandibularis muscle of bull carcases were taken--from a 
commercial abattoir--immediately after slaughter. For each temperature studied a 
muscle slice (150 g), a 50 g sample of minced muscle (4.5 mm plate) and a 50 g sample 
of minced and salted (2 ~ NaC1) muscle were sealed in polypropylene pouches. Both 
sliced and minced beef had a thickness of 1 cm. The pouches were immersed into the 
bath ofa cryostat, which was adjusted to the particular temperature (20-30 rain post 
mortem). After 10-20m in the centre of the sample had reached the bath 
temperature (zero time). After a time of immersion of 3 h or 3-5 h the samples were 
analysed. 

Lactate, which was also determined in the fresh sample before immersion in the 
cryostat bath, "was enzymically determined after Hohorst (1970). The ATP 
breakdown was followed by means of the 'R-value' after the method of Honikel & 
Fischer (1977). This photometric procedure, in which the ratio of absorbance at 250 
and 260 nm is measured, presents the extent of the enzymatic transformation of 
ATP into inosine derivatives post mortem. The R-value is highly correlated with the 
ATP concentration (Honikel, 1976); the higher the R-value, the lower the ATP 
concentration. After a complete disappearance of ATP the R value can still increase 
somewhat because of the breakdown of ADP and AMP present at.the beginning of 
the experiment. 

For each temperature investigated the muscle samples were taken from another 
animal. 

RESULTS 

Figure 1 shows the influence of temperature on the extent of transformation of ATP 
into inosine monophosphate (IMP) (R-value) 3.5h post mortem. These figures 
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indicate the temperature effect on the rate of  the breakdown of  ATP.  The influence 
of temperature on the lactate formation within 3 h post mortem, i.e. on the rate of  
glycolysis, is shown in Fig. 2. In muscle slices, the influence of  temperature on the 
rate of A T P  breakdown is relatively small; there is a slight decrease between + 24 ° 
and + 6 ° C .  With further lowering of  temperature the rate of  ATP  break'down 
increases, reaching a small maximum at about  - 1 °C (Fig. 1). 

The influence of temperature on the lactate formation post mortem follows the 
same pattern but the changes are much more pronounced (Fig. 2). Here a sharp 
maximum of  lactate formation at - 1 °C was observed. From the curves in Figs. 1 
and 2 it can be concluded that lowering the temperature from + 5 °C to - 1 °C causes 
a strong increase in  the turnover of ATP  in the non-minced tissue because A T P  
turnover = 2A[ATP] + 1.5A[Lactate]. 
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Influence of temperature on the extent of the postmortem transformation of ATP to IMP ('R- 
value') in bovine sternomandibularis muscle under different conditions. 

The effect of  temperature on the postmortem changes in the minced, unsalted 
muscle samples follows a pattern similar to that of  the non-minced tissue. The 
maximum rate of  ATP  breakdown at about  - 1  °C, however, is much more 
pronounced (Figs. 1 and 3) whereas the maximum of  lactate formation at this 
temperature is less marked (Figs. 2 and 3). F rom these results it can be concluded 
that between + 6 °C and - 1 °C the turnover of  A T P  also increases in the minced 
tissue. 

The influence of  temperature on the postmortem changes in the minced and salted 
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samples shows a completely different pattern• In this case the rates of  A T P  
breakdown and lactate format ion decrease continuously with decreasing 
temperature  until the tissue is frozen; no maxima at - 1 °C were observed (Figs. 1 
and 2). 

In all samples, between - 1 °C and - 6 °C, i.e. at freezing temperatures,  the rates 
of  A T P  breakdown and glycolysis (lactate formation) decrease strongly with falling 
temperature.  Max imum rates of  A T P  depletion and lactate accumulation at - 3 °C, 
as they were observed by Behnke et al. (1973) in the intact bovine s ternomandibularis  
muscle, were not found in our experiments. 
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Fig. 2. Influence of temperature on the postmortem lactate formation in bovine sternomandibularis 
muscle under different conditions. 

In order to elucidate the role of  calcium ions, released f rom the sarcoplasmic 
reticulum (see section below headed'Discussion') ,  on the effect of  temperature  on the 
biochemical postmortem changes in unsalted minced bovine muscle, 15/~moles of  the 
calcium sequestering agent E G T A  (ethylene-glycol-bis(aminoethyl-ether)-N,N'- 
tetraacetic acid) were added to 1 g homogenates  of  pre-rigor muscle. The 
homogenates  were then incubated at different temperatures between - 1 °C and 
+ 14 °C. As Fig. 3 shows, in the presence of  E G T A  the rates of  lactate formation,  p H 
fall and A T P  depletion decrease continuously with falling temperature  without the 
rate maxima at - 1 °C observed in the control  samples. 
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Fig. 3. Effect of temperature on biochemical postmortem changes in a homogenate of bovine 
sternomandibu/aris muscle as influenced by the addition of EGTA (15 #moles/g homogenate). 

DISCUSSION 

The decrease in the rates of  A T P  and glycogen breakdown post mor t em by lowering 
the temperature  from + 24 °C to about  -t- 6 °C as observed in all samples is due to the 
normal  influence of temperature  on enzymic reactions. The increase in the rate of  
A T P  turnover between + 6 °C and - 1 °C in the intact tissue (muscle slices) is well 
known to be associated with the 'cold shortening' phenomenon,  i.e. the toughening 
of  meat  by rapid cooling of  pre-rigor meat  (see Bendall, 1973; Honikel,  1975; 
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Hamm, 1976). However, according to the results reported in the literature, the 
minimum rate of ATP  turnover should be at about  + 15°C whereas, in our 
experiments, it was at about  + 6 °C. The finding of  Bendall (1973) that during 'cold 
shortening' the ATP  level remains rather constant because o f  a fast resynthesis of 
A TP  from adenosine diphosphate by the glycolytic process is confirmed by our 
results. 

The 'cold  shortening' phenomenon is explained by the influence of  temperature on 
the membrane system of the sarcoplasmic reticulum (SR). Below about + 15 °C 
decreasing temperature causes an increasing inactivation of  the AT P-driven calcium 
pump of  the SR, which transports Ca 2 ÷ ions from the sarcoplasma into the SR. 
Therefore, Ca 2 ÷ ions are released from the sarcotubular system; they activate the 
myosin adenosine triphosphatase (ATPase) and, consequently, initiate the onset of  
rigor mortis (Bendall, t973). It is not yet clear whether temperature effects on 
mitochondrial  membranes also participate in the release of  Ca 2 + ions. 

Surprisingly, with minced muscle also an increase in A TP  turnover between 
+ 6 °C and - 1 °C was observed (Figs. 1 and 2). Mincing causes an acceleration of 
the breakdown of  A T P  and glycogen; this might be due to an activation of  myosin 
ATPase by the release of calcium ions from the SR which is partially damaged by the 
process of  mincing (Hamm & van Hoof,  1971; Hamm, 1976). The marked 
maximum of  the rate of  ATP  breakdown at - I ° C  suggests that at higher 
temperatures the calcium pump of  the SR is effective also in the minced tissue. It 
should be mentioned that the Ca 2 ÷ transport  mechanism (Martonosi,  1975) is also 
exerted by SR fragments (microsomes). Therefore, fragmentation of  the SR by 
mincing the muscle might not completely destroy the Ca 2 ÷ accumulating capacity. 
In contrast to the intact muscle, the A T P  disappears very rapidly at - 1 °C because 
most of  the glycogen has already been metabolised in the minced muscle three hours 
post mortem (Harem & van Hoof,  1971) and so further resynthesis of  A TP  
cannot  occur. It could be that the high rate of  A T P  breakdown just at the 
freezing temperature of  tissue ( ~ - I ° C )  causes the strong activation of 
phosphofructokinase which Dalrymple & Hamm (1975) observed during freezing of 
pre-rigor minced bovine and rabbit muscles. 

At temperatures > 3 °C salting of  the minced muscle causes an increase in the rate 
of  ATP  depletion (Fig. 1). This had already been observed by Van H o o f  & Hamm 
(1973) and by Hamm (1977b) and explained by an exchange of  Ca 2 ÷ ions from the 
SR against Na + ions of  the NaC1. The Ca 2+ so released accelerates the A T P  
breakdown by additional activation of  myosin ATPase.  If  most of  the Ca 2 ÷ present 
in the SR fragments is released by this exchange mechanism, lowering the 
temperature cannot cause an additional release of  Ca 2+ and, consequently, no 
increase in the rate of  A T P  depletion. This corresponds exactly to our observation 
that with salted minced muscle there is no maximum of  A T P  breakdown at - 1 °C. 
Lowering the temperature from + 24 °C to the freezing point of  tissue results in the 
normal continuous reduction in the rate of  enzymatic postmortem reactions. The 
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observation that the rate of  A T P  breakdown after freezing and thawing ofpre- r igor  
frozen bovine muscle is slower at + 3 °C than at + 25 °C (Okubanjo  & Stouffer, 
1975), is in some agreement with our results obtained with salted beef because 
freezing and thawing also causes a release of  Ca ÷ + f rom the SR (Kushmerik  & 
Davies, 1968). 

The question arises as to why, between about  + 4 °C and the freezing of  tissue 
(about - 1 °C), the rate of  A T P  breakdown in the minced muscle is higher in the 
absence of  NaC1 than in the presence of salt. This phenomenon can be explained by 
the fact that increase in the ionic strength (by addition of monovalent  ions) normally 
alters the physical and enzymic properties of  proteins. Salting of  muscle tissue in 
the rigor or post-rigor states inhibits the ATPase,  as has been shown by H a m m  & 
van Hoof(1974). Also, the product ion of  lactate is retarded (Figs. 2 and 3) by salting 
(van H o o f  & Hamm,  1973). It seems not unlikely, therefore, that the Ca 2 ÷ activation 
of the myosin ATPase  is also altered by NaCI. In this case the Ca 2÷ ions released 
from the SR are unable to cause a normal  stimulation of  the A T P  turnover. 

Thus, in the minced and salted muscle, a continuous decrease in the A T P  turnover 
with falling temperature occurs, as revealed by the decrease in the R-value (Fig. 1) 
and in the lactate format ion (Fig. 2). In the unsalted minced tissue, however, the 
Ca 2 + release from the SR at low temperatures stimulates the A T P  turnover.  

The observation that addition of  salt lowers the rate of  pos tmor tem glycolysis 
even at temperatures > + 6 ° C  confirms earlier results according to which the 
glycolysis in minced muscle is inhibited by NaC1 (not at the beginning but in later 
stages) (van Hoof  & H a m m ,  1973); this is due to the simultaneous effect o f  low pH 
and elevated ionic strength which causes an inactivation of  glycolytic enzymes 
(Dalrymple & Hamm,  1974). 

As this discussion has shown, the increase in the rate of  the breakdown of  A T P  
and glycogen in minced, unsalted bovine muscles between + 6 °C and - 1 °C can be 
explained by a release of  Ca 2 ÷ ions from the SR in this temperature range. Addition 
of  a calcium-sequestering agent such as E G T A  to a homogenate  of  pre-rigor bovine 
muscle at temperatures f rom - 1 °C to + 14 °C eliminates completely the maxima of 
the rates of  A T P  depletion and lactate format ion and the pH minimum which were 
observed at this temperature  in the absence of  E G T A  (Fig. 3). This result can be 
regarded as evidence for the postulated role of  SR calcium in the phenomena  
discussed in this paper. 

C O N C L U S I O N S  

For sausage production, the minced pre-rigor beef should be f rozen - -o r  freeze, 
dehydra ted- - in  such a way as to ensure that the breakdown of  tissue A T P  is kept to 

minimum. As has been shown in this paper,  if NaCI is not added, the rate of  A T P  
breakdown decreases with falling temperature until about  + 6 °C but increases with 
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fur the r  cool ing ,  reach ing  a m a x i m u m  at a b o u t  - 1 °C at  which t e m p e r a t u r e  the mea t  
r e ma ins  for  a re la t ively long pe r iod  du r ing  the f reezing process  ( F e n n e m a  et  al . ,  

1973). I f  the  minced  beef  is sa l ted,  the ra te  o f  A T P  dep le t ion  decreases  with fal l ing 
t e m p e r a t u r e  unt i l  the  mea t  is f rozen.  In  the cr i t ica l  t e m p e r a t u r e  range  a r o u n d  
- 1  °C, the  A T P  is d i s a p p e a r i n g  fas ter  in the sa l ted  than  in the unsa l ted  meat .  
The re fo re ,  it  is be t te r  to salt  the p re - r igo r  mea t  before  freezing than  to a d d  the sal t  
d u r i n g  the p r e p a r a t i o n  o f  the sausage  emuls ion .  The  influence o f  f reezing on  lac ta te  
f o r m a t i o n  by  glycolysis  fol lows a s imi la r  pattern~ A r o u n d  - 1 °C glycolysis  occurs  
m u c h  fas ter  in the  unsa l t ed  mea t  t han  in the  sal ted.  This  means  tha t  the d r o p  in p H  is 
fas te r  in the unsa l ted  mea t  (Fig .  3). Lower  p H  values  resul t  in lower W H C  o f  the beef  
( H a r e m ,  1972). Thus ,  wi th  r ega rd  to  this  effect a lso,  sa l t ing o f  p re - r igor  beef  before  
f reezing is advan t ageous .  
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