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Abstract 
Rate and extent of post-mortem pH decline are the main determinants of pork quality. 
For pork with high water-holding capacity and reddish pink color, an ultimate pH (pHu) 
of >5.7 is desirable. At pH>5.7, the risk for PSE (pale, soft, exudative) and RSE (red, 
soft, exudative) quality is minimal.  Before we can produce pork with a pHu>5.7, we 
need to know what factors determine pHu.  
 We analyzed the contribution of substrate level (glycogen and creatine 
phosphate), buffering capacity and level of the enzymes AMP-deaminase and glycogen 
phosphorylase to the pHu of pork longissimus muscle.  We slaughtered sixty pigs, 10 
each of 6 different halothane negative lines. Within 5 min after stunning, the loin was 
sampled for analysis of various metabolites and activity of the two enzymes (AMP 
deaminase and phosphorylase) that have been reported to influence pHu. At 18-24 h 
post mortem, we measured pHu, color L*-value (measure for lightness), drip loss and 
buffering capacity. 
 Based upon post-mortem pH decline, L*-value and drip loss, 7 pigs were 
excluded from analysis. These pigs had an extremely fast glycolysis which resulted in 
PSE and enzyme denaturation, thus a 5-minute sample would not approximate 
glycolytic makeup of the typical pig at slaughter. 
 Glycolytic potential (a measure of glycogen concentration at time of slaughter), 
phosphorylase a, buffering capacity and AMP deaminase correlated with pHu (P<0.05). 
Glycolytic potential explained 37% of the differences in pHu (higher glycolytic potential– 
lower pHu). A higher phosphorylase a activity correlated with a lower pHu (r=-0.47) and 
higher buffering capacity was associated with a higher pHu (r=-0.43). AMP deaminase 
activity explained about 10% of the differences in pHu. When combining several 
factors, phosphorylase a and glycolytic potential explained 47% of the variation in pHu. 
Factors controlling the residual variation remain undetermined.  
 
 
 
 
 



Introduction 
Variation in pork water-holding capacity and color costs the swine industry millions of 
dollars each year (Cannon et al. 1996; Kauffman, 1996). Rate and extent of post-
mortem pH decline are the main determinants of pork quality (Bendall and Swatland, 
1988; Warner, 1994). At ultimate pH (pHu) higher than 5.7, rate of pH decline is not 
important and PSE (pale, soft, exudative) and RSE (red, soft, exudative) pork quality do 
not occur. Thus, production of pork with pHu>5.7 would result in constant quality meat 
with high water-holding capacity and reddish pink color.  
 Ultimate pH depends to a large extent on the glycogen level of the muscle at 
death. Glycogen is the substrate for energy production. Post mortem, glycogen is 
converted into lactate and energy. The formation of lactate results in the post-mortem 
pH decline. Thus, pHu would be expected, at least in part, to be a function of muscle 
glycogen level at death.  
 Measurement of glycogen concentration in the muscle is rather difficult because 
upon muscle stimulation (sampling) glycogen is rapidly converted to lactate. Rather 
than measuring glycogen levels, glycolytic potential (GP) is measured.  Glycolytic 
potential includes all components that can be converted into lactate, and is a measure 
of muscle substrate concentration at time of death. Glycolytic potential does not change 
post mortem (Monin and Sellier, 1985). 
 Although GP is a determinant of pHu, GP alone cannot fully explain pHu 
variation. Recent studies by van Laack and Kauffman (1999) and Fernandez et al. 
(1994) demonstrate that GP variation accounts for only about 40% of the difference in 
pHu of pork loin. 
 Using a model system consisting of all glycolytic enzymes in a solution, Scopes 
(1974) determined that, if there is enough glycogen to produce lactate, pHu was 
determined by the activity of two enzymes: glycogen phosphorylase and AMP 
deaminase. The influence of these enzymes on pHu in pork has not yet been 
established. 
 Scopes (1974) also found that creatine phosphate influenced pHu. Higher 
creatine phosphate levels were associated with higher pHu. Creatine phosphate reacts 
with ADP to form ATP (=energy). Creatine phosphate is readily available for 
regeneration of ATP (and thus for energy production) and is broken down before 
glycogen or glucose. When an animal is stressed before slaughter, creatine phosphate 
levels will decrease rapidly. Variation in pHu may result from differences in creatine 
phosphate levels at slaughter. 
 In chicken (van Laack et al., 2000) and pork (van Laack and Kauffman, 1999) 
muscles with similar lactate levels may have a different pHu. Differences in buffering 
capacity responsible for may drive explain these differences in pHu. 
 
Objectives 
The objective of the present study was to establish the contribution of substrate level 
(GP and creatine phosphate), buffering capacity, and activity of the enzymes AMP-
deaminase and phosphorylase to the pHu of pork. The ultimate goal of this research is 
to learn how to consistently produce pork with a pHu>5.7. 
 
Procedures 
Pigs and sampling 
A total of 60 pigs, 10 each of  different lines, were sampled. Six different lines were 
used to obtain a wide range of pHu, and to ensure that the results were valid for pigs in 
general, rather than only one line. 
 Pigs were slaughtered at the University of Tennessee meat laboratory in groups 
of 20, 25 and 15. Within 5 min after stunning, a sample of >25 g longissimus muscle 
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was collected and frozen immediately. These 5 min post-mortem samples were used 
for analysis of creatine phosphate, GP and enzyme activity (AMP deaminase and 
phosphorylase). 
 Carcasses were further processed and chilled (0-2°C, still air). At 18-24 h post 
mortem, pHu, color L*values (measure for lightness), water-holding capacity, buffering 
capacity and titratable acidity were assessed. 
Methods 

Χ pH: At 5 min and 18-24 h post mortem, pH was assessed with an Orion 250 
portable pH meter (Orion Research, Beverly, MA) and a Mettler-Toledo 
combination spear tip glass electrode (Mettler-Toledo Process, Analytical Inc., 
Wilmington, MA). 

Χ Color L*-value: Surface color was measured at 18-24 h post mortem. A freshly 
cut surface was exposed to air for 30 min. Color L*-values were measured in 
triplicate with a Minolta Spectrophotometer CM-508d (Minolta Camera Co, LTD, 
Japan), viewing angle 2°, illuminant D65. 

Χ Water-holding capacity: Drip loss and filter paper wetness were measured as 
described by Kauffman et al. (1986). 

Χ Glycolytic potential: Glucose, glucose-6-phosphate, lactate and glycogen were 
determined according to Bergmeyer (1974).  We used the formula by Monin et 
al. (1987) to calculate GP: 

     GP (µmol lactate/ g muscle)= 2 X (glucose + glycogen + glucose-6-phosphate) + 
lactate 
 Samples with GP>180µmol lactate/g muscle were considered carriers of the RN 
gene. 

Χ Proglycogen, the acid insoluble form of glycogen (Adamo and Graham, 1998) 
was calculated from the difference between glycogen and macroglycogen. 
Macroglycogen was determined as described by Adamo and Graham (1998).  

Χ Corrected glycolytic potential: this parameter was calculated using the following 
formula: 

   Corrected glycolytic potential = 2 X (proglycogen + glucose + glucose -1-phosphate) + 
lactate 

Χ Creatine phosphate: The procedure described by Bergmeyer (1974) with 
modifications (10 X higher creatine kinase, longer incubation time) was used. 

Χ Buffering capacity (Monin and Sellier, 1985) and titratable acidity (Madovi, 1980) 
were measured at 24 h post mortem. 

Χ Phosphorylase: Phosphorylase a (the active form of the enzyme) activity was 
measured as described by Bergmeyer (1974). Total (a + b) phosphorylase 
activity was measured after adding AMP as described by Monin et al. (1987). 
The state of phosphorylase activation was expressed as the ratio of 
phosphorylase a and total phosphorylase. One unit (U) of enzyme was defined 
as the production of 1 µmol of glucose-1-phosphate per min per gram muscle at 
30°C. 

Χ AMP deaminase: AMP deaminase activity was measured using the procedure by 
Purzycka-Preis et al. (1975). We used  K-phosphate (pH 7.4) containing 5 mM 
DTT and 0.5 mM EDTA as extraction medium. One unit (U) of AMP deaminase 
activity is the production of 1 µmol ammonia per min per gram muscle at 30°C. 

Χ Statistical analysis: The correlation between each factor, multiple linear 
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regression, polynomal regression and stepwise variable selection were used to 
determine which factors explain variation in pHu (SAS, 1999). 

Results and discussion 
PSE pigs were excluded from the study. PSE quality results from fast post-mortem 
glycolysis causing a rapid breakdown of creatine phosphate and protein and enzyme 
denaturation. We assumed that at 5 min post mortem, the muscle enzyme activities 
would be similar to the situation right at slaughter. Seven of the animals had a L*-value 
>58, drip loss > 5% and a fast pH decline (0.95 units/5 min) indicating PSE quality. The 
pH decline of almost 1 unit in 5 min, protein denaturation would have caused major 
enzyme denaturation and it seemed unwise to include those samples. We excluded 
these animals from the sample population. 
 The biochemical and quality characteristics of the remaining samples are 
presented in Table 1. Samples had a pHu from 5.31 to 5.88. The lower pH was the 
result of inclusion of RN carrier pigs. The RN gene, mostly present in Hampshire pigs, 
results in a lower pHu. RN-carrier animals can be identified based upon their high GP. 
We used a GP >180 µmol/g as criterion for the presence of RN-gene. Using this value, 
13 of the pigs were RN carriers. Since RN carrier animals have a similar post-mortem 
pH decline as non-RN animals, there was no reason to exclude those animals from the 
sample population. Inclusion of these samples increased the range of GP and pHu 
(data not shown). 
 Initial values of CP ranged from 0.7 to 26.8 µmol/g which is comparable to 
results by Bendall (1973). Phosphorylase activities are consistent are consistent with 
those reported by Monin et al. (1987). Fishbein et al. (1993) reported that AMP 
deaminase activity in pig muscle was approximately 500 U which is considerably higher  
than what we found.  Possibly, the method that they used resulted in inaccurate, falsely 
high values (Fishbein et al., 1993). Sayre et al. (1963) and Monin and Sellier (1985) 
found values for buffering capacity ranging from 5.0-5.8. We found a similar variation in 
buffering capacity.  Titratable acidity values were similar to those reported by Madovi 
(1980). 
 The objective of the study was to evaluate which factors determine pHu of pork. 
As can be seen in Table 2, the correlation between GP and pHu was significant; a 
higher GP is associated with a lower pHu. This would be expected since a higher GP 
means more substrate for production of lactate and more lactate would result in lower 
pHu.  However, GP explains only 42% of the variation in pHu. Van Laack and Kauffman 
(1999) found similar results. 
 Since phosphorylase is essential to convert glycogen into glucose-1-phosphate, 
the substrate for glycolysis, it is not surprising that higher phosphorylase activity was 
related to lower pHu (Table 2). In his model system, Scopes (1974) found similar 
results.  
 Combining phosphorylase activity and GP did not increase the explanation of 
variation in pHu. The close correlation of phosphorylase and GP probably account for 
this effect. 
 A higher buffering capacity was associated with a higher pHu. High buffering 
capacity in meat increases the ability to resist the pH change caused by acid formation, 
and therefore would be expected to result in a higher pHu. With multiple variable 
selection, buffering capacity did not contribute to explanation of variation in pHu though. 
The main factor remained GP. 
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 Titratable acidity was not related to pHu. This was somewhat surprising, since 
we expected that lower pHu would be the result of more acid.  
 A higher AMP deaminase activity was associated with a higher pHu (Table 2). 
Scopes (1974) found similar results. Variation in AMPdeaminase explains only 10% of 
the variation in pHu. 
 Polynomial regression showed that glycolytic potential explains most of the 
differences in pHu. The relationship between pHu and GP is linear and R

2
 = 0.42. With 

stepwise linear regression the combination of GP and Pa explains 45% of the variation 
in pHu. Other factors did not contribute significantly to explanation of pHu. 
 There was no significant correlation between CP and pHu. Possibly, the amount 
of CP in the muscle is not high enough to buffer the pH decline. Berg (2000) 
determined the effect of creatine supplementation on pHu. Despite the ‘megadose’ of 
creatine, the pHu of pork from supplemented animals was not affected. Possibly there 
are differences in total amount of creatine. The lack of difference in buffering capacity 
between muscles seems to refute that idea; differences in creatine levels would affect 
buffering capacity. 
 The question remains why glycogen concentration does not completely account 
for pHu or the final concentration of lactic acid. Why in some cases, does glycolysis 
stop when there is still enough substrate for further breakdown? Enzyme inactivation or 
denaturation seems an unlikely explanation. If glycolytic enzymes would denature and 
thus cause glycolysis to stop, PSE meat (with more extensive protein and enzyme 
denaturation than normal meat) would have a higher pHu than normal meat; however 
the pHu of PSE meat is similar to or lower than that of normal meat (Greaser, 1986). 
Thus, it seems unlikely that enzyme inactivation explains why glycolysis stops even if 
there is still substrate present.  
 Two types of glycogen are present in muscle: macroglycogen and proglycogen. 
According to Adamo and Graham (1998) proglycogen is the precursor of 
macroglycogen. Increases in total glycogen level in the muscle are due to increased 
levels in macroglycogen. Macroglycogen seems to be the storage glycogen whereas 
proglycogen is the form that is readily available for use in glycolysis. We hypothesized 
that perhaps GP was an overestimate of the amount of substrate available for glycolysis 
since it includes total glycogen, that is macro- and proglycogen. Possibly a ‘corrected’ 
GP not including macroglycogen would be more closely related to pHu than GP. To test 
this hypothesis, we determined the levels of proglycogen in the muscle and calculated 
the ‘corrected’ glycolytic potential [2 X (proglycogen + glucose + glucose-6-phosphate) 
+ lactate]. The correlation between corrected GP and pHu was not significant. Thus, 
proglycogen does not seem to explain the differences in pHu. We measured GP and 
corrected GP at 5 min post mortem. GP does not change post mortem. Corrected GP 
may change during post-mortem glycolysis because macroglycogen is converted to 
proglycogen via enzymes. It is not known if these enzymes work post mortem. In the 
near future we will analyze corrected GP at 24 h post mortem and determine if this 
parameter changes after slaughter. 
 
Conclusions 
The most important determinant of ultimate pH is glycolytic potential. Variation in 
glycolytic potential explains about 42% of the variation in pHu. Higher glycolytic 
potential is associated with lower pHu. All the factors combined explain no more than 
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50% of the variation in pHu.  
 Further research on proglycogen, enzymes involved in conversion from macro- 
to proglycogen and the relationship between ‘corrected’ glycolytic potential and pHu is 
needed. Also, the method for buffering capacity needs to be evaluated and if needed 
improved. 
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Table 1: Quality and biochemical characteristics of pork longissimus muscle samples used 

to evaluate which factors determine ultimate pH (n=53). 

Characteristic 

Quality at 18-24 h post mortem 

 Ultimate pH       5.56±0.12 

 L*-value       52.9±2.5 

 Drip loss (%)       2.4±2.3 

 Filter paper wetness (mg)     44±26 

 Buffering capacity      5.4±0.2 

 Titratable acidity      1.4±0.2 

Biochemical 5 min post mortem 

 Creatine phosphate (µmol/g)     8.9±6.7 

 Phosphorylase a (U)      21±12 

 Total phosphorylase (U)     84±13 

 AMP deaminase      42±14 

Glycolytic potential (µmol lactate/g)     132±48 
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Table 2: Pearson correlation coefficients (r) among biochemical characteristics of pork 

longissimus muscle (n=53). 

 

 GP CP Pa P AMPD BFC TA 

pHu -0.65 NSa -0.47 0.47 0.32 -0.43 NS 

Glycolytic potential 

(GP)b 

1.00 0.36 0.47 NS -0.47 0.46 0.35 

Creatine phosphate 

(CP)b 

 1.00 0.69 NS -0.27 NS NS 

Phosphorylase a 

(Pa)c 

  1.00 -0.47 -0.42 0.42 0.31 

Total phosphorylase 

(P)c 

   1.00 NS -0.30 NS 

AMP-deaminase 

(AMPD)c 

    1.00 -0.30 NS 

Buffering capacity 

(BC)d 

     1.00 0.42 

Titratable acidity 

(TA)e 

      1.00 

a NS=not significant (p>0.05) 

b µmol/g 

c Units = 1 µmol per min at 30°C 

d 10
-5

 equivalents per pH unit per gram of fresh tissue 

e the amount (mL) of 0.02 N NaOH to titrate 20 mL muscle homogenate (1% w/v) in 3% 

SDS to pH 9 


