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r°m  the A to Z band. It has been shown in a variety of 
studies that this change is associated with tenderness, and 
5 observed in all species and muscle types. The observations 
are very similar for pork (Abbot 1977; Dutson 1974), bovine 
(Davey 1970; Ho 1996; Taylor 1995), ovine (Taylor 1998) 
abd chicken (Sayre 1970). The contribution of this structural 

ange to tenderness measures is significant as shown 
y tbe measure of myofibril fragmentation. Gothard in 
^65 and Takahashi in 1967 were the first to report that 

Myofibrils break In the I band when meat is tender. This 
lndex, the MFI index, was developed by Davey (1969), and 
j^bsequently associated with shear force by Olson (1977).

avey also hypothesized that the myofibril breaks required 
j^cium release from the sarcoplasmic reticulum. Since then 

e has been shown to be a predictor of tenderness 
hippie 1990), and associated with both shear force 

and degradation of specific substrates (Taylor 1995). The 
Mgmentation of myofibrils in the MFI test also occurs at the 

junction, just as in postmortem meat (Taylor 1995J.
The protein substrates which are degraded when 

My°fibrils break are the cytoskeletal proteins. This subject 
as been reviewed by Bendall (1992), Greaser (1991), Goll 
995), Robson (1997) and Taylor (1995). These reviews 

9,ve detailed descriptions of cytoskeletal proteins and their 
Sedation postmortem. Young was the first to examine 
e degradation of the intermediate filament protein desmin 

and elastic filament protein titin in meat ( 1980). Three major 
cytoskeletal structures are degraded when meat is tender: 

to Z-line attachments by intermediate filaments, Z- and
M-|¡ne to sarcolemma attachments by costameric proteins.
nd degradation of the intra-myofibrillar elastic filaments 

c°mposed of titin. Z- to Z-line attachment is mostly by the 
Ptotein desmin which is a good postmortem substrate for 

Pain, as are all cytoskeletal proteins degraded in meat. 
ese connections and their breaks in meat were first 

^scribed by Davey (1969, 1976). That this is important 
ultimate tenderness is shown by the model of callipyge 

eeP which do not have tender meat for several weeks 
a° stmortem, desmin is not degraded (Koohmaraie 1995), 
¡9q the myofibril lateral attachments are intact (Taylor 
tit' ^  Locker (1977) was the first to report changes in 

n filaments in meat, and subsequent work shows that 
1 oq Correlates t0 meat tenderness (Ho 1 996; Koohmaraie 
 ̂ Taylor 1995). Titin and desmin are probably the 

tlv SUbstrat:es which determine meat tenderness. The 
te'r myofiber associated structure which is related with 

°  err|ess is myofibril attachment to the sarcolemma at 
^  starneres (Taylor 1 995). A consistently reported change in 
T a ^  'S sarcolemma detachment (Abbot 1977; Sayre 1970;

or 1 995), and the rate of degradation of the costameric 
19gr'n v'nculln correlates with shear force (Koohmaraie 
the Tayl° r '995). Vinculin is also slowly degraded in 
how tOU^h ca'"Pyge sheep meat (Koohmaraie 1995); 
diff eVer’ tlne detacbment of sarcolemma in callipyge is not 
(Ta T ent r̂° m contro's at day ' T when the meat is tough 
is im °r This indicates that sarcolemma detachment
limit P °rtan ttD the early chan9es in tenderness, but not a 

lng factor for ultimate tenderness variability.

Richard G . Ta ylo r I I  M eat Tenderness:
U  Th e o ry  a n d  Practice

Animal Models

Several animal models with unique aspects of 
tenderness have contributed greatly to our understanding. 
One is the double muscled cattle which have existed for at 
least 200 years and have very tender meat especially at low 
cooking temperatures. A series of experiments by Boccard 
and colleagues at INRA demonstrated that double muscled 
cattle were tender due to less collagen and also a change In 
perimysium organization (Boccard 1981). Double muscled 
cattle have less collagen (Boccard 1981; Steen 1997; 
Uyterrhagen 1994), Increased collagen solubility (Steen 
1997; Uyterrhagen 1994), low raw meat texture (Boccard 
1981; Bouton 1982; DeSmet 1998), but cooked texture 
similar to normal (DeSmet 1 998; Steen 1997; Uyterrhagen 
1994). This suggests that collagen content explains the 
tenderness of these animals. In contrast, double muscled 
cattle tend to have decreased postmortem proteolysis due 
to changes in calpain/calpastatin activity (Uyterrhagen 
1 994). In addition they also have less lipid which is curious 
because the gene product myostatin which is mutated in 
these animals has a role in muscle differentiation (Kambadur 
1997), but no known direct effect on connective and 
adipose tissue development.

A very instructive model is the callipyge sheep 
which have very tough meat for several weeks postmortem 
because of a two to three fold increase in calpastatin 
(Koohmaraie 1995). Most other parameters in these animals 
are normal including collagen quantity, collagen cross-links, 
ultimate pH, calcium mobilization, and lysosomal enzymes. 
The postmortem structural changes in muscle from callipyge 
sheep are the same as seen in normal animals but occur at 
a slower rate (Taylor 1998). Callipyge sheep show muscle 
hypertrophy (Koohmaraie 1995) due to a mutation in 
chromosome 18 (Freking 1999). This model emphasizes 
the important role of the calpain/calpastatin system in meat 
quality.

In a comparison of longissimus from young animals 
Koohmaraie (1991) did not find a difference in collagen 
content and solubility comparing cattle, sheep and pig 
indicating that longissimus has similar properties across 
species. Breed differences of texture can be related to 
connective tissue properties with Bos indicus breeds 
having higher collagen content, low collagen solubility and 
tough sensory texture (Crouse 1985; Shackelford 1994). 
However, in a comparison of Bos indicus and taurus 
crosses Whipple (1990) did not find significant difference in 
collagen content or solubility which may indicate that only 
the pure strains of Bos indicus have a significant connective 
tissue contribution to texture. However, Bos indicus cattle 
do have an increased calpastatin activity postmortem which 
does vary with percentage of Bos indicus in cross breeds 
and explains the toughness of this meat (Wheeler 1990; 
Whipple 1990b).

Most studies which have compared Bos taurus 
breeds do not find large breed differences in tenderness 
(Campo 2000; Shackelford 1994; Strydom 2000; Wegner
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2000) and often the sire effect is stronger than breed. The 
USDA has compared many breeds and cross breeds for 
meat and carcass quality (see Wheeler 2001 and references 
therein). Therefore, in general only extreme animal models 
such as double muscle, callipyge and the Bos indicus breed 
show consistent breed effects on tenderness.

Te n d e rn e s s  C h a n g e s  d u e  to  C o o k in g

In addition to the biological factors discussed above, 
cooking of course also has a significant role in tenderness, 
with meat toughening due to increasing cooking 
temperatures. Both collagen and myofibers shrink and lose 
water when cooked, the relative role of each depending on 
cooking temperature and meat composition. Ramsbottom 
(1945) summarized cooking effects softening of fat and 
connective tissue and hardening of fibers, depending on 
the temperature and the duration of heating. Connective 
tissue makes the largest contribution to raw meat texture 
and myofibers to cooked texture (Bouton 1975; Rhodes 
1974). Cooking temperatures of 60°C to 70°C cause 
gelation of most of the perimysium, as reviewed by Offer 
(1989, 1992), but fibers are stable at these temperatures. 
Structural changes tend to vary by study with some reports 
of beef perimysium gelation at 70°C and above (Pohlman 
1997) and others at 60 to63°C  (Leander 1 980). Christiansen 
has verified, using isolated fibers and small muscle samples, 
that perimysium changes its thermal mechanical properties 
at 50 to 60°C, before myofibers toughen. These changes 
are mostly due to melting of collagen since the endomysium 
and elastin (Rowe 1989) are heat stable to 100°C. In a 
study of connective tissue properties at three different 
cooking temperatures Dransfield (1977) has shown that the 
connective tissue contribution to meat texture declines as 
temperature increases.

That thermal stability is the major property which 
determines the connective tissue role in cooked meat 
texture is clear from a number of studies and has been 
reviewed (Bailey 1989; McCormick 1999; Purslow 1994). 
Less clear, and requiring further study, is how the variability 
of structure and composition effect the structural changes. 
It has been shown (Offer 1998, 1989) that in cooked 
meat the perimysium changes are highly variable as are 
its thickness. An important property of collagen is that it 
can shrink to 'A of normal length with heating to 70°C 
(Light 1985). If meat is not aged for long periods cooked 
perimysium retains much of its mechanical properties and 
can be stretched and relaxed (Offer 1989). These properties 
indicate that shrinkage of connective tissue can contribute 
significantly to cooked meat toughening (as reviewed by 
Bailey 1989; Davey 1983; Offer 1989). At temperatures 
above 70°C there is also shrinkage and hardening of fibers 
as shown clearly using single fiber assays (Christensen
2000). These studies support the previous data that cooking 
induced effects on meat tenderness occur in three phases: 
an initial toughening from 40-50°C apparently due to 
water loss and protein gelation, tenderization at 50-60°C

R ichard G . Ta y lo r JS M eat Tenderness:
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as connective tissue melts, then further toughening above 
60°C as fibers harden. Davey (1975) has shown that the 
difference in raw and cooked shear force measures can be 
as much as five-fold.

W h a t is N o t  Im p o rta n t

The above sections have focused on the structural 
and proteolytic changes causing meat tenderness. It is also 
important to mention what is not involved in tenderness, 
especially events which continue to be discussed. The first 
issue herein has already been discussed: that tenderness 
is by calpain degradation of cytoskeletal proteins, and is 
not protein solubilization. The other issues relate to rigor 
development.

Actin/mvosin interaction: The extent of actomyosin 
binding and the resolution of rigor have been discussed as 
important factors in tenderness. The hypothesis is that rigor 
bonds per se, and their resolution postmortem, contribute 
to meat tenderization. Since the discovery of the sliding 
filament mechanism of muscle contraction, independently 
by Hugh Huxley (1954) and AF Huxley (1954), meat 
scientists have examined the strength of the actomyosin 
complex and its role in tenderness. During postmortem 
rigor development actin binds to myosin when ATP levels 
fall below IpM (Reedy 1965). In 1993 Swartz reported that 
for sarcomere lengths less that 2.7pm the amount of actin 
and myosin binding is the same. For sarcomere lengths 
from 1.8 to 3.0pm shear force is quite similar (Davey 1975; 
Herring 1967; Marsh 1974; Swartz 1993; Wheeler 1999). 
However, at sarcomere lengths of less than 1.8pm the shear 
force increases greatly showing that there is no relation of 
quantity of rigor bonds to shear force. Swartz concludes 
that fiber diameter is the key parameter relating sarcomere 
length to shear force not actomyosin overlap. Davey 
(1976) in fact demonstrated that aging of muscle occurred 
even for sarcomere lengths of 4.2pm at which there is no 
actomyosin overlap or binding. In a recent study Hopkins
(2000) has shown that there is no correlation of either 
sarcomere length or shear force to actomyosin dissociation. 
Collectively these studies show that there is no relationship 
of the extent of actomyosin binding to tenderness.

"Resolution" of rigor: The second issue is whether 
loss of actomyosin binding has a role in tenderness. Goll 
has reviewed some of the evidence showing that the 
actomyosin complex changes with storage time postmortem
(1995). The conclusions depend on both species and 
techniques so several conclusions can be drawn. Thus, the 
post-rigor actomyosin complex is more soluble than at rigor 
in rabbit (Fujimaki 1965) but not in lamb (Hopkins 2000) 
or chicken (Hay 1972; Wolfe 1976). Herring (1969) found 
that actomyosin solubility increased post-rigor in beef but 
did not correlate to variation of tenderness. In comparative 
studies Wolfe was able to reproduce the results of Hay but 
not Fuijimaki, and concluded that there is no weakening 
of actomyosin binding post-rigor in rabbit or chicken. More 
extreme than loss of binding strength would be a true
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meat. This technique is widely adopted in some countries 
(Thompson 2002) because it is a very inexpensive and 
effective way to increase tenderness of hindquarter steaks. 
Forequarter steaks tend to not be effected because they 
are not stretched by this technique. This technique has 
not been developed in cases where the increased storage 
space required for pelvic suspension is not available, or it is 
estimated to be too expensive relative to the gain in profit. 
Since this is clearly beneficial for hindquarter cuts it is a 
useful technique when quality products have a higher price 
such as is the case for branded marks.

Herring (1965) found that laying carcasses on 
their side also improved tenderness but this technique is 
not practical. Severing the backbone at the 12th thoracic 
vertebrae, a process termed tendercut (Claus 1997), 
stretches the longissimus and several other muscles 
thereby improving tenderness. In comparison to aitch bone 
suspension (Thompson 2002) tendercut is more difficult to 
apply and improves fewer muscles in the hindquarter.

Anim al breeds: As discussed above the breed effect 
is significant for extreme animals such as double muscled 
and also cross breeds with a lot of Bos indicus. This 
knowledge has led to development of specific cross breeds 
which are both heat tolerant and also have acceptable 
meat palatability. For example the Afrikaner breeds are 
well adapted to the local environment and have quality 
similar to continental breeds (Strydom 2000). In Australia 
where 40% of cattle have some Bos indicus inheritance it 
is very important to identify breeds and prolong storage if 
necessary. In this case total quality management has proven 
effective (Thompson 2002) to identify the conditions 
necessary to ensure tenderness, especially proper storage 
time.

T e c h n o lo g y  d e v e lo p e d

The following section discusses technologies which 
have been developed as prototype procedures or tested 
in commercial facilities, and have potential to improve 
tenderness and could be made cost effective.

Carcass classification: Sorting of carcasses for retail 
product yield has recently been tested in plants using an 
image analysis system developed at the USDA (Shackelford
1998). Similar systems are being tested in other countries. 
Coupling carcass classification with tenderness measures is 
a very important tool for the industry, especially if the cost 
is reasonable. Automated image analysis of carcass qualify 
parameters in combination with tenderness classification 
by slice shear force (Shackelford 1999) allows calculations 
of retail product yield, subprimal cut weights, and gives a 
tenderness classification at 2 days postmortem which can 
be used to determine value of the product and storage 
time. The cost is estimated at approximately $4/carcass for 
automated classification of tenderness. This system has not 
yet been developed by industry, but is probably the most 
accurate technology available for classifying tenderness. It

is more accurate than other systems currently being tested 
(Wheeler 2002).

Calcium infusion: Infusion of meat with calcium 
to activate calpain and increase tenderness is a procedure 
developed after it was shown that calpain activity explains 
muscle protein degradation post-mortem. The procedure 
initially involved marination of meat in calcium solutions, 
then infusion of the carcass via an artery (Koohmaraie 1989) 
and eventually the preferred technique of injecting cuts of 
meat (Koohmaraie 1998). Infusion can be done at any time 
post-mortem and does not cause over tenderization. It has 
been tried in commercial facilities but not yet adopted.

Freezing: Koohmaraie and colleagues determined 
that the cause of the extreme meat toughness in callipyge 
sheep was high postmortem calpastatin activity as discussed 
above. Because of the high carcass yield of these animals 
they are of potential commercial interest is the meat quality 
problems are solved. Calcium infusion does improve 
tenderness in callipyge steaks (Koohmaraie 1998), as 
does freezing. The freezing protocol involves immersion 
of the carcass in liquid nitrogen then storage at -2°C for 
4d to prevent cold shortening induced toughness. The 
combination of freezing and calcium infusion produces 
meat of acceptable tenderness. This technology has not 
been implemented but is a means to ensure that all meat is 
uniformly tender.

QTL markers o f tenderness: A very active area of 
current research is development of markers of tenderness 
quality. Burrow has reviewed (2001) the QTLs for bovine 
carcass and meat quality traits. Although very promising 
progress in tenderness marker identification has been slow 
and as of yet there is no consensus. Keele ( 1999) reported a 
tenderness loci on chromosome 15 that was not significant 
in other studies. Casas and colleagues have identified 
-calpain on chromosome 29 as a positional candidate 
for beef shear force (2000). Due to the complexify of the 
postmortem tenderization process and the many factors 
involved it is likely that many gene products act in concert 
to give ultimate tenderness, and successful marker use will 
require a panel of markers. There is not a tenderness gene, 
rather a tenderness process. This will probably be the most 
active area of meat science research in the next decade.

Cooking. None of the knowledge and technology 
discussed above is of any use if meat is not properly cooked. 
Cooking has been a controlled parameter in all studies 
which characterize meat qualify and we know how to 
improve low quality steaks by cooking (Wheeler 1999). The 
knowledge base of cooking effects is very complete and 
was discussed above. It is also the parameter that can not 
be controlled so the approach is two-fold, to know what 
the consumer wants by doing surveys (Savel 1999), and 
to educate the consumer (Thompson 2002). An effective 
means is recommended cooking procedures included in the 
product packaging.
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PERSPECTIVES

Sixty years of meat research has created a 
knowledge base explaining most of the factors which 
determine the ultimate tenderness of meat. For a given 
Muscle type the initial toughness of meat is mostly due 
to fiber diameter which will increase if there is cold 
shortening. Between muscle type tenderness differences 
are largely due to connective tissue properties and also 
Protease activity. The tenderness of meat is determined by 
Postmortem calpain mediated proteolysis of cytoskeletal 
Proteins. Knowledge lacking is the physiochemical factors 
^hich determine postmortem calpain activity. Technology 
has been developed which aids in improving meat quality. 
^  this time it is more important to implement technology 
throughout the industry than to develop new technologies, 
^he future will be aided greatly by functional genomics 
^hich will identify factors allowing improvement in the 
Section of animals for factors contributing to tenderness 
and selection against toughness.
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