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INTRODUCTION

_The term qu'a;l.ity,» irhen used to vdes.cribe fi'esh n;ea?t s generally
refers to the character of the lean and fat ,’ as well as the maturity of
the animal from which aL carcass or cut is derived. For example, the
"quality" of the.‘ lean in a beef carcass is determined by a subjective
evaluation of the color, texture, firmness, and marbling in the
logissiﬁms. dorsi »(ri‘beyve‘) mscle. In an effort to facilitate ‘marketing
and to minimize the varistion in the palatebility of cuts from beef
' carqasseé,- the United States Department of Agriculture (1956) :élaces con-~
" siderable emphasis on the "quality” é.ttributes of the ribeye, Within
a particular i:larcass grade, the é‘qa.ndards' for each of the .qua;l.ity factors
differ for each degree of'mat’urity. ﬁowever, within a nia'burity group
minimum vequirements are set forth for each quality factor in such a
way that one quality faétor alone may be responsible for downgrading a
beef carcass if this quality attribute is below the minimm requirement
for the grade. An example is the minimum requirement for firmmess of the
longissimug Q_d__l;gi from U,S. Chgaice carcass beéf as stated by the Official
United States Standards far Grades of Carcass Beef: "R.eg.ardless of the
extent t§ which other fagtors may exceed the ininimum requirements for
the érade, carcasses w‘ho»se flesh is moderately soft and slightly watery
are pot eligible for the Choice grad;" (Uriited Btates Departmwent of
Agriculture, 1956).

Dur:mg recent years, t"he're has been an incréase in the per capita
consumption d_f beef. Accompanying this increase is a demand for beef
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with uniform palatability characteristies. Cover et al. (1958) have re-
ported a wide variation in the tenderness, flavor, and Juiciness of
cooked meat from beef carcasses within the same grade, Consequently,
maﬁy questions have arisen as to the actual influence which each "quality"
factor may have on the ultimate acceptability of a cooked steak or

roagt. |

Merbling is one of the quality factors which has been studied rathgr
extensively. The results of such investigations indicate that marbling
has the followlng relationships with cooked beef: 1. marbling is posi-
tively assoclated with tenderness, whén the musélés are from the same
anatomical location, and wheﬁ the cardasses differ widely in grade., Hoy-
‘ever, an increase in marbling may not necessarily increase thé tenderness
of comparable miscles (carcasses of the same grade), and 2. marbling is
vpositively correlated with the flavor and juiciness of cooked beef.

o Studies relating to the impdftance of texture are few in nuﬂber,
waever, Ramsbottom et al. (1945) amd Brady (1937) have ‘reported that-
"finer textured" beef muscle is more tender than 'soarse textured"
muscle.

A bfight "cherry-red" color hes beenvaséoéiaﬁed with "high quality"‘
beef, although the do;or wilifvary aceording to‘the‘chrénologica; age gnd
physiological condition of an ;mmal at the tin;e' of slaﬁghter. A
common problem in this area 1s the abnormally dark-colored rrbeyes (“dark
cutters"” ) occurring in high grading beef carcasses. Ampng the mpst recent
investigations in this area are those reported&by Hbdriék et al. (1959).
These euthors found no sisnificant difference between the eating quali-
ties of ". . . dark and bright beef from animals of the same approximate

age and degree of finish." They coneluded that, "If the housewife could
be assured that the undesirable sppearance of dark-cutting beef was not



due to deterioration, she could purchase dark beef with the same assurance
of eating satisfaction as if.shg purchased bright beef."

Although firmness has been associated with the "quality" of carcass
beef for meny years, few studies have been cqndﬁct¢d to establish the
- exact pature of this relationship. Using a subjective scoring method for
beef firmness evaluation, Kropf amd Graf (1959) found firmness to be posi-
tively correlated with tendermess and fat comtent of the lomgissimus dorsi
muéele at the twelfth ridb. Objectively measured firmness has been re- ‘
ported to hevpositively associated with julciness and with the fat con-
tent of beef rib steaks (Pilkington, 1960). This latter study suggested,
‘however, that whem the fat content was held constant; the softer steaks
were more tender. “

The purposes of this study were to investigate: (1) veriation in
the physical gtructure of the léggissimus dorsi muscle at the twelfth
rit and its relationship to firmness and tenderness, and (2) the rela-
tionship of‘objectively measured firmness and tenderness to the physical

properties Qf the longissimus dorsl musele,



‘REVIEW OF LITERATURE

Meat is commonly defined as the edible fleéh from animals used for
food, The lean éortion is composed of agproximately TO percent molsture,
20 pexeéht protein, 1.0 percent ash, and the reﬁainde: is fat. Agcbrd-
ing to Neuman and Logan (1950b), and Walls (1960), coxmective tissue |

_agecounts for 3.0 to 30,0 percenmt of the total protein. This,variatidn is
due %o the location of the muscle in the bhody, as well as the location
along the muacle.from which the sample is obtained. To exemplify more
ifully the_relaﬁionship between the various parts within a muscle system,
a pxief description of the microanatemy of a muscle is ppesented.

The carcass is composed of foui’basic types of tiSsue: epitﬁelial,
mscle, connective,ahd nervous. These tiSsues are diffepenﬁiated
according;tp'their morph@léé&_and speciélized functions. The specialized
functions aserived to each type of tiséuevare as follows: 1. epithelisl -
pﬁotection, gbgorption, and secietion; 2. musc;e ; ¢onduetion and cbn-
tractionj 3. connective « supﬁort;and L, nervoﬁs « irritability and con-
duction. Each tissue is commdggd'af cells, inpércellular substahce
(forméd and amorphqus), and fluid;' In meat science, one of the primary
areas Qf.iesearch is concerned ViFh skeletal musele. A musecle system is
gompgsed of & mixture of mnscie f;bers and congéqtive tissues, (Ham, 1957).

| It has been estimated that skelebal musele coméﬁises 40.0 percent of the

body weight,

Bubryologically, skeletal muscle arises from a particulay area in

the mesoderm, the myotome. (Patton, 1948), Boyd (1960) states that,
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"A study of the histogenesis of muscle leads one to consider that in the
embryo it is formed in two components. There is first the cell of the
mesenchymatous background which becomes the fibrous tissue of the muscle
and probably gives origim to the fibroblastic cells and their Qonnecti§e
tissue derivatives are directly continuous with the tendon, where there
is one. The other element is the contractile one, and is formed by the
primary myoblasts.” After embryonic and fetal growth, it has generally
been accepted that there 1s mo increase in the genetieally controlled num-
ber of muscle fibers. Although the diameter of these fibers increases |
after birth, the degree of increase depends on the function and location
of the muscle system. Hiner et al. (1953) in a study with beef cattle
stated that in terms of percent, the psoas major (tenderloin) muscle
fibers increased in size the most from veal to cows, whereas, the servatus
ventralis (neck) muscle increased the least. In general, the less actlve
miscle fibers iﬁcreased in size more than those that were more active.
Even within a single muscle, the miscle fiber diameter is mot uhiform.
Walls (1960) reviewed articles which indicated that the larger mnséle
fibers were generally along the_périphery of the ﬁuscle. Others have
found’thaﬁ thick and thih musclé ;ibers exist adjacen# t@ ane another,
Presemtly, there is no generally éceepted explanation for thls phenomenon.
Upon examining a cross~seétion 6f a muscle, it can be observed that
there are many separate groups qfkmﬁscle fiberé. These groups are rew
ferred to as muscle bundles, aﬁa_may be furthef classified as either pri-
mary or secondary bundles. Thévdistinction between the ﬁwo types of bﬁn*
dles is based on the thickness of the encompassing connective tissue,
Connective tissue surrounds and holds each individual muscle fiber
in place, as well as surrounding the entire muscle system and providing

e mechanism for its attachment to bone. The elements constituting the



connective tissue of muscle are collagen fibers, reticular fibers,
elastic fibere and several varieties of ecells, such as fibroblasts, his~
toeytes (macrophages - also called clasmatocytes or resting wandering
cells), and fat cells. (Walls, 1960)., The fibrous (formed) elements

of connective tissue (collagen, eiastin, and reticular fibers) are
embedded in a s§ft amoryhous ground substance composed primarily of
mucopolysaccharideS, Such a combinstion of foxmed‘and emorphous gub=-
stance is refeﬁred to as the imtercellulsr substance. The elastic fiber
component varies the most and is found in highest concentrations in the
muscles of the soft parts of the body, e.g., the muscles of the tongue and
face, (Walls, 1960).

The comnective tissue components associated with a muscle system are
classified as endomysium, perimysium, and epimysium. The endomysium in-
vests each muscle fiber and is attached to the sarcolemma of the muscle
fiber (Wang, 1960) by reticular commective tissue, Surrounding & bundle
of fibers is a heavier layer of connective tissue referred to as the
perimysium. The epimysium is that layer of connective tissue surrounding
the entire muscle. In reality, these different layers of connective
tissue are attached so that they function as a unit during muscle con-
traction.l In addition to ﬁéﬁtieipaﬁimg in the contraction of muscle, each
layer of connective tissue supports other tissues within the muscle. The
reticular comnective tissue and the endomysium supperts the capillaries
and smaller branches of the nerves, as well as forming sheaths for the re-
generation of damaged musele fibers. Larger blood vessels and nerves
are su@@©rﬁed throughout the muscle by the perimysium. Since muscle £i-
bers are never attached to bone, the three types of connective tissue
(endomysium, perimysium, and epimysium) blend together and form the
muscle-tendon junction. (Lockhexrt, 1960). Thus the area of the carcass



from which a muscle sample is obtained may influence the concentrstion of
connective tisgue and the over-all_histelogical picture of the muscle.
Regearch deallng witp the ?elatien of miscle microanatomy to certain
.qualitative»characterigﬁicﬁ of meat is reviewed according to the fol-
lowing aveas: A. Factors associsted vith firmess and tenderness; B.

Methods of measuring flrmness and tendexnéss; and C. Chemistry of eollagen.
Factors Associated with Firmess and Tenderness

From & brief description of the microanatomy of msele, it can be
'Hseen4thé£"t£e?e'are two'ﬁajar~ﬁhysical edmponeﬁts iﬁ miscle which are
associated with tenderness and firmgeég,_ioea,‘the'mns¢le fibers and the
vconnectivg’tissﬁesu Numaréus,variahlﬁéVrelatiﬁg to mugele fibers have
baén Studied:' 1. rmuscle fibe: diameter; 2. density Qf‘mugcle bundles; and
3. chemical“companeﬁts of the muscle fiber. The conmective tissue con-
ten# in;béef tissue has been studigg quite extensively. A major part of
the work in this area'has‘atyemptea to qna#t;tate the eollagen fraction
bﬁvcheﬁiQal methods, While others have. dealt with thefh;atglogy of
conngaiive‘tiésues, Simce intramscular fat (marbling) is agtually the
result of the deposition of faﬁ in & comnective tissue céll, rasea#ch
dealing with the reiatiaﬂSpép of‘marblimg to firmuess and tenderness is
.?eviewed with that ofléonhéctive tisgue.

The muscle fibers have been designatea ag one component of the ten-
derness sepsation when taste panel members are subjectively evalugting
cagked meat. (Cover, 1959; Cover et al., 1962a,e). Cover et al. (1962,
a,c) suggested that there are three differvent semsations which csn be
asoribed to the muséle‘fibers,_"e%ﬁe of fragmentatlon across the grain,
"mealiness”, and "spparent adhesion between fibers". These properties were

deseribed as follows: n?asé_af fmagmantation réqni:ed cutting or bresking
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the muscle fibers across the grain. Mealiness was a gpecial kind of
fragmentation: the fragments were tiny, dry, aand hard, and clung to cheek,
gums, and tongue. Scores for laeck of apparént adhgsiqp were lowest when
the miscle fibers seemed a;most”felted together.” A nime point scele was
used to elassify each of the three{mnsclevfiber companentg. Results

were presented (Cover et al., 1962¢) which suggested that the eage of

fragmentation and lack of adhesion between muscle fibers tended toward

greater toughness in ;gggisgimgg dorsi apnd toward greater tenderness in
biceps femoris. Mealiness was not observed when the steaks were cooked
to 6l°c,,_but became apparent at higher intérﬁal‘temperaturese In an
éaﬁliei paper, Cover et g;° (1.962n) reported an attempt to relate muscle
fiber diemeter to two other co&ponents of tenderness (1. softness to
tongue and cheek which was:judgea by feel; and 2. softnesé to tooth
pressure Whieh was judged by the smount of muscular force exerted with-
out shearing the cooked sample of meat) They noted a decrease in
muscle fiber dlameter and lower scores for the two softness components
when comparing the resultsgfrom steaks coqked to 6l°‘and 80°C. However,
thege authbrs suggested“thatvimproved histologlical methods were needed
before any 31gnificance could be attached to these findings.

Fiber diameter and/or muscle bundle size have been reported to be
associated with the tenderness of meat (Brady, 1937a Hammond and
Appleton, 1932; Hiner et al., 1952, 1953; Lorincs and Biro, 1960;
Ramsbottom et al., 1945;. Strandme et al., 1949; Tum.a. gt aly, 1962). Brady
(1937) found a correlation of 0 22 between muscle fiber diameter and the
Warner-Bratzler shear values of aged, raw steaks. However, the cor-
relation was 0.55 between the same two varidbles when the steaks were

cooked. Tuma gt al. (1962) reported similar correlations. Hiner et al.
(1952, 1953) presented data which suggested that the relationship



between fiber diameter and tenderness was curvilinear. Their data were
collected on nine muscles from 52 animals. Within each muscle, the
simple correiations varied from 0.31 to 0.75. The pooled simpled cor-
relatidn was (.83, Thus, there appears to be a positive relationship:be-
tween fibér,diaﬁeter and tenderness, i,e., the smaller the diameter the
more tender the meat, Sartorius and Child (1938) suggested that large
bundles with many small fibers weré indicative of tender meat, whereas
the reverse was true when the bundles were small and contained large fibers,
S8imilar conclusidns have been presented by Brady (1937), Ramsbottpm'gg al.
(1945), and Strandine‘gg al. (1949), |

| Detailed studieg have been conduqted to elucidate the factors re-
‘sponsible for the varjation in the diameter_of muscle fibers; Begause
“qf’the complexity involved in many of the studies, fhis review will pre-
,sent‘thg conclusions and detailé only when it is necessary for clarity.

i. Species - Joubert (1956a),c9nducted a study.inyblving mature male
rabbits, swine,.ﬁheep‘and cattle. He found nb conéiStent relationship be-
tween body weighf and mean fiber diameter orx betwéen the species at
birth, HbWever, the order of reiative increase for muscle fiber diameter
over -the same period of time corresponded with that of body weight in the
four species studied, (Joubert, 1956a), At maturity, the fiber diameter
of the four species in order of decreasing magnitude was as follows:
swine, rabbit, cattle, and sheep. Joubert (1956a) cited the work of
Wérringsholz (1903) which supportéd the above conclusions, as well as
indicating that the mean fiber diameter of the horse was intermediate to

that of cattle and sheep, Strandine et al. (1949) reported that there
was a difference in the histological structyre of the same muscle from
the carcasses of cattle and'chickens. Thus, there appears to be a dif-

ference in the structure of muscles from different species, independent
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of body weight.

2, Breeds within species - Tenderness has been shown to differ be-
tween breeds, (Black et al., 1934; Hostetler et al., 1936; Hiner apd Yao,
1954; Cartwright et al., 1958). Joubert (1956a), for example, found
that cattle of the Friesian breed had 1argef musclerfibers than those of
the Dairy Shorthqrn cattle, However, he did not relate these findings
to thé pélaﬁability of the cooked‘éroduct, Furthermore, there is very
little if any ?ublished research findings relating the differences ip the
diameter of thé'muscle fibers éf different breéds to the resulting pala-
tability ofvthe cooked steaks or roasts,

3. Sex within breedb- Joubert (1956c) noted thét male lambs con-
ksistently had larger fibers at birth than females, However, in earlier
work the females were reported to have the larger muscle fibers. (Joubert,
1956a). In this same paper, it was reported that the males had larger
fibers than the females at 290 days of age. This difference, however,
wés small and non-significant, qoubert (1956c) cited studies by others
(Hammond and Appleton, 1932; Mehner, 1938; Tsuchiya and Yoshida, 1953)
which have indicated that mature males generally have larger muscle fibers
than females. Although Brady (1937) and Satorius and Child (1938) re-
ported that steers had larger fibers than cows, it should be noted that
these studies were conducted with the carcasses from steers of beef
breeding and cows of Holstein breeding. In symmary, it may be éoncluded
that the muscles from the carcasses of mature males tend to have larger
fiber diameters than the same muscles from mature females,

4, Nutrition - Regardless of species, the results of several in-
vestigations indicate that the muscle fiber diameter in animals with a

high plain of nutrition is larger than that of animals on a low plane of
nutrition. (Hammond, 1960; Joubert, 1956a; McMeekan, 1940b; Robertson et al.,
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1933), The difference due to the level of nutrition may not be present
in the immature animal. (Joubert, 1956a). ;MdMeekah (1940a) has preseﬁted
data which suggest that the increase in fiber diameter is noﬁ related to
fat depasition., He Qbsefved that in four and eight week old pigs the inr
tramuscular fat was located within the muscle‘fibers as well as between

- the fibers; however, after 16 weeks of agé, the fat within the fibers
could not bé detected. Robertson et al. (1933) were also unable to de-
tect fat within the fibers of mature beef. Wang et al, (1954a) and
Auerbach.sg al, (1954) have reported corrélations of approximately 0.60
betwegnkfiber diameter and moisture content of meat. Since there is a
negative‘relationship betweep moisture and fat content, these data would
support the coﬁqlusion that faf deposition is not associated with fiber
diameter, Joubert (1956a)3‘in summarizing the influence of nutrition on
fiber diameter,‘stated thét growth of the muscle fiber, similar to growth
in general, is essentially a function of physiolpogical or developmental
age, father than of chronological age, .

5, Chronologigcal age = With increasing chromological age, there is
reported to be an increase in the diameter of the muscle fiber. (Dickerson,
1960; Doty and Pierce, 1961; Hammond, 1960; Hiner et al., 1952, 1953;
Lowe and Kastelic, 1961; McMeekan, 1940a; Tuma et al., 1962). Hammond
(1960) also stated fhat there was a corresponding increase in the size of
the muscle bundles with an increase in the coarseness of the "grain" of
‘the meat, The location of the muscles, however, inflyences the relative
rate of growth. (Hiner et al., 1953; Joubert, 1956a; Tuma et al,, 1962).

6. Individual muscles ~ There appears to be an inverse relationship

between the pre- and post-natal development of muscle fiber diameter, In
a study on the pre-natal growth of sheep, Joubert-(1956b) stated that

the foetal muscle fiber undergoes relatively little change in diameter from
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a weight of approximately 8 g.to just under 1000 g. (approximetely 45 to
103 days). However, noﬁicea:ble changes were evident at 125 days apd a.t‘v

» biﬁh. In addition, eross-striations in the muscle fibers became in-
creasingly clearer ,f;e'o_zﬁ 85 days onward. Further observations were made
in this study which ilidicated that ‘the anatomical location of the muscle
influenced the relatiire rate of maturation. 'Fo‘r example, the longigeimis

dorsi mscle of the trunk matured earlier than tha

zastrocnemius muscle

of the pelvd.c l:i.mb. At birth, the size of the fIbers was found to be |
smallest for the earliest ma'buring musele and :Largest for the latest maturn
ing muagl;e. (J’ouberfb,- 1956c,). The rate of post-natal hypertro;phy may also
be assa_gi,ated with the rate of pre-natal méturation. In lawbs, the

fibers Qf the lon issihms dorsi grow at a slightly faster rate them those
of the gastr@cnemiu from birth to 60 days. (Joubert, 1956a) As the

lam'ba continued to grow, “the ¢ a.s‘trocnemius beeame the slowest growing

muscle while' the la@issimu d@rsi mainta,ined itis fas‘aer ra,te of grow‘oh.
Hiner gt al. (1952, 1953) reperted that nine nmsales from different loca-
tions in beef ca.rcasaes ceu:l.d be separated imto four groups on the

: ba.sis of their e.vera,se musczle :t’i‘mer dia.metersa The four saneral groupa m

increaa:l.ng fiber diameter were a.s f@llews._ 1. Esoa.s magor, 2. lomgissimus

| dorsi (ri'b a.nd shor'h loin regiens) and glgteus medius, 3 semimembra.nosus,

em:!.tendgmgus, a.md giceg :t‘emor-ia, &nd i, serra.tus ‘ventralis apd deep

R
di 1‘@ Qg&q_;. These a.uthora also reported t@aﬁf. not anly vas tender- |
neas rela'hed to the acular activi‘by but a:.Lsm to the increase in M
muscle fd.‘ber diameter frbm bﬂ.:rbh w maturity. In thﬂ,s study, the m
____;)_5 mﬂzreaaed the most while the serratus ventralis increased the leasgt,
The gr»ea‘qg_st increase‘ in d:!.‘a_.metgzg oecurred from eight to fourteen n*-h.s

of ase. A simila&?‘ growth pattern for the loggiséimg dorsi and biceps

_femris ha.s been remrbed by ‘}.‘uma et e..l (1962) Us}ing the rete of
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ingrease in muscle fiber dieameter as, ‘bhe basis for the growth rate of |
muscles, these studies indicated tha;b the muscles (such as the ;_g_gg;_.ggg;@__
_9_:3&) which decrease their rate of growth early during the pre-natal
| period'a:jg'the muscles whi_cl? mature late durimg pest-natal growth.
These same museles! are also considered to be the more tender muscles in
ﬁhe carcéss.' It is genérally mcemed that thev meat fmm. mature animals
is less tender then that‘ from immatﬁ;'e animals. Farp }of thisg decreage
" in tendeyness with increasing ammal age hg‘s been é.ssoé:l.e.tgd with ishe in-
ci‘ea.se in msecle f£iber diemeter. |
7. Post-morten aging of meat - The aging of meat has been deﬁ;@nstrated
to influénce. the structure of fi*es.h meat and emhance 1ts wltimate tender-
ness, (hy and Pierce, 1961; DeFremery and Pool, 1960; :Eanson et al.,
1942; Harrison et al., 1949; Locker, 1960; Paul et al., 194k; Ramsbobtom
and sﬁ-é.ndine, 1949; Tume gt al, 1962) Bamsbomdm and Strandine (1949)
'descr:f.bed the structural changes in the loggissinms dorsi of beef from 2
hours to 12 days post mortem. Durimg the first several hours after |
slaughter, ‘the musele fibers appeared stralght to slightly wavy (pre-
rigor pha.se). After 8 to 24 hours post mortem, ’che muscle fibers. were
in a state of contraction and ‘they appeared as sharply defined waves
(rigor-mortis phase), This st‘ate; of cdntraetiém wﬁs fep@rted. to last from
2k to T2 hours post-mortenm. Foiiawing thi-s phase, ’the :Eibers ‘began to
ge :Lnto a re:l.a.xed or non-contracted state (post-rigor: pha.se) aWhile
in this relaxed state, 'the muscle Tibers gra.dually broke tranaveraely and
lonsitudinally as & result of enzymatic action or autolysis.
Aecmm;panying these three phages of rigor mort:.s wag & decrease in
tenderness dux-ing rigér—‘m@rtis a-nd ﬁhen a éontinua.l :I.nc‘rease in tenderness
during poat.-risar. (Mey et g,L., 1962, Ramsbottom snd Strandine, 91&9),

Algo, . _the muscle bunélles were not ,hard during pre-:cigor, but became
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firmm during risor. When the muscle was in postw#igor, there was a
gradual éoftening and loosening of the bundles, which was quité not1¢e~
sble by the twelfth day. (Remgbottom and Strendine, 1549).

The extensibility of the muscle fibers (resistance to breaking
under.pmeaéure) has 5een reported te be negamively related to tenderness.
(Hostet.ler and Cover, 1961; May st al.., 1962; Wamg et al., .195ua,b, 1956).
» May et al. (1962) moted tham the pereemt extensibility of pork and
| chicken muacles decreased and the shear values incressed with the stage
of mortis. It has ‘been postulated that the actomyosin complex, which
forms éuring eontraction, 1s responsible for the various degrees of exr
tengibility. (Veng et al., 1958; Welr et al., 1958).

Connective tissue has long been associated with tendermess. One
 of the eaﬁly published reports om ﬁhis relationship was by Lehmann (1897).
Sincevthat;time meny studies have been conducted which indicate a nega-.
tive‘ﬂalaﬁionship betwéen teﬂderﬁegs_amd connective tisgue, l.e., fhe
more tender the cooked meat the.lower the collagen comtent. Some of the
invesﬁigatora ﬁho have reﬁorted a elose.associaﬁion between these two
factors are Adens et al. (1960), Cover (1959), Doty and Plerce (1961),
Hall et gg;,’ (1944), Himer et al. (1955), Husaini et al. (1950s),

Mitchell et al. (1927), Nottingham (1956), Parrieh st al. (1962),
Remshottom et al. (1945), Ritchey and Cover (1962) ; mchey et al. (1963),
Satorius and Child (1938), Strendtne et al. (1949), and Winegarden st al,
| (1952). Other workérs have susgésted that the role.cﬁ connective tissue

is not en importent factor in tenderness. (Herstberger et al., 1951;
Hugaini et al;, 1950b; lorinez and Szeredy, l959: Mackintosh et al., 1936;
Naummn et al., 1953; Wier’bickzi et gl 1954; end Wilson et al., 195u)

‘According to Doty and Pierce (1961), tenderness was only slightly correlatad
(negetively) with the collagen conbent of raw or cocked meat, However,
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it is perheps significant that, with two exceptions, all correlation
coefficients between collagen content of the meat and tenderness wexev
neéa‘biv‘e; - lorincz and Szeredy (1959) stated that 1t was not the guantity
of.cénﬁective tissue which determi#ed the chewing (cutting) resistance
af mea.t., but the - quaa.i’cy of euch cwn;nec‘aive tiseue.

Using histological methoda, Ramsbottom et al. (:L9h5) reported deta
which :Lnd:!.ca‘ced -bhat museles with gufficlent emmec‘ﬁive tisgue to result

in definite musele bundles (ex. su_,erf. cial pectorial) were less tendex

than “bhoae muscles containiu a sma-ll amoumt of ceonnective t1ssue wi'hh
’correspondmgly fewer muscle bundles (ex., bscas m). Fu,rther work was
conducted by this group to elucidate the relationship between con~
nect:t.ve t;t.ssue d:l.stri’butism and pa:l.a'ba:bility. (Rams‘bottom apd Strandine 3
1948, 1949; Strendine et sl., 1949). In the study by Strendine et sl.
(193+9), :th,,e size oi' the perimysium was classified as large, medium, :

- small, e:p 1indistinet. They céncluded that the muscles w:!.tfh‘ abundant

con.nee'bive t:!.ssue were mnch lass tender. When ’che aombined h:.stolog;l.cal

) ra.ting for collagen and elastin on the 50 nmscles from each of fou:c
anima.la were analyzed, "'.Ehe correlation eoefficiem for these data on
a.ll ef the beef muscles atudied was 0.70s & & showing that connective

tissue 13 [ significent facter influencing tendemess but not the on:l.y

_ra‘ter._> (Strandine gt al., 19&9) loty and Pierce (1961) reported &

s'budy :anolving 153 beef ca.rea.ase§ represents.tive cf the liglrt and heavy
'weighﬁ v.s‘. Prime a.nd uod careassea end 650 J.b. U‘S. connnercial cow

“ careasaea. 'I‘hese a.utra sta.tad tham, “'There was :a.e indicati@n from ob-
servations m,a-de durimg this study that the distribution of collagen ‘was
conaia‘ha.n‘bly ditﬁ'f’e.rém‘ from careasses of di_'f'f‘e:qenﬁ grades., Thus, it
unld‘appea‘r‘ that the collsgen comtent and disﬁ?:!.‘bﬁ‘diom in siﬁila;x'

~ muscles from carcasses of differemt grades are so similar thet this cannot
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generally be of primary importahcevin determining organoleptic differences
betwaén grades." However, Doty and Pierce (1961) concluded that the col-
lagen con‘t.ent of the ribeye wes perhaps a minor factor contributing to
tendemess. |
© Hiner et al. (1955) observed that the amount of elsstin dispersed
tugh a. cut of meet was clogely associated with tenderness. In the
less ﬁender cuts, the elaatié_fiberg’wefe bunchea together in definite
areas between ﬁhe 1arser miscle bundles. There was only & smell amount
of gla’.stin in the more tender cuts. Winegarden et al, (1952) stated |
that si,nd'e the e_lastixz content of most muscles is small Gomparéd to the
coliagem' conteﬂt, it seems that the tenderness of cooked meat 1s affected
to & greaMer‘extent,by‘collagenuthan élastin; | |
When s‘aud.viﬁg the relatios{l;;ip between the tendernmess and the con--
nective :ﬁi'asue content of meat, the ma.zmer" .in vhich tepderness is
measuxed can grestly influence the vesulting anslyses. Nobtinghen
(1956) found no correlaticm between collagen content and tenderness when
tendg;neas was mechanically mea.sumed by shearing meat across the muscle
fibers'. A correla'bion of 0.78 was observed between the same two variables
Hwhen mea.t. samples were shea-red marallel with the musc,‘l,e fiber direction.
This aumor postulated that sheer force meagured parallel to the fibers
‘representé the force needed to separaté adjacent fibérs‘asainst'the bind-
ing of the connective tissie and would be expected to be related to
cqn.n’eetive tissue content. | | |
Ra.ma‘bot-bom et al. (1945) advaneed the theory that differences im t»he

a.moun'b of connective tissue assoclated with the intramisculay fat may ex-
' plain vhy 1t was not possible to show a positive reletionship between

‘high fat content of muscles snd low shesr velues.
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Cooking results in the hydrolysis,, of at least a part of the col-
lagen, and the subsequent formetlon of gelatin. Faétors affecting this
process in meat ave the imtermal temperatuve, the pH, the size of the
cut, and the denseness or kind of collagen. (Lowe, 1955). According %o
W'inesarden et al. (1952) heat influences collagenous tissues in the fol-
.lowins manper: 1. a shortening in lemgth, 2. .a decrease in wi‘dth, 3. an
increase iﬁ thickness, 4. a losshinweight,_and 5. a softening prooess.
Bell et al. (1941) have 1oported that 22 percent of the collagen is con-
verted te gelatin during cooking. SimilEr resulﬁé'have been reported
by Irvin and Cover (1959). Thls ‘conversion can be either imcreased or
deereased, depending on the final Anternal temperamure of the steak or
roast, CBell et al., 1951: Griswold and Keffler, 1952, Adams et al,, 1960,
ty a.na P:Lerce, 1961; Ritchey et al., 1563; Ri‘bchey and Cover, 1962)
Ritchey and Cover (1962) for example ‘have reported that, "Collagen nitro-
gen loss approaches 100 percent when steaks of either muscles (logglesimuA .
vggzéi Q? biceps femoris)‘are cooked to 100°C. and held there for 25 min-

utes.-;'. _ The leffect of collagen hydrolysis on the tenderness of
this fraotion has been studied by taste panel methods. (Cover, 1959,
Cover';g al., 1962; Ritchey gt al., 1963). All thxee studies pointed to &
tenderization of the conneotive tissue during the cooking process.
Ritchey et al. (1 963) reported that a mouth sensation of tenderness or
toughneas of connective tissue can detedt extensive chemical changes in
connective tissue as measured by collagen content. _

Harrison et al. (1949) reported that cooked collagenous tissue usually
1s not affected by van Geisen's stain (specific for collagen) due to heat

degradation. Earlier workers had observed this same phenomenon., (Paul

et al., 1944; Paul end MeLean, 1946; Ramsbottom and Strandine, 1949).
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In discﬁssing’the’ehanges in collagen upon heating, one must be
‘cognizant of the concomitant chenges in the fat cells of commective
tissue. Siemers and Hamning (1953) investigated the relationship of fat
content'te the juiciness of lean ground beef. They reported that, "The
heat tra.n‘-sf_er studies showed that probably the major part of the juice re~
tention caused by suet content was due to the slover rates of heat '
transfer in the suet and connective tissue."  This association was further
elucidated by Wang et al. (195h) in a histologicél study on the dis—
persion of fat within cooked ﬁuscle; They observed that if dispersion
occurred within a perimysium of considerable size, and_if the collagen in
1t were only partly degraded by hydrolysls, the fat droplets wowld tend
to mingle‘only with the degraded collagen, leaving the intact collagenous
£ibrils relatively fat free. Sartorius and Child (1938) suggested that
for meats cooked to an internal temperature of 58° to 67°C. the hydrolysis
of ceilagen wag the most important tenderizing prbcess. At temperatures
greater than 679C,, cosgulation of the miscle protein began to in- |
fiﬁence'ﬁenderness of meat, This?may help to explain the time-temperature
curves presented by Gover (1937) Her work showed tha$ ‘there was a

"plateau reglon" in the curves from approximately 65° to 75°C. during
the heating phase, regardless of the oven temperature at whlch the meat
was being cooked, | '

Factors which have,been:repgrted to influeree the collagen content
ef,fresh mascle are animal age, }ocation of the.muecle ip the carcass, de-
gree of marbling, management ¢f ﬁhe cattle prior to slaughter, an&'post-
mortem aging.

Collagen content has been reported to increase with chronological

age. (Shock, 1961, Strandine et g;.; 19#9); Some workers, however, have
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reported that veal contains more collagen than matuve beef; (Lorincz
and Szeredy, 1959; Wilson et al., 1954); while Spencer et al. (1937) im-
diea..'bed_ tha.t the collagen content of muscle was independent of animal
age. The work of Loyd and Hiner (1959) was in agreememt with that of
Spencer et al. (1937) when the alkali-insoluble collagen fraction was com-
bined with the fat fraction of the Lowry et al. (19.ho) technique. When
the fat centen'b of the meat sample ﬁaa low, such as with veal, the fat
fraction did not comtain an appreciable amount of collagen. However,
i:he fa.t‘content of mature beef was so high that“ ‘the fet fraction could con-
| tain as meh as T1.0 percent of the collsgen. Thus, their data suggested
tha.t the higher collagen cozrbent im veal than mature beef was due to the
amou.nt of‘ collagen being retained in the disca.rded fat fraction of the
alka.'Line hydrolyzed meat semple. Bray et al. (191&9, 1951) have also
noted that the connective tissue from mature anim.als contains more fat
‘c.han similar connective tissue f:rom youthful anima.ls, _" |

Location of the muscle in the animal body, as related to function,
has been shown to influence the amount of connective tissue present in a
particular muscle. (Himer et alo, 1955; Nottingham, 1956' M:Ltchell, gt al.,
1928; Parrish et al., 1962; Ramsbottom et al., 19&5, Ramsbottom and Strandine,
'191+8, Ri'bchey et al., 1963; Stwa.ndme et al., 1.949) ‘Remgbottom gt al.
(.'1.91&5) in 8 study of 25 muscles from varlious loca:bions in the body re-
ported that mascles in the n.eek., for exa.m'gle ’ contained more connective
tissue than muscles in the back region. A more comprehensive study on the
;.;;fluence of loeation on comnective tissue comtent was underteken by
Strendine et al. (1949). These authors stated that 'eﬁe eross-sectionai
pattérns in & glven muscle were fairly comstant f£rom animal to animal,
However, the histological patterns of different muscles were not alike,

but veried in the smounts end kinds of comnective tissue elements in the



perimysium.

Batterman et al. (1952) and Lorincz and Szeredy (1959) have sug~
gegted that there is a decrease im the connective tissue of muscle as an
animal fattens. Other workers (Cover and Hostetler, 1960; Mitchel gglgl.,
19é8;‘Wiison et al., 195%) haVleéund no relationéhip between fat and
eéllagenvcontent, Ramabottom et al (1945) have suggested that ‘the type
of fat la;d down influences the connective tissue content of the muscle.
For examplg, kidney fat has omly 5 small amoun@ of connective tissue while
the fat in the 5riSKet contaiﬁé a large amount of coﬁnéetive tissue.
(Remsbottom ét al., 19@5) USing histological techniqpes, Hiner et al..
(1955)observed ‘that muscles w1th a high degree of mafbling had & :loose
nsﬁxmk afcollagenous flbers, muscles with less intramuscular fat were found
to contain ¢lumps of collﬁgenous fibers, Thus, there appears to be no
conerete relationship between theﬁlével of mafbling and the concentra-
tlon of eollagen. |
- The collagen conhent of muscle may be 1nfluenced by certain genetic,
nutritlenal, dénd physiologieal conditions° Although tenderness has
been shcwn to be an 1nherited characterlstlc (Camtwright et al., 1958;
Cover et al., 1957; Hbrshberger et alo, 1951), Hnsalni et al. (1950b) have
reported that there was no differemce in tenderness between steaks from
Holstein and Hereford steer carcasses. MbIntosh et al. (1961) and
Wierbicki»et al. (1953, 1955, 1956) indicated that the feeding of
di?thylstilbestrol to cattle increases the hyﬂroxyprolime content of
muscle. Wierbicki gt al. (1956) a,lsé indicated that carcasses. from bulls
and hormone implamted bulls comtained more hydroxyproline than those of
gteers and heifers. Exercise may contribute to a deeréase in the collagen

content of muscle. (Mitchell and Hamilton, 1933).



Post-mortem aging of meat haé been reported to improve the tender-
ness of the cooked product. (Ewell, 1940; Hall et al,, 1944; Herrisom gt
al., :i,.9h9; Paul et al., 194k). Remsbottom et _q_j:.' (1,91»9) have attributed
some of the increase in tendermess to collagen degradétion. However, o
Wierbieki et al. (1954) noted no»éhamge in the aikali insoluble pro-
teins as.a result of aging. LQWrie et a.l° (196l) reported on the in-
fluence of ionizing radiaﬁlon on msat and subseqpent storage, and
- gtated that the absence of solﬁble hydroxypmolime ‘and the presence of
elearly marked cross-striation indicated that the autolysis mist have in-
volve@ sarcoplasmic aﬁd not fibrillar or‘connective tisgue protein,

From the above review, it‘may be concluded that there is a negative
relationship between tenderness and the gollagen content of meat, Some
of the factors which may inriuenee the collagen content in meat are:

1, cooking method and 'fingl in’géﬁaal temperature, 2. location in the
cargass, 3, degree of m@rbling,‘hp gemétiq, nutritional and physidiagical

con&itions, and 5. post-mortem aging.

Objective Methods of Measuring Firmpess and Tenderness
Firmaess .

The‘term "firmess", as used in this paper, refers to the re-
sistance of a semiwsolld"'dbgect to an applled blunt force. This con-
notation does not mean that the object will reslst a cutting force when
such is applied. )

Many foods are critically evaluated on. the ba$1s of the degree of
firmness. Exanples of these faods include vegetables, fruits, and dairy
products,' Tﬁe induép;ies agsociated with these products have studied ob-
Jective methods for determining the firmness of the product. Dolby (19h1)

listed five different measurements used to express this factor with
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butter. These methods were designatedvas p 1. éompression - & cubg or
cylinder of butter is compressed between two plates and reported as £he
load péx«unit £ime or degree of compression; 2. penetromgter - & blunt
instrument 1s forced jmto a certain sized sample with the results ex-
pressed as a variable weighx, time,‘or depth of penetration with a con-
stant weilght and time; 3. resistance to cutting by a wir% - the length of
time to‘cut through a certain dimension of butter; b, exﬁrusion - the
amount of weight to extrude a certain quantity of butter; and 5. Qate

of sag = the rate‘of sag by a certain size cube of butter held horizontally.
Since this report; these metheds or combinatioms of them have been
modified and usged as standard messures of firmness for féoé products.

Emmons (1959) combined the compression and‘the cutting wire methods
into a procedure which closely related the subjective firmness of cobtage
_cheese curds to that of orgamoleptic panel scores (r~0.96).

Cox and Higby (1944) modified the Lockwood and Hayes "Ridgelimiter"
to determine the jelling pewer'of.gectiﬂ, These workers reported that the
percent éag of an iﬁverted jelly from a gtandard mold was associated
with the’firmness of the jelly.

‘Kramer et al. (1951) developed am instrument for measuring the ten-
derness of fruits and vegetsbles. vThis device measures the amnunt‘of
forée required to plunge a series of blades through a sample confined in
a specific size box. Shailenberger'gg‘gga (1963) have used this procedure
to evaluate the filrmness of cooked apple glices. A discussion of this
instrument as used in meat research is iﬂcluded‘iﬁ the té@derness
wmethods section. | |

The depth of penetration for a specified time and a constant welght
load has algo been used to measure the firmness of food products other

than butter. In the study reported by Shallemberger et al. (1963), raw
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apples werefsﬁbjeqted to,penetrbmeter determinations as an evaluation of
their guality, o

.Samé meat tenderness investigations have 'been condu.cfed uging the
penetrometer as a tenderness measuring device. Tressler, Birdeeye and

Marray (1932) were among the first to use the penetrometer_as a firmness

meagure. In the initial phases these workers used a cylinder of meat
~ and f@rcéd & needle under 255 gm,of weigl:;t into the meat. Later, the
eyiindei was replaced by an elght hole box to permit more penetrometer
readings per meat sample. (Tressler and Marray, 1932). Noble et al,
(193k) and McCarthy and King (1942) also used the pemetrometer type of
measuremént in meat research. However, the only reported meat studies
in vhich firmness (as determined by the penetrometer) was specifically
iﬁvdlved were those of Hiner and Hamkins (1941), Gannaway (1955);
Pilkins‘wn (1960), and Doty and Plerce (1961), All of these workers used
& rounded object as the plunging device. When penetrometer readings were
care‘@ t‘o. penel firmness scores for p,ork, the correlation coefficients
wergo..éa and 0.90. -(Gannaway, 1955; and Hiner and Hankins, 1941; re-
spectively). A similar stﬁ,dy by Pilkington et al. (1960) in which the
penetration objectively was modified to study beef lean, reported a
similer corvelation coefficient (0.93). This, it appesrs that the pene-
tometerma,y be used to objectively detem.ne the meat quality factor,
fimess The investigation by Pilkington (1969) indicated that a ball
, p:l,ungimg device was more desixfa‘:;;e for measuriﬁg_-'beéf le,az; firmness tha.p.
a.:,.‘:"sp:l,kg"'shaped devige. - |
Tenderness

‘Tenderness may be defined as the kinesthetic characteristic of
meat. This includes all the sensations associated with the chewing and

the subsequent evaluation of meat for tendermess. Cover et al. (1962a)
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have'concluded that.there are at least three major components of ten-
derness: 1, twovsoftness components? 2. three musele fiber components,
and 3, the connective‘tissue component, Since these factors are
"quantitati?ely" and "qualitatively" evaluated subjectively by sensatioms
ériginating in the mouth, a precise and/or accurate measurement of ten-
derpess has been difficult.to obtain.

Reseqréhvleading to tﬁe'developmeﬁt of objective methods for
maasuring tenderneSs was cbnducted‘by Lehmann as garly as'1897.: (Schultg,
1957); ,Theté are‘pressntly mény'objeétive methods for determining the
'ﬁeﬁderngss of meat, These instruments may be classified according to
‘their mode of.operaﬁion: 1, simulated chewing of a meat sample;

2, work regui#edfwhen grinding a meat sample; 3, puncturing or pressing
3 meat s'ample; qn& 4, shvearing a meat sample,

. ‘1;'Sim“iated cheﬁing of a meat sample - Two types of instruments
‘have been designed ﬁsihg this principle; Voiédkevick (1938) developed
‘an instrment which begame popular in‘Germany (Bate~Smith, 1948), which
consiﬁtédvof one stationary wedge aﬁd one movable wedge, As the meat
sample‘waé Sﬁeared_and squeezed, the ﬁeasurement_was recqrded as force
per unit of tiﬁe. Tenderness was estimated by measuring the "shearing"
portion-ahd "squeezing" portion.of the force-time curve. Several modi-
Fications of this instrument have been made in an effort to improve the
accuracy of the determinations. (Sale, 1960; Shrimpton and Millex, 1960;
Winkler, 1939). In 1955, Proctér ég al, designed a étrain gage denture
tenderometer, ‘This'instrument contained a set of dentures to simglate
the chéwing prpceés. By using a photography arrangement (Proctor

et al., 1956a), a force curve was obtained to evaluate the degree
of tenderness. Kelly et al. (1960) developed an instrument similar to

that of Proctor et al. (1955). After several modifications (Kelly et al.,
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1963), the correlation between the tenderness measured by this instru-
ment and taste panel tenderness scores still was not as high as when
“Warner-Bratzler shear vaiues were related to the subjective scores, r =
0.32 and‘0.61 respectively,

2. Work required when grinding a meat sample - Miyada -and Tappel
(1956a) wired an ammeter in series with a household type food grinder.
‘The resulting work per unif time curve was used to compare the tenderness
of meat samples. Emerson and Palmer (1958) reported that the Warner-
‘Bratzler Shear was more clesely related to orgaholeptic values than the
fobd grinder metbpd,‘ Bockian et al. (1958) obtéiﬁed correlations of
-.59 and ~.60 between the subjectiVe and the grindef”values when evaiuatf
ing meat samples ovexr a two year period. A study on the causes of
variation in the griﬁder'method-was repérted byFSchoman et al, 1960),
Factors that affected the results were changes in motor resistance, line
voltagé fluctyations, and variations in load caused by friction of the
movable grinder elementé.k After éorrecﬁive measures were taken, the
coefficient of variation was léss than that for the Warner-Bratzler
Shear method, 5.5 and‘19.& percent respectively,

3, Punqturing or pressing meat sample - Instruments based on this
principle have been designed and/or modified by several workers. (Doty
and Pierce, 1961; Kulwich et al,, 1963; Miyada and Tappel, 1956a; Sperring
et al., 1959; Tressler et al., 1932; Tressler and Murray, 1932). The
technique of Sperring et al. (1959) has been used in a tenderness study
by Bratzler anﬁ Smith (1963), Results of this study indicated that the
pressing method was associated with-the tenderness of cooked beef and
lamb (r = -,95 and -.51 for beef shortloin steaks, n = 15; and lamb loin

chops, n = 129; respectively).
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i, Shearing a semple of meat - The instruments based on this priaciple
include the Warner-Bra.tzler Shear (B;La.ck et al., 1931; Warner, 1952) and
the Kramer Shea.r-Prees (Kramer et al., 1951) At least three other
'instrumenta, in addition to that of I.»ehman (l907> » heve been developedf
| for estimating tendernees by shearing; Dassow et al. (1962), Satorius a.nd
' Child (1938), Tressler eb al. (1932), and Tressler and M.lrra.y (1933).
The Warner-Bratzler Shee.r has been the most wide:l.y used objective
tendemess measurement in the United States because of its close rela.-
j tionship with organolep'bic tendemess values. Some of the research
' groupe who heve reperted a high correlation between these two methode

(r = =460 to -.80) ave Bratzler and Smith (1963), Gainer et al. (1951),
Kulwich et al. (1963), Kelly et al. (1960, 1963), Mackinmtosh et al. (1936),
P:leingtcmv (1960), and Sperring et _;ag._ (1959). However, low correla-
tions (r : ~.18 to ~.37) have also been reported between these two
methods. (Deatherage and Garmatz, 1952; Fielder et al., 1963, Mahon

et al., 1956; Tressler and Mirray, 1932). Schoma.n gt &l (1960) mdi-
| bca‘ced 'Eha.t the coefficlent of variaﬁien was 19.4 percent when evaJ_.uating
the'ﬁ‘endernese of beef mu.nds by th;l.e mef.hod. In an efforb 40 decrease
the veristion, Hurvicz and Tischer (1954), and Spencer et al. (1962)

have recommended chenges in ‘the inetrument. Burvicz and Tischer (19515)
‘noted that the tenderness meaeurement expressed as 'bime vs. shear ferce
decrea.‘se'd the coefffie:’i.ente’f variation from T.41 for maximm shear force
to 4,79 percent when beeswax was used as the testing medium. Spencer g;b_‘ al.
(1962) modified the horizontal model by using su electrical force tyans-
ducer and recording system. Using the same testing riedium as Hurwicsz

and V*I‘imher‘ (1954), they reported coefficients of vai‘iatien from 6.6 to

10.6 percent. Klose _ej_:_' g._; (1959), using muscles from poultry, studied
the variation in the Warmer-Bratzler shear values, In this study, they
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assumed that the difference‘in'shear values between duplicate samples of
the s#me muscle within a bird was attributable to the precision of the
Warner-Bratzler Shear, The results of the enalysis of variance indicated
that thekamonglbird variation was at’least three times greater than |

the within muscle variaéion. These wﬁ%kers concluded'thét these results
are indicative of thé‘very desirable repeatability of the Warner-Bratzler
Shear for estimating the variation in tendermess among meat samples
from‘different Birds;

Although the Kramer Shear-Press was developed and modified for
evaluéting vegetables (Kramer gglgg., 1951; Kramer, 1957; Werner gg‘g;.,'
‘1963), it'has been used for eStimaﬁing the tenderness of meat (Batcher
et al., 1962; Cameron and Rysm, 1955; Parrish et al., 1962; Shanmon et al.,
1957). Cameron and Ryan (1955) reported a correlation of -,97 be-
tween taste panel tendermess scores and»the Krémer Shear-Press valﬁes.
Batcher gt al. (1962) found a correlation of -.T6 between the two
variables, In addition{ they reported that the correlation between the
Krameyr and Warner-Bratzler instrument was 0.87 and 0.83 for cooked and
raw lamb chops.

Tenderness of meat, when evaluated by individual members of an
organoleptic panel, is the result of emergy expehded in cutting,
squeezing and tearing a sampie into a size that can be ingested. Al-
though many objective inétruments have been developed tovmeaaure this
sensation, those most commonly used involve the shearing principla, such

as the Warner-Bratzler Shear and the Kramer Shear-Press.

Chemistry of Collagen

Chemical and physical properties of collagenm
Collagen is that portion of the skeletal muscle often referred to as

"white fibrous commective tissue." On a weight basis, collagen is the most
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abﬁndant protein fqund in mammals, Neuberger (1955) estimated that 25
to 35 percent of the protein in the mammalian body is collagen.
Collagen, as contrasted to many other proteins, has a different
amino acid spectrum, Ai;hough collagen contains traces of tyrosine and
phenylalanine; there is nb evidence of tryptophan, cysteine, and cystine
in its structure, Among the charaqteristi¢svwhich distinguish col-
lagen from many other proteins are its high concentration of glyciﬁe,
proline, and hydroxyproline (27, 15, and 14 percent respectively); plus
the presence of hydrbxylysine (1.0 percent), The thfee'aminq acids,
glycine, proline, and hydroxyproliﬁe, comprisé more.than-ﬁovpercent of
the céllagén amino'acid'residuesj Neuberger (1955) has calculated that
over 70 perceﬁt of the glycine and proline in a mammalian body is in
collagen. Agcording to the results of Bowes and Kenten (1949), collagen
is the only source of hydroxyproline in the mammaiian.body. Similarly,
} hydrox&lysinevin mammals can be found only in the collagen molecule.
Glycine, preline and hydro#yproline have a definité felationshipv
to the Strugture.of_gollagen. Vies (1962), in his review article on col-
lagen, cited papers which indicated that the following amino acid sequence
| frequently appears: -proline - hydroxyprolinme - glycine - proline -.
HoWever, Grassman et al. (1956) have reported evidence that there are
.sqme areas along the érotein chaip which are low in hydroxyproline,
Michales et élv (1958)_hava suggested that collagenase acts on collagen
to release only N -~ termipal glycine residues. S8ince 60 percént of the
peptide bonds involving glycine are hydrolyzed by this enzyme (énd with
the frequency of the three specific amino acid sequence), these workers

postulated that this sequence was necessary for the enzyme specificity.
Other workers (Danby, 1958; Rigby and Spikes, 1960; Gross, 1961) have

shown that the shrinkage temperature of collagen (a measure of its
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stability) is related to hydroxyproline concentration. For_ example,
there is an abnormally low hydroxyproline content in the fibrinoid tissue
from rheumatié fever patients (Rigby and Spikes, 1960). In addition,
there 1s a decrease in the shrinkage temperature of the collagen to
approximately 40°C. Witrh a décrease in the shrinkagg temperature, &
structural breakdown of collagen could occur at body temperature.

With the widespread“ intereét in hydroxyproline and its relation to
collagen structure, many biochemical studies have been reported dealing
with colla.gén formation. -,Re‘eéani. work hes been directed toward the
synthesis of hydroxyprolime and its imcorporation into the collagen
molecule. |

Early work in this field indicated that proline was a precursor for
hydroxfoline. Robertson gt il_ -{1959) also showed that ascorbic acid
was required for the hydroxylation of the prolime. In 3.961, Hausmann
and Neuman in,jec;téd gl proline imto guinea pigs and then assayed the
skin for the appearance of the two labeled imino é,eids. These authors
stated that, "The data sre most consistemt with the view that hydroxyla
tion occﬁrs_im a bound form of prolime‘, not of ‘maeromolje,cular dim,ensions ’
but whiéh contains within the same molecule both proline destined foi-
hydroxylation and proiﬁme dest;;inecl for eollagen proline." Peterkofsky
and Udenfriend (1961) conducted a similar s%ft;udy using a cell-free
system from 10 to 11 day old_crhick ex‘rﬂjaryos° Their results indicat'ed
that: 1. hydroxylstion was occurring, since hydroxyproline appeared
immediately after iajection and ATP was required as an eﬁergy» source;

2. hydroxyproline wé.s forﬁng a pépti_d’e because the only frdctien 'b‘ha'l'.
contained hydroxyproline ﬁas the microsomal fraction wliéré Protein forme-
tion occurs; and 3. the rate of release from sblﬁtién for proline, hydroxy~

proline and the alpha amino acids studied was the same.
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Baged om solubility, collagen cem be characterized imto three
fractiong: 1. neutral salb-or aﬂ.kaln.»sqlu‘bla aollagen, 2. acid saluble
collagen; and 3. alkali insoluble cgl:l,agen. The nsutral salt - or
alkalimséaluble fraction is extracted with phosphate buffers having a pH
of 7 to 9. | Neuberger (1955) has reported that this fraction conatitutes
approximately four perc:qm;' of the total collagen, Acid soluble eollagen
1s that pertiqr;‘mainefd by using dilute acetic or citric peid tuffers
at g pH << 5.0, This fraction is often referred to as tropa - or nro~
collagen. (Sehmitt et al,, 3,.955,3 Orekhovitch and Shpilkiter, 1958).
Courts (3-96.1) has reported that this fragtion varies with chronolegical
age. In the embryo, this fraction acséoun#s for approximately 13 percent
of the collagen while in the adult 1t accounts for only 1 percemt of bhe
collagen. (caum,s, 196).; Grasswann, 1958).' The \agkaliw:inﬁaolu'blé portion
is the ma‘jér' fi'é;ction of collagen and is usually prepared by uging 0.05
o 0.10 N NeOH as the éxtmcting‘ solvent. (Mellon et al., 1960; Miller and
’ Kaste;l.m, 1956; Bowes gt al., l.957) | -

Lindstedt and Prock:op (1961) sumarized the work. on hydmxypmlme
metaboln.sm and the three colla.gem fractions and _'gﬂ"oposed a pathway for
the formation of the collagen molecule. Thelr schems is basged m; the
" half i,,ife (days) of ¢lh hydroxyprdlizpe in each of the three fractions.
The follawing disgram deplets the Tindstedt and Pmcsk.oi@ (1961) scheme:

Pm ine
' ‘ Activated H mxwralime '
Neutral: Salt W Aeld Seluble < Alkall Ingoluble
| Collagen T 7 €ollagen | ¢ Callagen
Balf Life (Days) 0.5-1.5 5,0-6.0 50.0+300,0

In studylng the catabolism and anmabolism of hydroxyproline and its

relation to collagen, it is now comgldered that hydroxyproline exists in
. { . :
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both a "bound" and "free" form. Thus, a measu;e of hydroxyproline in
the blood and urine would be an estimate of both forms of the imimo acid.
Gerber et al, (1960) postulated ‘that two metabolig pools of hydroxy-
proline could exist, Thelr dé.ta.« suggested that there were two meta-
bolically distimet compoments. Ome eompoment had a rapid tumover rate,
the lab;!.:}.é fraction, and was catebolized readily o pyrrole - 2 -
darboxylié acid or free hydroxyproline. The component with the slow
turnover rate was designated as the "pound" hydrbxypralime» qu\ﬂa#e;v
and Boucek (1961), using the implanted sponge technique, helped to conw
firm the theory of two metsbolic pools of hydroxyproline. By recording
the appaarance of D,N.A., collagen, é&d "free" hydroxyproline, sqvgmﬂ.
conclusions were drewn from thelr work on the gross forwation of col~
lagen, D,N.A. could be detected as “eemly a5 three days after the sponge
had been implamted. From the sixth through the twemtieth day the D.N.A.
curve wes & strelght line. This was thought to colncide with £ibroblast
fo?mation. After the twentieth day, the D.N.A. concentration was found
to be copstant. However, collagen formation did not follow the same
curve ag D.N.A. Instead, collagen formed at an apprecizble rate from
the seve#th through the tﬁiﬂewtk; day, leveled-off from the sixteenth
through the twentieth day, and 'tnqzﬁ rose again through the thirtng'iﬁh
day, which completed collagen foﬁatiom : ?hese; workers concluded from
pge“a,e data that collagen fomat;on mwst. be depg;;dent on pmi,or' Pro-
q.?zferat;on of the f£ibroblasts | andumlmcm factors, in _ad_ditipn to the
gross mumber of cells presez‘ntflxv_lj!égarding "fzre,_eji’_’ hydroxyproline, Woessner
and Boucek (1961) stated that, "The parallelism between the "free"
h&drdxmmlme curve and the D.N.&. ourve supporté; the hypothesis that
the free hydrvoxyproline is imtracellular and that there may normally be
a congtant emount of free hydrcxypm:!,in;e;_preaam in the fibroblast."
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Daughsday and Mariz (1962) have concluded that "free" hydroxyproline
arises from an sctivated hydroxyproline intermediate that exists before
the stage of peptide synthesis.

Gross (1961) in a review article propesed the location for col-
legen formation, il.e., intra;'éf iﬁtér#bellular. The first step in the
process by which the body produces collagenous tigsue 1s that the fibro-
blagt evidently syntheslzes complete collegen molecnles, These moleoules
are then extruded into the space outside the cells, vhere they polymerize
into fibrils, The fibrile then grow in slze until the originel supply
of collagen molecules is exhsusted, Apparently the change in solubi~
1ity is sssoclated with the inereasing perfection of £1t betyeen the
molecules as they graduslly pack together in & "lock and key"‘type of
asgoclation along their length.

Methods of measuring collsgen | <

.‘Solﬁbility methods:

| One of the early methods for separating collagen from other mame
malien proteins was devised by Stokes (1897). In this procedupe, the
proteins, except collagen, wgré:?emcved by precipitation with mercurie
nitrate. After filtration, the éelatin (primerily collsgen) was pre~
eipiteted from the filtrate viﬁhfmieric acld. dJacabs énd}Jaffe

(1932) modified the procaaure‘b&% L, pxecipiﬁaminé thé verious pro-
teins with lead nitrate, 2, subjecting the resulting filtrate to
activated charecal ﬁhich absorbed the "pseudogelatins” and "other
proteins”, end 3. removing the gelstin from the final filtrate by forming
& tannlc acid~gelatin complex which precipitated out of solution. Farkas
in 1933 reported that the gelatin - plerate complex of Stokes (1897)

was soluble at hO°c., but that the other precipitsted proteins were not
goluble. Thus, the 40OC, supernatant could be cooled to allow the
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gelatin eomplex to precipitate, The precipitate cquld_ then be usged as
an estimate of collsgen. Spencer ef al. (1937) adapted the tamnic acid
procedure for a micro-determination of ¢qllasene The major modificabion
wes that the collagen frastion was separated from the other proteins

by first sutoclaviag a,z;d'washimg the resulting residue with hot water.
All the superpatants were combined end the collagen removed as the in-
soluble t e.nnic acid eomplax»} .

Mitehell et al. (1927) used & differemt spproach to the problem of
aqpmahim ¢ollagen from musele tigswe. To separate *ﬁhﬁ comnective |
tigsue (collagen and elagtin) from the muscle tissus, the mest sample
was mixed with water and then plaged in a ball mill, Following this
treatment, the sample was filtered through a 40 mesh sieve and washed with
cold vater at least three times, The residue remaining on the sieve was
considered to consist of collegen and elastin. Thesé two proteins were
then sepp.m‘aed in the mmm_ mapner, First the residue was autor
claved on the premise that collagen vas converted to gelatin m;;d became
soluble upon heating. When the autoelaved material was filtered, the
filtrate should have contained the pollagen and the residue should have
contained elastin, alomg with any contaminants. The remaining residue
wag then subjected to trypsin digestion, Since trypsin does not attack
elastin, an analysis of the residue should be am egtimate of elastin con-
centration. Mitchell gt al, (1928) modified the original procedure by
replacing the 40 mesh sieve with a 100 mesh sieve to decrease the
loss of collegenous material goimg into the initial discarded filtrate.
However, Bell gt al. (1941) noted that there was still & loss of gollagen
due to filtration and replaced the sieve with a linen filter. Another

modification of this proceduve was made by Hartley and Hall (19k9).
These workers replaced the ball mill with a Waring blendor. Also, the
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DH of the blending solution wes adjusted to pH 5.0 (the isoelectric
point of raw beef proteing). After blending the slample, the liquid wag
decanted into & centrifugé tube. In general, the remainder of this proce-
dure was similar to that of Mitchell et el. (1928) except that centri-
fugation was used :Ln place of filtration.

The procedure of Lowry g:g al. (;9%} is presently the most commonl.y
used technique for the se;@aria.t;om; of the collagen fraction from other
musclej;:x‘a?tems. Part of thip p#@eedm was u;séd earlier by SQhepileWsky
(1899). - This procedure is based on the theory thet c@;légm and elagtin
are insoluble in wé.a.k a:!kaliné séi.u’tims whils vthe okher muscle proteins
are soluble, The extraction yh_asé Gf the tecknigue consisted of placing
the meat sample im 0.10 n NaOH for 18 hours, I-ewry et al. (1941) and
R:Lt.chey et al. (1963) have stated +that some colla-gen will golubilize
during the extraction step. How;var, they aid mb ta,ke thia small loss
in’co accou.m: vhen reparting t,he azaaa.y‘bica:l. aama. Ancther change in
thia 'bechn;!.que, as compared ta t.he others, inv‘alved the wesidue left
afbe;p centmimgation of the extra.etmn aolution. Pmior to sutoglaving
the residue, the water-reﬁ;!.due m;lxbure wag a.dduated 'ba pH 7.0 so that
the non-cauagenous material wcm.ld not solnb;i,lize ad; thﬁ same time as
_the cgl.laggn,. Elastin was a.lsa det@mined in 'che Ilmmy et al, (19%1)
yrécedﬁré;p To separate the equagezz. and alast;l..za, the 0710 N NaOH ex-
tra.ctioa‘sample went through two, ten nimyte béilia@g ﬁater baths. This
type of extraction process for elastin is based on the theory that
elastin is not aolubie in hot dil};te alkeline solutions., The rgpeatam-
1ity of this procedure, u@igs:v'siavmeﬁm datea;mimtms, was % 5,0 per-
ooxt, | . |

Fumerous studies have been conducted in an effort to improve the
precislon and accuracy of the origimal Lowry gt al. (1941) procedure.
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One major change has been the adoption of the praetice of expressing
the collagen results in terms of Kjeldahl nitrogen or collagen on the
basis of b;rdrokyproline? Kestelie (1955) in womkipg with beef muscles re~
ported that the separation of the galt or NaOE dispersed in solubilized
protein fractions from the stromal proteins could mot be accomplished 7
succlaésﬁm;r by centrifuging. To obtain a complete separation of the
fractions, he trapped the commective tlssues on glass weol in an
Erlenmeyer flask. Data were also presented im this article which sub~
stantisted the theory of the NaOH extyaction process: "One may conclude
from these studies that 1f it is accepted that the presence of hydroxy-
préline specifically 1dentifi§s collagen and elastin in musele tissue the
Kueldahl nitrogen values for the autoelaved, soluble fraction are moy e
valid measure of collagen comtent in the absence of a prior NaQH treatment
of the tiasue."l Similer results wewe later reported by Miller amd
Restelic (1956). |

Nottinghem (1956) has suggested that the meat samples be sectioned
at 30 mierons to avoid loss of conmective tissue due to wrapping avound
the blendor blades. Furthexmore, the extraction phase should be ecarried
out in the cold (0 - 59C.) to avold solubilization of some collagenous
material. | |

A comprehensive study of fagtops affecting the NaOH extraction has
been reported by Lorimez and Szeredy (1959). Results of this investigar
tion were as follows:

1. The finer the meat sample is chopped, the greater the loss of
collagen during extractlon.
2. The higher the temperature during exﬁraction, the greater loss

of collagen.
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3. The NeOH concentration ecan vary from 0.0l to 0.10 N without
affecting the conpective tissue proteins, but above 0,10 N
NaOH some of the comnective tissue proteins will solubilize,
L, The time of extraction had no effect when the time interval
was over 24 hours.
5. The concentration of fat in the meat sample does not in-
fluence the collagen valyes.
To meke sure that all substances other than collagen and elastin wexre
removed from the remaining residue after NaOH extraction, Irvin and
Cover (19539) extracted the water and alkali soluble material for 30 hours.
"Each meat sample was subjected to two water extractions within a period
of approximately four hours and them to five 0.1 N NaOH extractions
within a period of approximately 26 hours."” After the extraction period,
the comnective tissue was trapped in glass wool similar to the procedure
of Kastelic (1955).
Loyd sad Hiner (1959) modified the Lowry e al. (19%1) proceduré
slightly by retaining the faﬁ layer from the centrifuged extraction
mixture. Using the presence of hydrbxypxoline as g test for collagen,

they stated that in the fatter samples mogt of the hydroxyproline was re-

covered from the fat fraction. In the longissimus dorsi, on the average,
Ti percent of the hydroxyproline wag found in the fat fraction, while in

the pscas major, 58 percemt of the hydroxyproline was found in the fat

fraction. The percent fat in the longissimms dorsi and psoas major was
11.51 to 19.20 percent and 10.10 to 13.65 percent, respectively,

Adams et al. (1960) used the enzyme Protease-l5 (Rhom and Haps) to
ﬁemove gll the proteinaous material, except connective‘tissue, from meat

samples, One of the objectives of this study was to compare the col=
lagen Kjeldahl nitrogen values using the Waring blendér method (Hartley
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and Hall, 1949) a#d the enzyme technique to study differences in collagen
coptent of raw and cooked steaks. The vez'::gerimemﬁl material consisted of
top round steaks fmxﬁ. ten U.8. Good beef carcasses. In summarizing the
study, they stated that the collagen values were lower in cogked than in
raw meat by both methods, but differences hetween raw and cooked samples
were gemerally greater by the enzyme method. Thus, 1t wowld appesar that
the enzyme method offers promise for a procedure that is reproducible,
rapid, end feagible. These authors did nét determine the presence of
hydmxyprbline as evidence of collagen degradation by the Protease~15
eNZyme. | | _
‘ From this discuasion one can readily comclude that the determination
of collagen by the solubility method is somewhat empirieal. Al-
though meny studies have been condugted using this method to measure gol-
lagen, many modifications haeve been madé in an ér;:rort. te ;l.mprove'the “ve-
pestability and/or accuracy of the lﬁﬁthod. In addition, the alkali
insoluble fraetion whielﬁ has been commonly used as an index of collagen
15 a meagure only of "mature" collagen. Kastelie (1955) reports that the
| alkall insoluble fraction does mot agcount for 8 4o 12 peroent of the col-
lagen molety. Thus, studles using this method as & q,uamita.tién for
tc:r:&l.'l.a.ge,a:,m are :Ln reality only studylng appre:ﬂiﬁ@tely 90 percent of the total
collagen present in the material.
Eydroxyproline methods:

The hydroxyprbline concentration in a sample is -thé most widely uaed;
method of quentitetively estimeting collegen. Dekin (1920) end
Bergmann (1935)‘ were among Atﬁe £irst o indicate that hydroxyprolise could
e quantita’ci‘vely measured. These workers determined hydroxyproline cén—

centration by erystallization. By using an aleohol extraction and direct
crystallization technique, Dekin (1920)'reported that gelatin contalned



38

1%.1 percent hydroxyproline. Bergmann (1935) found e hydroxyproline con-
centration of 1l4.4 percemt in gelatin by prepip:l.tming it as the Reinecke
salt,
When uwsing hydroxyproline es a guantitative index for collagen, one

- mast be cognlzent of the fact that there are changes in the physical
structure of cbllagen assoclated with chmmlog_iga-{!, age. Unless the three
different collagen fractions are amalyzed separately, the hydroxyproline

content ig only an iifadice;hion di’ total, collagén imegpentive -Qf‘ the state
of- mli,'merizati@n. Anather verieble to consider is the health of the
subject from which the sample was @bt.ameq. Ap im.s polnted out esrlier,
in people with rheumatic fever the collagen may have a low hydroxyproline
content. Recently, data from three separate research groups have pmve(i'
quite conclusively the exisgtance of a structﬁral isomer for h-hydroxy-
proline, 3-hydroxyproline, (Arlinghaus, 1962; Ogle et al., 1962; Sheehan
and Whitney, 1962). The work of Ogle et al. (1962) indicated tha{; the
3=bydroxyproline wes present in the commonly found tripeptide of collagen
in place of the h—hydroxyproline. Aec:o.vding to thelr work, the 3~hyaroxy
igomer will not react with p-dimethyleminobenzaldehye (p-DMA.B) Tt will
react, h_oweven, with ninhydrin. Using the niphydwin reactiqn to quami-
tate the new isomer, it has be‘en reported to acecoumt for 0,26 percent of
the Achilles tendon of cattle (Oglé et al., 3.962) Consequently, the re-
ported comentration for this iminé acld depends to sqﬁg extent on ’c.l;e '
reagent ﬁaéd for the enslysis. |
Ninhydrin methods - A gemeral review perta.inins t@ 't.he devalapment of and
the general procedures .f;mr the reaction of n:Ln with amino scids
“ has beem prepared by Greenstein amd Winitz (1961)

Ruhemann - (19.11) discovered that all scids containing a free alphas
amino grmup reacted with triketohydrimdene hydrate (ninhydrin) to give an
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intense blue color. He also isolated the compound responsible for the
color, diketohydrindyline-dlketo-hydrindamine. In 1915, Harding and
- Maclean reported a cﬁlorimetri& niphydrin procedure for the estimation
of amino mitrogen. They found thgfc tﬁe tech:a,ique was quantitative when
an _exaéss of ninhydrin was present. Further work by Hardipg and Warneford
(1916), indicated that the presence of reducing agentg would intensify
the color ef_th‘e reaction mixture. However, these workers (Harding
and Maclean, l9l6) publighed data which showed thata -’éhes reé.quion_ gives
positive resu;ts for ccmpoupds other then émimo acids. From this 'W,@rk.,
they» concluded that the ninhydrin reactlon was open to eritigismo

Earlier, Van Sl:yke (1911, 1912 and 1913-14) had used the ni‘erous
acld reaction to quantitate the amimo nitrogen in s sa,mgélea However,
the reaet’i’von would not determine proline or hydrogﬁypmiine “:E;imc*e‘:the
amino greup is in the pyrrole ring. Van Slyke et g_:_l._ (1941) later ve- _
vised the initial menmometriec technique by meé.sui‘ing thé €Oy released from
| amino acids on reaction with ninhydrin. They cited the work of Grassmann
and von Armin (193hx) as to the memmer in which the imix;.o acide (proline
and hydroxyprolime) reacted with ninhydrin. Grassmenn and von Armin (1934)
showed that whéh proline and h;fdroxy:'@rolime reé,ctéd with ninhydrin there
vas a release of CO2 but no ZNH3 wag released nor was an eldehyde formed
as was ‘the case with the other amim acids. These workers also re-
perted 'l:.ha.t the decarboxylated pyrmline reacted with cme molecule of
reduced ninhydrin to give a yellow product. This produet then condenged
wi'hh a.no'bher molecule of ninhydrin to glve a red produc'b. Van Slyke gt al.
(1941) noted that these colored compounds were formed during the heating
phese of thelr mennometric determimtion. They- also noted that pH in-

fluenced the color stability of the two compounds, Although the yellow
color was formed at varlous acidiec pH's, i‘g was more stable at pH l,O



than at a higher pH.

It was not until 1948 that Moore and Stein developed & repeatable
qn;ntitamive colorimetric ninhydrin procedure for the alpha~amino acids.
In additi?n,,proline and hydroxyproline could be determined, but not as ,
accurately as the other amino aeids; ‘These authors observed that the yel-~
low ninhydrin product could be measured at 4O mi, providing the resction
vas conbinued about twice as lomg im the bolling water bath.

In 1953, Troll and Camnnan developed & technique to quantitatively
measure hydroxyproline by differenmtial spectrophotometry. They reported
that with their reaction system the red derivatives of Grassmapn and von
Armin (1934) were aetually intermediates in the formation of the yellow
compound. Furthermore, they found that the products of ninhydrin and alpha-~
amino acids were insoluble in benzeme, as were thg yellow pigments. By
continuous extraction into benzene, Troll and Camman obtained data in-
dicating that the products of the reaction of nipnhydrin with proline and
hydroxyproline would have meximum sbsorbancy pesks at 550 and 570 mp. re-
spectively. However, the red derivative of proline forms more Slowly and
is less stable than the ome formed by hydroxyproline. Therefore,
readings can be made at the above two wave lengths and the corrected
concentration for hydroxyproline found by selving the two algebraic
equationg. These workers reported recoveries of 97.8 - 103 percent for
hydroxyproline from protein hydrolysates.

Parrish et al. (1962) have modified the Troll and Cannan (1953)
procedure to estimate the hydroxyproline contentii# alkaline hydroly=-
sates of paftially defatted and dehydrated beef muscle. They found that
a decrease in the tempersture of the reaction improved the reproduce-

bility of the results.
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Hovever, Aronson and Elvehjen (1956) used the original Troll and
Cannan method for the analysis of hydroxyproline in animal tissues,

Thelr results indicéted‘that the technique per ge was adequate to measure
small differences in hydroxyproline concentration,

Rodgers et al. (1954) also reported the procedure satisfactory for
meaguring smell changes in hydroxyproline in blood plesms and urine.
Their measurements, however, were made on hydroxyproline that had been
separated from the other amino acids by ionqexchange chromatography.
Para—dimethylaminobenzaldehyde methods - The initial work conducted in
this area was by Morsge (1933) and Lang (1933). Morse (1933) developed
a qualitative test for hydroxyproline based upom the reactivity of the
'secondﬁry alcohol group. This test involved heating a mixture of methyl-
‘hexylearbinol, & hydroxyproline sample, and s strong alkaline oxidizing
‘agent (example, either Nag0p or NeOH and HpOp). After the mixture was
boiled dry amd cooled, 2.0 ml. of 5.0 N HCl was added and the sample
placed in & boiling water bath. The'éppearance of én amberrose color was
indiecative of hydroxyproline. \The~aﬁthor concluded thet the specificity
éf the reaction was due to the hydroxyi group becsuse proline failed to
give the reaction. _

Langh(l933) proposed a quantitative technique for hydroxyproline.
This procedure was based on first oxidizing the proline emd hydroxy-
proline in protein hydrolysates to pyrroline énﬁ‘hydrdxypyrraline with
NeOCL and then by steem distillation separsting the oxidized imino |
aclds from thelother oxidized prodﬁcta. Both ilmino acid oxidation products
were reacted with p-DMAB and then the hydroxyproline oxidized product

was reacted with isatin in dilute Hgsou, HWdroxyproline and proline con-
centrations were then calculated from photommtric measurements. This was

accomplished by substracting the concentration of the lsatin reacted
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products (hydroxyproline) from the concemtration of the p-DMAB products.
The difference wag supposed to represent the concentration of proline,
Waldschmidt-Leitz and Akabori (1934%) reported work that refuted lt:he ’
conclusion of Lemg (1933) regerding the oxidized products. These
anthors indiecated that proline Qoes not react with NaOCl. Also4 NaoCl
oxidized hydroxyproline yielded 80 percent pyrrole. If the NaOCl was
destroyed before the p-DMAB étey,‘the meMAB ga&e ten times as much ab-
sorbaney for hydroxyproline as the product with isatin. They reported
that gelatin contained approximately 9.0 percent hydroxyproline.
~ Guest and McFarlane (1939) report.ed that the p-D. . s is
lacking in specificity, being givem by substituted pyrroles, pywreliness
pyrrolidines, and indoles. On the other hand, the isatin reaction is
highly specific, ‘being given omnly by pyrroles with ana¢-pcsition unsub~
- stituted and not given by reduced pyrroles or indole derivamives,'
Furthermore, interfering sﬁbstanees could he avoided in the isatin
reaction mixture by extractimg the yyrrole with ether. These authors
reported a hydroxyproline ‘value’ f@r gelatin of lh l percent based upon
© the removal of pyrrole from gelatim by dry distillatiom and then reaction
with isatina In factg their data suggested that prolime and hydroxyproline
aecounted for all the pyrrole derived from gelatino' Data were also pre-
sented on the effect of differemm oxidizing agents én the pyrrole yield.
'Their results showed that only Naa@g increased the pyrrole concentration.
Other oxidizing agents atudied ‘were Naocl, FeCls, 5202 and alkaline per-
manganate.. When the imimo aeids ‘were oxidized with Naaea im the presence
of CuS0y, the apparent hydroxyproline comtent was decreased and the pro=-

. line inereased.
MeFarlene and Guest (1939) found that if a solution of hydroxyproline,
godium percxide and dilute cupric sulfate is:acidified with hydroehldric
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acld, & red éolor developes when the solution is placed in boiling water.
No other amino acid, including proline, gave a positive test under

these cénditionS- These workers studied the influence of CuSQ) in an
effort to determine the reason for the specificity of this reaction.
When'differént sulfates were used‘in place of CuS0), and the resulting
prodﬁ#tavregeted with isatin, thevaolor values were law; From these data,
they coneluded that the complex, "+ + » may possibly be a complex copper
salt of a dipyrrylmetheme," A 1:1 mixture of six percemt Hy0p and ten
percent NaOH was found to minimize the varisble results obtained with
solld Nag02, The reason for this uh@nge in the oxidizing agent was

that the rate of oxidationm could be somevwhat controlled by forming NagOa
in situ. Using this information, fhey developed a photemetric procedure
for determining ﬁydroﬁyproline in protein hydrolysates. The imitial step
wes to form the copper complex by using a solution comtaining 1.0 mi.
each of“hydroxyproline, 0.01 M Gu304€ 10% NaOEb'apd'S%.Héoz. After
axidizing‘at io@mitempexature the sénu&sa were placed in é bbiling water
bath to complete the»oxidatioa, The oxidized solution was‘thep‘cooled,
acid;fied, and thén reacted with isatin in a boiling water béth.f Maxi~
mam absoﬁbancy for the stable product from isatin was 520 mu. Re~

Aults fiom‘differént gelatin hyﬂrélysates‘indicated that hydroxyproline
accounted for approximately 1# 0 percent of the amino acids Present.

| Neuman and Logen (l950a), along with Devine (l9hl), have reported
that the McFarlane and Guest (l939)\hydroxyproline pracedure is not
aceurste. Both groups of workers imdicated that the results from gelatin
were mueh lower than the genefdlly sccepted value of approximately 1b

percent hydroxypraline. To obtain a more agcurate and precise colori-
metriq technique, Neuman and Logan ﬂl950a) developed a procedure hased
on the work of McFarlane and Guest (1939), Guest and McFarlame (1939),

-
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and Guest (1939). This new procedure or minor modifications thereof, has
been one of the more commenly used metheds for determining the concentra-
tion of hydroxyproline in tissue hydrolysates. |

The basic oxidizing step of MeFarlane and Guest (1939) was not
changed by Neumasn and Logan (1950a). However, they aia chenge the first
heating phase. Instead of placing the reactlon tubes in a boiling water
bath, they were placed in an 80°C. water bath for five minutes with
occasjonal shaking, They steted that, "The heating end shaking destroys
the excess of ﬁei;xidga Traces of peroiide vhich remain will decrease
coloy formation_and produce an oramge~red hue." Neuman and Logan (1950a)
completely changed the steps involved in developing the chromophorie
group. Ome of the major modifications was the use of p~DMAB in place
of isatin to form the color complex. Prior to adding'the-puDMAB to the
reaction mixture, Neuman and Logan (1950a) acidified the mixture with
Ho80), instead of HCl.  To obtain maximum absorptiom, they used a 70°C,
water bgth in place of the boiling water bath used by MhFarl&ne'amd Guest
(1939) to develop the color complex. According to Neuman and Logan (1950a)
a 540 mu filter should be used to determine ‘A . in place of the 520 mu
filﬁer recommended by MeFarlsme and Guest (l939) or Guest (1939). Neuman
and Logan (1950a) also reported that tyrdsiﬁe and hydroxyproline were the
only two amino acids im acid hydrolyzed proteins which reacted with p-DMAB
in sufficiemt guantity so that their absorption values counld be measured,
However, tyrosine ylelded omly 1.5 percent as much color as did hydroxyf
proline. In addition, recrystallized proline gave A. values‘corréspaﬁd—
ing to 0.1T7 percent that of hydroxyproline. Although these results were

in contrast to the work of Guest (1939), the data presented by Neumen and
Logan indicated that reagent-grade proline contained hydroxyproline. Con-

sequently, nonrecrystallized proline reacted with p-DMAB to such a degree
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that the p~-DMAB reaction appeared to not}be specific for hydroxyproline.

Meny modifications have been made in the Neumsn and Logen (1950a)
‘procedure. These modifications have generally been concerned with one
or more of the following three areas: 1. destruction of the excess
hydrogen peroxide; 2. stebilization of the waMAS'hydrquprOIine complex;
and 3. correction for interfering ¢olor_éomplexea, guch as that produced
by tyrosine and/or excessive concemtration of the other amino acids.

To el;miﬁate the excess HgOp, Leach (1960) cgndu¢ted'£he oxidation
and destyuction of H0, steps together in a 40°C, water bath. By fol-
ldwing this procedure, "The oxidaticn e e 4 ié comyleﬁed before the
total destruction of the excess of peroxide has oeccurred." (Leach,

1960). However, Lollaf (1957) reported that the excess hydrogen per-
oxlde could be destroyed by vigorous shaking after oxidation was complete.
Thus, the 809C. step was deleted from the procedure. Martin and Axelrod
(1953) ﬁsed:a éombination of acidified, dilute ferrie sul:ate and shaking
in place of the 80°Covstep to destroy any unreacted peroxide. |

Another approach was tried successfully by Hutterer and Singer
(1960). These authors decreased the temperature.oﬁ the first water bath
to 7060; After‘five'minutes in the water bath, fhg excess HpOp was fe-
moved by pulling & vacuum on each tube for 30 seconds. Chloramine T has
been used in place of HoOp as the oxidative agent. (Progkop and Udenffiend,
w1960_). This change was made because it is availeble in a stable form and
ﬁAsolumions of reproduclible strength can be'prepared reéaily. An ex~
cess of alanine was added to help comtrol the oxidation step, as well
as destroy‘#ny excess chloramine T. Wiss,gg'g;q (1949) have propdéed
that & mixture of sodium carbonate and hypochlorite may be used as the
oxidizing egent. By forming sodium.hypochiorite in situ, the reaction

rate was slower and more complete. Glutemic acid was then added to



destroy excess hypochlorite,

Instebility of the color complex has generally been a problem
whenever the p-DMAB tecb_mique is used. To avaid variation due to fading,
many workers have merely reéd the samples'at a definite time interval
after color formation. Woessmer (1961) over@ame.this problem with samples
containing & low hydroxyﬁrolime concentration by using & fading con-.
stent. Thils constant was thenbused in abmathematical formula to cal-
culate the corrected - A.. sbsorbamcy. According tb Beker et al. (1953),
Loliar (1957), and Hﬂtﬁerer and Singer (1960), & mejority of the imstabi-
lity cen be associated with impure p-DMAB. To purlfy p-DMAB, the method
of Neuman and Logan (1950a) will often be used. Another method (Adams
and Coleman, 1941) imvolving reprecipitation and recrystallization also
can be used to purify p-DMAB. Mitoma et al. (1959) reported that, "The
rapid formation and fadimg of the chromophors described by Wiss et al..
(l9h9) in his methed isldue to the concentrated hydrochlorie acld used in
the procedure.” These authors employed a less eon@emmraﬁed agid (1.0 ml,
of 2,0 N Hésou) and controlled the heating comditions to overcome the
instability of the color complex. Miyade and Tappel (1956b) obtaimed
similar results with the Neuman and Logen (1950a) procedure. Conmse=~
qyently, they decreased the com@entratiem of the“HQSOu from 3.0 to 1.5 N.
The élcohol'used has also been shown to influence color stability
(Hutterer and Singer, 1960)., These authors reported that, "Both in-
creased ébﬁéentration and lengthened alkyl chaim of the aleohol (lower
dielectric comstant) used result in ephanced imtensity and stability of
the color."

The problem of interfering cduremogens will often cause problems with

colorimetric procedures. In the waMKB procedure, the two most common

type chromophcres influencing the A,values result from tryrosine, as well
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as the other amino acids. The tyrosine contribution has been quantitated
end its influence removed from the observed A,values. (Wlerbicki amd
Deatherage, 1954; Miyada and Tappel, 1956b), 'waever, Stegemenn (1958)
reported that tyrosine dld not interfere when chloramine T was used

a8 the oxidizing agent. When Grumbsum and Glick (1956).mad1f1ed ‘the
Neumsn and Logen (1950a) technique for histochemistry studies, their data
euggested that the use of 2.0 pefeent HoOp deereesed the imfluence of
tyrosine to less tham 1,0 pereent>of the hydroxyproline value, Baker

et al. (1953) have defined the 1nflmence of other emino acids "When
ether amimo~acide (as a mixture or in the form ef protein hydrolysates)
were present im the ratio of amino—ae;d to hydrexypwoline of 8 to 1, the
colour density was not affected, a s8light decrease in colour density was
neted at a ratio of 50 o l, which became more marked at ratios of 100
t0'1 and 1200 to 1." Thege eqmcluaions were confiymed by Lempitt et al.
(i95h) They avolded the‘infiueﬁée of the other amino aclds by using de-
fatted freeze-dried meat and direet aecid hydrelysis._ This procedure was
aeleeted ever 0.10 N NaQH extraetimn and autoelaving te obtain only the
collagem fractien beeause, ".Hﬁ the dissoluxien of the cellagen on auto-
claving is not quite. eomplete.'- Aecording to Preekop and Uﬁenfriemd
(1960), hydroxyproline umdergeee an oxidetiem‘and decerboxylatieg to form
pyrrole during the various steps of the procedure. ﬁhey indicated that

the following compounds were formed during the degradation:

HO

pyrroline-hwhyﬁrexyh pyrrole=2-
2-carboxylie acld caxrboxyllic aeld

la)
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On the basis of this principle, several procedures have been developed to
e;fbrac‘b the intermediate compounds. Wiss et al. '(19)+9). ﬁaed a distilla-
tion step after oxidation to remove the intermedi_ate compounds and then
they reacted them with p-DMAB. Mitoma et al. (1959) ,b iﬁ referving to
their modification of the Neuman and .ngan (1950a) technique, stajl_:eci that,
"The pxejsentvproce_dure ui:r;;;frélves e;:tmction of pyrreleéa-carbdxylig acid
with ether ‘tov separate 1t from the degradation ﬁproaucts formed from such
compounds a# tyrosine. . . thus, conferring spgcificity to the method,"
Prockop and Udenfﬁend (1_960.)‘ used toluene in place of ethera Woessner
| (1961) allowed the cbicr complex to form with all the compounds in the
reaction mixture and then corrected for the interfering chromogens, Cor-
rections were based on the theory that the color comple.xéé formed by the
other chromogens were not segsitive to oxidation by hydrogen peroxide.
Thus, & reading was takenm be;foré and after a ﬂpero:»:i-de treatment. The
‘diftference between the f_irsvﬁ‘ and second re‘é_.dking equalled the correct
velue for hyd:poxyprqline concentration. Differgntigl spectrophotometry
has been u‘seid,very !effectively to worrect fq.f_ all imerfering colqr com=
plexes. (Butterer and Simger, 1960). These workers stated that, "This
interféring ab_sorbamce congtitutes about 20 to 25 percent (23197 * 390)’
of the total absorbance at 560 nysxof’ By making readings at 500 amd 560 m;:,
and using their correction formula, Hutterer and Singer (1960) repc‘rtéd
that, "Recovery experiments ylelded satisfactory results, the stendard
deviation from the mean being 2.8%. . ." |

Althongh. numerous problems have been encountered in us;ng»the ‘basie
Neuman and ,Loga".m\f (1950a) proéedure;, changes have been made_whi_eh contri- |
'but,é' to :I,t@ inereased relisbility for‘ qugmita’cive;l.y de._term;.;iing hydréxyf |

proline. BHowever, it appe

ars that the ratio of amime acids to hydroxy- -
proline mist be less them 50 to 1. (Baker et al., 1953).
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In order to minimize the interference from a high retic of amino
aclds to hydroxyproline, there are procedures available which may be used
to eliminate the excess amino aecids pr,i,or"'to using the colorimetric pro-
cedure, One method is that of nitrosation. This reaction can be used
since the amino group is split from the aliphatic ghaln and replaced by
a hydroxyl group when the reaction 1s carried out at room temperature.
Therefore, the only amine acidsg which will be avalleble to con.dgnse with
the p-DMAB are proline and hydmxyprdliqe, Several procedures have been
published on the applicebility of the nitrosation prineiple. (Van Slyke,
19ll a.,ﬁd 1912; Hamilton and Owtiz, 1950; Levine, 1959). Iori. exchange
chromatography may also be employed to quantitatively separste hydroxy-
proline from the other amino seids, This is In fact one of the most com-
monly used techniques for separating amimo acids prior to quamtitative
and qualitative tests. (Ieach, 1960; Levine, 19593 Moore et al., 19583
Moore and Stein, 1951; Plez et al., 1956; and Rodgers et al., 1954).



STUDIES OF METHODS FOR MEASURING COLLAGEN

BY HYDROXYPROLINE DETERMINATIONS
Ninhydrin Methods

This investigation was updertaken to determine the cause oxr causes
for high recovery values obtained when the Parrish modification for hy-
droxyproline was used to analyze similar meat samples,

Experimantal procedures

Teqhniques reported by Troll and Cannan (1953) and Parrish et al.

(1962) were followed along with modifications of the latter procedure,
Assay grade ninhydrin, redistilled methoxycellosolve and deionized dis-
tilléd water were used to minimize variation in the resﬁlts due to the
reagents. Anhydrous sodium sulfate was used as a dessicant to obtain
‘an Qpﬁically clear solution, Prior to determining the absorbancy of the
reaction mixture, the sodium sulfate was removed by filtering the
solution through Whatman No. 42 filter‘paper.

Results and discussion

A decrease in the water bath tempera;ﬁre from 75° to 71°C, was the
major change in the Tfoll and Cannan (1933) procedure made by Parxrish et
al. (1962), This study verified the conclusion that more repeatable re-
sults are obtained by using the lower temperature; although the lower
température decreased slightly the maximum absorbancy values, There-
fore, a water bath temperature of 71° % ;25°C. was used throughout the

remainder of this study,

30
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Table T indicates the influence of time after comﬁlet,j,on of the re-
action on the variation and maximum A,valpes of standard hydroxyproline
determinations. From this experiment and others similar to it, all sub-

sequent samples were stored in the dark one hour prior to determining

Asvalues.

TABLE 1

~ INFLUENCE OF TIME ON THE CORRECTED A:ggs VALUES
FOR STANDARD HYDROXYPROLINE®

| ‘ eplieétesa | / Veximm
Time (Hours)t 1 5 3 Average Difference
0.25 0.229 - 0.226 0.221 | 0.225 0,008
0.50 0.232 0.227 0.832 0.230 0,005
1.25 0.240 0.246 0,246 0,24k 0.006
2,00 0.24k  0.246 0,246 0.245 0.002
2.25  0.243 0.245 0,245 0. 24k 0.002

lStorgt,i.in the dark. ENTh
2200 y&/ml. concentration. ‘

. Maximum absorbancies for proline and hydroxypro:‘l;me » when reacted
with ninhydrin, have _'neéa reporﬁed to be 550 and 570 m, reépectively.
(Troll and Cannem, 1953). However, scamning of the visible spectyum of
hydroxyproline products by this method indicated that the maximum absorp-
tlon was 566 ma (Fig. 1). The meximm sbsorbeney for ninhydrin reacted
with proline (Fig. 2) egreed with that of Troll and Casmen (1953). .These

above results were obtained using the Beckman Madel D.U. spectrophotometer.
Recovery studies were comducted on mixtures containing assay grade

proline and hydroxyprolime. Absorbancy wae determined at 570, 566, and



Abéorbancy

0. 400

0. %00

0. 200

-0. 100

T T — T T T ] | ———
hho 450 470 490 510 530 550 570 590 - 610 630 640

Wavelength, mp

-Figure-1l: Visible“Speetrum of the Reaction Products of Ninhydrin and Hydroxy-L-Proline

Obtained with a Model 1k, Carey, Recording Spectrophotometer.
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550 mu. Using the formula of Troii and Cannan (1953), Hypro Ag7o =
Ag7o % 146 - Agsy x 0,592, the recovery was approximately 95 percent.

When the Agyg value was replaced by the Aggg value, the percent recovery
was increased to about 98 percent. Furthermore, the co‘x'rected A566 value
for hydroxyproline was similer to the cbserved Ast0 va.lue for the reaection
products. This same phenomenon di-d not hold true when the corrected A}566
and the obsewed A570 were compared on the reaetion mixture of meat
hydrolysates, | |

. Bimilar recovery studies were conducted using acid hydrolyzed meat

'sa.mple;s‘.j‘, The samples were ,500 g, of partially ."dried and fat-fres”,

" finely ground beef ribeye. (Parrish e _jc._ al., 1962). '.I.‘hese samples were
placed in & covered besker comtaining 40 ml. of 3 N HCl and eutoclaved at
121°¢. for tem hours. They were then meutmlized-amordim to the Swift
and Company procedure for microbiological assays. (Mason, 1962).

: Mixtures containing 100 }ag/m.l hydroxy:proline and various concen'brations
of hydrolysate were used in th_is recovery study. The percent recovery of
hydroxypraliné véried from 128.0 to 141.0. Curves for' gbsorbancy in the

. viaible Bp"ec'brumv from this study indiéated that “ah'e:}re» were two ‘peaka of
ma.ximum absorption due to mimhydrim reaction products extracted imto the
benzene layer (Fig. 3).

‘studie‘s weré then c@nduetaa to elueidate the reaction products yer
’B;?bnsi'ble ;for these high.reeavariss.  The faetors atﬁdied were the in~
fluence of hydrolysis time ‘a.md concentration of HCl, Figure 3 illustrates
the visible spectrum from representative determinations. These graphs

| i‘ndieaté that the inmcreasse im hydrolysis time and HCl concemtration de-
creages the absorbemey et 500 mp., a:.though there was essentially no

change in the sbsorbency at 560 1, However, there wes no chenge in the
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percent recoveries from the 10 hour, 3 N HCLl hydrolysates and the 18 hour,
6 N HC1 hydrolysates.

Studies were then initiated using systhetic amino acids in an effort
to determiﬁe whether ninhydrin reacted amino aecids were responsible for
" the absorption peaks at 500 and 560 m. Figure 4 illustrates the visible
spectrum of the reaction products formed between ninhydrin and the 18
naturally occurrimg amino acidg in a mierobiological assay. This graph
indicates that there are ninhydrin reacted amino acids absorbing at 500
and 560 mu., Sinece proline was pfesent in the sbove mixture, a Synthétig
,hydrolysate was made according to Greepwood et al. (1953). Trytophan,
proline, and hydroxyproline were deieted from the Greemwood mixture. To
help explain these absorption péaké, the ﬁisible spectrum was scanned
for each reagent used in the reacﬁign mixture. - Also, spectra w;fe ob-
tained for the reagtion products of minhydrin with glycine (representati#e
of the alpha amino acids) a‘nd’ the avomatic amimo acids; histidine,
tyrosine, and phenylalanine. Results of this experiment indicated that;
1. the ninbydrin mixbure was the pnly reagent absorbing in the visible
spectrum, 2. the ninhydrin veaction products ef glycine, histidine, and
tﬁrosine had masimmm absorptidnnét 500 mp. (Fig., 5}; amﬁ 3; phenylalanine
éhovs several sbsorpbion geaks;iﬁ the #isible spegtrum (F‘j.g° 5). These
résulté indicdte that the largér5QO ma. peak obéarved in the synthetic
hydrolysate (Fig. 6) is due to the ninhydrin reaatioﬁ products of amino
é¢id§, other than hydfoxyproiine, being somewhat”soldbie.i§ benzene,
ﬁydroxyprbline was then added‘ﬁg #he synthetic hjdrélysate; holding the
concentration of the hydrolysgte constant to giﬁe 0.005 A.. Re-
sults from several experiﬁents indicated that the percemt recovery of
hydroxyproline from these mixtures was similar to those obtained with the
meat hydrolysates plus known smoumts of hydroxyproline. Figure‘6'is |
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re;presentative of ‘the visible spectrum obta_ined frox_g these experiments.

Sumary snd conclusions

Baged on the iraria‘ble and high percentage recovery, this phase of the
, investigatien indicates that neither the Troll and Cannan method (1953)
“.;‘%‘f\npr the niédification. of ,Parrish et i.l (1962) is a desirable quantita-
tive teclmiq_ue. 1o ﬁeaswré Smail differences in hydroxyprolime in meat
| hyi?.ro’lysate& “Howsver, Rodgers et g.g._'o (1954) heve adequately shown thet
tﬁia me'l;hqd will glve very deslrable .rasu:l.’;s (98 percent reco,very) if

 the hydrpx&prolme is first separated by ianwéxchange ehroma‘bosr”aphy.
Pera-Dimethylamincbenzaldehyde Methods

The pirpose of this study was to determine the feasibility of
agsaying for hydroécyproline by using s p-DMAB mactio;n.,
Experimental E:rocedures
| Two m@difiéatmmsof the ‘Nemmam and Logan (1950) procedure were uéed
during the couxée of this imvestigatioma" The procedures were thoss of |
.Ritqhey-»g; al. (1962), emd Buttersr aad Singer (1960). A1l chemicals used
in this "s'may we:ée ré_agem; graadéo . In eddition, ﬁhé i gmproﬁa;aol was re-
distilied and the p-DMAB was reprecipiteted amd thenm recifyStaliized.
(Adazm and Colemanm, 194%1). ~ To cbtain maxlimum vield and purity of p-DMA:B,
ﬁhe ad‘dition of éa:l.ka.li was stopped Jjust prior to the m‘:i.iu,t of complete
neutrelization. The reprecipitated meMAB {vas air-éd.fied‘ on & Buchner
funnel attached to & water aspirator and recrystallized three times from
| absolute ethanol. It was then dried and stored im & desiceator over
€S0y
At the begiming of this study all the solutions were prepared daily.

During the fipal stages of this investigation; omly the hydrogen peroxide,
p~DMAB, - amd ferrous sulfate (Ritchey et al., 1962) were prepared daily.
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The hydrogen peroxide solutions were prepared from a 30.6 percent stock
solution. Acid hydrolysis of gelatin end meet semple was cqndug'bec.i ag:
outlined on page 54. Absorbancy was determined with a Beckman Model D,U.
spectrophotometer.
Regults and discussion

The Ritchey et al. (1962) procedure Was usgd‘dﬁﬁigs the initial
phage of this investigation. | Th:l.s :pmcédune.;wasvmmi,ﬂ.ed‘ due to the
poor repeatebllity between duplicate aliquots within a Qe*b.ermimtioﬁ, This
particular problem was overcome by standardizing the shaking steps con-
ducted at room temperature. The mgdific:atio;a mpaigted of sheking
each tube with a 'cyclo-m::er for five seconds once every minute, |
Figure 7 illustzates a typical hydroxyproline tandsrd eurve from a
study in vhich the manual sheking steps were replaced with the mechanieal
standardized steps. Although this procedure was repﬁa#able; within an
assay, 1t often lacked repeatability between assays. The data in Table
IT indicates the variation ..in results from two samples (6R and 6L) when
the eoncentra'bimn of hydmxyprolme was determined at two different times
(A a-nd B). With this amount of varistion between duplicate assays, the
Ritehey et al. (1962) récedume mey not be desirveble to guantitate small

differences in hydroxyproline for a large number of samples.

| TABLE IT |
VARTATION BETWEEN AND WITHIN ASSAYS BY THE RITCHEY PROCEDURE

Assay § o (pg Sample RO )
Hyprq Per mg, 8 la
6R mﬁ
— B L. SN O
A 2,88 2,88 2.88 2,53 2,56 2.54

B 3.50 3.1 3.4 ”3.‘36 - ‘3‘.61\& 3,50
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Preliminary studies indicated that the precision of the Hutterer
and Singer (1960). technique vas adequate for agsaying & large mumber of
samples, over a period of time, which have a smal), veriation in hydroxy-
proline concentration. During these initial investigations, the vacuum
stage of the procedure was conducted by two methods, In one method, the
vacuum was applied by using the Buchler "Rohmv.ap" and applying the vaeuum
for 30 seconds, The other method involved remaviﬂg the test tubes from
the 70°C. water bath and pulling s Vmuum‘tc 50 mm. mereury (approxi-
mately 30 seconds). Water aspirators were used to pull the vacuwm for
both methods. The results from these two methods were eSssﬁtially the
same for hydroxyprolins stapndard ewrves, Kggo» 0.033 Asper P hydroxy-
proline.

Recovery studies were also ¢onducted using both methods. Again,
these methods gave similar results, wppr@xim%tﬁ;y 100 percent recovery of
hydroxyproline from meat hydrolysstes. Gonsequsmily, the remeinder of
the investigations were conducted using the method by which the excess
hydrogen peroxide was removed by pulling & separate vacuum on each indi-
vidual sample. This method was selected because of the accessibility to
all pieces of equipment involveﬁ in eondueting & hydmoxypreling assay,

| The day to day repéatdbi;iﬁy for this method was determined by the
veriation of the regressiom coefficlents at A,Sﬁo and A’_jOO' These data
indicated that this technique was very precise, ‘K-5§o » .0351 * ,000]. and
K00 = +0L16* ,P00L A.per pg. hydrexyproljme. Figure 8 illustrates &
hydroxyproline stamdard curve from one of these studies,

Partially "dried and fat-free" meat samples (500 mg,) were used to
determine the optimm time for acid hydvelysis. The vesults of this study
indicated that the maximum caneentraﬁion wag obtained at 18 hours (Fig, 9).
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Also included in this study was the loss of hydroxyproline due to the
hyArolysis aﬁd neutralization procedures., These data suggested that
with this brocedure there is no loss of hydroxyproline, whether it is
autoclaved alone or with a meat sample,

,BéfOfe fqrther investigations were conducted, the repeatability of
the hydrolysis and ﬁeutralization procedure was studied. The samples
consisted of‘250 mg. of Difco-Bacto gelatin which‘waé hydrolyzed and
neutralizgd on seyen different days.v Table IIT cohtains the data from
these seven gelétin samples. These results indicated that the mean and
.standard'deviation was 12.97 + 0.31«ug./mg. Thus, the variétion between

samples was 2.39 percent of the mean (¥/Sx§100),

TABLE III

VARIATION IN THE HYDROXYPROLINE CONCENTRATION
K OF GELATIN SAMPLES

Duplicate ‘ Sample Number | : ’ Ayerage
' 12 3 4 5 6 7

A 12,85 12.70 13,13 12,70 13,00 12.85 12.55 12.83

B 13,45 13,45 13,00 12,55 13,45 12.85 13,00 13.11

Average 13.15 13.08 13,06 12,63 13,22 12.85 12.78 12.97

Another investigation was ‘initiated to determine the optimum con--
centration for quantitating the hydroxyproline content in meat samples,
The results afe ;11ustrated in Figure 10; These data indicated that there
were two straight linefportions in the dilution curve, one from O to 1
. and apother one from 2 to 5 mg . of §ample. The apparent reason for the
curvilinear portionvwas-the influence of the color from huﬁin formation,

When a gelatin sample was diluted, the dilution curye was a straight .
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line from O to 12.55 ug. hydroxyproline per mg. gelatin. An attempt was
made to d,ec’olori‘ze the meat samples with activated aha,ré,oal so that

the hydroxyproline could be measured in larger than 1 mg. sam-

ples. However, the charcoal adsorbed some of the hydroxyproline @a’b;l,e
IV). Conmsequently, all the meat samples were diluted to 1 mg. per

ml. copcentration.

TARLE IV

10SS OF HYDROXYPROLINE FROM MEAT SAMPLES
BY CHARCOAL DECOLORIZATION

Sai@'l,em o - “ B@ ;.:Lcates N Average o
(pe. Hypro Per wg. Sampla)
1

e e

17L 2,40 2.h9 2.4
7L (dec;olqrized) 2.20 2.08 2,14

Rk e e e i et amag g PP

Recovery studies were initiated using assay grade hydroxyproline
and the partially "dried and fat-free" meat samples. These investige-
ﬁions indiéa.tad that the percenmt ragovery of hydroxyproline was 102.1@ +
3.01l. The apparent reason for the Pememv reéovegy being over 100 pefc;ent
was the amount of huminous material im a sample. When the meat sample
had a large amount of humin forwation, the ecolor of ‘the reswlting hydroly-
sate would depre’ss the absoyption values. Howev.ea;ag the recovery studies
were conducted with samples conmtaining 0.5 mg. of sample and 1.0 ug. of
hydroxyproline instead of 1.0 mg. of sample. The 50 percent dilution of
the meat hydrolysate eliminated the effect of the hydrolysate color on the
abgorbancy values. Consequently, the concentyation of hydroxypwoline
in the reeovery saxhples would be more than expected due to the inereaged

abgorbancy of the hydroxyproline in the meat samples, Futhermore, the
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coefficient of variation for the regovery study samples (2.9% pgrcent)
was esaéiatially the same a8 the coefficient of va.xi.a.fioi; for the gelatin
samples (2.39 percent), This indicates that the high percent of re-
covery hes little imfluemce on the varistion emong sauple mesns.

Summery and eomlusions_' -
The p-DMAB methods of Ritehey et al. (1962), and Hutterer amd Singer

(1960) were studied im an effort to guantitatively measure the hydroxy-
préline concentration in partially "dried and fat-free" meat samples. Due
to the day to day veriation in the Ritchey et al.. (1962) procedure, this
method was not precise enough to measure the swall varliation 1n mest
lsamples that must be assayed over an extandéd period, | However, the
Hutterer and Singer (1960) technique appeared to be a mbré precise and
accurate 'methOd 0 qutitativeiy measure hydréxyproline :Ln meat samples.
The day to day variation b‘étweén ﬁydroxypmliné standard curves was
0.0001 Asper pg. hydroxyproline. In addition, the analytical proéeduxes
vere assoclated with 2.39 percent of the variation (coefficient Qf
veriation) among standard ge;.at}é gamples. The péreent recovery of
hydroxyproline from meat sa.ﬁpie;s“ ira.s 102.48 4 3.01 percent. These
results indicate that the Hutterer and Singer (1960) procedure is a
precise and accurate technique to assay for hydroxyproline in §m1mV

"dried end fat~free" meat gamples,



EXPERTMENTAL MATERTAL

Meat used in this study was obtained from the carcasses of 13 mopth-
0ld Angus steers from a beef cattle breeding study at the Oklahoma
Agricultural Experiment Station. Detailed breeding, feeding, gaim, and
sleughter data for these caftle has been published (Chambers et al.,
1962) and were designated as "1960 steers” in the publicatiop. Table V
presents'the average carcage weight and grade by sire 8roupst Six of
the sire‘progeny groups (those designated by three digits) were by bulls

that wepe elther ome-half, three-quarter, or full sibs.

TABLE V
AVERAGE CARCASS GRADE AND WEIGHT BY STRE GROUP

Gradel Weighi:a
Sire No. Per Sire Average Range Average Range
26k 5 - 11.0 10-12 630,8 58T=661
337 8 10,8 9-12 567.5 506=652
327 8 10.9 10-12 620, 5 582-662
187 8 10.2 8-11 566.2 521=T02
Ok L 10.3 9-11 591. 3 545-602
157 7 10.7 9-12 619.8 532-T0k
6 b 9.0 8-11 -625,0 601-646
2, L 10.8 10=-11 538.7 498-565
22 b -11.0 9=12 585.0 545-623
5

2l

10.5 . 912  571.6  517-606

lgarcass grades: 8 = aversge good; 9 = high good; 10 = low choice; 11 =
average choice; 12 = high choice.

2Chilled carcass weight - 48 hours post-mortemn,

TO
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All of the cattle were slaughtered on the same day at a major
packing plant in Oklahoma City. Carcass measurements, weights, and
-grades vere obtainéd 48 hours post-mortem, Both éides of each carcass
were cut into wholesale cuts eifher 48 or 72 hours post-mortem. At
the time of'qqtning,‘a two rib section was taken from tbe posterior por-

: \
tion of each wholesale xib for this study. The cut was ﬁade perpen-
dicular to the Backbone between the tenth apd the eleventh vertébra.
These cuts were brbcessed for further»study at the Qklahoma State University -
Meat Laborétéry, |

‘Eaéh rib section was cut iﬁto a two-inch twelfth rib and a one-
inch eleventh rib steak, 96 hours post-mortem. The data obtained from
the twelfth rib steak were as follows: 1. penetrometer firmness readings,
2. histelogical observations, 3. ether extracﬁ, and 4. chemical determin-
ation for collagen. Warner-Bratzler shear readings were taken on the
cooked eleventh rib steaks,

Afﬁer the penetrometer réadings and histologi¢al samples were ob-

tained, the remainder of the }ong@sﬁimps.d@ysi pf the twelfth rib was

cut into small pieces, put into a serew top jar, frozem at -40°C,, and
then stored at -30°C, for the chemical analyses, The eleventh rib steak
was boned, wrapped, quick frozen, and stored at -30°C, until cooked and

sheared, ;



EXPERIMERTAL METHODS
Penetrometer Determination

The steaks were placed in & 2 0°¢C. cooler for spproximately 18
hours after cumting. This wag dcne to allow the steaks to reach & uni-
form internal temperature. To prevent dehydraﬁion during this phase,
the steaks were placed separately on cutting tables and covered with
waxed wrapping paper. A dampvéhidud was then placed on top of the paper.
Since previous work had shown”é5aifference 1nﬁ§ehqtromster readings be~
tween anterior and posterior faces of rib Steaks (P;lkington, 1960), the
anmerior face of the steaks was placed on the table. Thus, the posterior
fgce of the steak remainedvlnpagp for penetrometgr firmess determinaw
tions; S Gh o e v

Firmness readings were made using the single ball penetrometer
described by Pilkington (1960). Readings were ra.n.domly obtained between
the lateral and dorsal. ends of each 1o gg&ssimu dorsi steak as deseribed

in the work cited above.
WarmerwBratzlgr Shear Determination

Prlor to cooking, the elevgnth rib steaks for WarnerwBratzler
shear deteyminations were thawed at 4,4°C, - for ‘approximately 15 hours.
They were then cooked im a 11706. oven until the inte:nal temperature of
the steaks was 65.5°C. Tmmedletely after the steaks reached the de-
sired internal temperatumé,bone;imeh cores were remo#ed from the dorsal

and lateral locations as described by Mjoseth (1962), However, the cores
| 72
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remained in the steaks until they were ready to be placed in the Warper-
Bratzler Shear for the tenderness determinations.l This procedure was
followed o that the temperature of the cores would be uniform at the
time of shearing. One shear reading was taken pefpendicular to the pre-
dominating muscle fibervdiréction of each core. The shear determina-
{’tions were made at random with respect to the location within the steak,
Each sire group and each steak within a sire group weye taken at random

for cooking within a period of twe days.
Histological Procedures

Histological semples were taken from the lateral and dérsql ends
of each twelfth rib steak, These samples were from the same area of the
steak as that used for the pemetrometer readings, A one-inch core was
removed from each location in the steak in such a menner as to cut as
nearly parallel to the predominsting "grain" ag possible. Three 5 mm,
thick cross~sectional sampleé were taken from the anterior side of the
core. The samples were placed in individual "Tissue Tek" plastic
capsules. The first and second samples were labeled for future col=
lagen studies, while the third sample was used for fiber diameter
determinations. Four capsules were placed in a four ounce, wide mouthed
sample Jar containing a 10 percent physiologicsl saline formalin
solution buffered with 1.0 percent sodium acetate, (Vemable, 1962).

Be@auae‘of the high ratio 6f sémple to fixative, the solution was
changed according to the following time schedule: 12 hours, 36 houxs,
T2 hours, and then the samples were placed imto the finsl storsge solu-
tion. Throughout the preparation and fixative stages, along with the

subsequent storage period, the samples remained im a 4,4°C. cooler.
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The following detailed histological observations were obtained omly
from sire groups 337, 327 and 187.

Mgscle fiber dlameter ‘

Preliminary studies were conducted in an effort to determine the
most desirable method for(préparing the formalin fixed meat tissue for
muscle fiber diaweter determinations. The basie criteria for select~
/ing a method were: 1. the degree of complete muscle fiber separation
with the minimum a@ount of fiber damage, and 2. the most uniform method
for obtaining a representative sample of muécle fibers.

Tuma et al. (1962) used a Warinmg Blendor with the blade reversed to

separaté miscle tissﬁe into the component fibers, In this work, the
. fibers were placed in a coplin jar lid and then measured using a compound
microscope eqnipped with an ocular micrometer. In general, the fibers
in the bottom were those being measured. This procedure was tried and
slightly modified because the speed of the blendor influenced the
amount of fiber destruction. Also, the density of the fibers somewhat
determines which fibers settle to the bottdm of the suspending media,
Consequently, such measurememté may tesd to bias the resulte since only
thoge fibers of similar demsity are measured. “

~ Preparation of the formalin fixed samples was found to grestly
affect the ease (and possibly the ageuracy) of the fiber dlameter
readings. Five preparation factors were noted to influence the condi-
tion of the separated fibers: 1. time of blending, 2. speed of blending,
3. temperature of the blending solution, 4. size of the blended sample,

and 5. ratio of sample size to volume of blendlng solution.
A Model TOOB Waring Blendor was used throughout this study. It wasg
attached to a rheostat for regulating the speed of the bléndor° A one

quart blendor jar, with the blade reversed, wes used for blending the
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sémples.l The fixati%e solution was also the blending solution. By using
the fixa*lfive solutiozi, theoretically the amount of diffusion, which could
possibly affect the fiber diameter and stability, would be at a minimm.

The initial studies on the time and speed of blending indicated that
30 seéomds with a rheostat setting of 40 volts partially fulfilled the
requirements for a desireble sample. Further work suggested that the
samples and the blending solution should be cold at the time the tissues
were prepared for fiber diameter determination, ~¢hefefore, the fixa-
tive was kept im the 4.49C. cooler with the "fixed" samples. A ome ang
three-fourths inch petri plate with a smooth, flat bobttom was selected
as the counting receptacle in an effort to mimimiié the stacking éffeet
of muscle fibers in suspension. It was found that 3 ml. of liguid coveyed
the bottom of these pétri plates. Experience indicated that by just
covering the bottom of these plateg, the density of the fibers had 1lit~
tle influence on which fibers were brought into the microscopic field.

The proper ratio of sample to solution‘was basged on the dispersion
and concentration of the fibers in suspension. It was found that thé
concentration should be great emough that at leagt 25 fibers ¢ounld be
counted from one 3 ml. pipettimg. However, the concentration should not
be go high that the fibers would stack on top of one another. A sample
approximately 5 x 8 x 5 mm. in 7O ml. of solution was found to fulfill
the above requirements. | r

As a result of the above mentione? gtudy, the following prpcedure
was used to prepare for and measure fiber dlameter. |
Procedure - Use sections fixed in 10 percent formalin buffered withxl.ov
vercent sodium acetate and 0.9 percent sodium chlo;ide. |

1. Remove a sample approximately 5 x 8 x 5 mm. from the middle of

& tigsue that has been inm sold fixative.
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2. Place 70 ml. of cold fixative in a Waring blendor jar which has
the cutting 'blade reversed,

3. Add the sample and blend for 30 seconds with a rheostat setting
of 40 volts.

Lk, Allow the air bubbles to clear from the blended sampie.

5, Shake the sample 80 that the fibers are evenly dispersed.

- Quickly remove a 3.0 mi. sample and mp.,’l,a.ce it in a one and three-
fourths inch petri plate. (A 10 ml. greduated pipet with the tip
cut off may be used). | |

6. Measure the dieameter of 25 fibers to the nearest 0.05 wicron
using 100X magnification.
T. Repeat steps 5 and 6 until a.vtotal of 50 fibers are measursd,
Measurement procedure -
1. Measure only those fibers that are at least one-half the length
of the field. | | | |
2. Megagure only those fibers not in rigor mortis
3. Msast_lre on.‘_.;,y the widest part of fibers 'bha.t fit the above two
specifica'.:t;idﬁs but are non-linear in shape.
k. Cover the. a:rea of the petri plate in & systematic manner so
that a fiber will not be measured more then once.
Magcle bundle density |
For this phese of the s'budy, the fomalin fixed tissues were em~
- bedded end stained aceording,tg the procedurea qutl,ined by Venable
U (1962). This paraffin embedéingmchniqua wate‘;,}, selected because of the
quick enmbedding ) without sacrificing campleﬁe paraftfi_n}impregna:bion of
the muscle tissue, Venable's éta,i;zmg Iﬁrocejss is a modificatio;a of the
Ven Gieson acid fuchsin procedure for collagen. Modifications in this

technique were made in order +6 obtain a maximum contrast between collagen
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and the other tissue components present in muscle, The modifications
and the purpose for each are listed below:

1. Twenty-five mimutes in saturated aqueous pleric acid solutioa.
This was the first solution into which the sections were placed
after they were rehydrated. The purpose of this step was to
insure that all possible tissues would be masked by picric acid.

2. One hour in a 0.l percent acid fuchsin solution of saturated
aqueous pieric aecid. By followlng the sbove solution with this
step, the equilibrium condition was‘mai@tained for the ploric
acld stained tissues. However, the collagen would teke the
acid fuchsin.

3. Ten minutes in a 0.l percent acid fuchsin solution of 90 per-
cent saturated agueous picrin acid. Essémtiallyy this step
starts the differéntiatiﬁg phase for this staining technique.
By decreasing the pieric acid concentration, there‘is é loss
of picric acid from the section. Therefore, the comtrast be-
tween collagen‘amd-thé other components in the muscle will be
inereased.

Venable's procedure for washing, dehydrating, and embedding beef

muscle semples in paraffin is as follows: |

1. Wash in rusning tap water | o 2k hours

2, Dehydration -

a. 30% isopropanol 2 hours
b. 50% isopropanol 1 hour
¢. T0% isopropanol 1 hour
d. 80% isopropanol 1 hour

e. 90% isopropanol ’ 1 hour
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f. 99% isopropanol 2 hours
g. 99% isopropanol 16 hours
h. Acetone (Reagent Grade) 2 h@urﬁ
1. Acetone (Reagent G.v.ade) 2 hours

3. Embedding - Place the samples im 53° = 559C., Figher tissuemat for
four hows in & 56°C. paraffin oven, wnder a slight vacuum with
an air wash. ‘

By using such embedding procedures, thin sections cannot be obtained
when the blocks of muscle are at room temperature, Therefgre, meny rer
seachers follow the practice of soaking the misele bloeks in ice water
for several hours. The purpose of the ice water bath is to rehydrate the
mugele and to harden the paraffis to the same degree as some of the
components in the muscle. Thus, the shatbering of the tissue upon sec-
tioning can be avoided. |

 Preliminary cbservations in this stwdy indieated that the following
soaking and hardening steps developed optimm conditions for thin
sectioning:

1. Trim the blocks so that one ﬁuifape is qx@oaed.

2. Place the blocks in individwal heakers of water and sosk for
approximstely two houns at 4,h4%C,

3. Transfer the beakers to a hlast fmee#@m' (ihQ‘“G-.),Lewg them
tong enough to form a thin film of ice on top.

4. Remove and section ‘Gh?,blqalga, Ten bloeks at a time were carried
through this procedure,
Section snd mounting

An Amgriéan Optical Spencer potary mlerotome was ysed to section the
blocks. Prior to sectioning each greup of ten blocks, the microtome blade
was placed in the blast freezer for approximately 30 mimutes. ALl



T9

blocks of tissue were sectiloned at & thickness of six mierons.

Each section of musele was floated on a h89C. water bath. One func-
tion of the bath was to straighten out the pa@aﬂ#&n'gentiens, If the
temperature was mich higher than 489C,, the muscle and pa,m;ffiqﬁ matpix
would separste. However, temperatwres lower thsn k50C. falled te allow
tiaa sections to stralghten out sufficlently, Another function of the
bath was related to the floating medium. To form a slight adhesive
- between the section and the slide, a 0,02 percent gelatin solution was
used as the floating medium. Difee Bagto Gelatin wes used asmthe gela~
tin source.

After the sections were mounted, they were allowed to dry approxi-
mately 20 hours on a 46°C. slide waymer. No diffioulties were en-
countered with loose seetions during stalning by following the sbove
sectioning, moﬁnting and drying technlgues.

Vensble's modifiecation (1962) of the Van Gieson collagen stain con-
sists of the following steps!:

1, Xylene | 3 minutes
2. Xylene 3 minutes
3. 98% Isopropanol 2 minutes
4. 98% Isopropanol 2 minutes
5. 80% Isopropanol 2 minutes
€. T0% Isopropanol 2 minutes
7. Distilled Water ' 2 minutes
8. Saturated Picric Aeild 25 minutes
9. 0,1% Aqueous Acid Fuehsin s%m#rated

with Pleric Aecid 1 hour
10, 0,1% Aqueous Acid Puchsin
90% saturated with Plorie Aeid 10 minutes
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11. 70% Isopropanol ' Dip to differentiate
12, ?Q% Isopropanol 10 dips

13. 98% Isopropanol 10 dips

14, 98% Isopxopanﬁl 10 dips

15. Xylene a'minntes

16. Xylene - 2 minutes

The slides were cover sliped using Figher Permoupnt as the adhesive.

A greater part of meat histolggical studies dealing with muscle
bundles has expressed results in terms of the number of primery bun-
dles per secondary bundle. However, i} is most difficult‘to define g
secondary bundle in the Jongissims Qg;g;q Consequently, in these
studies a method was used in which the results may be expressed as
the number of muscle bundles per unit area. The size of the primary
bundles as well as the size of the interbundular space influences the
density. Thus, such & mpasure is an indication of the area of skeletal
musele fibers per unit of musele area (the greater the demsity, the
smaller the amount of skeletal muscle fibers),

An American Optical Spencer Microstar microscope equipped with
& calibrated stage wag used fdr this phase of the study. A 10X ob-
jeetive and a 15% ocular (lSOX magnification) was found to give sufr
ficient detail and an area 1amgé‘enmugh to count the ﬁumber of bundles,
Preliminary work suggested that st lower magnificatioms, which gave larger
fields, poor repeatability occurved whem the sgme field was counted by
several people. With magnification greater them 150X, it was found that
the number of complete bundles per area was too small. With only a fevw

complete bundles in a given field, diffieulty was encowntered in
obtaining a good estimate of this varisble. Some samples had such
large bundles that the average velue was less than 1,0 when higher
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magnifications were used,

In order to avoid aytifacts pesulting from the prepsration of the
slides, the measurements were made using the middle partion of esch
slide. This area was determined by 'bp.lqj,ng one balf the width and then
measuring from right to left on the ﬁgqumn, Tnitial work with this
determination indicsted that the maximm mubey of fields along this
line yas five per section. Therefore, the length of each section was
divided by five to determine the pelmt for eseh cbservation. This
point wes chenged only when the caleulsted ares primarily contained
adipose conmective tissue,

The only criterion used for determining what comstituted a primary
mugcle bundle was that each group of filbers be a diserete entity. Al-
though a primary bundle is #opmal%y defined as & group of muscle
fibers surrounded by a thin layer of copmective tissue (perimysium), it .
is possible that at low magnification this eonnective tissue may mot be
apparent. Consequently, a group of muscle fibers completely separasted
from other fibers by a distinct imtergellular space was coynted as one

primary bundle.
Chemical Methods

A1 of the quentitative chemiesl snalyses wexe condueted on
dorsi magele from the twelfth rib

homogenous samples of the longissims

partially thawed in a 4.49C, cooler. They wepe then homegenized in a
Waring Blendor. Two sliguots from sagh sample yere placed in separate
glass jars and refrozep until analyzed for ether extract and collagen cons
tent, The ether extract was determined by the A.Q.A.C. mefbmd (19;,,5),
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Two 10 gm. a.liqﬁots from the homogenous samples were subjected to
acetope and ether extraction to remoye a major part of the moisture
and fat according to the method of Parrish et al. (1962), The twq
partially "dried and fat-free" samples were combined apd finely ground
with a mortar and pestle. Before the samples wepe weighed for qollpgen
‘determin&tions, they weye dried for 24 hours under vacwum in & desigeator
containing CaS0)y. For collagen determinetions, duplicate 50Q mg. ssmples
were placed in 100 ml. beakers containing 10 ml, 6 N ECL and coveyed with
a watch gless. The samples were then sutoelaved at 121°C. for 18 hours,
To yemove the HCl, the hydrolyzed spmples were placed in round hottom
flasks and teken down te dryness three times on a rotary evapor%tér,
They were then neutralized adqording to the procedure outlined by
Mason (1960). Duplicate aliquots fzom each hydrolyzed sample were
used for the collagen assays. The collagen comtent was estimated by
determining the hydroxyproline comeeptration by the Hutterer snd
Singer techmique (1960). By condueting duplicate asgays an each
duplicate sample, the precision of the method epuld be estimated by
statistical amalysis. Duplicate nitrogen determinations were also
médé on each duplicate sample by the miero-kjeldahl method of Miller apd
Houghton (1945). In reporting the pg, hydroxyproline per mg, nitro-
gen, an average of the two aliquots was used. Copsequently, the precigion
of the nitrogen determination was copfounded with sempling erron in the

statistical analysis.
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RESULTS AND DISCUSSION

Part I. Variation in the Fhysical Structure of the lomgissimus
Dorsi Muscle at the Twelfth Rib and Tts Relatienship
to Firmness and Tenderness

The purpese of this investiga’p:;.on was ‘-tq study the varlation in the
size of the migele fibers and the migele bundles with respect to the
lateral and dorsal ends of the 10 gissims dovsi at the twelfth rib. In
addition, the firmness and tepdermegs values at the dorsal and letewal
locations were related to the corresponding mugele fiber diameter and
musele bundle dengity values. To obtain a more accurate estimate of sach
varisble at the two locations within each steek, the total of the
valugs from the corresponding positions on the pight and left sldes
were combined into one gbservation. There were two types of correla-
tions ealculated for each comparisen made in this gtudy, "All animal"
correlations refer to the degree é;t‘ agsoclation for two @riabl@r;: among
the 24 animals used in this phase of the study. "Within sire" comyela-
tions were used to study the relatignship of two varisbles when the
sire effect was statistieally removed,

Table VI containg the means gnd standard deviations for the
measurements obtained at the dorsal and lateral locations. Exeept for
the mugele bundle density values, these data indicated that there was
no significant difference (P> .05) in the variances of the two locations
for the various measurements. FHowever, there was & si,gni{,c‘iqém a1

ference (P € .05) in the variences of the muscle bundle demsity valugs

83
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at thevdorsal and lateral locations. These data suggested that the
dorsal position had more primary bundles per unit area and had more
variation (8,22 + 1,67) than the lateral location (5.95#%1.15). Thus,
‘coryrelations invelving the dorsal location may be larger than those in-
volving the lateral locatioen due to the significant difference (P < .05)

in variation of these two positions on rib steaks.

TABLE VI

THE MEAN AND STANDARD DEVIATION OF THE VARIOUS MEASUREMENTS
AT THE DORSAL AND LATERAL LOCATIONS

e — ——
F— T p—r—T P T - T——r v * T v e

Dorsél‘  ‘ | Latefél
. Penetrometer | 34,75 + 10,38 mm, 35.91 % 8.42 mm.
Warner-Bratzler Shear 16.69 £ 4.59 1bs, 18.24 + 5.10 lbs.
Muscle Fiber Diameter  62.73 £ 8.66 microns  61.20 4 10,15 microns
Muscle Bundle Density 8.22 + 1.67 5.95 £ 1,15
Muscle Fiber Diameter:
£ 1.97 10,74 + 2.64

Muscle Bupndle Density 7.98

1significant difference in variance between the ddrsal and lateral
positions (P &« .05),
Simple correlations between the dorsal and lateral measurements
for both muscle fiber diameter and muscle bundle denéity are pre-
Sented in Table VII, These correlations indicate that the values obfained
at one location were associated with 30 to 35 percent of the variation
at the other location (r? x 100 = 27 to 39), Consequently, different
fagtors may be influemcing the diameter of muscle fibers, as well as
the density of the muscle bundles, at the opposite ends of the rib steaks.

Therefore, a particular measuremept may be more closely associated with
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the variation in muscle fiber diametey and/or the muscle bundle density

at the dorsal location than at the lateral location,

TABIE VII

COMPARISON OF THE SIMPLE GORRELATTONS BETWEEN DORSAL AND
'LATERAL MEASUREMENTS FOR MUSCLE FIBER DIAMETER
AND MUSCLE BUNDIE DENSTTY

A1l Animals “Within Sire
(.£. = 22) - (d.f. = 20)
Muscle Fiber Diameter Q, SaK* 0, 5o%#

Muscle Bundle Demsity 0,63%% 0. 55%%*

wrL 0L

The asscclation between miscle fiber diameter and musele bundle
density within each location was alseg studied, The Within gire eor-
relation between these two varisbles wes -.46 (d.f£, = 20) at the dorsal
location and ~-.41 (d.f. z 20) at the lateral loeation, These resylts
indicate that there was a tendency for large primery muscle bundles o
contain laxge miscle fibers. The goefficients of determination from
these correlations (r2 x 100) suggested that approximstely 16 peraent‘of
the variation in one varisble can be assoclated with the vaﬁiation in the
other variable. This would then suggest that a mgjority of the within
Location variation between these two measurements is attributable to
different factors. Consequently, & particular component within the
muscle tissue could be associated with either muscle fiber diameter ox
musele bundle demsity within ome of the partienler cross-secticnal

areas of the longissimus dqxsi, byt it may not be agsociated with either
varigble within the other location.
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A compaylson of the relationship of percemt ether extract to
mugele fiber diameter and muscle byndle density is presented in Table

VIII. These correlations point out that there was a difference in the

TABLE VIIT

COMPARISON OF THE SIMPLE CORRELATIONS BETWEEN PERCENT ETHER
EXTRACT AND MUSCLE FIBER DIAMETER AND MUSCLE BUNDLE
DENSITY AT THE DORSAT AND LATERAL LOCATTONS

" Location ‘
Dorsal Latexal Animal Av.
All  Within ALl Withip All  Within
Animals Sire Animals Bire Animals Sire

Muscle Fiber

Diameter "017 “-’po)‘" On12 011(2 ""ool qus
Mascle Bundle

Density 0.20 0.b5% 0,02 0.04 0.1k 0,35
*p < .05,

association of fat with the above twp veriables, both within and betveen
location. For example, the musele fiber diameter of a rib steak had
little relationship to percent ether extract. This low relationship
would be expected since the corvelations between these two variables are
negative at the dorsal location and positive at the lateral location.
These results would suggest that if any relationship does exist be~
tween fat content and muscle fiber dlameter, 1t may vary according ta the
position within the muscle from which the samples were removed,

Miscle bundle density in the dowsal locatien, however, was posir
tively related to percent ether extract (Table VIII), i.e. the higher
the fat comtent, the smaller the msele bundles. The all animal, a@d

within sire correlations between myscle bundle density and fat content
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at the latersl location were .lower than the corresponding correlations
for the dorsal location. In addition, there was a difference in
the within _sire’ correlations of fat content to muscle fiber diameter
and muscle bundle density for the dorsal location (P <{.10). These
results .would suggest that muscle bundle demsity in the dorsal location
is more closely related to the average fat content of the xibeye at the
twelfth rib than muscle fiber diameter. Although the correlations were
low and non-significant at the lateral locatilon, there was nowdetectable.
difference in the asgociation of muscle bundle demsity amd miscle fiber
diameter t.o_ fat content for this pogition within the muscle.

Firmness, as estimated by penetrometer values, was gignificantly ye~
lated (P <{,05) to the muscle fiber diameﬁer; muscle bundle density, and
the ratio of these two measurements at the dopsal position of the

longissimus dorsi (Table IX). With the exception of the correlations

TABLE IX

COMPARISON OF THE SIMPLE CORRELATIONS BETWEEN THE PENETROMETER
VALUES AND THE PEYSICAL FROPERTIES OF THE LONGISSIMUS
DORSL AT THE DORSAIL AND LATERAL LOCATIONS

N :

A#u:i,,inals 2 Withim Sires

(a.72, = 22) (d.£. = 20)

: Dorsal ~ lateral ~ Dopsal  Tateral
Muscle Fiber Diameter = O.hh# 0.32  0.52% 0.15
Muscle Bundle Density -, % =07 =, ST*¥ 0.01%
Musele Fiber Diameter:
Muscle Bundle Density 0. h3% 0.15 - 0.53¥% 0.03
*¥P L 01,
*P < 005#

lSignificant difference between dorsal and latepal (P < ,.05).
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iavolving the muscle'bundle density values, the differsnce in the Withinv
sire correlations betbween the dorsal and lateral locations for each
meagurement was P < .10. However, the difference begtween the two posin
tions im the ribeye for the within sire correlations involving the
muscle bundle demsity values was P < .05, Therefore,'the results in
Table IX indiecated that the larger the mugole fibers in the dorsal end
of rib stesks, the softer the meat. When the penetrometer values were
related to the muscle bundle demsity, the results suggested that the
steaks with the larger muscle bundles tended §q be softer tham the steaks
with small muscle buﬁdles in the dqrsal location., The ratioc of muscle
fiber dismeter to muscle bundle density, when compared to the'firmness
values, confirms the relaticmship of these two muscle tissue components
to firmness. More specifically, the steaks which were firmest in

the dorsal position werse generally thoss containing small fibers;in
small primery bundles amd conversely, those comtaining large fibers

in large ﬁrimary bundles were softest,

Tenderness at the dorsal and lateral locations, as estimated by
the Warnmer-Bratzler Shear, was not closely associated with elther of the
corresponding locaticm estimates for muscle iber diameter; muscle
bundle density, and the ratio of muscle fiber diameter to muscle bundle
density (Table X). The significant correlation betwesn Warnmer-Bratzler
Shear and muscle bundle density values at the dorsal 1deation’(P'< °05)
'sﬁggested that the dorsal position increased im tendermess as the
muscle bundles increased inm size. However, the results of "Z " trans-
Pormations (Snedecor, 1956) imdicated that there were no significant

differences between any of the correlatioms (P > .05), whether the compar-

isons were made between or within logatioms for the various measurew

ments. Thus, muscle fiber diamester, muscle bundle demgity, or the ratio



89

- of these two measursments does not appear to account for a signifieapt
amount of the variation in tendermess, either within a particular loca-
tion or betweem the dorsal and lateral locationg of ribh steaks. However,
it has been reported that muscle fiber diameter, muscle bundle density
and/or the ratioc between these‘meaaurements ére closely associated with
the variation in tenderness between apimals (Brady, 1937; Hiner et 5;7;
1952, 1953; Ramsbottom gf al., 19U5; Sartzqrius and Child, 1938; Stra_.nd-ine
et al., 1949), |

TABLE X

COMPARISON OF THE SIMPLE CORREWIONS BETWEEN THE WARNER-BRATZLER

SHEAR VALUES AND THE PHYSICAL PROPERTIES OF THE LONGISSIMUS
DORSI AT THE DORSAL AND LATERAL LQCATIONS

All Animals Within Slre

(6.f. = 22) (d.f. = 20)
Dorsal = Lateral Dorsal Lateral
Muscle Fiber Diameter =.09 -, 20 ~.39 = 17
Mascle Bundle Demsity 0. Lp* Q.16 0.20 = Ol
. Masele Fiber Diameter:
- Musele Bundle Dengity =+39 -, 22 -, 23 =, Ol

*P < ,05

Comparisons were made between penetrometer and Warnmer-Bratzler
shear values at both locatidns within the crosg-section of the longissluug
dorsi from the three sire groups used for the detailed study on the physi-
cal factors. Also, the data from the additiomel seven sire groups were
included in these comparisons in an effort to determine whether the re-
sults from a small sample (24 animals) is representative of the results
from a larger population (57 animsls). The results indicate& that firm=

ness and tenderness are negatively related (P < .01l) when the measurements



are taken on the dorsal end of the rib steaks (Table XI), i.e,, the
softer the meat im the dorsal location, the moye temder the meat. Al-

though the relationship was in the same direction far these measuremsnis

TABLE XT

COMPARTSON OF THE SIMPLE CORRELATIONS BETWEEN THE PENETROMETER
AND THE WARNER~-BRATZLER SHEAR AT THE DORSAIL
AND LATERAL LOCATIONS

Three Sire Groups '
All Animals = B ~. 21
(a.£. = 22)

Within Sires m o TL¥¥ q»l?l
(a.£, = 20)

Ten Sire Groups .
All Animsls | ml36¥R =21
(d.£. = 55)

Within Sires -, Gl - 15%
(dnfo - 1I"6)

*¥P < ,01
lsignificant difference between the dorsal and lateral (P < .025).

at the lateral ldcation, the corvelations were low and not significant
- (P >.05). Fisher's "t" tegt (Smedecor, 1956) suggested that there was
a gignificant differemce (P < .05) in the within sire correlations be-
tween dorsal and lateral locations, regardléas of the nuiber of observa-

tions uged in the cowparisons.
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Part II. The Relationship of Objectively Measured Firmness
and Tenderness to the Physical Structure of

the Longissimus Dorsi Misele
The analysis of vayiance was wged to study the influence of sire,
side (right versus left side of the earcass), and when applicable the
location effect .(doma;l. versus lateral position within s cross-section
of the longissimis dorsi muscle) for the varisbles being studied. An
‘apalysis of variance was computed for each of the following cbservations:
'i%énetromaner values, Warner-Bratzler shear va&.m@é, muscle fiber dismeter,

‘ @scle bundle density, collagem content of partially "dried amd fat-

amples expressed as microgvams of hydroxyproline per milli-
gram of sample or nﬁ.lli.gram of nitrogen, and pergemt ether extract,
Only the cbservations o‘b-t,aimed‘ from the carcasses in sire group mmbém
337, 327, and 187 were used for these calculations.

The results of the apalysis of variance for the penmetrometer values
are presented in Table XII. These vesults indicated thet there was a
gtatistically significant location X side interaction (P< .0l). The
data in the lpcation X side two-way table (Table XIII) points out that
the dorsal location is softer than the lateral logation on the right
side. However, the lateral locatiom is softer than the dorsal loca-
tion on the left side. Barlier work by Pilkington (1960) suggested
that there was an imteraction belwaep the penetyometer measurememté
taken on the adjacent faces of rib gteaks on the same side of a carcass,
but there was no interaction when the measurements were made on the
same face of corresponding rib steaks from both sides of beef carcasses.
Although the side effect was mot sigpificamt (P »,05), the steaks from
the right side were always softer than those from the left side for epgh
sire group (Table XIV). This effect may be assoeiated with the significent
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difference in fat content (P< .01) between the right and left side of
these carcasses. Ganpaway (1955), Kropf and Graf (1959), end Pilkington
(1960)'have indicated that the firmmess of meat is closely related to

amount of intramusculer fat.

TABLE XII

ANALYSES OF VARIANCE FOR PENETROMETER AND
‘ VARNER-BRATZLER SHEAR VALUES

Penetmmem Wamernﬁratzler Sh%r

Source a.f. 8. n.s,
Total 95
Between £lde
Animal 23
Sire o 2 49,30 135,25%
Within Sirel a1 134,89 32,18
Side 1 70,0k 0.63
Side X Sire 2 15.79 ‘ Q.35
Diserepency? 21, - k9,02 4,89
 Within Side ~ C
Lecatiom " 32.67 57,35**
Location X Side 1 165, 30%* 19.62%
~ Location X Sire 2 8.0k 0.15.
‘Location X Animal3 23 51,23 6.12
Remainder 2l 15,45 - .48
w2 < LoL.
*P < 05,

IBstimate of ¢~ 2 used for testimg sire,
2Estimate of ¢ 2 used for testing side and side X sire.
3Bstimate of g~ 2 used for testing location X sire.

hEstimate of g~ 2 used for testing location and loestion X side.
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| TABLE XIIT
AVERAGE PENETROMETER VALUES (LOCATTON X STDE TWO~WAY TABLE)

Location  giae™® | Average
Right Left .
Dorsal 36.9 : 32.6 34.8
Lateral 35.k 36 35.9
Average 36.2 - 345 35.4
lDep‘hh of‘pene"orat‘ion in O:L mn; (sum of 24 meesurements).
2The deeper the penetration the softer the ribeye.
TABLE XIV
AVERAGE PENETROMETER VALUES (SIDE X SIRE TWO-WAY TABLE)
— — - ‘1’2,_,_
Side Sire Groups Average
337 327 st
Right 35.6 37.0 36.0. 36.2
Left 32,3 3.6 35.5 34,5
Average 33.9 - 36.3 .. 35.8 35.4

1Depth of pemetration in 0.1 mm. (sum of 16 measuvements).

Ine deeper the penetration the softer the ribeye, .. -

 Results from the Wamer-Brotsler shesr valugs suggested that the ten-
derness of meat is related to the sire and thQISﬁmgle location within the
muscle (Pable XIT). Several studies have been yeported which indicated

- that tendermess is a heritable trait (Ghriatiahﬁg 1962; Cartwright et al,,
1958; Cover et al., 1957). These data suggested that the dorsal position
is more tender than the lateral position (Ta’ble XV), Similar data has
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. been reported by Filk.ingtdn (1960) snd Tume gt al, (1962). The reason(s)
for 'Ehis difference in tenderness between these extreme locations within
the erosswaection of the long issi%g ;gggai_._ are not api:amem at the
presem time. However, the -.TL (P< ,01) cowe:l,ation between firmmess
and tendemess at the dorsal location suggeats that some factors asso-

- ¢lated with softness are also related to temdermess. The correlations
between ,’ge;mdeme'ss and the physical factors of the longissimus dorsi
mwale“ (Teble X) i‘ndiqé.fbed that these ;ghyaicale factors were not closely
assoclated with tenderness ‘a.t elther 1oaatiﬁon. There was an apparent

. location X side imeractiom whlch imfluemed the 't"uememesa velues. The,
data in Tables XV a.nd XVI suggested that the dorsel locstiop was the
most tender. msition, regardless of the _sira group or the gide_ of the

‘careass. The reason for the statistical significance of the locatlon X
side interaction is brought out im Table KYL Ibza’"bheae data, the dorsal
location was more tender on ’qhé left then the might. side; while the
lateral ldeation, wag more tender om the right than the left side. Thus,
the largest differemce in the tenderness between the two positions with-

in the muscle is on the left side of these carcasses.

TABLE XV
AVERAGE WARNER-BRATZIER SHEAR VALUES (LOCATTON X STRE TWO-WAY TABLE)

Location o C ospel2 Average
| 337 327 187

_ Dorsal P 7.0 16  18.5 16,7
Lateral | 18.6 16.0 20.2 18,2
Average 17 8 , 15 3 _19.3 7. b

'1P01mds of foree required to sheaw a onenj.nch coxe of meat (sum of 16
measurements,

2Phe lower the value the more tender the meat.
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TABLE XVI
AVERAGE WARNER-BRATZLER SHEAR VALUES (LOCATION X SIDE TWO-WAY TABLE)

Location. Sidel’e Average
Right Ieft |

Dorsal 17.2 | 16.2 1607

Lateral 17.9 18.6 18.2

Average 17.5 7.4 iT.4

lPounds'of force required to shear a ome-inch core of mest (sum of 2k
measurements). :

Eﬁhe lower the value the more tender the meat.

Muscle fiber diameter appears tc be influemgéd by sire and location,
in addition to a location X sire interaction (Teble XVII). The within
location variation in this analysis is an estimate of the variance
assoclated with the two determinations on each individual location. The
stendard deviation of the mean between these two estimates was 2.51
micrqnsf Table XVIII contains the average fiber diameter as influenced
by sire, side, and léca:bipm° These date indicate that the muscle fibers
were larger in the dorsal them the lateral location for sire groups 337
and 187. In sire group 327, the aversge diameter of the muscle fibers
at the latersl location was larger than the dlameter for those in the
dorsal location. These dbservatiohs would inaieaiebthai there was a
true sire X location interaction when the precision of the determina-
tion is comsidered (8x = 2.51). Thus, there may be a sig.nif:tcém dif-
ference in the diameter of fibers from the lateral and dorssl loca-
tions within a rib stesk. However, the location with the larger fibers

would depend on the sire of the animals imvolved. Joubert (1956a) has



reported that the sire does influence the diameter of muscle fibers.
Therefore, histological gamples from the same apatomieal location and
glde will demonstrate the sive effect on muscle fiber diameter.

TABLE XVII
ANALYSTS OF VARIANCE FOR MJSCLE FIBER DIAMETER

Source d.f, M. S.
Total 191
Between Slde
Animal 23
Sire 2 3687.11%
Within Sirel 21 111.08
Side 1 5.3%
Side X Sire 2 17.5k
Discrepency?2 21, 20. 7T
Within Side
Location 1 111.01%
Location X Side 1 1%.09
Iocation X Sire 2 182.08%
Location X Animal3 23 k2. 96
Diserepenc 21 k.91
Within Lacation 96 6.29

*P < .05,

‘Estimate of o 2 for testing sire.

2Estimate of 62 for testing side apd side X sime.
3Estimate of 02 for testimg location X sire.

Ygatimate of o2 for testing location and location X side.



TABLE XVITT

AVERAGE MJSCLE FIBER DIAMETER (SIRE X SIDE X
LOCATION THREE-WAY TABLE)

Sire Locationt

Groups Dorsal Lateral
Side _ Side
B0 Left  Average | Right Left Average
337 - 61.00 60,50 = 60.7T5 - 57.81 57.62 57.72
37 61.9% 61,06 61.50 62,69 65.00 63.85
187 66.56 65.31 65,94 . 62,81 61,31 62.06

Average = 63.17 62.29 62.73 g 61.10 61.31 6l.21

lAn average of 16 determinatioms in microns,

The analysis of variance for muscle bundle dé@siﬁy.crable XIX) indi-
cated that sources of variatisn»in this @eterminamiaé were sire, side,
side X sire, and location. Although the data in Table XX indicates
that the right side gemerally’ contains larger bundles tham the left
gide, the reverse situatimn was true for the pbgervation from the car-
casseg in sire group 337. These data, when combined with the musele
fiber diameter data, suggested that the sire effect may Be one of the
factors influencing the relationship between these two variables at
each location: The data in Table XX indicated that sive group 327 differs
from the other two groups in regard to the difference in miscle fiber
diameter between the lateral and dowsal Pasiti@mﬁ. In the cage of the
musele bundle density, the obéarvatiamg from th@ eamcasaes‘in sire group
337 differed from those for sire gyoupe 327 and 187 with respect to the
difference between sides. However, the mmscle bhundles were always smal-
ler for the dorsgal than the lateral on béth the pight and le?t sides



9%

(Table XXT), The average demsity values for the dovsal and lateral lo-
cations was 8,22 apd 5.95 respeetively.

| DABIE IX
ANALYSTS OF VARIANCE FOR MISCLE BUNDLE DENSTTY

Between Sldes ’
Animal, 23 _
Sire g 613, 5L*
Within Sirel 2l 119.58
Bide 1 162, T6¥
Side X Sive 2 B13, bl
~Discrepenc al 32.81
Within Side '
Loeation 1 3116, T6*
Iocation X 8ide b 10.01
Location X Sire 2 315.01
Location X Animal3 23 42,78
Remeinder” 21

33,79

e i b L e s e

e
*P < .05,

IBstimate of 62 for testing sive, |
PEstimate of ¢ 2 for testing side sad side X size,
3Estimate of ¢ 2 for testing location X sive,

YBstimate of a2 for testing loeation e«nﬂ logation X side.
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average percent ether extract for the side and sire effects. Thege dats
suggest that the right side containg more fat than the left side.
As was mentioned earlier, this varistion in side may account for part

of the side variation observed in firmmess. (See page 92).

TABLE XXII

ANALYSIS OF VARIANCE FOR HYDROXYPROLINE
(Ue PER M3. SAMPIE)

/,J

Source a£, M.8.
Total 191
Between Side
Animal 23
" Sire 2 Q.43
. Within Sirel 21 0.28
- Side - 1 0,05
- Bide X 8ire 2 1. 50%%
Discrepency? 21 0.22
Within Side 1hh 0.006
_Sampling 48 0.0098
Aliquot %6 0.00k42
P L .01,

Estimate of o2 for testing sire.

“Eatimate of o2 for testing side amd side X sive.
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TABLE XXIII

ANALYSIS OF VARTANCE FOR HYDROXYPROLINE
(P PER Mz, NITROGEN)

Source d.f. M. 8.
Total o 95
Between Side
Animal 23
Sire 2 Te kT
Within Siret 21 6.93
Side 1 0.17
8ide X Sire 2 35, 28%*
Discrepencya 21 905
Sampling Error 48 0.28
*%p < 0L,
lEstimate of g~2 for testing sire,
Estimate of ¢~° for testing side and side X sive.
TABLE XXIV
AVERAGE G, HYDROXYPROLINE FPER M3i. SAMPLE
(SIDE X SIRE TWO-WAY TARLE)
Side | S:L,re Gr@uﬁsl S .’Avera.ge "
337 327 187
Right 2.30 2, 5h 2.13 2.32
Ieft 2.49 : 2.22 2.36 2.36

Average 2.40 2,38 , 2.25

lAn average of 32 determinations.



AVALYSIS OF VARTANCE FOR PERCENT ETHER EXTRACT

TABLE XXV
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Source

d.f,

MPSQ

Total

Between Side
Animal
Sire
Within Sirel
S8ide
Side X Sire
Discrepency?
Within Side

\O
N

SR Bl

*P < .05,

1Estimate of o2 for testing sire.

2Estimate of ¢~ 2 for testing side and side X sire.

TABLE XXVI

AVERAGE PERCENT ETHER EXTRACT
(SIDE X SIRE TWO-WAY TABLE)

Side Sire Groupsl Average

327 187 _ .
Right 6.1 6k 558 6.2k
Left 5,88 6.29 5433 5.90
Average

6.14 6.52 5.55

lAn averege of 16 determinations.



10k

This phase of thé study was desigped to i;ilvestigate the association
between the firmness and tendernegs of each carcass to the measurements
of diffevent physical properties of the meat. Since the analyses of
variance lndicated that there were intera.ctions:bebreen several of the
sources of variation in this ﬁopula‘bi@ﬁ, the animal totals were used' as
an estimete of each @bsexwvat.ion. In addition to the all amimal correla-
tions, within sire correlations were computed to study these relation-
ships when the sire variation was removed.

Table XXVII comtains the simple correlations between the pemetro-

meter values (estimate of firmmess) and the physical properties of the

TABLE XXVIT

COMPARISON OF THE SIMPLE CORRELATIONS BETWEEN FIRMNESS: AND
' THE PHYSICAL PROPERTIES OF THE LONGISSIMJS DORSI

o e e et e R e e e e Ao e o e e ey —omrtuer

A1l Animels Within Sive

(d.£. = 22) - (a.f. 5 20)
Muscle Fiber Diameter 0. by7* 0.L46% d
Mascle Bundle Demsity = = = - 5% . . L
Muscle Fiber Diameter:
Muscle Bundle Demsity 0. ho* . 0.46*
Jig. hypro per mg. sample 0.09 0.13
pe. hypro per mg. nitrogen . ° .- 0.06 R 0.07 |

Percent Ether Extract «,38 ' -l

*¥P < .05,

lpenetrometer values measured in 0.1 mn. (The higher the reading, the
gsofter the meat).
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ribeye. The results of " Z " transformation (Snedecor, 1956) indicated
that there was no significamt difference between the all animal and
within sire correlations, Thus, there appears to be little or nmo sire
influence on any of these relationships. These data also suggested
that the musele fiber dismeter and muscle bundle density, as well as

the retio between these two measﬁrements, was related to the firmmess of

the lomgissimms dorsi (r A/ .46, d.f. = 22). In addition, the variation

in each observation was assoeiéted with approximately>21 percent of the
variati@m (ra'x 100) in the penetrometer readings. Ths positive rela-
tionship between the penetr@ﬁstgi values and muscle fiber diameter sug-
gested tham ribeye steéks“with‘iéxge fibers tend to be gofter than
steaks with small fibers. Muscle bundle density, however, was mega-
tively related to firmm¢és. This indicates that a deﬁrease in the nu=
ber of primary bundles per unit area (larger bundles) is associated with
an increase in the softness @f the loggissimu dorsi The ratio of the
musele fiber diameter to the muscle bundle density, further substamtiated
‘the relati@qship of these two vamiablea with firmmess. Thus, ribeyes
with large ﬁibers and large bund%@s tend to be soft, while the reverse
appears 0 ﬁe true for the fibéye$ containing swall misele fibers and
ﬁrimary bunéles° Similar results were obtained wham the same cbserva-
tions were made on the dorsal loaation of the ogglsslmu dorsi (see page 87).
. Collagenous tissue, as estim&ted by hydroxyproline concentration,
appeared to have little relationship to the firmmess or sofiness of the
steaks fmm the carcasses used m this study (Table XXVII). Thess low
correlations (approximately 0.10) suggest that factors other tham col-
lagen may be assoéiated.with the variation in firmmess of the longissimus

dorsi; especially when the carcasses are from a restricted population
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(the_ same breed, and similar in age .‘a.nd eond;mign).

The percent ether extract was megatively correlated with the pene-
trometer measurements (Table XXVII). Although ﬁhis gprr.e.latio.n coeffi-
elent is lower than these reported by Gemnaway (1955), Kropf and Graf
(1959), and Pilkington (1960), 1% is in the ssme divection as reported
in these studies, 1.e., the fimmer the meat, the higher the fat comtent.

Tendeyness, as estimated by the Warmer-Bratzler shear values, was
not slgnificently (P >,05) relsted %o the observetions in this study
(Teble XXVIII), In addition, there ig nmo 's’qat,.iwically significent

TABLE XXVIII

COMPARTSON OF THE SIMPLE CORRELATIONS BETWEEN TENDERNESS™ AND THE
PHYSICAL PROPERTTES OF THE LONGTSSIMUS DORSI

"AlILAn T 'W:,‘ohm v

(d £. = aa) (a.f, = 20)
Musele Fiber Dismetexr , .16 " - 27
Muscle Bundle Density 0,38 ’ 0.4

Mugcle Fiber Diemeter:

Magele Bundle Density =+ 39 -0
e hypro per mg. sample? - 25 =13
. Jg. hypro per mg nitxogena .22 - .10
Percent Ether Extract w21 -, 07

-

IPounds of force required to shear a ome~inch core of meat (the lower
the force, the more tender the meat),

Pgatimate of collagen.
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difference between the all animals and within sire correlations, How-~
ever, these correlation coefficients are of sufficient magnitude that
they may be indicative of the positive or megative direction of the
relationship, These data indicated that there was a tendency for the
cooked steaks tq be more tender .when the muscle fibérs were large in
diameter (r = -27, d,f. = 20). Tuma et al, (1962) reported a correla-
tion of 0,41 (P & .05) between taste panel tenderness scores and fiber
diameter measyrements, even though the populati&n included carcasses
from calves and mature cows, Other workers, however, have reported

a negative correlation between these same two observaﬁions. (Brady,
1937; Hiner et al., 1932, 1933; Paul, 1962). These apparently con-
trasﬁingvresults may be associated with the type of population involved
in the &ifferent investigations. For example many workers have con-
clusively shown that the diameter of the musclé fibers increases with

chronolpgical age. (Dickerson, 1960; Doty and Pierce, 1961; Hiner et

——

al.,
1952, 1953; Joubert, 1956a,b; Lowe and Kastelic, 1961). Méreovér, the
tenderness of cooked steaks has been reported to decrease as animal

age intreases. (Hiner and Hankins, 1950; Hiﬁer gghgl,, 1952, 1953; Lowe
and Kastelic, 1961). Consequently, the results fromvstudies in which -
fiber diametef is confounded with animal maturity should show that the
youthful animgls wi;h small fibers are more tender than the more

mature animals wiﬁh large fiber diameters, Therefore, it is possible
that a small positive relationship can exist between tenderness and
fiber diametey when the‘muscle samples are from the carcasses of animals

similar in maturity.
Muscle bundle density was positively correlated with Warner-Bratzler
shear values (Table XXVIII), i,e., the larger the bundles the more tender

the meat. Similar conclusions have been reported by Brady (1937),
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Ramsbottom et al. (1945), Satorius and Child (1938), and Strapdinme et al,
- (1949).

The ratio of muscle fiber diameter to muscle bundle density was
negatively related to tenderness (Table XXVIII), Therefore, the steaks
~ with small fibers and large bundles fend to be more tender tham the
stesks comteining large Fibers and emall mascle bupdles, These re=
sults are similar to those of Brady (1937), Rempbatton et al, (1945),
‘Satorius and Child (1938), and Strapdine .e,i,i. al, (1949). |

Collagen content and percept ether extract were negatively re-
| lated to the Warner-Bratzler shear values (‘J,‘abl@ ¥XVIIT). These data
Indicated that within this restricted pawlafﬁmng fat contept and eol-
lagen content are not closely asm;z!.&ﬂm@ W:Lth *bli@ tenderness of cooked
rib steeks. Similer coneclusions have been rlemwted by Doty and Pierce
(1961) , Hexshberser et al, (1951), Lorincz and Szexedy (1959), and .

W:L;Laqn et al, _(J.951+) Other wcaxkem hﬂve augaastad that these two factors
| ‘are a.ssociatad with tendemessn (Mma et al., 1960, Cover and Hostet;l,em, |
1960; Nottinghem, 1956; Paryish et ,g;;.;,. 1962), Tn this study, the por-
're;_z.a.tioh l'peﬁween percent ether mmgﬁ;'ma hydmxy:pmline content was
0,36 (_a.f, =.22), Thus, ea‘.massgﬁ ﬂth‘high fat content fended to have

. & high comtent of collagem; Stmilay results bave been reported by
Batteman et. a:L. (:1.952), and I»@rm:z and szemdw (1959) Consequently,
there me.y be & positive wrrela‘oien for tendemeaﬁ with percem ether
g extrac‘a and colla.gem coment when thﬁ ;pqpula,’cim variation is restricted
for _fe.t ,come,nt, an;mal age, a.:nd magemm conditions. ‘

The simple corvelation coefficients in Teble XKTX indlcated that
there 18 & negative relationship hwwgen fimi@as and tendermess.
Furthermore, there was no si_.gmiﬂq&m: di#’ferem? (? n/ 40) in the
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magnitude of the correlationg from the three apd ten sire groups. Thus,
these data substantiate the work of Pilkingtonm (1960); which indieated
that when steaks of equal fat content differed in their degree of

firmness, the softer steaks tend to be more tender,

TABLE XXX

. COMPARISON OF THE SIMPLE CORRETATIONS BETWEED
' VALUES AWD WARNER-BRATZIER SEEAR VALUES

o 38iveCrows (nw2h) 30 Sive Grows (n e 5T)
Within Sive .50 | -y 35%

- ¥%p < 0L,
*P <.05.



SUMMARY AND CONCLUSIONS

The purposes of this study vere to investigate: (1) variation in
the physical structure of the longi

ssimus dorsi musele at the twelfth
rib and its relationship to firmaess é,.nd tenderness, and (2) ‘the rela-
tionéhip of objectively measured m,meaa. and tepderness to the physigal
properties of the longissimms dovsl mmscle. |

The experimental material congisted of the eleventh and twelfth
rib steaks from the carcasses of 57, 13 month-old Angus steers., These
steers were from ten silre progeny gmﬂma which ,h,a.fl beep raised undey |
the same mensgement regime. The carcasses ranged in grade from 'averé.ge
Good to high Cholce. Carcass welght ranged from 506 to Tok pounds.,
Firmnesé (penetrometér determina‘bq.qnq ) was qb’qamad on the lateral snd ‘
dorsal positions of the twelfth rib steaks from %&cb‘si,de_ o: al;l, the car~
casges. 'I'endemess (Warner-Bratzler shear detémimations) was oh- |
tained on t.he lateral and dorsa.l ‘Dosltions of all of the oven caol;ed
elevemth rib steaks. Muscle fiber Qia.meter, muscle bnmdle dens;l.ty, qmd
collagen concen‘tratiam (estima.ted by hydroxyproline content) were
also obtained on 24 of the camcassaa (three s:l.re sroups, eight animala
gagh)., The migcle fiber diameter md magcle bmdle density mea.suxemams
were mde on the right and left twe;l,rth rib steaks fmn; these carcagses,
In addition, the hydroxyprolme‘ end percent ether extract determina-
tions were made from homogenized samples of the lomgissimus dorsi at the
twelfth rib.

10



These studies indicated that $he latersl and dorsal ends of the
loggissim:u dorsl differed with respect to miscle :f’:l.ber diameter, muscle
bundle depsipy, and tendermess. The dlameter of the muscle fibers was 1
larger in the dorsal than the lsteral position (P< .05), although these
date suggested that there may be some sire influence on thé_éiﬂrexence
between the two positions. In addition, the mpgele bundles were. smaller
in the dorsel tham the lateral :Laqatiéns (P< .01). Also, the varia- |
tion in the muscle bundle den;si"gy was more ¢losely aﬁﬁ@cia’bed with th%
variation in fat content at the dorsal whén the lgmerai pcsitia#- The
Wamervxafaf;zler sheer velues imdicated that ﬁhe: doraa;'l vosltion was
more temder than the lateral (P < ,Ql) Althaus'-hmeﬁous studies had
suggested that beef rib steaks were rirmer aﬁ the dorsal then the
_lateral location (Pilkington, 1966), tha results of the yenetromater
readings in this study indicated that there was no diffaxgnce in the.
firmness hetween théae two 1ocatiqm§.(P »>.05), The variénc¢ajf@# Flrme
ness, tendermess, and misele fiber djemeter wepe similar (P >.05) at
the dorsal amd lateral positions, However, the mugcle bu#dla;r,s were
smaller and more verisble in the dopsal than the lateral position,

Simple correlations were compyted to study the relationship of pene-
trometer vélue‘a; to the measurements for muscle ﬂbgm dismeter, muscle
bundle deﬁbity, and the ratio of musele fiber d;émgt@rvtw miscle bundle
demsity st the dorsal and lateral lecations. The within sire corvela~
tions indicated that the penetrometer veadings im the dorsal locatlon
were related to muscle fiber diameter (r = 0.52) to musele buhdle density
(r = -.57), and to the ratio of these two muscle properties (r n 0.53);
i.e, the dorsal location tends to be softer when the meat contains

large miscle fibers incaged in laraa misele bundles, Bbwever,"the
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correlation coefficients were low (r < .15) and non-significant when
these same factors were correlated at the lateral posifioﬁf The lateral
and dorsal measurements were also pooled to obtain an estimate of each
variable on a carcass basis. When the firmness of each carcass was
compared to the dlameter of the mugcle fibers and the demsity of the
muscle bundles, the correlstions were similsr in megnitude to the compa~
rablé correlations on the dorsal messurements (r z 0.U46). Therefore,
firmpess at the lateral location amparentl& has little or no rela~-
tionship to muscle fiber diameter or muscle density. Gonseqnen#;y,:pqrt
of the veriation in firmmess at the dorsal position of ribéye stesks
1s attributeble to the variation‘in msele fﬂber dlameter, muscle bundle
density, or the ratio of ﬁhese two atructurai compenents in beef muscle,

Tenderness was not closely assoclated with either muscle fiber
dlemeter or muscle bundle demgity (:tnu,ha); irrespective of whether the
comparison involved the location within the ribeye or thevpooled _ '
carcass measurements. However, these correlations indicated that the
tenderness of the cocked steaks tended to increase as the size of the
mgcle fibers and bundles Ilncreased.

The correlations between firmness and collagen (as estimated by
hydroxyprblime ceneemtratien) indicated that the variation in firmness
vas not associated with the variation in collagen (ran/ 0,10). In
| addition, the Warner-Bratzler shear values were not sigaificantly cor-
related with the hydroxyproline values (P > .05). Thus, these data
suggest thet neither firmness nor tendermess are related to the varlae
tion iﬁfthe collagen contént of the longissimus dorsi musecle for this

population.
Simple correlations were also computed to study the relationship

of penetrometer, Warmer-Bratzler shear, musele fiber diameter, and
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muscle bundle demsity values to the average percent ether extract in
the ribeye of each carcass, The all animal correlation coefficients
for.these comparisons were non-gignificant, indicating that factoré
other than fat content are associéted with the variation in firmness,
tenderness; muscle fiber diameter, and muscle bundle density of the
carcasges in this population.

A comparison of the all amimal correlation coefficlents for pénen
trometer versus Warner-Bratzler shear values indicated that these
measurements were negatively associsted (ras -.35, d.f. = 55). When
these same measurements were compared on & within location bésis, the
results indicated that the dorsal measurements were negatively related
(r = ~.54%, a,£. = 46), but they were not related at the lateral loca-
tion (» = -.15, d.f. = 46). These results suggest that variations in
the flrmness of the longissimus dorsi are associated with the variations
in tendermess primerily at the dorsal location.

In conclusion, these studies indicate that:

1. The muscle denmsity im the dorsal location of the twelfth rib steaks

is related to the percemt ether extract. |

2. The firmmess of the dorsal location in the longissims dorsi atfthe
twelfth rib 1s assoclated with the size of the muscle fibers and muscle
bundles.

3+ The tendexrmess of cooked eleventh rib steaks is apparently more cloae;y
related to factors other than muscle fiber diameter, muscle bundle
density, collagen, and fat comtent. j

k, Firmpess 1s negatively correlated with the tendermess of the dorsal

location of twelfth rib beef steaks.
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Further studies need to be conducted in ap effort to elucidate
the factors associated with the variation in firmness, particularly st
the lateral location, as well as those associated with the variation in
tenderneas at both the lateral and dorsal locations of longissimus
dorsi miscle at the twelfth ribh for beef carcasses similar in grade

and physiological maturity,
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