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INTRODUCT ION

Tenderness is one of the most important palatability attributes of poultry
meat, The amount of inter- and intra-molecular bonding of collagen, amount of
elastin and collagen in connective ticssue, state of contraction and protein co-
agulation of myofibrils, conditions of processing and storage, water holding
capacity, method of cooking, muscle pH, sex, age, and breed of the bird are in-
terrelated factors that play a role in tenderness of poultry meat. Research
has been conducted on the effect of those factors on poultry muscle tenderness;
however, the results are not definitive.

Poultry meat is a good source of calcium, potassium, phosphorus, and iron.
Calcium and potassium play an important role in muscle contraction and may con-
tribute to the ultimate contracture state in postmortem muscle, thus, affecting
tenderness of meat. The relationship between muscle toughness and trace ele-
ment content has not been evaluated in poultry muscle.

The most direct evidence for the Z line undergoing substantial disruption
and degradation during postmortem storage comes from ultrastructural investiga-
tions, Postmortem weakening of the actin-myosin interaction is also seen ultra-
structurally as a 1eﬁgthening or relaxation of rigor shortened sarcomeres in
the absence of ATP. The degradation of the Z line and changes in actin and
myosin interactions are related to increase in muscle tenderness (Goll et al.,
1970).

Many studies on tendernmess have been conducted on beef. However, in =ome
aspects, poultry meat is different from beef meat. 1In chicken dark meat, for
example, the Z line of chicken dark meat is little affected by aging (Hay et al.,
1973).

The objectives of this study were to investigate (1) the trace mineral

content of poultry muscle by x-ray fluorescence, (2) the ultrastructure of the



poultry myofibril as determined by scanning electron microscopy, and (3) the
relationship of those myofibrillar characteristics to shear value of raw and

cooked poultry muscle.

REVIEW OF LITERATURE.

Effect of heating on tenderness of muscle.

Hegarty and Allen (1976) indicated that an increase in internal temperature
between 50 and 100°C. increased the shear value of aged and unaged turkey (adult
tom turkey) pectoralis muscle when cooked by dry heat. However, work by Goodwin
et al. (1962) indicated that tom turkey muscle cooked by moist heat to 55°C. had
significantly higher shear values than that cooked to 77°C. or above; but no
significant differences were found in shear values of turkey cooked to 77, 82,
88, and 94°C. There was a gradual decline for each shear value of the breast
meat as the end-point temperature increased. Those authors also showed that the
outer 0-3 mm layer of the pectoralis major gave significantly higher shear val-
ues than did the inner 3-6 mm and 6-9 mm layers.

Schmidt and Parrish (1971) studied the effect of heat on beef muscle con-
nective tissue. Muscle connective tissue shrinkage began at approximately 50°C.
and continued until fragmentation eventually occurred at higher temperatures,
but perimysial connective tissue shrinkage required an internal temperature of
70°C. and higher before any significant fiber changes were observed. Machlik
and Draudt (1963) claimed that collagen shrank at about 5800., and Hamm (1966)
63°C. Goll et al. (1964) found that 55°C. was required to solubilize collagen
from veal muscle but 60°C. and above was needed to solubilize collagen from
more mature bovine muscle.

Heating brings about changes in the ultrastructure of muscle tissue. The

length of sarcomeres decrease when muscle tissue was heated (Aronson, 1966;



Hostetler and Landmann, 1968; Schmidt and Parrish, 1971; Dube et al., 1972;
Hegarty and Allen, 1972). Lowe (1948) and Marsh et al. (1974) suggested an
association between shortened muscles and toughness of meat. However, no signi-
ficant correlation between tenderness and sarcomere length in turkey muscles

was reported (Varadarajulu and Cunningham, 1971; Hegarty and Allen, 1972). The
greatest effect on fiber length occurs below 70°C. (Hostetler and Landmann,

1968; Hegarty and Allen, 1972). Using phase contrast microscopy, Aronson (1966)

showed that heat shortened both I band and A band of rabbit myofibrils.

Scanning electyon microscope used to study
ultrastructural change of poultry muscle.

Scanning electron microscopy (SEM) is used to examine solid specimens and
to produce images that have a high visual impact, especially when viewed in
stereo. It can show the consequences of heating, cooling, bending, ion etching,
electromigration and other dynamic processes (Wells,1974). Few workers have
utilized the techniques of SEM to evaluate structﬁral changes in poultry muscle
tissue. Schaller and Powrie (1971) used a cryofracture technique coupled with
air drying to prepare muscle samples for SEM evaluation. In pre-rigor turkey
pectoralis muscle they noted an extensive sarcoplasmic reticulum which was not
differentiated clearly from the transverse element of fibers. After aging 3
days, the size of transverse elements had not decreased; however, their surface
had become rough as if disruption of elements was beginning. After 6 days,
transverse elements had collapsed and breaks in fibrils and perforations in the
sarcolemma were noted. -

Johnson and Bowers (1976) followed the method of Schaller and Powrie (1971)
to work on turkey breast muscle. They found pronounced transverse elements at
the Z line and a less prominent element in the center of the A band in pre-rigor

muscle. Rigor muscle showed curved fibers. Transverse elements at the Z line



were slightly flatter than in pre-rigor muscle and those in the M line region
still were apparent. Fibrils still were packed densely but more intercellular
space was evident in "rigor" than in pre-rigor muscle. Muscle aged 24-48 hr
exhibited transverse elements that were flattened but still visible. They were
less pronounced than those reported by Schaller and Powrie (1971) in turkey
breast muscle aged 3 days. Myofibrils tended to fracture readily at the Z line.
In addition, fiber surfaces were broken and perforated, and intermyofibrillar
spaces increased in size with post-rigor aging.

Using scanning electron microscopy, Schaller and Powrie (1972) indicated
that the structural integrity of myofibrils was lost near or at the transverse
elements when chicken muscle was heated to 97°C. Granular matter was observed
beneath the sarcolemma of fibers. Endomysial fibers were not detected in chicken

muscle heated to 97°C but in tissue heated to 60°C. swollen fibers were apparent.
Effects of aging on ultrastructure of myofibrils.

The sliding filament theory for muscle structure originally proposed by
Huxley and Hanson (1954) has been verified by microscopic examination of skele-
tal muscle. The myofibrillar proteins are assembled into thick and thin fila-
ments making up thermyofibril. Thick filaments are made up of myosin and com-
ponent C while thin filaments contain actin, tropomyosin, troponin, and B-
actinin. In addition, there is a tranverse element, the Z line composed of of-
actinin which also may contain tropomyosin and actin depending on the definition
of its boundary. The M line is composed of M protein which functions to main-
tain the thick filaments in proper register longitudinally and laterally. With
light microscopy, muscle fibers appear as a series of thin, parallel, cross-
straited fibrils resulting in a longitudinally striated muscle (Bloom and Fawcett,
1968).

During aging of beef muscle, a loses of adhesion between adjacent myofibrils



occurs. Alterations also appear at the region of the Z lines, leading to a
weakening of intermyofibrillar linkages (Davey and Gilbert, 1969). Davey and
Dickson (1970) also noted that a weakening of the myofibrillar structures at the
junction of the I filaments with the Z discs of the sarcomeres during beef muscle
aging was the cause of loss of tensil strength of the myofibrils. In addition,
the Z discs underwent progressive changes and lost ground substance as aging
proceeded.

Takahashi et al. (1967) worked on chicken pectoral muscle and showed that
(1) fragmentation of the myofibrils and (2) reversible or irreversible contrac-
tion of the sarcomeres were two morphological changes which occur during post-
mortem aging at 5°C. The tendency for myofibrils, from pectoral muscles, to
break into small fragments consisting of 1-4 sarcomeres (upon blending in a
Waring Blendor) increased progressively with time of postmortem. Based on an
electron microscopic study, Fukazawa and Yasui (1967) suggested that the frag-
mentation of the chicken'pectoral myofibril might be due to the destruction of
the specific configuration of the Z line in the myofibrils. The degradation
and/or disappearance of the Z line, and the breakdown of the junction of the Z
line and the I filament of chicken pectoral muscle during postmortem storage at
5°C. were two types of destruction in the Z line of sarcomeres and myofibrillar
fragments, according to Fukazawa et al. (1969). They confirmed that a change in
the state of the Z line and the junction of the Z line and I filaments appeared
to be indispensable for the fragmentation of the myofibrils. The tendency of
myofibrils to fragment might however have a direct relationship to tenderness.
Hay et al. (1973) using electron microscopy, compared the effect of postmortem
aging on chickendzreast and leg muscle and claimed that the breast muscle sarco-
meres were shorter and that breast muscle was deficient in glycogen granules,

Very few studies have been conducted on the ultrastructure of chicken dark

muscle as affected by aging. That the effects of aging on longus adductor were

quitedifferent from the effects on pectoralis superficialis has been indicated




by Hay et al. (1973), who also found that the Z line of leg muscle was less
affected by aging than that of breast muscle.

Davey and Dickson (1970) summarized changes probably related to aging
within the fibrillar structures of beef muscle. The first change was a weaken-
ing of lateral attachmente which maintain myofibrils in precise register within
the muscle febers, probably at the level of the Z discs and involving elements
of the sarcoplasmic reticulum. The second change was a weakening of the myofi-
brils themselves, resulting in a breaking at the jumction of the I filament and
the Z disc, and occasionally at the edge of the A band due.to the loss of asso-
ciation of actin and tropomyosin within the I filaments of the sarcomeres. The
third change was a loss of material from the Z discs leading in some cases to a

complete dissolution of those structures.

X-ray fluorescence as a method of trace mineral analysis.

When an element is irradiated with x-ray of sufficiently high energy, sec-
ondary, or fluorescence, x-rays are emitted that are characteristic of the ele-
ment. To induce characteristic x-rays of the atom, the photoelectric absorp-
tion is the desired interaction. X-ray fluorescence exhibits a characteristic
dependence on energy, as well as on the atomic number of the atom in which the
interaction take place. Measurement of the intensity and wavelength of fluo-
rescence radiation is now a well established method of analysis and has been
applied to the determination of the elements, from sodium to uranium in powder,

liquid or metal samples (Brown, 1959). Sensitivity range is less than 1 p.p.m.

it

(Woldseth, 1973a).
The basic components of a system for x-ray fluorescence consistes of three
units, the first is the excitation source, the second detects the fluorescent

spectrum emitted by the sample, and the third extracts the information for qual-

itative (x-ray energy or wavelength) and quantitative (x-ray intensity) analysis



(Woldseth, 1973b).

The method is rapid (1-4 min), independent of the chemical combination of
the element, and nondestructive (in the sense that the specimen examined is not
destroyed), though some specimen preparation may be required (Pomeranz & Meloan,
1971). The samples are excited which in turn produces the characteristic x-rays
of the elements in the sample. This photon flux coming from the sample is de-
tected by a lithium drifted silicon [Si(Li)) solid state detector which yields
a pulses amplitude proportional to the energy of the detected x-ray. The detec-
tor pulses are amplified, processed, and sorted according to amplitude with an
amplifier and pulse height analyzer. A pulse height spectrum is the resulting

histogram of the number of pulses versus pulse height (Cooper, 1973).
Effect of trace mineral content on the muscle.

Greaser et al. (1967) suggested that Ga++ might play a role in the change
of myofibrillar proteins during postmortem storage because within several hours
. after death, sarcoplasmic reticulum in porcine muscle began to lose its ability
to sequester Ca''. Goll et al. (1970) also stated that onset of tension devel-
opment or shortening in postmortem muscle strips was closely correlated to the
time at which sarcoplasmic reticulum began to lose its ca't sequestering ability,
and that postmortem Z line degradation was caused by ca'" which was released
when sarcoplasmic reticular membranes in postmortem muscle lose the ability to
accumulate Ca++ against a concentration gradient. Work by Weiner & Pearson
(1969 ) showed that intravenous antemortem injections of ethylenediaminetetra-
acetic acid (EDTA), or ethyleneglycol-bis-N,N'-tetraacetic acid (EGTA), or 1, 2-
cyclohexanediaminetetraacetic acid (CDTA) significantly inhibited rabbit and pig

muscle shortening during development of rigor mortis. On the other hand, in-

creased levels of calcium resulted in a greater amount of fiber shortening.



However MgCl2 had no effect on muscle shortening.

Polyvalent metals such as iron, zinc, copper, magnesium, manganese, and co-
balt have been indicated as potential crosslinkers (Bjorksten,1968). Crosslink-
ing has been proven for collagen (Bakerman, 1969). In human skin, the transition
of extractable collagen to the insoluble form is due to the formation of inter-
molecular crosslinks (Bakerman, 1962). High correlations between element concen-
tration (Fe, Zn, Ca, and Co) and Warner-Bratzler shear value was shown by Vavak
et al. (1976) in bovine heart and muscle. Webb et al. (1967), working on beef
muscle, showed that as tenderness improved during aging, extractable sodium,
magnesium, and calcium were released from the muscle proteins, while potassium,
phosphate, and nitrogen were retained. Tenderness decreased as the quantity of
magnesium decreased in the exudate from water-holding capacity determinations.

Almost all polyvalent metals accumulate on aging, particularly in the aorta,
but also in other organs in close contact with blood circulation (Vavak et al.,
1976). Pennington and Calloway (1973) claimed that age seemed to be inversely
related to copper concentration. Younger animals have a higher copper concen-
tration in organs and muscle meats than do older animals of the same species.
Helander (1966) believed that the concentrations of K, Mg, and P decreased with

age and that the concentrations of Na, Cl, and Ca increased.
Shear force as related to meat tenderness.

The force required to shear animal muscle has been extensively used as a
measurement of tenderness. Presently, the Warner-Bratzler and L.E.E.-Kramer
shear presses are the most widely used physical method of';Easuring the shear
force of muscle. According to Sharrah et al. (1965), sensory scores for tender-
ness correlated better with the Warner-Bratzler than with the L.E.E.-Kramer
instrument.

Correlation of objective methods, such as the Warner-Bratzler shear, with



subjective assessments have been reported as highly variable (Szczesniak and
Torgeson, 1965). The reasons are: 1. both the instrumental and taste panel
measurements being subject to sampling variation, 2. the stress and strain
patterns developed in the mouth, during the chewing and mastication of meat not
being adquately represented by the instrumental techniques employed, 3. the
taste panel scoring system being oversimplified by assuming a linear tenderness
scale (Bouton et al., 1975). Khan and Voisey (1973) claimed that within muscle,
variability was smaller in muscle having lower shear force values than in muscle
having higher shear force values. However, Webb et al. (1964), and Khan et al.
(1973) showed that panel tenderness values were significantly correlated with
Warner-Bratzler shear values in beef muscle. In addition, a correlation coef-
ficient of 0.85 (P<0.001) between panel rating and Warner-Bratzler shear values
on chicken breast muscle was reported by de Fremery and Streeter (1969).
Comparison of results of shear force from different laboratories is imprac-
tical because of lack of standardization of procedures and texture measuring

devices (Khan et al., 1973).

MATERIALS AND METHODS

Frozen, dressed young turkeys and chicken hens were purchased from a local
supermarket. After thawing at 4°c. for 48 hr (Cunningham and Lee, 1975), the
birds were cooked in boiling water for 3 hr, and muscles were removed from the
breast and thigh for;(1l) trace mineral analysis, (2) shear force measurement,
and (3) ultrastructure observation. For the examination of raw muscle, samples
were taken immediately after thawing.

Trace mineral analysis:

The excised poultry muscles were ground in an Osterizer food blendor (25-

60 cycle). Ground samples were held frozen until analyzed. Duplicate 4.9-5.0 g

b & ; 0o
samples, in a porcelain crucible, were dried in an electric oven (1037°C.) over-



10
night and then weighed. Ash of poultry muscles was determined from the dried
samples using a Muffle furance for 12 hr at 520-530°C, The resulting ash was
weighed into lucite sample holders (5cm across with a 0.3cm deep circular inden-
tation, 1.5cm in diameter) and exposed to x-rays using a Cdlo9 source with an
activity of 0.5 mC (milli-Curies). Elements with atomic weights of 39.1 to 95.94
(K to Mo) emitted characteristic x-rays which were detected with a @i(Li)j
solid state detector (Ovtec, Model 7416-10195), analyzed and stored in a pulse
height analyzer (Nuclear Data, 100). The resulting spectra were printed on
paper tape, and later transferred to magnetic tape. A computer analysis of the
fluorescence spectrum was used to determine the area under each peak. The area
was compared with previously determined standards to calculate p.p.m. of each
element per sample. Standards for each element were made by adding 1% of the
element to ashed turkey muscle.

Tenderness measurements:

Ten-gram portions of meat (5.08x5.08x0.5 cm) were cut parallel to the muscle
fibers for shear force measurement on a Kramer shear press with an electronic
recorder. The press was set in the 100 range with a 227 Kg ring and a 15-second
down stroke. Shear Qalues were made on duplicate samples (Cunningham et al.,
1972).

Ultrastructure observations:

The differences in ultrastructure among meat samples were observed from
scanning electron micrographs. Samples were prepared by a method modified from
that of Jones et al. (1977). Glutaraldehyde-fixed samples were frozen in liquid
nitrogen, shattered between plexiglass plates and dehydrated in ethanol. Dried
samples (critical point drying) were glued—EE aluminum stubs with silver paste,
coated with gold heated on tungsten wire and examined with an ETEC Autoscan

scanning electron microscope operating at 20 Kv accelerating voltage. The

following formula was used for measuring the length of sarcomeres from the



micrographs: 1

s S8ize from photomicrograph (cm)
ACEIAT BRSPS Magnification

Statistical analysis:

The analysis of variance was applied to the data and means were separated

by the LSD(least significant differences) method.
RESULTS AND DISCUSSION

Effect of heating on tenderness
of poultry muscles

Tenderness of poultry muscles was measured with a L.E.E.-Kramer shear press
and expressed as Kg force needed to shear 1 g of muscle as shown in Tables 1, 2
& 3 and Figs. 1 & 2.

Turkey muscle was tenderer than chicken hen muscle (Table 1). The cooked
poultry dark muscles were significantly more tender (P<0.01) than cooked light
muscles (Table 2), which agrees with Cunningham and Lee (1975) for chicken
broiler muscles, and Varadarajulu and Cunningham (1971) for turkey muscles.
However, raw dark muscles were tougher (P<0.01, Table 2) than raw 1ight muscles
because dark muscles contained more connective tissue per unit volume of muscle
than 1light muscles did. The finding that dark muscles were more tender than
1ight muscles after cooking agreed with the statement of Bratzler (1971) that
during cooking, the muscle fibers become tougher and the connective tissues be-
come tenderer. Thus, for muscles containing relatively large amounts of connec-
tive tissue, such as poultry dark muscle, the toughing of the fibers was less
important than the softening of connective tissue; and tenderness of dark mus-
cles were improved very much by the combination of a long heating period and a
moist-heat cooking. However, long period and moist-heat cooking induced tough

poultry light muscles, which contained only small amounts of connective tissue,
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Table 1 Sarcomere lengths and shear values of poultry muscles.

12

Muscle Sarcomere length (um) Shear value®
Turkey
Raw dark 2is 40 6.54—
—2 I1_(m) 2. 12(m)-—| —4.93(m)
Cooked dark l 83 3.33—
% * 4.,96(m)—
Raw light r—1.73 5.43—
1.46(m) L—4.99(m)
Cooked light 1.19 .55
Chicken hen %
Raw dark 1.94 6.66—7
—1.66(m) 1.66(m)—
Cooked dark 1.37 3.88—
* ' 5.25(m)—
Raw light l——l.'?'? 5.54—
1.49(m)
Cooked light 121 4.94—

%Kg force/g muscle

*%¥Sjgnificant at the 1% level
*Significant at the 5% level
(m) mean of figures connected by line



Table 2 A comparison of sarcomere lengths and shear values of raw and

cooked poultry muscles.

13

Muscle

Sarcome

re length (um)

Shear valuea

Raw

Turkey dark

Chicken dark
Turkey light
Chicken light

Cooked

Turkey dark
Chicken dark
Turkey light

Chicken light

—2.40—

—1.94—
1.96(m)—
L —1.73—

Ll

r—6.54~1
6.60(m)—
—6 .66
.04(m) *
5 .43—'
5.48(m)—
L—5.54
—~3.33—1
3.60(m)—
——.'i’..cfSS—-—I
.17(m) *
—4 .55
4.75(m)—
4 .94

aKg force/g muscle

*%Significant at the 1% level
(m) mean of figures commected by line



Table 3 Sarcomere lengths and shear values of poultry muscles,

14

Muscle Sarcomere length (um) Shear value®
Turkey
Raw dark —2.40 6.54—|
—5.98(m) 5.98(m)—
Raw light —1.73 5.4,.?}—l
—1.79(m) *x
‘Cooked dark —1.83 3.33
-3.94(m)
%%
Cooked light —1.19 I—4.55
Chicken hen "“
Raw dark —1.94 " 4 6.66—‘
6.10(m)g
Raw light 1,77 5.54
L1.57(m) %
Cooked dark —1.37 3.88—1
—4.41(m) 4.41(m)—
Cooked light —1.21 4.94
9Kg force/g muscle
*%Significant at the 1% level
*Significant at the 5% level
(m) mean of figures connected by line



Sarcomere length (um)

Shear value (Kg force/g meat)

Fig.

1.

raw dark cooked dark raw _light cooked 1ight

raw _dark cooked dark raw light cooked 1ight

Effect of cooking on sarcomere length (A) and shear value (B) of dark
and light turkey muscles
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because the toughness of muscle fibers overwhelmed the minor influence of con-
nective tissue. Kramer shear values also showed that raw poultry muscles were
tougher than cooked poultry muscles (P<0.01, Table 2). It was also true when
comparison was made between raw and cooked muscles within turkey or chicken hen
(Table 3).

Shear force values observed by Varadarajulu and Cunningham (1971) from
cooked turkey muscles were higher than the values of cooked turkey muscles re-
ported in this study. The former study used dry-heat cooking; but, instead of
oven roast, I cooked turkey muscles in boiling water. Heating muscles above
60°C. with dry-heat caused.drying, harding, and coagulating of the myofibrillar
proteins, Toughness, due to drying and coagulating of myofibrillar proteins,
might originate from the loss of water of hydration surrounding thick and thin
filaments (Schmidt et al., 1970).

There was a significant difference (P<0.05) between turkey light muscles
and dark muscles (Table 1); but no difference (P<0.05) was observed between
chicken light and dark muscles. Chicken raw muscles and cooked muscles were
significantly tougher (P<0.01) than turkey raw muscles, and cooked muscles,
respectively (Table 3). The statement of Marsh (1977) that the collagen contri-
bution to toughness was due to the presence of intermolecular crosslinks which,
with increasing animal age, become more thermally resistant and thus less
readily broken during cooking could be an explanation of tougher chicken hen

muscles in comparison with less mature turkey muscles.

Effect of temperature on ultrastructure.

-t

The micrographs of raw and cooked poultry muscles obtained from the scan-
ning electron microscope are shown in Figs. 3 to 10. Each muscle sample will be
discussed separately for its unique structural changes. Sarcomere lengths of

turkey muscles were significantly different (P<0.05) from those of chicken hen
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muscles (Table 3). Dark and raw poultry muscles had significantly longer
(P<0.01) sarcomere length than those of light and cooked poultry muscles, re-
spectively (Table 2). With the comparison within turkey or chicken hen muscles,
sarcomere length of dark muscle was significantly (P<0.05) longer than that of
light muscle (Table 1).

Turkey dark muscle:

In raw turkey dark muscle (Fig. 3), the transverse elements were not prom-
inent; but still distinguishable. The A band was pronounced and occupied most
area of the sarcomere. H zone located at the middle of the A band could not be
detected. At either side of the Z line, the I band was indented. Aging effect
was indicated by the indentation of the I band and the degeneration of the Z
line. When compared with raw turkey light muscle (Fig. 5), (1) Z line of light
muscle was thinner than in dark muscle, (2) A band of 1light muscle became less
pronounced than the A band of dark muscle, and (3) I band perforation occurred
in raw light muscle but not in raw dark muscle. The observations implied that
dark muscle was more resistant to aging. Hay et al. (1973) reported that, at 0
hr postmortem, the Z line width of broiler breast and leg muscles were almost
the same. At 48 hr postmortem, the Z line of breast muscle appeared to be
ruptured; but in leg muscles, the Z line was very evident. Those authors be-
lieved that the Z line of leg muscles was more refractory to factors which re-
sulted in the disruption of the Z line in breast muscle and that the effects of
aging on leg muscles were quite different from the effects on breast muscle.

Heat shrank the sarcomere of turkey dark muscle, from approximately 2.40
am to 1.83 um (Table 1). Sarcomeres of turkey dark muscle were significantly
longer (P<0.05) than those of chicken hen dark muscles (Table 1). Besides the
change of sarcomere length, micrographical features also changed considerably
after cooking (Fig. 4) as compared to Fig. 3. A bands became shortened and

flattened. Transverse elements that overlay the Z lines of myofibrils became
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Fig. 3 Ultrastructure of myofibrils of raw Fig, 5 Longitudinal fractures of myofibrils
turkey dark muscle showing flattened trans- in raw post-rigor turkey pectoralis major
verse elements (A) (X 5,000; marker=lgum). muscle (X 5,000; marker= lgm).

Cig. 4 Myofibrils of cooked turkey dark mus- Fiyg. 6 View of myolibrillar structure in

cle showing significantly changed T band and cooked turkey light muscle showing missing

transverse elements (X 5,000; marker- lam)., sections of sarcomeres (A), transverse frac-
ture planes (B), granular matter on =arco-
meres (C), and granulation of connective
tissue (D) (X 5,000: marker- l.um).
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less apparent, some part even disappeared. Transverse elements would be diffi-
cult to identify without the degradation of the I band. Fracture planes, caused
by cryofracture (Jones, 1977), were distxibuted over all the surface of cooked
dark muscle, but not over raw muscle. The appearance of fracture planes in
cooked muscle indicated that heat had weakened myofibrillar structure. This
inference concurred with the finding of Jones et al. (1977), that fracture
planes occurred at weak point of muscle structure.

The most important change caused by heating, in comparison with raw turkey
muscle, was the degradation of the I bands and Z lines (Fig. 4 & 3). The
degree of I band breakage in cooked turkey muscle was higher than that of I band
breakage in cooked light muscle (Fig. 6). I band degradation might contribute
to the tenderness of cooked dark muscle since it was the most tender muscle of
all turkey muscle samples. |

Turkey light muscles:

Transverse elements of raw turkey ligﬁt pectoralis muscle were flattened
but still visible (Fig. 5). Those elements were less pronounced than those
observed by Johnson and Bowers (1976) in turkey pectoralis major muscle aged
24-48 hr. However, the samples used in this study were aged more than 48 hr.
. The degradation and/or disappearance of the Z lines and theé breakdown of the
junction of the Z lines and I filaments were two important types of change in
chicken pectoralis major muscle during aging (Fukazawa et al., 1969).

Sarcomeres of raw light muscle (Fig. 5), approximately 1.7_um long, were
demarcated by transverse elements located along the Z lines and continued
through the space between the myofibprils. Those structures were either T-tubule
or Z band substances (Sybers and Ashraf, 1973). Sarcomeres were shorter than
those (2.64 um) reported by Varadarajulu and Cunningham (1971), who measured
sarcomeres on pre-rigor muscle; however in this study, sarcomere measurements

were taken on postrigor muscle. According to Hay et al. (1973) and Smith et al.
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(1969), sarcomeres of avian muscle shortened upon cold aging. Lying on each
side of the Z line areas were short, faint I bands. The A bands, located in the
middle of the sarcomeres, were not clearly defined. Tissue perforation, caused
by aging, was shown on the junction between the Z lines and I filaments.

Disintegration of I bands and deformation of Z lines of cooked light muscle
are shown in Fig. 6. After cooking, sarcomeres became shortened, from about 1.73
am to 1.19.um (Table 1). Cryofracture caused the missing sections of sarcomeres
(A). Most myofibrils observed in this picture were fused or nondistinect
(Schaller and Powrie, 1972). Evidence of the effect of heating on myofibrillar
structure was seen at transverse fracture planes (B) which were caused by heat-
ing and then by cryofracture. Granules derived from the heated sarcoplasm are
revealed in the lower part of the figure. Schaller and Powrie (1972) reported
that rapid heat induced small granules; and slow heat produced large granules.
Other coagulated material is shown deposited on sarcomeres (C). At the upper
part of the picture, the granular feature was believed to be the connective
tissue (D) which was changed by heating. According to Schaller and Powrie
(1972), granular matter found in heated beef and chicken muscles were from sar-
coplasm. However, work by Paul (1965) on rabbit muscle, concluded that heating
appeared to producersome granulation from the muscle fibers themselves, from the
fine collagen strands, and from the endomysial reticulum, rather than primarily
from the muscle fiber as in beef.

Chicken hen dark muscles:

The finding of Hay et al. (1973) (that during aging, structural changes
were more rigid in chicken broiler leg muscle than in breast muscle) was also
found to apply to chicken hen muscles in this study, since the results show
that transverse elements of raw dark muscle (Fig. 7) have collapsed; but are
still more pronounced than that of raw light muscle (Fig. 9). In the micrograph
of raw chicken hen dark muscle, the A bands were the same as that of tyrkey raw

dark muscle, occupying most area of the sarcomeres; however, the H zone (A)
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that was not shown in turkey muscle could be seen in the chicken muscle, al-
though it was not very clear. The short, indented I bands appear at either side
of the Z lines. Strong effects of cryofracture are shown on several areas of
this figure. It was inferred that muscle from which this picture was obtained
might have received much more force than other samples during cryofracturing.

Schaller and Powrie (1972) reported that transverse elements that overlay
the Z lines of myofibrils were still evident in chicken broiler semitendinosus
muscle heated to 9700., and I bands were severely disrupted. However, cooked
chicken hen dark muscle (Fig. 8) in this study showed less structural change,
even when boiled for 3 hr. Chicken hen muscle was more resistant to heat than
chicken broiler muscle.

The ultrastructural changes in cooked chicken hen dark muscle (Fig. 8) were
very comparable to changes of beef semitendinosus muscle heated to 90°C. for 45
min, reported by Jones et al. (1977). Sarcomeres shortened to about 1.37 aum
(Table 3). Heat shrank muscle fibers and brought the sarcomeres closer together
(Table 3, and Fig. 8). Cooked hen dark muscle showed more severe breakage of
myofibrils along the Z lines compared with cooked chicken hen light muscle.
Transverse elements of cooked hen dark muscle were still visible between the
sarcomeres. It was difficult to distinguish the ultrastructure of the A and
I bands.

Chicken hen light muscles:

The tissue perforation observed in raw turkey light muscle caused by aging
was not observed in raw chicken hen light muscle (Fig. 9). A possible reason
was that myofibrillar structure of chicken hen light muscle were mature; whereas
those of turkey ligﬁt muscle were immature. Transverse elements of raw hen
light muscle were flattenmed. That area of sarcomeres between the transverse
elements was undistinguishable A band and I band. H zones could not be seen,

There were fewer transverse fracture plamnes in raw hen light muscle than in raw

hen dark muscle. Transverse elements of chicken hen light muscle became narrow
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Fig. 7 Strong effect of cryofracture was

shown in raw chicken hen dark muscle. Faint muscle were less prominent after aging: but
H zone was indicated by the letter A they were still visible (X 5,000; marker=
(X 5,000; marker= l.um). 1am).

L g S .' \J fx
Fig. 8 In cooked,dark muscle of chicken hen, Fig. 10 Heat induced degradation of the
proteins were coagulated along z-lines.There junction between I band and z-line was shown
was no evidence of I band disintegration in cooked chicken hen light musecle (X 5,000;
(X 5,000; markelr= l.um), marker= lJum),
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and less apparent after cooking (Fig. 10). The I bands were degenerated but the
degree of degradation was less than in cooked turkey light muscle (Fig. 6).
Sarcomeres were shortened after cooking and fracture planes were distributed
over the surface of muscle. Coagulated material, myofibrillar and/or collagenous
protein, was deposited on myofibrils as granular matter. Ultrastructural changes
in cooked chicken hen light muscle was less in comparison to cooked chicken

broiler light muscle which was reported by Schaooer and Powrie (1972).
Trace mineral content of poultry muscles.

Trace mineral content of turkey and chicken musclese is presented in Tables
4 to 8. Except Cu and Zn, all trace minerals tested here showed significant
difference (P<0.05, and also P<0.01 for Fe and Rb) between raw and cooked mus-
cles (Table 6 and 8). Turkey muscles contained significantly higher (P<0.05)
amounts of K-Ca and Rb, and lower Fe (wet tissue) concentration than did chicken
hen muscles (Table 7 and 5). Iron concentration (wet tissue) of chicken dark
muscle was significantly higher (P<0.05) thén that of turkey dark muscle (Table
5); but turkey light muscle (dry tissue) had higher (P<0.05) rubidium concentra-
tion than did chicken light muscle (Table 7). Raw dark and raw light poultry
muscles showed higher concentrations of Fe (P<0.05, Table 6) and Rb (P<0.01, and
P<0.05 only for wet light tissue, Table 8) than did cooked dark and cooked light
poultry muscles, respectively.

The resulte of this study agreed with the report of Pennington and Calloway
(1973) that dark meat had a higher mineral content than light meat. Results of
my study also showed significant differences (P<0.01) in Fe (wet tissue,‘%able
5) and Rb (Table 7) between dark and light poultry muscles. It was also true
when comparison was made between dark and light muscles in both raw and cooked
poultry muscles for Fe (P<0.05, Table 6) and Rb (P<0.01, Table 8). Methods of

cooking affected the result of trace mineral content (Pennington and Calloway,
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1973). Dry heat cooking reduced the moisture of muscles thereby increasing the
percent of trace mineral, on a wet weight basis. Poultry muscles cooked in moist
heat showed less trace mineral content because minerals leached out into the cook-
ing water. With dry heat cooking, Murphy et al. (1975) believed that cooked
poultry meat contained more zinc than did raw meat. However, the opposite was

. revealed in this study with moist heat cooking (Table 4). My results concurred
with the report of Fox et al. (1960) that cooked (moist heat) chicken hen muscle
contained less mineral than did raw hen muscle.

Values of K and Ca were reported together because the detector could not
separate K and Ca. The amount of K-Ca in either raw dark or raw light muscle in
this study was higher than that (3430 mg/g meat) reported by Bowee and Church
(1975) who did not specify dark or light meat. Table 7 also showed that dark
poultry muscle contained more K-Ca than did light poultry muscle. But Jacob and
Nair (1975) reported that chicken biceps femoris muscle contained less Ca than
did the pectoralis muscle. In cooked turkey light muscle, the amounts of iron,
zinc and rubidium in this study were all less than the values reported by Zenoble
et al. (1977) who used x-ray fluorescence to detect trace minerals of turkey
light muscle. One possible reason for the difference was that Zenoble used a
dry heat cooking method. Those authors also could not detect copper; but copper
was found in every sample of this study. Pennington and Calloway (1973) showed
a higher copper content in raw turkey dark and light muscles than was found in
this study (wet tissue). However, they did not indicate their method of cooking
or anaiysis.

Chicken muscle contains less minerals than turkey muscle, except for iron
in dark muscles, as shown in Tables 4 to 8. Age could be a reason for the high-
er amount of iron in hen dark muscles. This study showed higher iron but lower
copper in raw chicken hen dark and light muscles compared with the values report-
ed by Jacob and Nair (1975). However, the chickens used by Jacob and Nair were

younger than those used in this study. According to Pennington and Calloway



26

auTrT £q pajosuuod saan8TI jo uesuw (w)
TPABT %S 9yl 3 JUeDTITUSISH

99°8 66" 2E™ 0g€°0 98°0 43I paxoo)
10° 21 PL® 68— ge'o 7, | WBTT MeY
98° ST —88° 28 SE'0 €e' T ¢ PEER payoon
78" €2 —0%°19 29°0 072 Naep mey
(w)8y  19—x—2L" 68(w) ; Tl TP
1L°6 5 96— : 6£°0 FI°T JSTT payoo)
TL°LT SL" 67— €58°0 00°2 IYBTT mMey
TR ] —15°09 08°0 Le'1 Jrep paxoo)
8% ¥ , —ge 1L 08°0 11°¢8 sTep Mey
| ayang,

anssIy PNS8I] enssT]} EnssT]
1M Axq 1eM Axq 2TosSNR

uz nj

*( oTosnu 3/8w") sarosnu AxjTnod Jo jusjuod ourz pue ‘xaddo) # oTqel
q



27

auIT 4£q pajosuuod ssandTy Jo uesw (uw)
ToAST %S 9Y3 3B JURDIFTUSTISH
ToaeT %I @Yl 3B JUBDTITUS TSy

SL*8 =4 80°92 gL 8 — 80° 9z IYSTT Ppadood
—(w)og 0T
88" 1T~ ¥9°z¢ _Imm.dl ¥S°z¢ IBTT MeY
# (w)os* g1—
—£9°21 8%' 28 _Imo.ﬂl 8%° 28 }Iep pa)oo)
——(w)69* %1
TR L 6% g gr L 67 sTep Mey
(w)9g" $T-»s-(W)83" 0T * Het B
L8°8 — LE*9T A L8°8 — LE" 9% JYSTT paoo)
. (w)gz 0T
¥9° 11— ZARS o _l$.ﬂ| AR WBTT Mey
* (w)go*z1—
—S6°TT 7678 86° T1—] ze°3¢ 3aep payoo)
| —(w)¥8" g1
—gL 9T zS'T¥ _lﬁ.ﬂt z5'2¥ MIep mey
Aevang,
QNSST] oNsSsST] INSsST] ONsSST]
3189M £1q 10M £xq aTosnp

ad

*( orosnm 3/80v)

seTosnu AxjTnod Jo jusjuod uoil ¢ ITqe]



28

autT] £q pajoauuocd sain3dty Jo ueaw (uw)
19491 %S 8yl 3B JUBDTJTUS ISy
ToA9T %I 943 3B JUBDTITUA TS,y

EL"8 — 80° 9% _Im....m J 80°9% JUSTT uaoTY)
—(w)89 0T —(w)og 8  (w)og’8— "
Al gt g~ LE" 9T _lﬁw.w L L8 9T BTIT Aojang
M " (w)ps 01—
e&m £9° 21— 8% 28 mo.ﬁ.l_ ﬂ 8% 28 Jaep USITYD
— Ty 0T (w)8g g
- S6°TT— ze" 8 ¥ $6 11— ze 28 Jrep Laxang
pa¥00)
F%
_Iwm.dJ vS°ze B _Iwm.i | ¥s°ze { JUSTT uadT1yn
—(w)ze" %1 (W)oL 1T (W)9L"TT
A ZARS . _Iwo.ﬂ.l_ ZARD STT Lovang
M : (w)oo* ¥1—
Asy" QL' 91— TL" 6% mn.ﬁl_ Iﬁ TL® 6% yTep uaoTY)
—89°¢1 (W)¥z" 91—
meemg ) gT~ 75° TP . mh.ﬁl_ 7S Th daep Aayang
mey
2NssI} anssT3 2NnssTl anssI1]
19M Lxq 19M Axq aToSnK
23 ad

*( erosnu 3/3uw)

satosnu Axjrnod paxood pue MeI UT JUS3U0D UOXT Jo uostxedwod y ¢ aT1qe]



29

aut] Aq pejosuuod sain81J jo ueaw (w)
ToA®T %S oY} 3B JUBDTITUSTSy
TOAST %I 2Ul 1e JUeDTITUBTISus

—E1"9 —=—=— (uy 8078 i 660T—y 9897 FYBTT PaY00)
“ ...mm.*m :
B8 Tamaans (u) ! 91" Lg~——- . yLIT— 0687— WRTT Mey
. i
—(u)69°L H r60°42 ' (w)p9eT— (w)189e—
I
—£%° L = ! O B " 8ZTT— €608 {Tep payoo)
I b e g '
_ AR _
' " rl . . Iep M
— SO " % Y1 07— : 999T— LT97— Aaep Mey
'(w) I ¢ (w) Wy UeNITU)
* (WTT6=%x-98"9 = | (W)99" Te-%%-6€" €7 * * .
1 1 I
1 1 !
R LIPS i R ! —_ 81T padjoo
1 - T %7€ YSTT payoo)
L9 “ W.?c_lom 61 : ST 7
_ L1' %2 :
¥ 1
o e e _Imw.wﬂu ..... - ZHLT— LS8%— FYSTT Mey
—(w)Lz'8 ~20°8¢ (w)essT— (w)zsey—
—20"8 — (u)[ 68" €% TTeT— ev98— 3Tep paxoo)
88 1€
gLt - 906T— 0905— Step mey
Aoyany,
anssIl onssTl anssI] anssI]
1M Axq 19M Lxq aToBNR
4 )

*( eoTosnu

3/8 )

saTosnu Axjrnod jo

JUs1U0D UNIPIQNI pue ‘umMIOTeO-UNTSSe}O0 [ 9Iqe]



30

auT] 4£q pejosuuod saindiF Fo ueaw (uw)

12431 %S 2Y3} 3B JURDTITUSIS
ToAST %I @Y} Je JURDTITUITSyy

—€eT" 9 7 Asv_lmo.ﬁl 660T—T 9892 WBTT uLyoTY)
(w)zy: 9=y r=66"8T
—2L'9 I_ " _Iom.ﬂ.i $921— 86— WBTT Leovang
]
—(w)80"'L w8t % (w)go Tz (w)86TT— (w)zoze—
— Ly L n “ EV_IE..NNI wmﬂL £€06— JIep UNOTYD
(u)pL L= — c—=Loee
—70°8 - * m b _lom.mml TTeT— £r9g— sxep Aaxang
L ]
1 1 e
| i : pajoo)
£ ! i X% s *
| :
] ]
i) . | 1 . 68— i € m..... ua2yoT
10°L n - e Asv__lﬁ EJ ¥LST— 06€% UySTT uaoTyy
(w)6zg* L===3 I b—¢L"L2 :
i
—8S° L . : _\ Lgr 50— THLT— LS8 ST Aoang,
—(uw)gs" 8 w m #% (u)zo* 7e— (w)6TLT— (w)TeLp—
| oo | . ] 7 uayoT
8T 2!_. B “ ?_M_lﬂ 07— 959T LT9%— JTep usdTYY
(w)Lp 0T - S2 m
[ﬁ.ﬂl_ Le" 0F— 906T— 0905— { sxep deang
Mey
anssIl anssI] 9NsSsT] anssI]
19M Lxq 19M £xq aTosnK
qy eD-)

*(o1osnu 8/8w) serosnu Lxj[nod paxood pue Mex JO JUL3UO0D UMTPIQNX pue ‘umToreo-umissejod Jo uorsexedwoo y g arqe]



31
(1973), younger animal muscles have a higher copper concentration than do older
animals of the same species. As far as iron was concerned, again, age could be
a factor affecting the iron content between old and young poultry of the same
species because almost all polyvalent metals accumulate on aging (Vavak et al.,
1976). Zinc values -reported in this study were higher than the values reported
by Murphy et al. (1975) and Osis et al. (1972). Those two reports showed similar
values (28 wug/g) for cooked chicken dark meat and (9-11.ug/g) for cooked chicken
light meat, using the same method, atomic absorption spectrophotometry, to meas-
ure zinc content of chicken muscle,

When comparison was made within individual species, poultry dark muscle
contained significantly (P<0.05) higher amount of Fe (wet tissue, Table 5) and
Rb (dry tissue, Table 7) than did light muscle. As far as iron was concerned,
the greater abundance of myoglobin and cytochromes in the dark meat probably ac—
count for the higher iron contents of dark muscle (Jacob and Nair, 1975).

Almost all the values of trace minerals detected by x-ray fluorescence in
this study were higher than those reported in studies where other methods were
used. It implies that sensitivity of x-ray fluorescence is higher than that of

other methods.
Relationship between ultrastructural changes and tenderness.

The more the change in ultrastructure (Figs 3 to 10), the tenderer the
poultry muscle (Table 1, 2 & 3, Fig. 1 & 2). In turkey muscles, the tenderest
muscle was that having the most significant change in ultrastructure. That was
also true for chicken hen muscles. Shear values of raw poultry muscle were-I;-
versely proportional to the degree of degradation of the transverse elements.
There was no correlation between sarcomere length and shear value of raw poultry

muscles but a positive correlation existed between sarcomere length and tender-

ness in cooked poultry muscles. Heat caused sarcomeres to shrink and increased
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the tenderness of poultry muscles simultaneously. The conclusion of previous

studies (Locker, 1960; Marsh & Leet, 1966; Marsh et al., 1974) that shortening

muscle decreased the tenderness of meat was not substantiated in raw poultry
muscle in this study; however, my results on raw poultry muscle agreed with the
findings of Varadarajulu and Cunningham (1971) that no significant correlation
exists between tenderness and sarcomere length in turkey muscles. Those authors
stated that that might be due to the fact that fiber measurements were made on
pre-rigor meat, whereas cengory evaluation was done on postrigor samples. An
interesting report on turkey thigh muscle was made by Hegarty and Allen (1972)
that no significant correlation existed for shear force values between the cook-
ed folded and stretched muscles. Another agreement between the report of Vara-
darajulu and Cunningham (1971) and my results was that turkey dark meat had
longer sarcomere length than light méat. I found that is also the case in
chicken hen muscles. Regarding the sarcomere length of raw turkey dark and
light muscles, tﬁe values reported by Varadarajulu and Cunningham (1971), 2.64
am for light and 3.10 um for dark meat, were all longer than the sarcomere
lengths of raw turkey dark and light muscles reported here. That could have
been due to the samples measured at different stages postmortem—the former
authors measured sarcomere length at pre-rigor; whereas my measurements were
postrigor. Another reason might be the samples coming from different positions

of the muscle (Hegarty and Allen, 1972).

Relationship between trace mineral content and tenderness.

=

Calcium has been reported to play an important role in muscle tenderness:
(1) to weaken the strength of muscle fibers by disrupting the Z lines and thus
increasing tenderness (Nakamura, 1973), and (2) to weaken or disrupt interfibri-

llar attachments (Goll, 1970). The calcium content of muscle could therefore be
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a major factor affecting the tenderness of muscle. Unfortunately, my results
could not show the exact amount of Ca; therefore, the relationchip between Ca
and muscle tenderness can not be determined. A substantial relationship between
the Z line degradation and muscle tenderness was found; but that does not imply
the more the degree of Z line degradation, the higher the content of Ca. Dark
muscles are generally the most active and thus have a larger blood supply.
Consequently, more iron is present in dark muscle because iron is an important
component of blood. The relationship between iron and muscle tenderness was
still uncertain since exercise is another factor known to induce toughness of
muscles. Zinc content of beef juice ektract has been reported to be positively
associated with tenderness (El-Badawai et al., 1964). However, although my
study showed a positive relationship between zinc content and tenderness of cook-
ed poultry muscles; a negative association in raw muscle was observed,

This study showed that poultry raw dark muscles had a higher concentration
of trace minerals and higher shear values than raw light muscles; but that cook-
ed dark muscles were higher in trace minerals and had lower shear values than
cooked 1ight muscles. Therefore, it is difficult to establish a relationship
between trace mineral content and tenderness for both raw and cooked poultry
muscles, although Vavak g}_il. (1976) concluded that a multiple correlation of
0.97 was found between trace mineral content (Fe, Co, Zn, and Ca) and shear

value (Warner-Bratzler) of cooked beef semimembranosus muscle,
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ABSTRACT

Relationship between tenderness, trace mineral content, and ultrastructure
of poultry muscles were investigated. Trace mineral concentration was determined
with x-ray fluorescence, ultrastructural change was observed with a scanning
electron microscope, and tenderness was measured with a L.E.E.-Kramer shear
press,

Dark muscles had greater amounts of trace minerals than light muscles in
both turkeys and chicken hens. Turkey muscles contained more trace minerals
than did chicken hen muscles, except for iron in dark muscles. Sensitive x-ray
flourescence was capable of detecting greater amounts of trace minerals than had
been reported in the literature. Ultrastructural changes were more pronounced
in cooked dark muscles than in cooked light muscles. The most obvious changes
in rawipoultry muscle due to heat were the degradation of the transverse ele--
ments and the junctions between the I bands and Z lines. Ultrastructurally, the
transverse elements of raw dark muscles were more stable to cold aging than
those of raw light muscles. L.E.E.-Kramer shear values chowed cooked dark mus-
cle was tenderer than cooked light muscle; but raw dark muscle was tougher than
raw light muscle.

Increased tenderness was associated with degree of ultrastructural change.
A high positive'correlation was found between sarcomere lengths and tenderness
for cooked poultry muscle, but not for raw muscle. The relationship between
trace mineral content and tenderness of poultry muscle was not established be-
cause high trace mineral concentrations occurred together with high shear val-
ueg in raw poultry muscle; but the opposite conditions were found in cooked

poultry muscle.



