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Abstract

In Phasel of this study, three breed types (Simmentaler-, Brahman- and Nguni bulls; n = 60 each)
were grain-fed and slaughtered at 12 months of age (A-age, fat-class 2). Feed was withdrawn for either three
hours or 24 hours pre-slaughter. Within each feed withdrawal group, three electrical stimulation (ES)
treatments were applied, viz. ES for 15 seconds, 120 seconds or no stimulation. In Phase 2, the effects of
animal age and feeding regime were investigated using of A-age (feedlot and pasture), AB-age (feedlot and
pasture) and B-age (pasture) animals. All carcasses were electrically stimulated for 15 seconds. Longer
feed withdrawal increased dark-firm-dry (DFD) meat occurrence (pHu >6) in the Nguni and Simmentaler-
cross. Brahman-cross longissimus (LL) tended to be more tender with paler colour and higher drip loss when
120 ES was applied. Longer feed withdrawal recorded higher Warner Bratzler shear force (WBSF) than three
hour feed withdrawal. However, ES neutralized the effect of stress on tenderness. On average the AB-age
feedlot animals produced the most tender LL followed by the B-age pasture and A-age feedlot which was
similar to the AB-age pasture. A-age pasture animals produced the least tender LL steaks. The calpain
proteolytic system played a pivotal role in determining the ultimate meat tenderness and although connective
tissue becomes less soluble in older animals it did not play the determinant role in tenderness in this study.
The intramuscular fat (< 3%) played an important role in the tenderness outcome of Nguni LL which marbled
well at AB-age.
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Introduction

According to various international consumer surveys, and irrespective of the animal species, the most
important sensory quality attributes of meat are tenderness followed by juiciness and flavour (Ouali, 1991;
Koohmaraie, 1992; Warkup et al., 1995). From the producers’ point of view, much money is at stake in
supplying consistent eating quality of meat products to the market and therefore, the accurate prediction of
meat tenderness is very important. Age of bovine animals has been used in South Africa since 1936 as a
characteristic to grade carcasses, presumably because carcasses of younger cattle were considered to be of
“better” quality than those of older cattle (Government Notice No. 1548 of 1936).

The concept of meat tenderness is very complex and is biologically dependent on a combination of
many physiological factors (Ouali, 1990):

o Proteolytic degradation of cytoskeletal proteins primarily by the calcium activated calpain system

(Koohmaraie, 1992, Dransfield, 1999) and related to myofibre fragment length (MFL).

e Muscle contraction dependent on muscle energy at slaughter and related to sarcomere length (SL)

(Goll et al., 1997).

e Intra-muscular connective tissue (IMCT) characteristics represented by total collagen and collagen

solubility — covalent cross-links and composition profiles vary between muscles within one animal,

within a single muscle, with animal age, nutrition and growth rate, as well as breed (Purslow, 1999).

IMCT accounts for about 20% of the variation in tenderness according to Dransfield (1995).

e Marbling and fat profile accounts for less than 10% of variation in longissimus tenderness, according

to Dransfield (1995).
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Information on the status of these mechanisms at a given time and under a specific combination of
situations could provide scientific information that can be used to build a model to explain differences and
develop technologies to manipulate and standardise meat tenderness and the tenderising process.

The three critical time periods when meat tenderness can be affected are immediately pre-slaughter,
during slaughter and immediately post-slaughter (Dransfield, 1995). Many pre-slaughter factors may induce
stress and deplete muscle glycogen. Some of these factors are the duration and manner of animal
transportation from the farm to the abattoir, diet restrictions and genetic factors. If glycogen is depleted the
extent of post mortem acidification is reduced (ultimate pH >6.0) leading to the production of dark-firm-dry
(DFD) meat. This meat is then prone to spoilage and has poor sensory qualities. The capacity of muscle to
recover from glycogen exhaustion is very slow particularly in beef and conditions causing glycogen depletion
should be carefully managed. Even limited stress, i.e. stress that does not necessarily result in DFD meat,
could impair meat quality (pH >5.8). Muscle with a final pH between 5.8 and 6.2 is often not so dark, but its
ageing capacity has been impaired (Schaefer et al., 1997).

Under South African conditions the variations in pre-slaughter conditions and abattoir operations
influencing the glycolytic pathways are expected to be very large. To some extent this is the result of
deregulation, more role-players (often inexperienced) participating in the supply chain and the fact that many
of the processes between the feedlot and abattoir are still not well established, e.g. time of feed withdrawal
prior to slaughter (Strydom et al., 2009). Dr Gerhard Neethling, manager of the South African Red Meat
Abattoir Association (RMAA) and Mr Dave Ford, Executive Director of the South African Feedlot Association
(SAFA), suggested that the most common pre-slaughter treatments in South Africa are:

e Feed withdrawal about a day before slaughter and transportation of at least 50 km to abattoir.

Offload, rest overnight at abattoir (foreign place) and slaughter early the next day.

e Feed withdrawal 2 to 3 hours before slaughter - feed withdrawal just before transport (early in the
morning). Transportation of at least 50 km to abattoir (about 2 hours). Offload, rest 1.5 - 2 hours
and slaughter within three hours after arrival at abattoir.

Electrical stimulation increases the rate of post mortem metabolism and prevents cold by hastening
the depletion of ATP (energy) in the muscle and subsequently the onset of rigor, ensuring that full rigor is
attained before muscles chill to below 10 °C. A threshold of 10 °C whilst ATP levels are still sufficiently high,
has been set for cold shortening (Bendall, 1972). Under certain conditions such as high voltage electrical
stimulation, it causes mechanical disruption of cytoskeletal proteins in post mortem muscle, thus improving
tenderness in another way (Ho et al., 1996). Unfortunately the water holding capacity of the muscle can be
negatively affected if electrical stimulation conditions are not properly controlled, e.g. over stimulation can
cause the loss of juiciness and tougher meat (Strydom et al., 2000, Frylinck & Heinze, 2003). It may be
necessary to implement a much shorter electrical stimulation period than is currently the norm in commercial
abattoirs, namely 15 seconds, as compared to 2 minutes at 500 V (Thompson, 2002).

From previous studies (Frylinck & Heinze, 2003) it became clear that different breeds react differently
to specific post-slaughter treatment combinations. It is well documented that tenderness decreases as the
percentage Bos indicus increases in a crossbred animal (Crouse et al., 1989; Whipple et al., 1990; De Bruyn,
1991; Shackelford et al., 1995; Koohmaraie, 1996). It has been shown that these differences (between Bos
indicus and Bos taurus) occur due to differences in the properties of calpain/calpastatin activity and their
subsequent effects on the myofibrillar properties of the muscle. One of the most advantageous aspects of
electrical stimulation is that breed differences in tenderness of the m. longissimus are reduced (Ferguson
et al., 2000; Frylinck, 2001).

The most common breed-types being used in South African feedlots are Brahman (Br-X) - and
Simmentaler (Sm-X) — crosses and represent Bos indicus and Bos taurus types respectively. Nguni (Ng)
was used to represent the indigenous Sanga breed-type.

A research project funded by the South African Meat Board and was carried out by scientists of the
Meat Industry Centre (MIC) at ARC-Irene in the early 1990s showed that meat tenderness decreased as the
slaughter age of the animals increased, in the order of 0-, 2-, 4-, 6- and 8-incisors. Samples of meat from
0O-incisor animals were significantly more tender than those of the 2-incisor animals. The 2-, 4- and 6-incisor
animals were not appreciably different in terms of tenderness. Fat content did not affect the tenderness
results (Crosley et al., 1994). In spite of these results that confirmed the accuracy of the current
Classification System, some meat producers still denied their validity and exerted pressure on the authorities
to eventually classify the carcasses of 2-incisor animals in a separate age class (AB) then the 3- to 6-incisor
animals (B) and O-incisor animals (A) (Government Notice No. R.342 of 1999). Based on the believe that
younger animals produce more tender meat, the largest percentages of beef carcasses in South Africa are
derived from O-incisor cattle (A-age class — predominantly from feedlots). Modern feedlot technologies and
economics drive beef production toward larger framed, more rapidly growing, implanted cattle, with the help
of feed additives (B-agonists) so that the animals can be harvested at a younger age. All these factors
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influence meat tenderness negatively (Owens & Gardner, 1999; Strydom et al., 2009). Beef animals raised
on natural grazing to the same fatness have often just cut their first permanent incisor(s) when slaughtered
(AB-age class) and due to a general lower selling price per kilogram for AB-age — than for A-age class
carcasses, equal weight carcasses of the A-age class yield higher returns than those of the other age
classes (Anon, 2000).

In Phase 2 of this project five different production systems were tested; A-age (feedlot and pasture)-,
AB-age (feedlot and pasture)-, and B-age (pasture) beef cross-breeds. Young bulls were used in Phase 1,
but because Phase 2 tests were done over a three year time period, older bulls could influence tenderness
results because of high testosterone levels, only steers were used.

The objectives were to develop a model from which the ideal pre- and post-slaughter procedures could
be derived; to compare the inherent meat tenderness (shear force measurements) of South African breed-
types under typical South African commercial abattoir practices (chilling at 4 °C within 2 hours post-stunning)
(Phase 1) and to evaluate the meat tenderness and calpain system differences of A-age (feedlot and
pasture) animals, AB-age (feedlot and pasture) animals, and B-age (pasture) animals under the determined
ideal slaughter conditions for South African crossbred beef breeds (Phase 2).

Materials and Methods

Model building input 1 (Phase 1): One hundred and eighty animals of three breed-types typically
processed in South African feedlots were studied, Bos indicus represented by Brahman crosses (Br-X; n =
60 + 486 kg), Sanga type represented by Nguni (Ng; n = 60 = 363 kg) and European Bos taurus represented
by Simmentaler crosses (Sm-X; n = 60 £+ 480 kg) were used. The animals were fed on a feedlot diet for a
period of between 90 - 110 days at the ARC-API feedlot and slaughtered at A-age, fatness class 2 at the
ARC-abattoir. Pre-slaughter treatments were: feed withdrawal about 24 hours before slaughter (FW24; n =
90) and transportation for at least 50 km to abattoir, then offloaded, rested overnight at the abattoir (foreign
place) and slaughtered early the next day; and feed withdrawal 3 hours before slaughter (FW3; n = 90), (feed
withdrawal just before transport early in the morning), transportation for at least 50 km to abattoir (about 2
hours), then offloaded, rested 1.5 - 2 hours and slaughtered within 3 hours after arrival at abattoir. Post-
slaughter treatments were; 120 seconds electrical stimulation, 400 V peak, 5 ms pulses, 15 pulses per
second (the traditional procedure) (ES120; n = 60), 15 sec electrical stimulation, 400 V peak, 5 ms pulses,
15 pulses per sec (ES15; n = 60) and non-electrical stimulation (NS; n = 60). All carcasses were placed into
the chiller at 4 °C within 1 hour after slaughter. The effect of ageing on meat characteristics were tested 1
day, 7 days and 14 days post mortem.

Model building input 2 (Phase 2): One hundred and fifty animals of three breed-types typically
processed in the South African feedlots were studied, Bos indicus (Br-X; n = 50), Sanga type (Ng); n = 50),
and European Bos taurus (Sm-X; n = 50) were used. Five production systems were tested: AF — average for
the animals reared at the feedlot until A-age, ABF — average for the animals reared at the feedlot until AB-
age, AP — average for the animals reared on the pasture until A-age, ABP — average for the animals reared
on the pasture until AB-age, BP — average for the animals reared on the pasture until B-age. The pasture
animals were raised on the ARC-Roodeplaat. Experimental Farm (2067 ha) situated in the Gauteng
Province, South Africa approximately 30 km north-east of Pretoria, between the southern latitudes 25° 20’
and 25° 40’ and the eastern longitudes 28° 17" and 28° 25’ which receives an annual precipitation of between
380 and 700 mm. The average daily maximum and minimum temperature for this region is 32 °C and 18 °C
in January and 22 °C and 4 °C in July (AGROMET, 1994). The vegetation in this area is described as
Savanna (Rutherford & Westfall, 1994), and as Sourish Mixed Bush pasture (Pasture Type 19) (Acocks,
1988). Except for the grazing the animals also received summer lick (200 kg Ca** phosphate/ton; 300 kg
salt/ton; 50 kg urea/ton; 450 kg maize meal/ton) and winter lick (150 kg mono calcium phosphate/ton; 250 kg
salt/ton; 150 kg urea/ton; 450 kg maize meal/ton) supplementation. The feedlot animals were raised in a
feedlot situated on the experimental farm of the Agricultural Research Council - Animal Production Institute,
Irene, South Africa. A standard type of high concentrate diet was supplied to the feedlot animals (12 MJ/kg
DM, 135 g protein/kg) for a period of 90 - 110 days which included a 14 day adaption period. Normal animal
husbandry practices were applied. All the animals were weighed every two weeks, and during summer the
pasture animals received a weekly treatment against ticks. For comparative purposes the same non-
aggressive growth promoter (Ralgro; 36 mg zeranol; Schering-Plough, South Africa) was implanted at the
beginning of the finishing period. This research was approved by the ARC-API Ethics Committee (ref no.
APIEC11/025).

Feed was withdrawn three hours pre-slaughter and the carcasses were electrically stimulated for 15
seconds (400 V peak, 5 ms pulses at 15 pulses per sec). The carcasses were placed in the chiller at 4 °C
within 1 hour. The effect of ageing on meat characteristics was tested 1 day, 7 days and 14 days post
mortem. Temperature and pH decline profiles were measured at the last lumbar vertebra of the
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m. longissimus lumborum (LL) of the left side in all carcasses early post mortem and at 24 hours post
mortem to monitor and diagnose dark firm and dry (DFD) and pale, soft and exudative (PSE) phenomena.

The LL of both right and left sides were removed from the third last rib to the last lumbar vertebra and
sub-sampled for Warner-Brazier shear force (WBS) and sensory analyses in the case of Phase 2, sarcomere
length (SL), myofibril fragmentation (MFL) and calpain system (calpain-I, calpain-Il and calpastatin). The
position of sampling for each test was consistent; the different samples were either frozen immediately at
—20 °C or snap frozen in liquid nitrogen and stored at —80 °C or vacuum packed and aged (2 = 2 °C) for 7
and 14 days post-slaughter. Sarcomere length was measured on a fresh sample.

For Warner-Bratzler shear force measurements and sensory analyses where applicable, 1 day post-
slaughter (un-aged), 7 and 14 days aged frozen LL cuts were processed into 30 mm steaks by means of a
band saw before being thawed at 4 °C for 24 hours, and prepared according to an oven-broiling method
using direct radiant heat (AMSA, 1995). The steaks were broiled at 200 °C (pre-set) to 70 °C internal
temperature. Each cooked steak was allowed to cool for 10 min, cut into 1.5 x 1.5 cm squares and then
wrapped in tin foil for sensory analyses. Sensory evaluation was done by a trained sensory panel consisting
of 10 members (Sensory Analytical Laboratory, Meat Industry Centre, Agricultural Research Council, Animal
Production Institute) that assessed tenderness, first bite, amount of residue (connective tissue), flavour,
juiciness and sustainable juiciness on an 8 point scale. A score of 8 described the sample as extremely
intense in aroma and flavour, extremely juicy, extremely tender with no connective tissue residue, while a
score of 1 describe it as extremely bland in aroma and flavour intensity, extremely dry, extremely tough with
extremely abundant connective tissue residue (AMSA, 1995). For WBS measurements the steaks were kept
intact and left at room temperature (x 22 °C) before coring. Eight cylindrical samples with a core diameter of
12.5 mm were removed parallel to the grain of the meat and sheared perpendicular to fibre direction using a
Warner—Bratzler shear device mounted on an Instron Universal Testing Machine, Model 4301, Series IX
Automated Materials Testing System Version 5 (Instron, 1990). Shear force was measured as the peak force
(kg) average for eight cores per sample. The WBS of each steak was measured as the maximum force
required to shear a cylindrical core cooked steak perpendicular to the grain, at a cross head speed of 400
mm per second.

The sarcomere lengths (SL) were measured on fresh samples taken at 1 and 3 days post mortem
using a Video Image Analyser (Kontron, Germany) according to the method of Hegarty & Naudé (1970),
using distilled water instead of Ringer Locke solution (Dreyer et al., 1979).

The myofibril fragment lengths (MFL) were measured in LL samples of meat aged for 1, 7 and 14 days
post mortem homogenised with a blunt blade. MFL were measured by means of a Video Image Analyser
(Kontron, Germany). The extraction procedure was performed according to the method of Culler et al. (1978)
as modified by Heinze & Bruggemann (1994).

Calpastatin in combination with calpain-I and calpain-Il was extracted from 5 g of the LL frozen samples
as described by Dransfield (1996) and separated by means of the two-step gradient ion-exchange
chromatography-method of Geesink & Koohmaraie (1999). Calpain-l activity in eluates containing both calpain-
| and calpastatin (which are not easily separated) is estimated from calpastatin measurements before and after
heating of the eluates. Calpain assays were performed using azo-casein as substrate according to Dransfield
(1996). The use of azo-casein eliminates the problem of background absorbance of non-specific proteins in the
extracts. One unit of calpain activity is defined as an increase in absorbance at 366 nm of 1.0 per hour at
25 °C. One unit of calpastatin activity was defined as the amount that inhibited one unit of calpain-Il activity.
Data were expressed as units per gram of muscle or units per milligram of extractable protein (specific activity).
Protein concentration of the LL frozen samples was determined by the Buiret method of Cornall et al. (1949).

Total collagen content (total hydroxy-proline nitrogen content) in the m. longissimus muscle was
determined by determining the hydroxy-proline content in hydrolised samples according to Bergman & Loxley
(1963). The solubility of the intramuscular collagen (hydroxy-proline nitrogen content of soluble collagen) was
determined according to the method of Hill (1966) with some modifications. Freeze dried meat samples (1 g)
were pulverised and added to 12 mL of a 1% NaCl solution. The samples were heated in a water bath for 60
minutes at 78 °C. After centrifugation and removal of the supernatant, the supernatant was hydrolysed by
adding 30 mL 6 N HCI and heated for 16 hours at 110 °C. Active carbon was added to the hydrolised samples
which were then filtered and diluted with distilled water to 100 mL. Hydroxy-proline was colorimetrically
determined by neutralising the acid in the samples with 10% KOH, and then oxidising the hydroxyproline with
Chloramine-T for 20 minutes. Ehrlich’s reagent was then added and the samples were placed in a water bath
of 15 minutes at 60 °C. The absorbance of the pink colour was measured at 558 nm in a 1 cm?® cuvette as
described by Bergman & Loxley (1963). All determinations were performed in triplicate. Collagen solubility was
calculated by expressing hydroxy-proline in the filtrate as a percentage of the total hydroxy-proline of the filtrate
plus residue. Collagen content was calculated as hydroxy-proline nitrogen per total protein nitrogen (Hypro N x
10%/total protein N) by calculating hydroxy-proline nitrogen from hydroxy-proline MM 131.13 and nitrogen atom
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number 14.0067. Collagen values were expressed as mg collagen/g of sample by using the hydroxy-proline
conversion of 7.25 and 7.53 for insoluble and soluble collagen, respectively (Cross et al., 1973).

Percentage (%) intramuscular fat (IMF) which is related to marbling, was determined chemically (fat,
ash, protein moisture) by using methods of the Association of Official Analytical Chemists (AOAC; 1985).

The data of WBS, sensory analyses (where applicable) and MFL, were subjected to analysis of variance
for a split plot design (GenStat, 2003) with the three breed types (Br-X, Ng, Sm-X) as whole plots and the three
ageing periods (1, 7 and 14 days post mortem) as sub-plots. Means for the interactions between sub-plot and
whole-plot were separated using Fisher’s protected t-test least significant difference (LSD) at the 1% and 5%
levels of probability (Snedecor & Cochran, 1980). Sources of variance for the rest of the data collected (SL;
calpain-I and calpain-Il activity and calpastatin activity; total collagen and percentage collagen solubility;
percentage intramuscular fat) involving in breed effects were investigated by one-way ANOVA.

Results and Discussion
Effects of pre- and post-slaughter conditions and production system on pH and temperature decline
profiles and consequences for muscle contraction (cold shortening and heat shortening)

The pH/temperature window concept as implemented by the Meat Standards Australia (MSA) grading
scheme to monitor or identify carcasses in danger of cold shortening (pH > 6 at T < 10 °C) or heat
toughening (pH < 6 at T > 35 °C) (Thompson, 2002) was used. The temperature/pH decline profiles of Phase
1 carcasses presented in Figure 1A show that although non-stimulated carcasses risk being cold shortened,
in this study on average these carcasses did not fall into the high risk cold shortening window. This could be
because the experimental chillers may not be as effective as normal commercial chillers. Heat shortening in
the ES-120 carcasses posed a greater risk as their results fell into the heat shortening window, which could
lead to less tender meat and high drip loss. The ideal post-slaughter procedure was identified as ES-15
electrical stimulation where pH decline was controlled (not too rapidly) by applying electrical stimulation for a
short period. When studying the temperature/pH decline profiles of Phase 2 carcasses presented in Figure
1B it is evident that electrical stimulation for a short period (15 seconds.) none of the carcasses was exposed
to the risk of cold or heat shortening.

6.9

—o— FWS3-
()}
6.7 g ES120
S —&—FW3-
6.5 +—
S ES15
6.3 s 3
: % 9 FW3-
pH S s NS
o1 Tl S
—X — FW24-
5.9 ES120
57 & — — FW24-
Lz s ES15
T s T FW24-
N e NS
40 30 20 10 0

Temperature (°C)

Figure 1A Temperature and pH decline profiles as measured in carcasses of Phase 1 pre- and post-
slaughter treatments: FW3-ES120 (feed withdrawal 3 hours before slaughter, 120 seconds electrical
stimulation post slaughter), FW3-ES15 (feed withdrawal 3 hours before slaughter, 15 sec electrical
stimulation post slaughter); FW3-NS (feed withdrawal 3 hours before slaughter, non-electrical stimulation
post slaughter); FW24-ES120 (feed withdrawal 24 hours before slaughter, 120 seconds electrical
stimulation); FW24-ES15 (feed withdrawal 24 hours before slaughter, 15 sec electrical stimulation); FW24-
NS (feed withdrawal 24 hours before slaughter, non-electrical stimulation). Cold shortening and heat
shortening windows according to Pearson & Young (1989) and as discussed by Thompson (2002).
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Figure 1B Temperature and pH decline profiles as measured in carcasses of Phase 2; production systems;
AF (the animals reared at the feedlot until A-age), ABF (animals reared at the feedlot until AB-age), AP
(animals reared on the pasture until A-age), ABP (animals reared on the pasture until AB-age) and BP
(animals reared on the pasture until B-age). Cold shortening and heat shortening windows according to
Pearson & Young (1989) and as discussed by Thompson (2002).

Sarcomere lengths are an indication of contraction protein characteristics, which are an indication of
the energy status of the muscle. Electrical stimulation has a significant effect on sarcomere length which
seems to be detrimental to the tenderising processes if over stimulated (120 seconds, Table 1). The SLs of
Br-X and Sm-X were longer (P <0.049) than the SLs of Ng carcasses (Table 1). SLs of Br-X and Sm-X were
similar or slightly shorter than in previous studies involving the same breeds under the same production and
slaughter conditions. Strydom et al. (2000), Frylinck (2001), Frylinck & Heinze (2003) and Strydom et al.
(2008) reported SLs ranging from 1.71 to 1.77 pm for Br-X and 1.66 to 1.71 pum for Sm-X. On the other hand,
the Ng tended to have longer SL under controlled slower chilling conditions (1.83 pm) or when electrically
stimulated (1.75 - 1.89 um). Although the average results for AP carcasses did not fall within the cold

7
—e—DFD
NS
= —® ES-15
61— —&—ES-120/PSE
| | |
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Figure 2 Typical pH decline profiles found in early post mortem carcasses; Dark firm and dry (DFD) — pH of
carcass stays above 5.9 — low initial muscle energy (FW-24); normal non-electrical stimulated carcasses
(NS); electrically stimulated for 15 sec (400 V peak, 5 ms pulses at 15 pulses per sec) (ES-15); electrically
stimulated for 120 sec (400 V peak, 5 ms pulses at 15 pulses per sec) (ES-120) - lead to pale, soft and
exudative (PSE) phenomena (high drip loss and low water holding capacity).
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shortening window it is possible that individual carcasses or even individual muscle fibres within the
carcasses could have been subjected to cold shortening. AP loins recorded shorter sarcomere lengths (SL;
1.66 pm) than those from the AF, ABF, ABP and BP systems (~1.75 uym) (P <0.05; Table 5).

The contraction characteristics of the ABF group were the most relaxed because the sarcomere
lengths measured at 1 day post mortem in the ABF group were significantly longer than in the other
treatment groups. The AP treatment group was the most contracted and the sarcomere lengths were the
shortest of all (Table 5) — an indication of a high energy state.

100%
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X 0
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20% Ng
- N

FW=24 h FW=3 h
Pre-slaughter feed withdrawal period
Figure 3 Incidence of dark firm and dry (DFD; pH 24 = 5.9) after two feed withdrawal periods, 24 hours pre-

slaughter (FW-24) and 3 hours pre-slaughter (FW-3); n = 180 animals.
Breed: Bh-X = Brahman crosses; Sm-X = Simmentaler crosses; Ng = Nguni.
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Figure 4 Incidence of pale, soft and exudative (PSE) like phenomenon in carcasses stimulated for 120
seconds (ES-120), 15 seconds (ES-15) and no stimulation (NS).
Breed: Bh-X = Brahman crosses; Sm-X = Simmentaler crosses; Ng = Nguni.

Monitoring temperature and pH decline early post mortem is useful to enable the diagnosis of pale,
soft and exudative (PSE) like or dark, firm and dry (DFD) phenomena and overall energy status of the animal
at slaughter. Figure 2 shows typical pH decline profiles found in post-slaughter carcasses. Dark firm and dry
(DFD) phenomena when the pH of the carcass stays above 5.9, occur when the initial muscle energy post-
slaughter is low. The frequency of DFD was the highest in the FW-24 treatment group as reflected in Figure
3. FW-3 had minimal incidence of DFD, only a small number of Nguni carcasses showed DFD, indicating
that if the energy of the muscle just before slaughter can be controlled this phenomenon can to a great
extent be prevented. The incidence of a PSE-like phenomenon was extremely high in the ES-120 post-
slaughter treatment group. This phenomenon was rare in the ES-15 group and in the NS group (Figure 4).
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PSE-like phenomenon was not encountered in Phase 2 because the post-slaughter procedure was
standardised to the short ES (15 seconds). Not many DFD phenomena were encountered in Phase 2 except
for the Ng that had on average a slightly higher post rigor pH as measured after 24 hours post mortem (pHu
~5.7) in the AP group. This indicates that the Nguni had a tendency to DFD in the AP production group. The
pHu of 5.5 of the AF production group was significantly lower than that of the other groups (pHu = 5.65),

Table 1 The effect of breed-type, feed withdrawal period and electrical stimulation on meat tenderness
related physiological characteristics measured in the m. longissimus (LL)

Breed
SEM* P-value
Br-X Ng Sm-X

WBS 1 dpm (kg) 7.03 7.02 7.56 0.183 0.062
WBS 7 dpm (kg) 5.48 5.3 5.62 0.164 0.374
WBS 14 dpm (kg) 4.31° 4.39° 4.78° 0.132 0.030
Sarcomere length (um) 1.72° 1.65% 1.70° 0.015 0.001
MFL 1 dpm (um) 43.4 41.3 42.7 0.894 0.224
MFL 7 dpm (um) 34.5" 31.4° 33.1% 0.839 0.034
MFL 14 dpm (um) 26.6 25.5 26.0 0.619 0.465
Calpain-1 1 h (U/g) 1.77% 2.19° 2.00° 0.065 <0.001
Calpastatin: Calpain-I ratio 1 h 1.68° 1.36% 1.51° 0.050 <0.001
Calpain-l 24 h (U/g) 2 0.96° 1.06" 1.00% 0.023 0.014
Calpastatin : Calpain-I ratio 24 h ~ 2.51° 1.80% 2.11% 0.114 <0.001
Feed withdrawal FW24 FW3 SEM* P-value
WBS 1 dpm (kg) 7.43° 6.97° 0.149 0.029
WBS 7 dpm (kg) 5.53 5.4 0.134 0.508
WBS 14 dpm (kg) 4.68° 4.31° 0.108 0.014
Sarcomere length (um) 1.67% 1.72° 0.012 0.004
MFL 1 dpm (um) 43.2 41.7 0.730 0.164
MFL 7 dpm (um) 33.4 325 0.685 0.375
MFL 14 dpm (um) 26.3 25.7 0.505 0.472
Electrical stimulation ES120 ES15 NS SEM* P-value
WBS 1 dpm (kg) 6.31° 6.48° 8.82" 0.183 <0.001
WBS 7 dpm (kg) 5.13% 5.18° 6.09" 0.164 <0.001
WBS14 dpm (kg) 4.13% 4.04% 5.33" 0.132 <0.001
Sarcomere length (um) 1.68% 1.74° 1.66° 0.015 <0.001
MFL 1 dpm (um) 42.4 42.6 42.6 0.894 0.980
MFL 7 dpm (um) 34.2 33.0 31.7 0.839 0.115
MFL 14 dpm (um) 28.1° 24.9° 25.1% 0.619 <0.001
Calpain-1 24 h (U/g) 2 1.02% 1.58" 1.73° 0.0628 <0.001
Inhibitor : Calpain-I ratio 24 h 2.79° 1.89% 1.75° 0.1140 <0.001

abCMeans within a row with different superscripts differ significantly (P <0.05). * Standard error of means.

2 Calpain enzyme activity was expressed in units per gram of muscle.

dpm: days post mortem; WBS: Warner Bratzler shear force; MFL: myofibril fragment length.

Breed: Br-X = Brahman crosses; Ng = Nguni; Sm-X = Simmentaler crosses;

Feed withdrawal: FW24: feed withdrawal 24 h before slaughter; FW3: feed withdrawal 3 h before slaughter.

Electrical stimulation: ES120: 120 seconds electrical stimulation; ES15: 15 sec electrical stimulation; NS: non-electrical
stimulation.
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which seems to indicate that the AF production group has an advantage above the other groups in this
regard.

Effect of pre- and post-slaughter conditions and production system on tenderness mechanisms

To understand the processes that effect meat tenderness, it was important to study the mechanisms
involved with meat tenderness and tenderisation. The effects of breed-type, feed withdrawal period and
electrical stimulation on 1 day, 7 days and 14 days post mortem Warner Bratzler shear force values are
represented in Table 1. Significant shear force differences between breeds were only apparent after 14 days
post mortem where Sm-X tended to be a bit tougher than the other breed-types. Feed withdrawal period had
an effect on shear force at day 1 and 14 days post-slaughter (FW3 more tender than FW14), showing longer
sarcomere length at FW3 a bit more relaxed (1.72 pm) than that of FW24 (1.67 yum). Electrical stimulation
enhanced the tenderness (lower WBS) in both ES treatments but is just as effective at 15 seconds, without

Table 2 Influence of production system on Warner Bratzler shear force and production system and breed-
type on sensory quality attributes measured in m. longissimus (LL) at day 1, 7 and 14 days post mortem

Production systems

SEM? P-value
AF AP ABF ABP BP
Warner Bratzler shear force
1 dpm 6.57%° 7.61° 6.04% 6.95" 6.20° 0.231 <0.001
7 dpm. 5.30% 5.72° 4.83° 5.51° 4.99° 0.199 0.011
14 dpm 4.22% 4.70° 3.87° 4.60" 3.88° 0.148 <0.001
Sensory analyses by 10 member trained panel:
First bite?
1 dpm 4.86° 3.46° 4.83° 3.97° 4.23° 0.154 <0.001
7 dpm 5.83° 4.85% 5.87° 4.78% 5.32" 0.148 <0.001
14 dpm 6.33° 5.16° 6.34° 5.46" 5.53% 0.133 <0.001
Tenderness®
1 dpm 4.97° 3.67° 4.99° 4.03® 4.44° 0.152 <0.001
Br-X 4.70 3.99 4.82 4.07 4.05 0.263 0.054
Sm-X 5.37 3.88 4.85 4.18 4.41
Ng 4.83 3.14 5.31 3.83 4.85
7 dpm 5.85° 5.05% 5.89° 4.92° 5.42" 0.143 <0.001
Br-X 5.47 5.03 5.53 4.84 5.42 0.248 0.118
Sm-X 6.23 5.53 5.90 4.79 5.59
Ng 5.84 458 6.23 5.14 5.26
14 dpm. 6.38° 5.33% 6.41° 5.65% 5.74 0.120 <0.001
Br-X 6.13° 5.42" 6.26° 5.51" 5.76" 0.209 0.027
Sm-X 6.71¢ 5.91™ 6.44% 5.62" 5.78"
Ng 6.31° 4.66° 6.52" 5.81° 5.69"
Residue*
1 dpm 4.76° 3.61° 4.81° 3.94% 4.35" 0.136 <0.001
7 dpm 5.62 4.85 5.62 4.84 5.27 0.137 <0.001
14 dpm. 6.10° 5.22° 6.13" 5.45° 5.53% 0.111 <0.001

abed peans in a row with different superscripts differ significantly (P <0.05) with the Fisher's means separation test.

dpm: days post mortem.

! Standard error of means. ? First bite (1 = extremely tough; to 8 = extremely tender). ® Tenderness (1 = extremely tough;
to 8 = extremely tender). * Residue (1 = extremely abundant; to 8 = none).

AF: animals reared in feedlot until A-age; ABF: animals reared in feedlot until AB-age; AP: animals reared on pasture
until A-age; ABP: animals reared on pasture until AB-age; BP: animals reared on pasture until B-age.
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the detrimental PSE effects of 120 seconds (Figure 4). Shorter sarcomere lengths detected for the Nguni-
types (Table 1) indicate that this breed-type can be prone to muscle shortening, probably because of its
higher muscle energy status and small frame characteristics (carcasses cool too rapidly). On the other hand
the Nguni-crosses seem to have more advantageous proteinase characteristics shown in the shorter
myofibril fragment lengths (MFL) measured at 7 days post-slaughter, higher calpain-I levels and lower
calpastatin/calpain-I levels (Table 1).

Electrical stimulation has a significant effect on sarcomere length and myofibre fragment length (MFL),
which seems to be detrimental to the tenderising processes if overstimulated (120 seconds, Table 1). While
the proteinase characteristics are similar in 15 seconds ES and none-electrical stimulated meat, these
characteristics were detrimentally affected in 120 seconds ES meat.

For Phase 2 a significant breed effect was detected for sensory tenderness measurements with the
Sm-X now producing the most tender meat overall (Table 2) as would have been expected from a Taurus
breed (Shackelford et al., 1995). The muscle contraction characteristics of the ABF group were the most
relaxed because the sarcomere lengths measured in the ABF group were significantly longer than in the
other treatment groups, with the AP treatment group the most contracted with the shortest sarcomere lengths
(Table3) — which is an indication of a high energy state. The Ng also seems to have a higher energy state in
the muscle as reflected by their shorter sarcomere lengths compared to the other breed-types (Table 3).

Table 3 The influence of age-feed regime and cross-breed on meat tenderness related physiological
characteristics measured in the m. longissimus (LL)

Production systems

SEM* P-value
AF AP ABF ABP BP

Sarcomere length (SL) (um)

1 dpm 1.74° 1.66% 1.76" 1.73° 1.73° 0.014 <0.001
Myofibre fragment length (MFL) (um):

1 dpm 40.77° 39.62° 36.38%° 38.74" 35.19% 1.083 0.002
Br-X 42.21 42.04 41.75 39.88 38.19 1.876 0.218
Sm-X 37.55 38.75 34.45 35.29 33.03

Ng 42.56 38.07 32.95 41.04 34.37

7 dpm 32.97° 31.29° 31.36" 32.05" 29.30% 0.672 0.004
Br-X 35.30° 32.50° 37.98' 35.30° 30.64° 1.164 <0.001
Sm-X 30.00™ 29.15° 29.07° 28.19% 28.20%

Ng 33.61% 32.23¢ 27.03% 32.66" 29.06"

14 dpm 26.74% 27.24% 26.45% 28.41° 25.68% 0.574 0.017
Br-X 27.88 26.89 27.94 28.74 25.38 0.995 0.238
Sm-X 25.17 26.26 26.30 26.43 24.95

Ng 27.17 28.58 25.10 30.06 26.71
Collagen characteristics
S;::gleen Mmg9) 0.197% 0.262° 0.219" 0.213 0.167% 0.015 <0.001
Ich)SII(z);;te):]e(mg/g) 1.255 1.837° 1.574° 1.794° 1.689™ 0.061 <0.001
(Tn‘;g}g)co"age” 1.452° 2.098" 1.802° 2.007° 1.855> 0.072 <0.001
g;'ﬂj?)ﬂﬁ;‘ ) 13.46¢ 12.18° 11.31% 10.58" 8.98° 0.408 <0.001
% intra 1.94° 0.84° 2.33 1.06° 158" 0.10 <0.001

muscular fat

abcdef Means within a row with different superscripts differ significantly (P <0.05); *Standard error of means.

dpm: days post mortem.
AF: animals reared in feedlot until A-age; ABF: animals reared in feedlot until AB-age; AP: animals reared on pasture
until A-age; ABP: animals reared on pasture until AB-age; BP: animals reared on pasture until B-age.
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ABF was the most tender (lowest WBS), although still similar in tenderness compared to the AF and
AP treatment groups (Table 2). On the other hand AP was significantly tougher than the other treatment
groups and ABP was similar to both AP and AF (Table 2). On an age-feed level, calpastatin at 1 hour and 24
hours post-slaughter was the highest in the feedlot animals compared to the pasture animals (Table 4) and
BP (older animals) had the lowest level of extractable calpastatin at both 1 hour and 24 hours post mortem
followed by the ABP and AP production systems. On the other hand the calpain-I levels were the highest at
1 hour and 24 hours post-slaughter in the ABF group, which can cancel out the negative effect of calpastatin.
This is reflected in the lower calpastatin/calpain-I ratio of this age-feed group. ABF and BP had the same and
lowest calpastatin/calpain-I ratio compared to AF, AP and ABP. This can be an explanation why ABF and BF
productions systems produced the most tender meat (Table 4). It seems that the calpain system might be
benefitted by age of the animal. This might be explained by the phenomenon of sarcopenia which increases
with age of the animal or in this case human (Faulkner et al., 2007). According to the split-plot the BP and
ABF treatment groups had the shortest and similar myofibre fragment lenghts, followed by the ABP and the
AF and AP groups the longest (Table 3). On the production system level the genetic expression of the
calpain system also seemed to play a very important role in relation to the ultimate tenderness of the meat.
Calpain substrate degradation and product formation correspond with the calpain system outcomes
mentioned.

Table 4 Influence of production system on the different components of the calpain system at 1 hour and 24
hours post mortem measured in the m. longissimus (LL)

Production systems N
SEM P-value

AF AP ABF ABP BP
Calpastatin (U/g)
1 hpm 2.38° 2.20%  2.37° 2.23° 2.09° 0.046 <0.001
24 hpm 1.92° 1.66" 2.04° 1.62° 1.45% 0.053 <0.001
Spesific calpastatin (U)
1 hpm 0.040°  0.041° 0.041° 0.040° 0.035*  0.001 <0.001
24 hpm 0.036°*  0.033™ 0.038°  0.032° 0.027*  0.001 <0.001
Calpain-I (U/g)
1 hpm. 1.18" 1.05% 1.31° 1.10*  1.15° 0.033 <0.001
24 hpm 0.76% 0.74% 0.93" 0.70% 0.67% 0.037 <0.001
Spesific calpain-1 (U)
1 hpm 0.020*  0.019° 0.023° 0.020* 0.019°  0.001 <0.001
24 hpm 0.014*  0.015® 0.017° 0.014* 0.013*  0.001 <0.001
m-Calpain (U/g)
1 hpm 1.05°  0.94° 1.09° 0.98®  1.01™  0.020 <0.001
24 hpm. 0.91% 0.93% 1.12° 0.94% 1.00° 0.018 <0.001
Spesific m-Calpain (U)
1 hpm 0.018® 0.017*° 0.019° 0.018® 0.017* 0.0003  0.008
24 hpm. 0.017*  0.019° 0.021° 0.019" 0.018® 0.0003  <0.001
Calpastatin/calpain-I
1 hpm. 2.07° 2.19° 1.85% 2.06" 1.85% 0.055 <0.001
24 hpm 2.66 2.34 2.32 2.45 2.33 0.101 0.098
Calpastatin/calpain-II
1 hpm 1.07° 1.13° 1.00% 1.08" 0.97 0.022 <0.001
24 hpm 1.16° 1.00° 1.01° 0.99" 0.89° 0.029 <0.001

abed Means within a row with different superscripts differ significantly (P <0.05); *Standard error of means.

hpm: hours post mortem.
AF: animals reared in feedlot until A-age; ABF: animals reared in feedlot until AB-age; AP: animals reared on
pasture until A-age; ABP: animals reared on pasture until AB-age; BP: animals reared on pasture until B-age.
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Table 5 The influence of breed-type on the different components of the calpain proteolytic system at 1 hour
and 24 hours post mortem and other tenderness related physiological characteristics measured in the
m. longissimus (LL)

Cross-breeds

SEM P-value
Br-X Sm-X Ng

Calpastatin (U/g) : Breed-type average

1 hpm 2.343" 2.166% 2.250° 0.036 0.003

24 hpm 1.89" 1.65% 1.69% 0.041 <0.001
Spesific Calpastatin (U) : Breed-type average

1 hpm 0.041° 0.038% 0.039% 0.001 0.006

24 hpm 0.036" 0.031% 0.032% 0.001 <0.001
Calpain-I (U/g) : Breed-type average

1 hpm 1.074° 1.197° 1.204° 0.026 <0.001

24 hpm 0.759 0.776 0.748 0.029 0.780
Calpain-Il (U/g) : Breed-type average

1 hpm 1.030 0.985 1.028 0.016 0.072

24 hpm. 1.003" 0.947° 0.982% 0.014 0.020
Spesific calpain-1 (U) : Breed-type average

1 hpm 0.019° 0.021° 0.021° 0.0004 <0.001

24 hpm 0.015 0.015 0.014 0.001 0.681
Spesific Calpain-ii (U) : Breed-type average

1 hpm 0.018 0.017 0.018 0.0003 0.142

24 hpm 0.019° 0.018% 0.019° 0.0002 0.004
Calpastatin/calpain-I: Breed-type average

1 hpm 2.23° 1.88% 1.91% 0.042 <0.001

24 hpm 2.66" 2.24° 2.36° 0.078 <0.001
Calpastatin/i +ii-Calpains: Breed-type average

1 hpm. 1.12° 1.02% 1.012 0.017 <0.001

24 hpm. 1.08" 0.96° 0.98° 0.022 <0.001
Sarcomere length (SL) (um): average

1 dpm 1.74° 1.73% 1.70% 0.011 0.016
Myofibril fragment length (MFL) (um):

Breed-type average 34.17° 30.19° 32.08" 0.501 <0.001

1 dpm. 40.81° 35.81% 37.80% 0.839 <0.001

7 dpm 34.35° 28.92% 30.92° 0.521 <0.001

14 dpm 27.36" 25.82% 27.52° 0.445 0.013
Collagen characteristics

Soluble collagen (mg/g) 0.120 0.203 0.234 0.011 0.053

Insoluble collagen (mg/g) 1.50% 1.63% 1.76° 0.047 <0.001

Total collagen (mg/g) 1.70% 1.83% 2.00° 0.056 <0.001

Collagen solubility (%) 11.45 11.02 11.44 0.316 0.549

abCMeans within a row with different superscripts differ significantly (P <0.05); *Standard error of means.

hpm: hours post mortem; dpm: days post mortem.
Br-X: Brahman crosses; Ng: Nguni; Sm-X: Simmentaler crosses.



246 Frylinck et al., 2015. S. Afr. J. Anim. Sci. vol. 45

The residue content of the meat as experienced by the trained panel (Table 2) corresponded with the
actual chemical collagen measurements (Table 3) in terms of the age-feed groups (AF, AP, ABF, ABP and
BP), which also corresponded with the tenderness evaluations (WBS and sensory panel) - AF and ABF
having less residue than AP and ABP but equalling BP. On the other hand the collagen solubility decreased
as the age of the animal increased, i.e. AF > AP = ABF > ABP > BP. This is as expected because the older
the animal, the less soluble the collagen (stronger) should be in agreement with research reported by
Crosley et al. (1994). However, tenderness profiles do not correspond with the collagen solubility profiles.
The dilution effect of intramuscular fat could explain why connective tissue characteristics did not influence
the tenderness measured by means of the sensory panel and Warner Bratzler shear force. It is possible that
intramuscular fat had a larger influence on the tenderness of meat rather than the age effect of connective
tissue. Although it is expected that older animals should have higher collagen insolubility with resultant
tougher meat, it is possible that tougher connective tissue only starts to play a role in C-age class carcasses.

The Ng had the most tender meat when produced from AB-age feedlot and B-age pasture production
systems, showing that breeds may adapt differently to different production systems. Sarcomere lengths were
significantly longer in the ABF group indicating more relaxed muscles and therefore more relaxed animals.
The shorter MFL measured in the ABF and BP groups indicates more advantageous tenderising calpain
proteinase characteristics. This corresponds with the higher calpain-I levels and lower calpastatin/calpain-|
levels (calpastatin is the protein inhibitor group of the tenderising system).

Different from Phase 1, the Sm-X animals produced the most tender meat compared to that of the
Br-X and Ng, as should be expected from a Bos taurus breed (Sm-X in Phase 1 proofed to contain Bos
indicus genetics) (Frylinck et al., 2009). This indicates the importance of controlled genetics because not all
Sm-X had typical Bos taurus meat tenderness (Maybe the Simmentaler from Phase 1 was crossed with
Indicus). Breeders should be made aware of the genetic consequences on all levels including meat quality
characteristics. The Nguni produced the most tender meat when produced from AB-age feedlot and B-age
pasture production systems showing that they adapt better to these production systems.

The breed effect on tenderness in Phase 2 is supported by the calpain proteolytic system results
presented in Table 3. The calpastatin inhibitor was the highest in the Br-X and Ng and the lowest in the
Sm-X. On the other hand the calpain-I enzyme levels were the lowest in the Br-X and the highest in the Sm-
X and Ng. The calpastatin/calpain-I ratio was the highest in the Br-X and lower in the Sm-X and Ng (Table 5).
Myofibril fragmentation, a measure of the affectivity of post mortem proteinase action complement the
calpain system showing that the Sm-X had shorter fragments on average compared to that of the Ng with the
Br-X the longest (Br-X ageing slower than the other crossbreeds) (Table 5). On the breed level the genetic
expression of the calpain system plays an important role towards the ultimate tenderness of the meat but not
connective tissue characteristics.

Judging eating quality on the grounds of age alone is not reliable, because carcasses from older
animals were not necessarily tougher than those of younger animals. The South African classification system
and resultant remuneration should be revisited and consumers should be educated accordingly. Production
systems should be optimised by using ideal pre- and post-slaughter conditions and adapted to accommodate
different breed-types.

Conclusion

Careful consideration should be given to deciding on which pre- or post-slaughter treatment procedures
to implement. The feed withdrawal period did not significantly affect the calpain proteolytic ageing system and
resultant meat tenderness. On the other hand stress and low muscle energy levels in the animals post mortem
because of the 24 hours pre-slaughter feed withdrawal lead to a higher incidence of DFD meat. Electrical
stimulation was beneficial for LL tenderness even after 14 days of ageing compared to non-stimulated LL.
Electrical stimulation had a greater advantage when the LL had a high inherent toughness and when animals
were moderately stressed due to the 24 hour feed withdrawal period. Stimulation for 15 seconds and 120
seconds had equally favourable effects on tenderness, but the longer stimulation had a detrimental effect on
drip loss and water holding capacity. The pasture animals needed more time to fully adapt to their environment
and therefore reached a good condition only at an older age (B-age class). These results will probably vary
depending on the condition of the pasture. Animals with 3 - 6 permanent incisors do not necessarily produce
tougher meat than that of O - 2 permanent incisors. Some breeds such as the indigenous Nguni, produced
more tender meat when raised on pasture or in the feedlot up to an older age. Although pasture animals
produced tougher meat than feedlot animals, the meat became more tender at the older B-age class. Genetic
expressed calpain proteolytic tenderising system plays a pivotal role in determining the ultimate meat
tenderness. Although connective tissue becomes less soluble in the older animals it did not play an important
role in determining tenderness in the age groups A, AB and B. The experimental conditions in this specific
project seemed to indicate towards percentage intra muscular fat (i.e. marbling) playing an important role in the



Frylinck et al., 2015. S. Afr. J. Anim. Sci. vol. 45 247

tenderness outcome of the age-feed groups and therefore the fat condition of the animal at slaughter. Nguni
animals seemed to marble well at the AB age group that gave it the competitive edge in this specific production
group. These findings show that the Red Meat Classification System should not be based on only a few
research studies. The phenomenon of sarcopenia and the role of the calpain system on tenderness of meat
produced from older animals should be further studied.
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