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ABSTRACT

INTRODUCTION

Connective tissue is the structural material which binds together and supports the myofibre bundles which make up muscle It trans»»'1 
contractions of the muscle fibres through to the bones to produce movement. The amount and development of connective tissue in n# 
reflects the functions of the muscle and perhaps the animal's recent history in terms of nutrition and physical activity (Me Cormick 1#
i q*h\  hf S , êen kn° : n f° r “ Veral decades that connective tissue is more resistent to biological turnover than other soft tissues ( I f  

87). Indeed, it was thought that connective tissues such as cartilage and bone were quite static once deposited, and the name give»1
t ese tissues, ground substance, reflected this static view. A more modem view incorporates turnover, but at a rate that is slow rela»'1 
other tissues of the mammalian body.

In the context of meat toughness, both the myofibrillar and connective tissue components of meat are known to contribute to t*| 
inal textural properties of the tissue after cooking (Tomberg 1996). In the living animal then, relative rates of turnover of these two 

components will be important in understanding the impact of on-farm  practice on the eating qualities of meat. Meat toughness has $  
modelled traditionally in terms of a summation of these two components though this approach ignores synergisms and antagonisms & 
might arise (Lepetit and Culioli 1994). The connective tissue component of toughness is considered to result from both the amount °f 
collagen in the muscle as well as the number and type of chemical cross-links that bond individual collagen molecules together (SWf 
and Hams 1990; Horgan et al. 1991; McCormick 1994). It is the properties of collagen that cause meat to shrink on heating and the 
propemes of the collagen cross-links that control how shrinkage occurs. The end result for the consumer is the 'chewiness of the 0  
Other components of muscle connective tissue may also contribute to toughness and 'chewiness' (Nishimura et al. 1996)

A significant research effort has been dedicated to definition of the respective influences of connective tissue and myofibril^
1988V1T hk T ,631 3nd S6Veral revieWS have been Presented (Lepetit and Culioli 1994; Purslow 1991; Harris and Short)**

). This article seeks to describe on-farm  influences that will affect the connective tissue component with a magnitude sufficient 
of commercial significance to the beef production industries. magnitude sullicie

SOURCES OF VARIATION IN CONNECTIVE TISSUE

So what are some of the sources of variation in connective tissue toughness? Muscles vary in structure both macroscoDicallv and 
mo ecularly, according to their location in the animal and function in locomotion, posture or more specific activities The content ^  
distribution of connective tissue reflects force distribution within these muscles. Muscles develop a L g  trajectories tlwUmhcate *

^  68 mUSCleS ° f ^  PCrit0neal Wa"  dCVd0p Post~w« n in g  to accomodate a larger rumen (Berg»*
fh ' rn , ’ 1967 • Po« 9 uarter development in young bulls correlates with development of butting behaviour From the context o f V
the collagen content of muscles mostly eaten as steaks range from 0.5-  2% of dry weight whilst muscles in the W ,  .  h a*
mostly eaten as roasts or stews, have contents up to 10%. Despite little d if fe re n t incXlagen « 1
animals are often more tender than those from older animals. This can be explained, at least in part, by differences in the number of^' 
stable cross links in connective tissue collagen (Horgan et al. 1991).

I .- Wltj ! n b0vin® brf dSl there are variations in muscle structure that reflect the outcomes of long-term genetic selection 
evolution. Double muscled breeds and the Japanese Black breed illustrate the significance of selection to the structure o f,hem ea t (A1“
infiltmhn f “ ' that the fonner has markcdly different ratios of myofibrils to connective tissue, and the latter has s ig n a l
infiltration of connective tissue seams by fat cells. Further, Box indicus content has been associated with c^aTser S a b L » 
broader range of toughness values (Shackelford et al. 1994). &  perhaps

pffrrts Ar CharaCtCristic fea' ure experiments in this area is the proportion of the variation that can be accounted for as individual a #  
cts. Genetics, recent physical activity and nutritional history are all precedented bases for individual variation The m agnitude  of

1995? FxffeCtS ° f phyS1Cal activity have been shown in studies of muscle atrophy and hypertrophy (McDonald and Fitts 1995- K im ^  
5). Exercise influences the structure of muscle, in terms of size (Morpugo 1897-Jokl 19641 number of eanillanVc a ’ -A

connections (Astrand and Rodahl 1986), endurance capacity and tensile properties (Kovanen et al. 1984) and aUhe mokculaTlevel, 
ontent and distribution of glycogen and collagen (Zimmerman et al. 1993; Thomas et al. 1992). In the context of beef cattle c r o d u ^
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. . .  7716 r° le that con^c tiv e  tissue plays in determination o f meat toughness can be understood best with reference to connective J
biology in other mammals, including humans. The aim o f this research has been to identify properties o f muscle connective tissue 0  
be studied in the living animal with a view to understanding on-farm influences on meat quality. This understanding could be used ® 
opnmise on-farm management for improved meat quality. Data is presented from three experiments, designed to characterise musd1 
connective tissue at the biophysical, biochemical and supra-molecular levels.
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variation in pasture ouaHt'v " 'S 3 natUra* and freci“enl-phenomenon experienced by young cattle growing in areas with marked seasonal 
and therefore have older » y 30 paraSlte 0ad' 111656 631116 are. w eight-for-age, older than their continuously fed counterparts
!990). Variation in meat te n H ^  ’ lntramuscular coflagen. This impacts on tenderness (Bouton et al. 1978; Shorthose and Harris 
considered to be through its ; i " 685’ may a so result from variation in growth path per se. One effect of growth path on tenderness is 
growth rate results in g r e a t e r ^  T ‘"'«m uscular collagen turnover. It is thought that a high plane of nutrition and a more rapid 
occur ( M c C o r m i c k p th of 60 ag61> synthesis (McCormick 1989). Changes in the collagen cross-link profile are also known to 
making it on average more heat-lab ik  This hyP° theS1Sed [hat r6C6ntly synthesised collagen dilutes the older, heat-stable collagen 
(1994) cautions however that ever, th« h r ,T  V "  mUScle Wlth mcreased collagen lability and hence more tender meat. McCormick 
and changes in collagen characterkf ^  ^  \  ^  er S0™e circumstances, there is a complex relationship between collagen synthesis 
«  OL (1996) (Cr0SSr ^ klng) : hlCh “  be e*P>ain6d satisfactorily by the dilution effect alone. Further, Liu

In the 3 ^ ^ . ^  ShCar f0rCe iD Chicke" mUScle —  « *  closely related.
muscle.

In the contPYt nf 1 1U,6C ln cniCKen muscle were not closely related.
th1S discussion, we present some recent data on the effects of growth path on the connective tissue component of

Thro

low -qSlhy y afs" h 3 y ^ e t f e 1'1 0 0 ^ S t a ^ Crf>SS Stee' i  Were &° 7 n thr0Ugh three different Paths over 257 days. Two groups were fed a 
levels of nutrition-« m ï h l “  f m m ln llveweight (up to 15%). TTrese groups were then regrown on 2 different
continuously on improved ** ^  (HE) ^  2) ° n lmproved troPical Pasture (P). A third group (C) were grazed
'he semitendinosus (ST) muscle w P3S ^  °,i ‘he entlre P6nod- HlP heights were measured as an estimate of long bone growth. Five g of 

aad a' 8 OIî threC ° CCaSi0nS: ° n d3y 1; t0W3rdS the Cnd ° f the Wd^  ^ r i o d  (day 92)1
'best practice' procedures .^The ST was ri « 7 ^ °  slaughtered at a commercial abattoir (day 257), and processed using
b'ophysical techniques (adhesion and c o ™ °VC ■ t Z Z   ̂ aUghter f° r measurement of connective tissue toughness by two macroscopic, 
samples were assayed for connecdvÎ tis su e c o m "  ' n ^ 8 Were 38 dCSCnbcd by A11mgham er al. (submitted). Biopsy and slaughter 

The growth paths of the three erouns nf t"  ’ C° COnteat and hydroxypyridinoline cross-link (HP) to collagen molar ratio, 
-e rag e  40kland ^  ' '  Dudng ^  reStdCted * *  phaSe’ HE and P steers * *  011
Steadi,y (0.54 mm/d) When realiSented boTh ÏiF  t p  ' "  f  S3me C SteerS 3t 0 53 k^ d and long bones grew
< °  05) than the C group (0 55 W d ^ B o n e  lrn w ^  H * 7 * “  &  u ^ elght significantly faster (1.2 kg/d and 0.76 kg/d respectively; P 
«  C groups (0.52 f„d . 1  J  ( « Z  "  I S  ™  ®  « ~ P  »  >>

EFFECT OF GROWTH PATH ON CONNECTIVE TISSUE

- groups (0 52 and fi mm/H • T  \ S 6 . ^  111 Pnase was morc rapid (0.86mm/d) in the HE group compared to 1
™  C groups L  , h u S .  “ o I T S  Z S I T ,  r" l " ‘l ”  ■rr'okes and hence red d e d  g r o « h ^  in b l  the P
m° re fat coverage (P < 0 05) th a l a ther of ie  g n ^  had heavier l e a s e s ,  higher dressing percentages and
experiment, may have had someZ n  t  ̂  PS T  P38^ '  ThC degree ° f finish dct6™ med over the last three weeks of the
different gr wthVa h n 7  ^  ° "  3ttnbuteS- The purp0Se of this experiment however, was to determine the effect of
eonsidere^t^refle^aihm a/a^11̂ 5 ^  ^  ° f finish; that is’ connective tissue toughness.
,  B iophy" c r m eaSu S n t T o  y ’ th i\ eX perim en t haV6 a11 ad v a n c e d  in  ag e  an  e q u a f l i b e r  o f  d ay s

'besc  m ethods is d irec ted  in a p lan e  i Z n S a r t o  th  0ff " ° nneC tive *issu e  ^ ^ S r  a re  p re se n te d  in  T ab le  1. T h e  fo rc e  u se d  in
H am.s and  S h o rth o se  1988) A  c o m p a riso n  o f  c n  mUSCle, flb re  3X18 3nd  refleCtS the  c o n n 6 c tiv e  tis su e  c o n tr ib u tio n  to  to u g h n e ss  

connective  tissu e  to  to u g h n ess  i f  S T  m u s d e s  f r o m T ^ 0"  V f  "  S ign ifican t r6 d u c ti° n  (P  < 0 .0 5 ) in  the  c o n tr ib u tio n  o f  the
A dhesion m easu rem en ts  in d ica ted  h gr0U p c 0 m Pa rc d  t0  ,h e  C  g roup . T h e  S T s  fro m  th e  P  g roup  w e re  in te rm ed ia te ,
by W a m e r-B ra tz le r  sh e a r  fo rce  w asT n  L i f i c a n d v  A‘ « “ T hT ' h me3SUremCntS- 11 Sh° u ld  b e  n ° ‘6d th a t o v e ra ll te n d e rn e ss  as m e a su re r

^  Biocie" C° mPOnent teaTmen! ^  ^  Sh° Wn> A1Ungham ^ ^  SUbmitted)' SUggCSting that

^ n‘ent o f m S i ^ S ^ i Z T S ?  ‘'“ m bi° PSiCS 3rC 3lS°  Presented in Table 1- Overall the connective tissue
Cre Was a significant difference (P < Q 05) h t w ^ W ^  lncr6ased as the animals developed over time, irrespective of treatment. 

¿ 2  (93 days)' By 'he end o f e x p ^ m e n t t h e ^ r o f  nUntIf° nally re^ cted groups and the C group by the end of the weight loss 
f  °Wn groups were different from  th r  ’ h CT?  f Samples from the HE group was less than that of the P group, but neither re - 
co"agcn. This proportion remained L  f  0ap,Samp’eS' Tuhcrc was n0 significant treatment effect on the proportion of CTC that was 

WM W p »  »  n s S 5  S T  'he(“ P" r  Th" '  was ”  " f“ ' “  " «  /  collagen ...io . T he,.

S T  fr° m " »  C S S a S S S m  a T r age ° T T  * y W' iE h l’ ,here w a s a siE n ifiC " '  d i t f “ C"C . (P  < 0 .0 5 )  b e tw e e n  
™  da B ) .  d if fe re n c e s  b e , w een  the  f ° T ’ f V  “ T T “  P h ,S ' (9 3  ^  ^  w " ks " g r o w th  phase
d e L  eqUlre co n firm a tio n , they  su g g e s t d v n L i c  h d ' S3m P 68 ta k e n  a f t6 r  s la u g h te r  sh o w ed  n o  s ig n if ic a n t tre a tm e n t e f fe c ts . W h ile  the

811 ^ as «appropriate for d e fin lo n  of the t ^  ^  COnsistent with tissue tumover. This experimental
°n ly  the macros ennltlon of the turnover mechanisms operating.

S ea^ r c s  o f to u g h n ess . O n e ^ l T n c l u d e ' Z w ^ ' t  ^  C° U agen  C° ntent> sh ° W an y  c o rr6 la " o n  w ith  the  b io p h y s ic a l
growm  C’ featU res ° f  'h e  g row th  p a th  a rc  I k  o  a d v an c m g  ag e  is c e r ta in ly  a  c o n tr ib u to r  to  th e  fin a l s ta te  o f  the  c o n n e c tiv e  tis su e  in
& ° Wth Pa th . c a n  in flu en ce  ' f ' T  T ?  * *  ^  * *  3 PCd° d ° f  8CVCre n U td ,io n a l reS tric tjo n  in  a n  an im a l's<ne co n n e c tiv e  tis su e  to u g h n ess  o f  its  m e a t fo r  a t le a s t 150  d ay s  a f te r  th e  ev en t.

^  EFFECTS OF NORMAL DEVELOPMENT ON CONNECTIVE TISSUE

charam (° Udhia ei n ^ T  ^  T T ^  3 6103' dC31 ° f experimental attention in a number of mammalian
stahb StlCS with> for example cZ  1 D,eveloPment of connective tissue toughness with age shares some temporal
accumu,°f intramuscular collagen (h T Z Z (Sampai°  et aL 1988)' Ag6 influences the thermal 

emulate within collagen (King 1987 r  , non63' “ 813 Cross" links such as HP and Perhaps higher order cross-links
g n (King 1987; Horgan er al. 1990; 1991; Kuypers ef al. 1992 McCormick 1994). The number of heat-stable
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cross-links that are present in muscle at any moment in time depends on the degree of lysine hydroxylation in collagen Types I and I*1 
being synthesised, the rate of turnover of pre-existing collagen, the activity of lysyl oxidase in the extracellular space and other fac*oli 
(McCormick 1994). The thermal properties of collagen provide a convenient means of estimating the total cross-links per unit ntusd' 
connective tissue (Flandin etal. 1984; King 1987).

In the next series of experiments, the authors sought an assay for development of connective tissue in muscle with advancinga: 
using a method that reflects the supra-molecular properties of collagen in the tissue. Differential scanning calorimetry (DSC) was tW 
technique chosen since it records the summation of all physical interactions between connective tissue macromolecules independent01 
their complexity and can be applied to the small samples of connective tissue obtainable from sequential biopsies.

The effects of advancing age on M. longissimus dorsi (LD) connective tissue thermostability were determined using two gt°  ̂
cattle of different genotype: high grade Brahman steers (9 months to 24 months); male and female zebu-derived calves (1/8 Afr1̂  
3/4 Hereford x Shorthorn, 1/8 Brahman) from 3 weeks to 12 months of age. Intramuscular connective tissue, free of tend0® 
epimysium, was isolated (Kuypers et al. 1992). The endothermal transition profile of the connective tissue was measured in a SET^ 
DSC III against an equivalent weight of PBS as reference. The thermodynamic parameter, thermal maximum (Tra), was derived US*® 
SETARAM integration software, and data were analysed using ANOVA.

Breed had no significant effect on the thermal properties of connective tissue and so all the data have been analysed together
age as the main effect (Table 2). The average Tra of collagen within the connective tissue samples was remarkably stable in this m°s 
over the time period studied. This is consistent with conclusions from Shorthose et al. (1990) and Berg and Butterfield (1976) that H 
muscle has a low postnatal growth impetus. Differences in growth rate within the groups had no significant effect on the thermal St^ 
of collagen (Hunter, Magner, Allingham and Harper unpublished). When the individual animal data is presented however, it is cleat1 
there is quite marked variation within animals as a function of time (Figure 2). This variation may be due to tissue turnover between 
biopsy times. The drop in Tm observed at 3 months (90 days) was consistent for both sexes, and it is interesting to speculate about i*s 
relation to the nutritional stress of early weaning.

One can conclude that DSC measurements of thermostability are sufficiently sensitive to differentiate temporal effects with!*1 
muscle. Even though this variation is consistent with the concept that muscle connective tissue constantly tums-over, the magniW1̂ 
the variation is surprising. One wonders about the value of a group average in analysis of the two previous experiments. We are cu(1‘ 
working to incorporate as many individual animal attributes as possible, in the modelling of growth path and connective tissue turn0'1' 
was unfortunate, that DSC could not be applied to the samples from the growth path experiment (previous section), since those dataCl 
have reflected another aspect of tissue turnover in response to nutritional stress.

STRUCTURAL VARIATION WITHIN MUSCLES

Another possible explanation for the variation observed in Figure 2, is that the data are confounded by variation between biopsy siteS 
Johnson and Beattie (1973) have shown that the muscle fibre characteristics of ST muscle vary with depth. The use of sequential 
within one muscle (as was done in the previous two experiments), makes the assumption of little variation between sites separated W 
than 10 cm. In a recent experiment, ST muscles were taken from 20 bulls of various ages. These muscles were systematically slice»^ 
60 roughly cubic sections, such that the three dimensional position of each section was known. The connective tissue characteristic81 
collagen content, HP / collagen and CTC were measured for each section. The X and Y axes related to the transverse section of the 
muscle, while the Z axis related to the axial section. .

The results showed that collagen content and HP / collagen vary within quite narrow ranges (Harper et al. unpublished) and $ 
show significant differences with position when Z approaches the tendinous insertions of the muscle. This is consistent with the 
proportion of tendon in the meat increasing toward the ends of the muscle. CTC does vary through a greater range within the pop0*3 
samples. Despite this variation, it is unlikely that differences of less than 10 cm in the position of the biopsy would lead to the diff6t' . 
described above. Hence, the data presented in Figure 2 is unlikely to be confounded. Over longer distances in Z(eg 20 cm in an ad° 
muscle), variation was found to be significant (P < 0.05). While this could result from site specific effects such as healed wound site*
more likely to reflect functional and anatomical features of the muscle.

Structural analysis has received less attention in the literature than other aspects of tenderness. Rowe et al. (1974) have pres6 
fine electron microscopic images showing the orientation of collagen fibrils relative to the myofibrillar long axis and how postmor^' 
events can modify this structure. The group headed by Dr. H. Swatland has over an extended period, developed technological appf0ii, 
to characterisation of connective tissue structure in the context of meat texture (Swatland 1996 and others). The optical-probes teCC<> 
described provide information about the frequency and width of perimysial seams in a one-dimensional slice. Dumont et al. (Schf11̂  
al. 1979 and others) have described methods with which to quantify structural variation of connective tissue in more than one dim°nŜ  
Given the known structural flexibility of mammalian muscle in response to external and endocrinological stimulii, it is likely that B,c3 
structure may be influenced subtly by on-farm  management, and that these changes persist from farm through abattoir. The avail3*’1
modern image processing tools, provides an opportunity to record structural information in three dimensions and hence investigate tH(

influence of on-farm  management on meat structure (ie backgrounding or finishing growth paths). Albrecht et al. (1996) have giv'eI1 
good example of the power of these new tools in characterising the distribution of marbling lipid.

CONCLUDING REMARKS

Modem biology allows the meat researcher to choose from a broad range of technologies for studies of muscle and meat. One cat1 
the appropriate structural level (molecular level through to the whole animal level), the appropriate time scale (mSec through to 
life), or the appropriate experimental system (descriptive or manipulative). Analysis of the meat toughness problem in these terms 
several conclusions. Firstly, given the physics of mastication, the molecular level may be inappropriate for studies of meat, but on 1̂  
other hand the whole animal level may be unnecessarily complex. We propose that structural levels between the single muscle 
the whole muscle are appropriate given what is known about mammalian muscle growth and development. Secondly, there will b61 
hierarchy of biochemical markers for meat toughness that relates to the tim e-scale of variation of these markers within the animal- r
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consumption , ‘endemeSS fr° m 0n“ farm Production through to in-restaurant
comsol supports its use , s  a market for acute s tressm il l ,  I 7oo i?  s '  " « ’" ’P™ “  choi“ ^  The * 1 «  half-tim e of variation in plasma 
connective tissue has ,  half-time 45 i C *  5“  ^ T e ” ' S“ ” '"  (M U *a  *” ¡»— «1»,
growth. Thirdly, experiments need to he mn • i ,■ 8 ' and so mlgtlt be a reasonable marker for longer term effects of
as we have shown in this paper, can be accom pbshedw khhnhe r a n ’ f ^  t0 eStablish the PrinciPles that govern the normal state. This, 
research therefore focusses on treatments that influence growth ° f Practlcc  ̂ that are considered normal by the grazing industry. Our 
'he meat when presented to the consumer. 8 ^  muscle composition, and have significance to the eating attributes of
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TABLE 1: Connective tissue attributes during and after variation of growth path. Arithmetic means (+ s.e) describing attributes of 
and necropsy samples of ST muscles. B

Treatment Group Day of 
muscle 
sample1

Biophysical
characteristics

Biochemical
characteristics

Compression

(kg)

Adhesion

(kg)

Connective 
tissue 

content2 
(% wet wt)

Collagen
content

(% dry wt)3

Connective 
tissue 

collagen 
(% CTC2)

H P /
collagen 

ratio 
(10 X

mole/mnlr)

Uninterrupted 1 2.0 + 0.144 9.8 + 1.0 20.5 + 1 0 9 + 0 1Growth Control 93 1.7 + 0.18* 9.0 + 0.4* 20.0 + 0.5 0 .9+  0.1c 150 3.1 + 0.34 12.1 + 1.2C 18.6 + 0.7 1.5 + 0.2257 2.6 ±0.1* 0.66 + 0.04* 3.9 + 0.14d 8.0 + 0.4* 18.2 + 0.8 3 .0+  0.1

Weight Loss / High 1 2.0 + 0.21 9.2 + 0.9 19.2 + 0.7 0.9 + 0 05Energy Re-growth 93 2.9 + 0-.39b 13.7 + 0.6b 19.9 + 0.9 1.1 +0.1HE 150 2.9 + 0.41 16.0 + 1.9* 19.4 + 0.9 1.5 + 0.1257 2.1 + 0.07b 0.50 + 0.03b 3.3 + 0.24* 7.2 + 0.31* 19.5 + 0.7 3.2 + 0.2

Weight Loss / 1 1.9 + 0.19 9.7 + 0.8 18.9 + 0.6 1 0 + 0 05Pasture Re-growth 93 3.3 + 0.31c 14.8+ 1.1* 20.0 + 0.8 1.1 +0.1P 150 3.1 + 0.34 18.9 + 3.3d 17.8 + 0.8 1.7+  0.2

___________________

257 2.4 + 0.08*b 0.58 + 0.04ab 4.5 + 0.32d 7.9 + 0.2* 18.5 + 0.7 2.9 + 0.2

---------- ,  -------- —  ••  **** u u i u v  O W  1^11 a l t -  l l v J l  M g

2 Time measured relative to the start of the weight-loss phase.
3 Physically extractable intramuscular connective tissue.

After extraction of total lipid.
Arithmetic mean + standard error, n = 12.

TABLE 2. Thermal maximum values (Tm„ in °C) for intramuscular connective tissue collagen from the LD muscles of male a n f

Animal Age

Sex
7 d 3 mo 9 mo 12 mo 13 mo 18mo 20 mo

Male 6 3 .2 + 0.11 62.9 + 0.1 63.7 + 0.1 63.9 + 0.1 63.4 + 0.1 63.5 + 0.1 63.7 + O.1

Female 63.4 + 0.1 63.1 + 0.03 nd 64.0 0.1 nd nd nd

nd, no data available ' ~ ---------------------------------- ---------------------------------- ^
1 Arithmetic means with standard error of the mean of 6 -9  animals.
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utes°f ¿ c u r e  1. Mean live weight and hip height

tropical*pasture 5 J p  ^ The Symb° ls are: <•)> control, C group; (O).high energy feedlot diet, HE; (■ ), improved
box denotes the period of d k ta ty r e s tr i r r i^ 1 ° f  Brah“ an -cross stcers on different growth paths. The filled black

4 4 0

4 0 0
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2 5 0 3 0 0

f ig u r e  2 Va • •
,0 l l> * « »  two distinct The dotted ,„ d  solid lines indicate animals

icpresent tnc extreme trend lines encompassing the data.
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