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Preface 

Dramatic shortfalls in crop production in various regions of 
the world have led some people to question the relatively 
inefficient use of cereal grains for feeding meat animals instead 
of their direct use for human food. There is no doubt, however, 
that meat offers a nutritionally valuable, attractive and widely 
accepted food, the world demand for which increases daily. Thus 
it is not enough simply to condemn the consumption of meat as an 
irresponsible extravagance; rather it is preferable to examine 
how the demand for meat can be met most efficiently and effectively, 
which requires a fundamental enquiry into how meat is 'grown'. 
The importance of fat, for instance, both to the growing animal 
and to the consumer, needs to be established in view of the 
'expense' involved in its deposition by the animal and the extent 
to which it is discarded at many points in the chain from the 
slaughterhouse to the consumer. 

We were aware that there existed a wealth of information on 
the physiology of growth which, because of its having been 
collected as part of investigations in many other disciplines and 
the inevitable communication gap, had not been incorporated into 
the science of animal production. Similarly there were principles 
and teChniques of animal husbandry which, if known in other 
disciplines, might enable more pertinent questions to be asked. 
The biochemical and physiological pathways by which animals utilise 
feed to produce body protein, fat and other components are 
intriguing problems which are receiving considerable attention. 
We were concerned, however, about our ability to identify and use 
to advantage any potentially important physiOlogical capabilities 
which might exist within and between animal species. 

Our meeting, which was held from 2nd-6th December 1974, at 
Mottram Hall, Prestbury, Cheshire, England, brought together 
expertise from a wide range of disciplines to promote the inter­
change and pooling of ideas about the relevant topics which could 
offer novel foci for fundamental research and identify bases for 
the development of new technologies in animal production. 

~i 
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Welcome 



WELCOME 

Professor J. R. Norris 

Agricultural Research Council 
Meat Research Institute 
Langford, Bristol 

It is a pleasure for me to welcome you all to this meeting 
and I would like to take the opportunity of making a few brief 
remarks by way of introduction. 

Firstly, I would like to thank all of you for agreeing to 
participate in the meeting and, in many cases, for travelling very 
large distances to do so. I know that a great deal of work has 
gone into the organisation of the meeting and I sincerely hope that 
you will find the next three days both enjoyable and profitable. 

Certainly the topic is important. 

I came into the meat world quite recently from a very 
different background and I have enjoyed a fascinating year and a 
half exploring the highways and by-ways of the meat industry. 
Impressions have come thick and fast and comparisons with my 
earlier experience in industry are inevitable. The main impression 
is that, in fact, there is no such thing as a United Kingdom meat 
industry. There are farmers, abattoir operators, distributors, 
butchers, retailers and so forth, but little evidence that they 
work together as an industry to convert feedstuffs into meat to 
the satisfaction of the consumer. 

The organisation with which I was previously associated pro­
duced natural gas in Brunei and shipped it in liquid form to Japan 
where it was supplied to Tokyo Gas and Tokyo Electric Companies. 
This operation, which was incredibly complex, involved the passage 
of the gas between some twenty different companies. Transfer 
prices were negotiated in different currencies at many stages, 

3 



4 J.R. NORRIS 

and these negotiations required the assistance of a computer 
simulation exercise in London. The whole exercise finished up as 
a profitable venture with a well satisfied consumer. The essence 
of this operation is that everyone involved is fully committed to 
the objective of taking gas out of the ground and selling it under 
satisfactory conditions to the consumer. It is an exercise in 
linear programming and that, it seems to me, is what we badly need 
in the UK industry today. 

During the past few months I have stood on Herefordshire 
hillsides and discussed with obviously successful breeders the 
important criteria that they use in selecting breeding animals to 
improve their stock. Not unfrequently have I heard comments like 
'the white mark on the back shall not exceed one-third of the 
length of the animal'. Questions about the eating quality of meat 
from animals of different conformation have received some strange 
answers, often with an assurance that the animal in question will 
be 'a good little eater', whatever that may mean. 

At the other end of the line, I have listened to the criticisms 
of housewives who complain of the variability of beef and the 
impossibility of jUdging from its appearance whether a piece of 
meat will be tough or tender. I have traced the history of fat 
from its origins in the animal through the cooking process, where 
it is stated by some of the trade to have a mystical and quite 
undemonstrable effect, until it is discarded to the tune of many 
millions of pounds'worth per annum on the sides of plates, and I 
have looked in vain for a pricing structure which reflects the 
real cost of producing this fat. I have heard farmers talk about 
feed efficiency in terms of the weight of an animal without 
apparently realising that weight is made up of fat and lean and 
that two animals weighing the same may have very different compo­
sitions and very different eating qualities. And so it goes on, 
and I marvel at the survival of an industry which, in a competitive 
environment, disregards some of the basic rules of business and 
makes scant provision for that all-important feedback from 
consumer to producer. 

We must know more about the control of growth and productive 
efficiency; about that subtle interplay of physiology, genetics 
and environment during growth which determines the nature and 
quality of the ultimate product, if we are to satisfy the consumer 
and if our industry is to prosper. 

There is another reason why this meeting is timely and 
important. It was conceived against a very different background 
of world economy than prevails today. The forecasts of the Club 
of Rome, far-fetched a year or so ago, seem all too real now. 
What does this mean for the producer of meat animals in the future? 
Should he not be abandoning intensive rearing schemes and should 
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we not be re-exam1n1ng the energy balance of our industry? Is it 
now appropriate to reconsider the larger, more economic carcasses 
of the big breeds? Are such breeds really economic? Do they eat 
too much? 

5 

Surely today, more than ever before, we need an effort of 
integration in the industry, an identification of a common purpose 
and a reappraisal of the factors involved in growth and productive 
efficiency. 

I hope that we shall be able to bear these questions in mind 
during our discussions this week. 
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WHAT DO WE WANT FROM THE CARCASS? 

D. N. Rhodes 

Meat Research Institute 
Bristol BSl8 7DY 

The production of meat is undoubtedly the most complex 
operation in the food industry; it involves contributions from a 
series of sub-industries starting from the breeders, through 
rearers, raisers, abattoir operators and wholesale and retail 
distributors. At many of these levels adventitious factors exert 
powerful constraints which do not always contribute to output or 
quality: for example breeders are concerned in cattle with the 
dairy herd and in sheep with wool as well as meat; the farmer must 
integrate his animal production with the remainder of his agri­
cultural activities; the meat trade is concerned with changing 
consumer demand which may influence, for example, desirable 
carcase size; and overall are the potent influences of the 
economics of buying animals and selling meat which ar~apparently, 
both independent and unpredictable. 

This symposium is intended to consider the scientific bases 
of manipulations in breeding and growing which can influence pro­
duction of a meat carcass; principles which should be applicable 
independently of any constraints and capable of being used by the 
practical man to achieve the best possible results within any 
given circumstances. This introductory paper will try to estab­
lish the criteria by which these results should be judged and to 
define the sort of carcass which should be produced. 

The product moves from conception to consumption but the 
cash flow moves in the opposite direction. The consumer in the 
end pays everybody's bills hence it is consumer satisfaction which 
should be the governing consideration in all production decisions. 
Such a realistic approach receives little consideration in the 
meat industry: the turnover time in beef may be as long as three 
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10 D.N. RHODES 

years and at least one year in lamb and pork and, as the consumer 
is so many hands aw~ from the producers, how can her approval or 
dissatisfaction ever be reflected back through the chain? Rather, 
the producing industry grows what it can or what it estimates will 
be most profitable and it regards the distribution side as a means 
of sorting the output and matching it to the appropriate geograph­
ical, social and economic outlets. To improve this state of 
affairs it is necessary to identity those production and handling 
variables which significantly affect eating quality and thus 
provide a meaningful basis for rational decisions on how to breed 
and grow. Then, if eating quality could be more reliably predicted 
before retail sale, the better product will come to command a 
premium price and an economic incentive to produce more of the 
desired product will develop. 

Unfortunately the application of scientific method to meat 
production has evolved in quite the reverse direction. The dom­
estication of wild species and improvement by rule of thumb 
selection has a history as long as civilisation and its formal­
ization into animal science followed naturally in the eighteenth 
and nineteenth centuries. Only recently have the harvesting, 
storage and preservation of foodstuffs received scientific study 
and, of these, meat has remained until the last. It is not 
surprising, therefore, to find that the vast majority of early 
papers in animal science, dealing with every facet of producing 
meat animals, stops abruptly at the last weighing of the animal on 
the farm. Two major reasons for this are obvious: firstly, the 
farmer is paid for weight on the hoof and experimentation directed 
at efficiency of production has used this as the only real measure 
of success; secondly, the costs of carcass analysis and eating 
quality assessments are high, the facilities required are consider­
able and they cannot conveniently be located at the same place as 
the animal experimentation. The latter factor has, at least, been 
alleviated somewhat by coordination between research organisations 
especially in the USA. In recent years some measurements of 
carcass dimensions, carcass grades, visual assessment of fatness 
levels, gross analysis of tissue composition or some form of 
cutting value have been made, and a number of workers have 
carried through their observations to include estimation of eating 
quality. Of 141 papers in the Journal of Animal Science during the 
last four years, about one quarter made quality assessments; of 
those in Animal Production only 10%; but at least over 90% of 
workers in USA and UK deemed it desirable to make compositional 
assessments of the carcasses they had so laboriously grown 
(Table 1). 

Various end points can be used in definitions of productive 
efficiency, such as gross weight on the hoof, gross carcass weight, 
fat, lean and bone, or yields of saleable meat; this paper seeks 
to go further and to look at the validity of the current beliefs 
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J.A.S. 

A.P. 

Table 1 

Criteria used in papers studying effects of manage­
ment, heredity and feed of meat animals published in 
J. Anim. Sci. or in Anim. Prod. 1970-74 

Growth Data collected 
on carcass 

Pigs 47 41 
Cattle 70 64 
Sheep 24 20 

Total 141 125 

Pigs 34 34 
Cattle 22 18 
Sheep 11 14 

Total 67 66 

Overall % 100 92 

11 

Eating 
quality 

7 
23 

6 

36 

5 
2 
0 

7 
21 

about what constitutes, in terms of the consumer, a useful piece 
of meat. 

THE PLACE OF MEAT IN THE DIET 

Nutrition 

The first consideration of a staple food must be its con­
tribution to the nutritive value of the diet; a question loaded 
with pitfalls of a statistical nature. If we take the official 
statistics of the food supplies available in 1972 (I), meat, 
offal, bacon and ham can be calculated (2) to contribute 26g 
protein per person per day; this compares with 20g from cereals, 
12 from milk and 19 from fish, poultry, cheese and eggs. The 
recommended daily intake of protein is 40-50g/day (3), hence 
meat gives us about one third of our intake and one half of that 
desirable. These figures are average values and it is certain 
that some sections of our population, such as the old age 
pensioners, eat a diet inadequate in protein and that other sections 
are grossly malnourished with a surfeit. 

Amongst the vitamins and trace elements, meat contributes 
significantly to the daily requirements of nicotinic acid, ribo­
flavin, thiamin, B6, B12 and iron in varying amounts up to 30%. 
The iron is particularly valuable in that it is easily assimilated. 

The same reservations apply to these figures as to protein, 
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in addition to further uncertainties about vitamin requirements. 
Meat also supplies varying amounts of expendable calories within 
the limits of the eaters' preferences for fat; but there is an 
impressive body of evidence accepted by many authorities that the 
consumption of saturated fatty acids in meat glycerides (espec­
ially of ruminants) is a factor predisposing the human to circu­
latory disease (4). Thus reduction of the intake of meat fat is 
indicated on health grounds, certainly for the fats of beef and 
lamb though less so for pork. 

The reasons for eating meat clearly cannot rest on nutritional 
grounds, and the protein which would be released if the growing of 
meat animals were entirely abandoned would, if that released were 
consumable by humans, exceed by many times the minimum amount 
needed by our population. 

A Food of Choice 

Meat is eaten in preference to all other foodstuffs because 
it gives a unique eating satisfaction and people have continued 
to purchase meat in almost unchanging quantities despite the 
enormous increase in its price relative to other foods. This is 
not only a matter of a traditional taste established because of 
local indigenous food supplies. when meat is introduced into 
countries with other staple animal protein foods, it rapidly 
becomes popular and as soon as a meat industry is established, 
demand leads supply. The prime objective of meat producers and 
of research workers supporting them should be, therefore, to 
maintain or improve quality since this is the major component of 
the popularity of the product. So far, as the analysis of the 
literature shows, little serious thinking has been done in this 
direction. 

Eating Quality 

Colour and odour are the first components of eating quality 
appreciated by the consumer; in the mouth, texture is immediately 
judged and, if satisfactory, juiciness and flavour are considered. 
Experimental assessment of these components can be made with 
instruments for colour and texture but odour, flavour and overall 
acceptability requires the use of taste panels. During the last 
six years at the Meat Research Institute we have been trying to 
define eating quality in objective terms to study the effects of 
the more important variables in production on the eating quality 
of the final product. We have to date examined samples from about 
400 animals all of known genetic history and controlled growth 
from Experimental Husbandry Farms, sister agricultural institutes 
and various trials in University farms or run by the Meat and 
Livestock Commission. These 400 beasts cannot in any way form a 
valid sample for estimating statistics to describe British Beef, 
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because of the rather specialised nature of the original experi­
mental conditions, but it does contain some adequately replicated 
groups and interesting conclusions can be drawn about the beliefs 
of the industry which are, at present, being used to describe the 
desirable characteristics of a carcass. 

FACTORS AFFECTING EATING QUALITY 

Age and Weight at Slaughter 

Age and weight at slaughter depend upon rate of growt~hence 
commercial animals, raised on various systems, show a wide range 
of interaction. It is commonly believed that eating quality is 
highly dependent upon age; flavour is alleged to improve or 
intensify and tenderness to decrease. In beef there are real 
differences between veal and mature beef, but after 10 months the 
eating quality characteristics do not show any great changes until 
well above the normal limit of age for beef animals, that is over 
3 years. The literature contains many studies which are summarised 
in Table 2. When the experiments covered a wide range of age, 
that is including veal, a decrease in tenderness was sometimes 
observed; in other cases when the normal 10-30 month range was 
examined no effect was recorded. In the large studies by Berry 
et al (15) and Cross et al (16), significant decreases in tender­
nes;-were obtained only when animals above 4 years of age were 
included. 

We do not need to consider this effect in lamb or pork where 
the animals are physiologically very young. Even up to 100 kg 
carcass weight, or slaughter age of 390 days, pig meat retains its 
excellent eating quality (17) and we have looked at the occasional 
4-5 year old boar or sow and they turn out not to be inedible as 
might be expected but acceptable, though dark coloured, meat. 
It may certainly be concluded that there is no evidence to justify 
any heavY emphasis on slaughter age in beef animals on grounds of 
eating quality of the meat. Despite this, the USDA quality grades 
use age or "maturity" as a major segregating factor within the 
range below 24 months. 

Heritability of Eating Quality 

Very few serious attempts have been made to investigate this 
question. Thornton et al (17) were able to show differences in 
tenderness between Yorkshire and Duroc pigmeat but this probably 
arose from the variation in fatness; similar results were given 
by Hiner et al (18). 

In cattle the evidence is conflicting; we have examined the 
tenderness of the progeny of 10 Charolais bulls on random Friesian 
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Table 2 

The effect of age and weight at slaughter 
on the tenderness of beef 

Age range Wt range Breed/ Finding Ref. 
(mo) (kg) sex 

Wide range Decrease ( 5) 

" Decrease (6) 

" Decrease (7) 

Narrow range No effect (8) 

" " (9) 
" " (10) 

" " (7) 
390-460 AA, st " (11) 

18 400-500 F, st " (12) 
10-20 400 F, crypt " (12) 

6-9 various " (13) 
340-430 H, st h Increase (14) 

USDA A to D No effect (15) 

" A to E Decrease (15) 
12-48 H, f No effect (16) 
12-160 " Decrease (16) 

dams and found no effect; Epley et al (13) found no effect 
among 200 progeny of 12 Aberdeen Angus and Hereford bulls on 
Angus and Hereford dams, and McBee et al (8) found no better 
meat from sires selected by index than-rrom random sires on two 
comparable herds of dams. On the other hand some papers 
describe significant differences between sires (20,21,22,23, 
24) and Alsmeyer et al (25) were able to assign variability in 
tenderness in the progeny of Brahman and Shorthorn bulls 
slaughtered between 8 and 87 months as follows; breed 14%, 
sire 14%, carcass grade 12%, age 8%, marbling 7%. Bryce-Jones 
et al (26) found differences between progeny grown at two farms 
sired by five Hereford bulls attributable both to sire and to 
farm and closely linked with fatness level; the mean differences 
were, however, less than 1 unit in a ten unit scale, an in­
sufficient difference in taste panel scores to warrant pre­
diction of an effect of real importance to the consumer eating 
at home. 

Estimates of the heritability index for tenderness as 
measured by shear value or by panel assessment vary between 
28% (Palmer et al (27)), 40 to 70% (Alsmeyer et al (25); 
Cartwright et al (20); Zinn, (28); Gregory (29); Palmer et al 
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(27)) and between 71 and 92% (DuBose et al (30); Kieffer et al (23), 
Alsmeyer et al (25); Cover et al (22)):' These figures would­
indicate a high probability of improving beef tenderness by selec­
tion, but the difficulties in collecting and examining meat of 
progeny in a meaningful way would be enormous. 

Breed 

The beef and dairy breeds are well established entities in 
most countries and the belief in the superiority of eating ~uality 
of meat from the former is widely accepted. Books on meat written 
30 years ago treated the dairy breeds with scant respect as meat 
producers, but today more than half of our beef comes from 
Friesian dams and serious attention should be paid to comparisons 
of eating ~uality between breeds and crosses, especially as the new 
sires from the Continent and elsewhere are introduced. We have 
examined the meat from a variety of pure breeds and crosses by 
objective methods and part of the study is shown in Table 3. 
However, there is no clear differentiation between the beef and 
dairy sires on Friesian dams, nor do the pure Devons and Aberdeen 
Angus (AA) stand clearly as the most tender beef, (the pure Friesian 
being about the same level). Among the crosses,the Friesian and 
Simmental bulls on Ayrshire cows produced outstandingly tender 
meat. These comparisons must be subject to major reservations 
because the trials cover a period of five years during which 
membership of the taste panels continually changed. This was con­
founded too with variations in age and fatness, and the pre - and 
post-slaughter treatment of the animals was uncontrOlled; for 
example, the two Friesian x Ayrshire groups (6 and 10) originated 
from different farms and abattoirs. In a similar broad study 
Weniger et al (31) found only 2.5% of the variability in tenderness 
in 173 carcaises to be attributable to breed (German Schwarzbunte 
and Fleckvieh). 

More acute analysis is possible where direct comparisons were 
made on carcasses from the same abattoir. In this way we found no 
differences in acceptability between HxF beef raised in Somerset 
and either Devon or AA (Scotch beef) except in tenderness where 
the pure breeds were slightly better (1, 7, 9). Similarly the 
three European breeds (2, 3 and 4) were compared directly as were 
the Friesian and Simmental crosses on Ayrshire (10 and 11). Bryce­
Jones et al (32) tested Charolais x Friesian against Hereford, 
Devon and~riesian x Friesian and also Charolais x Ayrshire against 
Hereford and Devon x Ayrshire; the Charolais beef was found to be 
less tender than any of the other comparable crosses, but no 
estimate of the size of the difference was made. 
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Table 3 

Tenderness of roast eye muscle of beef 
measured by taste panel. Scale -7 extremely tough 

to +7 extremely tender (Rhodes, unpublished observations) 

Cross No Mean Variance 

1. H xF 35 0.2 6.3 
2. Sw Sim x F 8 1.8 1.8 
3. Ger Sim x F 6 1.9 0.7 
4. Lim xF 8 2.2 1.6 
5. Lin Red xHF 20 2.2 3.0 
6. F x Ayr 19 2.5 4.0 
7. Dev x Dev 11 2.9 3.9 
8. F x F 31 2.9 2.2 
9. AA xAA 33 3.7 1.2 

10. F x Ayr 13 4.3 0.8 
11. Sim x Ayr 11 4.8 0.6 

Differences in flavour and jU1c1ness were very 
much smaller and rarely significant 

Sex 

The male animal can produce less fat and more lean from a given 
bulk of feed than either the female or the castrate and the elimin­
ation of castration of bull calves and boar pigs would be the 
simplest, cheapest and most immediate method of increasing the lean 
meat supply and reducing the demand for imported feedingstuffs in 
the UK (see 32). In present circumstances it is really quite 
indefensible that the producing and retailing industries virtually 
ignore this immediately available saving in input costs and 
reduction of loss from waste, and the official side remains modest 
in its encouragement of the production of the sort of meat the 
consumer prefers. The arguments based on quality may be summarised 
as follows. 

Bull beef is alleged to be less tender than steer but, among 
the many carefully controlled experiments comparing the two, as 
~ can be quoted where no difference was found as the reverse 
(34). Two factors may account for this, firstly, the fat 
cover is thin in a bull carcass and cooling is much more rapid 
which may induce toughness due to cold shortening in the muscles; 
secondly, the lack of intramuscular fat will influence tasters who 
like fat to discriminate against a leaner sample. No more than 
10% of male cattle are castrated in northern Europe, especially in 
Germany, and Weniger et al (31) examined a large sample of German 



INTRODUCTION 

slaughter animals, including old cows, and assigned 10-20% of 
variability in tenderness to sex, and 0-10% to juiciness. 
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Meat from boars of up to 100 kg carcass weight has been found 
to be indistinguishable in texture and overall eating quality to 
that of castrates in both laboratory and large consumer tests in 
this country and elsewhere, and there are no valid reasons for the 
continued castration of pigs except that of a mistaken apprehension 
about boar odour in the fat; a subject discussed adequately else­
where (35) and not relevant to this meeting. 

Feedstuffs and Flavour 

Flavorous compounds in plants are generally fat soluble, 
oxygenated and unsaturated and such compounds are readily hydrogen­
ated in the powerfully reducing conditions of the rumen; in all 
animals they are subjected to the normal digestive and metabolic 
processes which provide an efficient filtering mechanism preventing 
access to the carcass fats. Substances from the indigenous forages 
and the standard supplementary feeds which do appear in meat are 
presumably regarded by the consumer as contributing to the normal 
flavour and are, therefore, desirable. Major changes in raising 
practice need examination, however, since myths rapidly appear; 
for example, intensive rearing on barley or other grain was denig­
rated at one time on grounds of insipid flavour: we made two large 
trials using side-by-side taste panel comparisons of meat from 
Hereford x Friesian raised to 12 months on barley or 24 months on 
grass, and from Friesian x Ayrshire heifers raised intensively on 
grass to 18 or to 24 months. In no case was a significant 
difference in flavour detectable (36). 

We have also looked critically at the meat from animals fed 
var10US exotic supplements; for example, field beans, brewers grains, 
lucerne pellets or dried poultry waste were all quite innocuous in 
beef. Similarly three of the recently developed single cell pro­
teins gave pork meat as good as, if not better than, fish meal as 
a supplement for pigs (37). An acid-treatment silage made from 
fish waste did introduce a rancid greasy odour into pork fat when 
fatty fish was used. In Australian work (38,39) rape, oats, 
lucerne and white clover were found to impart unpleasant tones into 
the flavour of lamb compared to standard grasses; but we have 
found no influence of red clover or barley concentrates on lamb 
flavour. In a recent paper from Australia a rich source of energy 
for animal production was identified in Government waste paper; 
unfortunately no measurements of eating quality were made on the 
animals raised (40). 

Tissue Composition 

Eating quality of meat results from the chemical and physical 
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modifications of the components of tissues brought about by heating 
during cooking. Texture and juiciness result mainly from 
denaturation of the contractile and soluble sarcoplasmic proteins 
to give a solid precipitated coagulum on the one hand, and the 
heat induced collapse of the tertiary structure of the connective 
tissue collagen, producing a weak gel or solution of gelatin on 
the other. Reactions producing meat flavour are the extremely 
complex pyrolytic degradations of all sorts of tissue components, 
soluble and insoluble, which produce a vast range of compounds, 
volatile and odoriferous as well as those soluble in the water 
phase. 

Tissue proteins. The biochemical mechanism of the contractile 
process in all land animals is the same and, in healthy animals, the 
molecular organisation and amino acid composition are identical. 
At the macroscopic level there is variability in the amount of 
connective tissue according to the function and size of the muscle 
and this accounts for the gross differences in tenderness between 
muscle groups and the necessity for using different degrees of time/ 
temperature treatments in cooking to render the grosser elements 
soft enough for mastication. The amount of collagen does not 
change greatly with age in individual muscles of the mature animals, 
but intermolecular links form which reduce the proportion which 
degrades to a soluble gelatin on heating. This factor is not, 
however, a great determinant of tenderness, for example in a 
comprehensive study using cattle up to 14 years old Cross et al 
(16) found that collagen content, soluble collagen content:-and 
elastin content accounted for less than 5% of the variability in 
taste panel tenderness or shear force value measured within each 
of the major meat muscles. Severe undernutrition followed by 
compensatory growth also had no effect on tenderness of beef (41). 
In the normal carcass tenderness is dependent very much more upon 
the state of contraction of the muscle elements and this is 
determined by the interaction of the rate of fall of temperature 
during cooling, the transformation of glycogen to lactic acid 
inducing a progressive drop in pH, and the exhaustion of ATP as 
the living processes decay. Too rapid cooling - well within the 
possibilities of modern refrigerating plant - produces a 'cold­
shortening' which can turn a tender lamb carcass into quite 
unacceptably tough meat (42), and severely affect a beef side (43); 
cold-shortening is not, however, a problem in pork. 

Tissue fats. From the point of view of eating quality the 
intracellular lipids may be ignored; they are small in quantity 
and are integral components of the biochemical structures; the 
major concern is with the depots of triglyceride fat lying between 
muscle bundles and between the muscles themselves. Fat has pro­
vided a major source of calories in the human diet and only recently 
has central heating, heated transport and the SUbstitution of fuel 
for muscle-power rendered the consumption of fat calories 
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unnecessary or, as a growing body of opinion on the causation of 
circulatory diseases concludes, positively undesirable. Because 
of these factors and the influence of nutrition education, in 
general consumer preference is moving steadily toward leaner meat, 
a trend intensified by rising prices. Today more than half of our 
population do not wish to eat fat and actively reject it by leaving 
it on the plate (Table 4). Yet the industry as a whole is moving 
only slowly toward the leaner carcass and our fatstock marketing 
system and the regulations governing it still apply traditional 
yardsticks of 'finish' to beast and carcass which have little or 
no rational justification. Some of this resistance derives from 
the belief that tenderness, juiciness and flavour in beef depend 
primarily upon the level of fatness, a belief strongly supported 
by the USDA quality grade system which bestows the accolade of 
prime grade on the carcass containing gross quantities of visible 
fat. It is encouraging to note that the USDA standards are at 
present undergoing a reappraisal with the admission that such 
levels of fatness do not contribute significantly to eating quality 
and that the lavish waste of feedingstuffs required to produce 
them cannot be justified. 

What evidence is there concerning the effect of fatness on 
eating quality? Firstly, the question becomes academic for that 
part of the population that likes to eat fat as a part of meat; 
they will wish to purchase fat and enjoy it. For those who do not, 
it is important to know whether the advice in the cookery books and 
magazines, from official sources and from the trade, that eating 
quality in the lean depends upon excess fat is or is not correct: 
the thesis is not supported by experiment or observation. 

Backus (44) found a negative correlation between marbling and 
tenderness wihin 84 Hereford steers while Larmond el al (45) 
concluded that tenderness is not associated with intr~uscular fat. 
Henricksen and Moore (46), in a comprehensive study of steer meat 
from 6 to 92 month old beasts, found fatness to be unimportant up 
to 18 months but in 42 and 92 month old meat it had a significant 
influence on tenderness, juiciness and flavour. Norris et al (10) 
examined meat at three maturity and two fatness levels and fOund no 
influence of either factor in shear value, tenderness or palata­
bility. Similarly, in 60 heifer or cow carcases, marbling level 
was not significantly related to texture although it did affect 
juiciness and flavour (7) and, in Herefords, McKee (19) concluded 
marbling was of little importance in determining tenderness, 
juiciness, or flavour. Weniger and Steinhauf (31) in their 
examination of German beef production, reported low correlation 
coefficients (0.13 - 0.38) for tenderness and fat content in 
various muscles. Moody el al (47) also found that fine or coarse 
marbling has no discernible-effect on tenderness. In a study of 
24 pure Friesian steers raised to different levels of fatness 
(15 - 45% arbitrary units) the correlation coefficients between 
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Table 4 

Personal preferences among 504 people for meat fat 

% of sample who 

EAT LEAVE 
fat on the plate 

Men 55 45 

Women 40 60 

Boys 39 61 

Girls 24 76 

Adults 48 52 

Children 31 69 

Whole sample 46 54 

fatness and texture of roasts or grilled steaks by taste panel or 
objective measurements of texture were below 0.24 (48). Much 
higher correlation coefficients have been obtained in similar 
panel studies when a wider range of fatness levels is included. 
McBee et al (8) examined samples from USDA marbling grade 1 to 9 
inclusive but the ranges of sensory tenderness, flavour or juici­
ness covered less than one unit on a 10 point scale, though each 
vas highly correlated with marbling level. 

These and many other papers have been analysed exhaustively 
by Jeremiah et al (49) who combined the results into overall 
weighted correlation coefficients based on some 40 studies and 
two thousand carcas·ses. They concluded that only about 10% of 
the variability in tenderness (measured by machine or by twste 
panel) juiciness, flavour or overall eating quality was accounted 
for by the fat content of beef as assessed by chemical determina­
tion, or marbling score by USDA quality grade. 

Dramatic reductions have been effected in the fat content of 
the pig carcass in the last 70 years by selection and the trend 
continues. Experimental comparisons of very lean pigs with the 
present average levels shows there is little danger of affecting 
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consumer acceptability by continued selection ~or leanness (50) 
and in consumer studies using even leaner meat ~rom boars, as pork 
or bacon, many ~avourab1e comments vere received (51,52). 

Producing ~at in an animal carcass to provide calories in the 
human diet is an extremely ine~~icient yay o~ using ~eedingstu~~s; 
even i~ all the ~at so produced vere consumed, the system vould 
not bear rational economic examination. In ~act, most o~ the fat 
in a carcass is discarded in the abattoir, in the retail cutting, 
in the kitchen and on the plate and that sold at meat prices 
~~i1s little use~ purpose in meat quality. It is not wanted 
by a ha1~ o~ consumers and may also be h~ to health. Clearly 
ve should be aiming to produce the minimum o~ body ~at and exploring 
the possibilities o~ eliminating the huge deposits in the kidney 
knob, channel ~at and the mesenterium o~ our meat species. 
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DISCUSSION 

v~. V~ek~on agreed with Dro Rhodes that there had alw~s 
been a lack of feed-back from the prOcessor to the producer. He 
conjectured that there might be economic reasons why the processor 
should be unwilling to supply the necessary information to the 
producer. V~. Rhod~ replied that it was his belief that, since 
the retailer was provided with lean, fat and bone, it is to his 
advantage to sell fat at the price of lean in order to make a 
profit. He cannot, therefore, take the view that fat is undesir­
able, so perpetuates the myth that fat is a necessity for the 
eating qualities of meat. This is one of those economic situ­
ations which is impossible to resolve without re-education at all 
levels. P~o6. Luea¢ thought that Dr. Rhodes had perhaps over­
stated the case against fat. In buying carcasses from the whole­
saler, the retailer was free to choose those carcasses which he 
considered most desirable. He asked Dr. Rhodes if there was not 
some truth in the trade belief that a certain amount of fat cover 
was necessary if only to prevent moisture loss from carcasses. 
He recalled that some years ago this was the view of the New 
Zealand lamb processors, whose interest was primarily in frozen 
meat. V~. Rhod~ agreed that there was a measure of over-state­
ment. He recognized that some subcutaneous fat was of importance 
to prevent moisture loss which was of considerable economic, 
though not of nutritional, importance, but this end could be 
achieved by as little as 3 mm of evenly distributed subcutaneous 
fat. P~6. Ing4am commented that there were cheaper ways of 
preventing moisture loss from carcasses and that the requirements 
of the fresh and frozen meat trades should not be confused. 
Dr. Braude warned that, in reducing the subcutaneous fat depots of 
animals, there was a danger of simply moving lipid into other 
parts of the carcass. He also suggested that increasing the lean­
ness of carcasses may simply result in an increase of water. 
V~. V~ek~on disagreed with Dr. Braude's suggestion that the water 
content of the lean tissue could be varied. 

V~. Moody suggested that the US system of yield grades had 
something to offer in combining quantity and quality of carcass. 
Mr. Mason noted that Italian housewives refused to buy beef with 
any trace of fat and saw no reason why the same consumer pressure 
should not be applied in this country. V~. Futt~ referred to the 
continuing resistance of the meat trade to the carcasses of intact 
males, and asked whether it would not be better to provide 
improved description of such commodities to allow consumers to 
exercise their own choice. V~. Fowt~ commented that a component 
of the enjoyment of eating meat is psycho-social in origin. He 
asked if it vas not likely that much of the effort currently 
expended on improving meat quality was dictated by rather 
frivolous and ephemeral fashions in eating. V~. Rhod~ agreed 
with this. He thought the only area for improving meat quality 
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was in the immediate pre- and post-slaughter treatment. He re­
emphasised that the most damaging ~h was that fat was necessary 
for the best eating characteristics of meat. The concepts of 
finish, while imprecise and irrational, are perpetuated through 
tradition in both education and commercial practice. 
04. VU~4th suggested that collective agreement would be useful 
on Dr. Rhodes' generalisation that the traditional concept of 
finish was irrelevant. This would be useful even though past 
experience suggested that the dissemination of such information, 
within and between different sections of the livestock industry, 
was extremely slow and could be expected to meet considerable 
resistance. 
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THE DEFINITION OF EFFICIENCY 

Efficiency may be defined simply as Output per unit of Input, 
for specified outputs and inputs, over a specified period in some 
stated context (of environment, for example) (1). There is thus 
no "right" expression of efficiency (E), since any number of out­
puts (0) and inputs (I) may be selected. The sole criterion in 

this selection is whether the resulting ratio (i) accurately 

reflects the reasons for wishing to make the calculation. 

The main difficulty is usually in having to select only one 
of the outputs and one of the possible inputs, since we are 
rarely interested in increasing the efficiency of one process 
without regard to the conse~uences to all the other processes 
involved. Any combination of groups of outputs or inputs must 
involve the use of weighting factors: the commonest device being 
expression in monetary terms. This is not really a solution to 
the problem, however. If a financial ratio is what is re~uired, 
then all monetary outputs and inputs are involved from the start. 
If such a ratio is not of interest, then monetary expression of 
inputs and outputs has solved nothingo Exactly the same is true 
of 'energy'. If energetic efficiency is of interest, then all 
energy outputs and inputs are wanted: if it is not, then express­
ing outputs and inputs in energy terms will simply obscure the 
main interest. 

So the choice of outputs and inputs and the choice of the 
units in which they are expressed must be based on the reasons 
for the calculation and the only legitimate test of an efficiency 
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expression is whether or to what extent it fulfils the purpose 
underlying the calculation. 

THE PURPOSES OF MEASURING EFFICIENCY 

It may be worth recognising that efficiency is calculated 
rather than measured, but this does not affect the argument at 
this point. 

The major purposes behind an efficiency calculation may be 
grouped as follows: 

(a) in order to increase output per unit of input, or to decide 
whether efficiency needs to be improved; 

(b) in order to minimise the use of an input, without undesirable 
conseCluences; 

(c) in order to decrease unwanted outputs (e.g. pollution): the 
interest here is in negative efficiency; 

(d) in order to maximise the use of an input (as in the case of 
cheap or natural resources) in a production process. 

It is clear that max~S1ng the efficiency of one process 
will rarely be the objective, but it is also clear that the aim 
is freCluently not even to increase efficiency. Of course, 
constraints can be imposed, within which efficiency can be 
increased, and this can be done systematically for a number of 
different constraints. 

In general, the Objective is to improve our understanding of 
a process, in order to improve our ability to manipulate it in a 
desired direction. This practical purpose reCluires that the 
ratio used allows us to define the factors that influence 
efficiency. Thus, it must be possible to derive from any one 
ratio, a list of these factors and a picture of the way in which 
they operate. 

For example, a ratio of meat output (M) to food consumed (F), 
by a cow and its calf, could be expressed as: 

but immediately expanded to: 

M 
F 

Calf Growth Rate x Time from birth to slaughter (t) 
t 2 (Fp ) + t 3 (FL) + tl(Fc ) 

where Fp' FL and Fc represent daily food intakes of the pregnant 
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cow, the lactating cow and the calf, respectively, and t l , t2 and 
t are the relevant periods of time. It is then a straightforward 
mitter to continue the expansion process until all the important 
factors (such as cow size, food quality, disease incidence) have 
been included. 

However, it is already obvious that the factors affecting 
Outputs and Inputs are not independent. It is not possible, for 
example, to guarantee improvement in efficiency by independently 
increasing 0 or decreasing I: indeed they cannot be varied inde­
pendently at all In some cases. Quantities such as F , FL and F 

p c 
cannot be varied without the possibility of consequent effects on 
calf growth rate (see Fig. 1 for an illustration relating to meat 
production in general). As the ratio is increased in complexity, 
so the interrelationships between input and output determinants 
become more complicated. 

• 1 ~ • a proportion of the d'depending upon 

the ratio of ~: d' required 

* Fig. 1. Meat production and costs (per parental unit ) - a 
diagram illustrating the relationships between factors influencing 
the inputs and outputs of an efficiency ratio. 
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The simple prepesitien, that measuring efficiency and 
describing the facters influencing it will make it possible to. 
manipulate precesses in a desired directien, is therefere to. seme 
extent misleading. It is valuable to. knew what the situatien is, 
and a knewledge ef relative efficiencies makes it possible to. 
cheese between precesses er systems, but the understanding 
required fer imprevement is ef a different erder. 

It is this kind ef preblem that leads to. the use ef mathe­
matical medels as teels in the understanding ef the censequences 
ef manipulatien ef agricultural systems (2,3). There has been 

censiderable effert in this directien in recent times and a 
range ef successful medelling has been undertaken (4,5,6,7,8) but 
there is scepe fer much further develepment (see 9), particularly 
in relatien to. bie-econemic medels. 

Medels ef ene kind er anether are beund to. be used at all 
levels ef understanding, and they are no. less useful in achieving 
insights into. the bielegical precesses underlying agriculture 
than they are in ether disciplines. Hewever, all the earlier 
arguments apply and medels are simplificatiens, by definitien, and 
must relate to. seme defined purpese. It is net pessible to. 
describe precesses cempletely, at any level ef detail, because 
any descriptien is based en a peint ef view, a way ef leeking at 
things, and there are innumerable peints ef view that ceuld use­
fully be adepted. This is true ef quite erdinary ebjects. A 
mement's censideratien will demenstrate that no. ene descriptien ef 
a cew, fer example, can pessibly encempass all external and 
internal features and all possible ways ef leeking at it, even 
fer a statienary cew (er even fer a dead cew). 

It fellews that tetal cemprehensien ef systems is neither a 
useful ner a practicable geal, but we de net necessarily knew 
eneugh to. decide which particular views are mest important. We 
may therefere need to. explere many pessible medels in erder to. 
gain insights which will eventually help to. decide en the medels 
that are required fer specified purpeses. 

Much ef this is independent ef any argument fer assessing 
efficiencies but the latter de summarise the results ef particular 
viewpeints and may serve to. establish differences er similarities 
that may imply different er similar mechanisms (er similarities 
er differences in the efficiency of such mechanisms). In this 
way, the measurement ef efficiency may draw attentien to. impertant 
facters influencing bielegical precesses. 

EFFICIENCY IN MEAT PRODUCTION SYSTEMS 

The efficiency with which any ef the numereus agricultural 
animals preduces meat frem given reseurces can ebvieusly be 
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expressed in many different ways. As already emphasised, these 
must relate to the purposes for which such calculations are made 
but there are some general points that are worth noting. 

First, agricultural animals, including those that produce 
meat, may serve several purposes. Table 1 illustrates some of 
the most important of these, together with the associated roles 
and functions of such animals. 

Table 1 

The Functions of a Meat-producing Animal 

Major purposes for which meat-producing animals are kept 

1. The provision of a product (& by-products) 
(a) for direct consumption 
(b) for processing 
(c) for feeding to other animals (including pets) 
(d) for export 
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2. Monetary reward to the producer - this may be expressed 
in many ways, such as: 
(a) return on invested capital 
(b) profit 
(c) gross margins 

3. Use of available resources for purposes other than 
production, such as:-
(a) employment 
(b) a way of life 
(c) preservation of amenity 
(d) use of locally-produced inputs 
(e) use of resources imported for other reasons 
(f) import-saving and assistance to balance of payments 

Major functions of meat-producing animals 

1. Production. 

2. Collection of plant feed - especially that which is 
otherwise unavailable, for physical or economic reasons. 

3. Conversion of nutrients otherwise unsuitable for human 
consumption. 

4. Concentration of nutrients present in the original food 
in low concentration. 

5. Elimination of toxic materials present in the original 
diet. 

6. Maintenance of continuity of human food supply during 
times when crop growth is negligible. 
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The efficiency of an animal can legitimately be assessed in 
relation to any of these purposes and functions and the relative 
efficiencies of different species will vary accordingly (10). 

Secondly, the efficiency of animal species can be compared in 
one of two main W8¥S: either in the same situation or in situ­
ations that are different and in some sense appropriate. Since 
feed accounts for a very high proportion of the total costs in 
animal production (See Table 2), the efficiency of feed conver­
sion is an important ratio to assess. In some circumstances, the 
aim will be to assess the efficiency with which different species 
use the same kind of feed. This is true for comparisons of 
sheep, cittle, goats and horses, s8¥, all eating grass. In other 
cases, however, the aim may be to compare efficiencies (often in 
terms of energy or protein) on those feeds that are preferred by 
the animals concerned (or on which they perform best). This 
might be so for comparisons of sheep and pigs. Theoretically, 
comparisons would be better based on a series of diets that 

Table 2 

The proportion of the total costs of meat production that is 
attributable to feed (these figures are quoted to indicate 
the order of magnitude only) 

Enterprise Feed costs as % Sources of 
of total costs information 

Ref.No. 

Beef Production 

18-month beef 48 20 
Barley beef 60 21 
Suckler beef 45 22 

Sheep Production 

Suckled lamb 57 23 
Artificially-reared lamb 50 24 

Pig Production 

Bacon 47 25 
Pork 38 25 

Broilers 54 - 61 26 
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included those preferred by each species: however, there might be 
little point in feeding simple-stomached animals solely on very 
fibrous feeds. 

The same argument applies to other resources and to aspects 
of the environment. It may be important to know that pigs use 
barley more efficiently than do sheep but also that this is not 
necessarily so in all climatic conditions. 

This implies that, even for one expression of efficiency, 
there is no one value that states the efficiency of an animal 
species. 

Energy Output 
E= 

Energy Input 
·15 

'10 

----------------~_----------- Hen (meat). 

---------
(egg) . 

Goose (egg). 

·05 

" 

10 

" " , 
" " 

" 

Number of Eggs per !j! 

100 200 

Fig. 2. Efficiency of energy production as edible meat from 
progeny and as eggs, by the hen and the goose, related to the 
number of eggs produced per female per annum. Solid lines refer 
to levels of egg production per annum that are readily achieved 
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on a flock basis. Efficiency is calculated as the energy produced 
per unit of feed energy consumed per annum by one female bird and 
a proportion of the feed required to support one male. 

The female/male ratios used were:- 12:1 and 4:1 for egg pro­
duction by hens and geese, respectively, and, for meat production, 
10:1 (hens) and 3:1 (geese). 
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Thirdly, there are attributes of each animal species that 
influence efficiency and there are attributes of the particular 
population considered that may exert even larger effects. This is 
notably so for size of both male and female, especially in homeo­
therms, for reproductive rate and for longevity (I,ll). Egg pro­
duction in birds provides a simple example (see Fig. 2) and shows 
how the variation of efficiency with reproductive rate also depends 
on the form of product considered. 

In the light of these relationships, it is clearly useful to 
state efficiencies, ~owever calculated, not as single figures 
(even with a standard error or some other measure of variation) 
but as relationships with changes in some important factor. A 
series of such relationships might prove to be the most useful 
description, indicating ceiling values that cannot be exceeded. 
In this context, it is possible to say that one species is more 
efficient than another, using given genetic material. 

One example of this is the contrast between efficiencies of 
individual animals and of the populations of which they form a 
part. 

INDIVIDUAL AND POPULATION EFFICIENCIES 

Every individual (at conception, birth, hatching or emergence) 
has already incurred a production cost, represented by the costs of 
maintaining its parents, spread over the number of individuals 
produced. This overhead cost, whether expressed as feed, energy 
or money, has to be balanced by the meat production of the progeny: 
that is why the reproductive rate (the number of progeny per 
female per year) is so important a determinant of efficiency of 
feed conversion. 

The feed conversion efficiency of an individual by itself is 
therefore generally higher than that of the whole population of 
which it is a part. If the overhead cost can be reduced to 
negligible proportions (by a high reproductive rate, small female 
size and low ratio of males to females), then the efficiency of a 
population can approach that of the isolated individual. In these 
cases, therefore, the efficiency of the individual represents a 
ceiling value for the population and it is possible to judge the 
potential efficiency of the population on this basis. In this 
way, populations of two species can be compared, even though the 
current performance of each may represent a different proportion 
of its potential. However, it is necessary to consider not only 
whole populations but the production processes, enterprise and 
agricultural systems in which they operate. 

One major problem here is the physical impossibility of exper­
imentation on large-scale systems (12). It is extremely costly to 
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experiment with whole agricultural systems at all but to do so on 
a large scale over sUbstantial periods of time and to study the 
results of change in all the important variables would be out of 
the question. 
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It is therefore impossible to measure directly the change in 
efficiency of such systems in response to experimental treatments, 
quite apart from the inherent difficulties in terms of control. 
All that can be done directly is to calculate the efficiency of 
existing systems and try to deduce, from observation and the 
monitoring of components, the reasons for the calculated result. 
This makes mathematical modelling an indispensable tool in the 
study of agricultural systems, since models can be constructed 
from smaller parts of the whole and the predictions of the model 
tested against reality. It is not a simple matter, however, to 
decide which of the smaller parts of a large system are satis­
factory units for separate experimentation, either to produce data 
for model building or to use in experimental testing of the model. 

It has been argued that each constituent process, surrounded 
by its immediate ring of variables, should be the unit for 
acquiring data for modelling (12), but the important decisions 
have then already been taken in deciding how to construct the 
model. Conceptually, it is clear how the efficiencies of con­
stituent processes can be assessed and used but it is not so clear 
how the importance of efficiency in one process could be judged 
in relation to the operation of the whole system. 

It has been argued (13) that "sub-systems" should be delin­
eated, as the minimal units for experimentation. The basis for 
this argument is simply that, if the primary interest is in the 
whole system, then the parts studied must be relevant to the 
whole. The problem may be readily seen from a simple example. A 
honeybee might be an important part of a crop production system 
(e.g. for pollination) but it would be possible to take that con­
stituent out of the system and study it separately without ever 
adding to our knowledge of its role within the system. Before 
that can be done it is necessary to define a relevant sub-system, 
of which the bee is a part, but which also specifies the 
particular bee/plant (and other) relationships that are important 
in this particular context. 

There are methods that can be used to help in defining such 
sub-systems (13) but the important point here is that, if the 
argument is correct, then an understanding of the efficiency of a 
large system could be derived from the measurement of the 
efficiency of its sub-systems. 

Of course, it can be argued that there are always still 
larger systems to be considered and boundaries are difficult to 
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draw. An illustration of this problem that also touches on an 
important aspect of efficiency is related to the use of "support" 
energy. 

"SUPPORT" ENERGY USE 

"Support" energy has been defined as energy other than that 
derived directly from solar radiation: it includes "fossil" fuels, 
the energy content of inputs and the energy required to produce 
them, and the energy needed to process and distribute outputs. 
There are many problems in deciding what to include and what to 
leave out but there is no question that support energy is an 
important agricultural input and that the efficiency with which it 
is used matters greatly (14,15,16,17,18,19)0 

In energetic terms, modern agriculture is extremely inefficient, 
using vastly more energy (in total) to produce a product than is 
contained in it. For most production systems, even the additional 
support energy employed greatly exceeds the energy content of the 
products (see Table 3)0 

Several points need to be emphasised. Firstly, the efficiency 
of support energy use may be important because of its decreasing 
availability or its increasing cost. Secondly, some systems are 
more efficient that others, both within and between productso So, 
until 'within-product' efficiency has been explored, it is 
difficult to make comparisons between production systems. Thirdly, 
the support energy used during the production process may be small 
compared to that used before and after it. It is therefore necessary 
to consider the wider system, including, for example, distribution 
costs, in order to assess the relative importance of an 
efficiency value relating to the production process itself. 

As mentioned previously, the efficiency with which one resource 
is used can rarely be viewed in isolation, but support energy is 
probably a good example of a case where one particular resource 
can rapidly assume a high degree of importance and justify consider­
able effort in assessing the efficiency with which it is used. 

CONCLUSION 

It has to be recognised that we are bound to be interested ~n 
how well meat-production systems achieve the purpose for which 
they are carried out, and one major way of jUdging this is to 
assess the efficiency with which these purposes are achieved in 
relation to the costs incurred (or resources used)o Efficiencies 
are bound to be rather static summaries of system performance and 
their value should not be overestimated o Nevertheless, the main 
difficulties are not inherent in the concept of efficiency but 
reflect the problems of defining purpose or combining several 
purposes in one expression. 
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Table 3 

Efficiency of use of support energy (MJ) in Meat 
Production (as MJ or kg Protein) 

Efficiency of production 

Meat Product MJ/ Ref. MJ to produce 
MJ 1 kg protein 

Beef 0.33 27 
0.4 29 326 

* Lamb 0.37 28 
ll7+ 1.0 29 

Broiler O.ll 17 
0.3 29 167 

Pig meat 0.3-0.5 29 234-268 
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Ref. 

29 

29 

29 

29 

The figures from references (17) and (29) relate only to direct 
energy costs of food production: they exclude processing, 
transport etc. 

* including wool 

+ excluding wool 
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THE INFLUENCE OF REPRODUCTIVE RATE ON THE EFFICIENCY OF MEAT 

PRODUCTION IN ANIMAL POPULATIONS 

R. V. Large 

The Grassland Research Institute 

Hurley, Berks 

INTRODUCTION 

At least half the cost of producing meat is accounted for by 
the food consumed by the animals; it is important that this food 
should be used efficiently. The many ways of expressing efficiency 
and the reasons why the efficiency of animal production processes 
should be carefully considered have already been discussed (1). 

Before delving into the detailed biochemistry of muscle and 
fat formation, later in the programme, it is worth looking at the 
relatively simple relationship of the amount of meat produced per 
unit of food consumed. It is certain that in some of our species 
of domestic animals it is possible to achieve increases in 
efficiency purely by manipulating the structure of the animal 
population. One way is by improving the reproductive rate. 

There are many reports in the literature (2,3,4,5,6) of the 
relative efficiencies of different species for the production of 
human food. Reference will be made to several different species 
(domestic fowl, pigs, rabbits, sheep and cattle) but it is not the 
purpose of this paper to compare them. It is preferable to 
consider each species in turn and assess its performance in relation 
to the factors that may influence its efficiency for meat pro­
duction. The reasons for this are that (a) it is not always easy 
to compare the value of the products from different species and 
(b) it is difficult to e~uate the inputs of different types of 
food re~uired by species of animals having ~uite different 
digestive attributes. Financial comparisons are outside the scope 
of this paper. 
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If efficiency is defined as the amount of meat (carcass) pro­
duced per unit of food consumed then the simplest example to take 
is that of a young weaned animal, where efficiency will be a 
straightforward ratio of meat output to food input, for a given 
period of time. This calculation takes no account of the cost of 
producing the young animal and growing it to a point where it is 
independent. A more meaningful assessment of efficiency can be 
made by including the cost of maintaining the breeding female 
required to produce the young animal. If the female normally only 
reproduces once a year (e.g. a cow or a ewe) then the cost of 
keeping the breeding female for the whole year must be included. 
An expression for the annual efficiency of a breeding female ~ 
be derived as follows: 

(1) E= WxN 
Fn + (Fp x N) 

where W = Wt of the progeny at slaughter 

N = No. of progeny per year 

Fn = Food consumed by the dam in a year 

F = Average food consumption of the progeny from birth 
p to slaughter 

This expression contains all the factors that will have a 
marked effect on efficiency. The carcass weight (W) can be 
manipulated but is governed, to a certain extent, by consumer pre­
ference. The number of young (N) produced per year represents the 
number of young born per litter and the frequency with which litters 
are produced. The total food consumed by the progeny (F ) is 

p 
related to the number of progeny and their rate of growth. Food 
consumption by the dam (Fn) will be influenced by the total foetal 

burden, the amount of milk produced and her own maintenance 
requirement which will be related to her size. 

When considering a whole population of animals, allowance 
must be made for the replacement of breeding stock. This will 
reduce the level of output by the young animals but output of meat 
from the older females that are culled out will restore the balance 
to some extent. Additional food will be required by these replace­
ment animals to grow on to breeding age and allowance must be made 
for a proportion of male animals to be maintained. The numbers of 
young required as replacements will be influenced by the longevity 
and mortality rate of the breeding stock. 

An expression for the biological efficiency of a population 
of animals is: 

(2) E = Wl x (Nl - N2 ) + (W2 x N3 ) 

Fn + (Fp x Nl ) + (FR x N2 ) + FS/N4 
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where Wl = Weight of progeny at slaughter 

W2 = Mature wt of cull dams 

Nl = Number of progeny reared to weight Wl 

N2 = Number of replacements reared to weight W2 

N3 = Number of dams culled 

N4 = Number of dams per sire 

FD = Food consumed by dam during the year 

F = Food consumed by progeny to weight Wl p 
FR = Food consumed by replacements in growing from Wl to W2 

FS = Food consumed by sire during the year 

Wassmuth and Beuing (7) have extended this expression for 
sheep, by including factors to allow for differences in the quality 
of food inputs and of the meat output, between animals of different 
ages. One way of taking into account the quality of food input 
and output is to use financial terms; it is then a relatively 
simple step to convert this to an economic model by inserting 
current prices (see 8). 

As Spedding (1) has already pointed out, the highest level 
of efficiency attainable is given by the direct conversion of 
food to product by the individual which excludes the overheads of 
maintaining the breeding stock. Examples of these maximum values 
are shown in Table 1. 

The general relationship between the efficiency of the 
individual and that for a female producing n progeny per annum is 
illustrated in Figure 1. The efficiency of the individual may be 
changed by increasing its rate of growth, but similar increases 
in growth rate will also change the relative efficiency of the 
dam and her progeny. 

Table 1 

Efficiency (E) of individual animals 

E = carcass (kg) 
G.E. (MJ) 

Domestic fowl 
Pig (pork) 
Rabbit 
Sheep 
Cattle 

18.9 
18.6 
13.3 

5.2 
6.6 
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Fig. 1. The relationship between the efficiency of meat production 
(E) by an individual and that of a female producing N progeny per yeal 

From the formula (1) it can be seen that when reproductive 
rate is low most of the food input is accounted for by the dam 
(i.e. her maintenance requirement); this proportion can be 
influenced, to some extent, by the size of the product. The 
product output relative to dam size is shown in Table 2 for the 
five species mentioned. With increasing reproductive rate a 
greater proportion of the total food intake is accounted for by 
the progeny. 

RESULTS OF CALCULATIONS 

The efficiency of the dam and her progeny, of each species, 
has been compared, over a range of reproductive rates, with the 
values given for the individuals of each species (see Table 1). 

The units used in these calculations are, for output, the 
weight of dressed carcass produced and, for input, the gross 
energy of the food consumed. The average reproductive rate and 
the suggested potentials of each of the five species are shown in 
Table 3. 

The domestic fowl has the highest reproduction rate of our 
meat producing animals. Figure 2 shows the maximum value for 
efficiency as given by the value for an individual chick growing 
to broiler weight. The effect of including the cost of maintain­
ing the hen is shown to depress efficiency to 55% of the maximum 
value where only twenty chicks are produced per year. If the 
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Table 3 

Reproductive rate of domestic animals (Average values derived 
from the literature. Figures in parenthesis 

are suggested potentials). 
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Species Gestation No. of Mean Total no. 
length parities litter size of progeny 

per annum per annum 

Domestic fowl 120 (240) 

Pigs 112 days 2 8 (15) 16 ( 30) 

Rabbits 32 days 6 (10) 8 (10) 48 (100) 

Sheep 5 months 1 ( 2) 115 ( 3) 1.5 ( 6) 

Cattle 9 months 1 1 ( 2) 1 2) 

current level of production is in the order of 120 chicks per 
hen, this will result in a level of efficiency of about 95% of 
the maximum value, and therefore increasing the reproductive rate 
of the hen further will not improve efficiency to any great extent. 

Figure 3 shows the results of a similar calculation for pigs 
with the value of the individual pig, taken to porker weight, 
compared with that of a sow and her progeny. If a current average 
production of 16 pigs per year is taken then the efficiency level 
is 83% of the maximum value and increasing the rate to 30 per 
year would raise the efficiency to just over 90%. 

Rabbits are considered in the same way in Figure 4 and the 
maximum value is approached quite early on in the scale of repro­
ductive rate. Although breeders claim that the new hybrid rabbits 
can produce up to 80 young per year, 91% of the maximum value for 
efficiency is reached with numbers of young less than 50: a 
reproductive rate that may be achieved without much difficulty. 
Thus, although higher rates of reproduction may be achieved in 
rabbits, there would seem to be little advantage in doing so. 

The curve for sheep, as shown in Figure 5, has been extended 
well beyond the practical possibilities. The average level of 
reproduction in sheep is about 1.5 lambs per ewe per year, 
resulting in an efficiency of about 35% of the maximum value. 
If the reproductive rate of sheep could be improved, to produce 
6 lambs per year as suggested in Table 3, the efficiency would be 
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Figs. 2 and 3. The effect of reproductive rate on the efficiency 
of meat production by domestic fowls (Fig. 2) and pigs (Fig. 3). 

raised to 75% of the maximum value. However, this is not the only 
factor that can have a marked effect on efficiency (see later). 

The potential for cattle, in terms of reproductive rate, is 
limited but Figure 6 indicates the efficiency that may be achieved 
by a cow producing two calves and, although very theoretical, a 
value for a cow with three calves has been included. The beef 
suckler cow with one calf gives an efficiency which is 35% of the 
maximum value. Using data for cows with two calves the efficiency 
is raised to 52% of the maximum value. 

It has already been shown that the maximum value for efficiency 
of the individual was reduced by including the cost of maintaining 
the breeding female. In considering the influence of reproductive 
rate on the efficiency of a self-contained population the values 
will be further reduced by the necessity for maintaining the 
numbers of breeding animals and replacing, from the numbers of 
young produced, those breeding females that die or are culled out 
when their reproductive performance becomes unsatisfactory. 

Obviously those animals that die are a complete loss to the 
system and will reduce the overall efficiency. Animals that are 
culled out have some value which can be added to the input side. 
The carcass weight of the culled animals may be used in the calcu­
lations but the meat may be of inferior quality commercially and 
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Figs. 4 and 5. The effect of reproductive rate on the efficiency 
of meat production by rabbits (Fig. 4) and sheep (Fig. 5). 

Table 4 

Factors affecting the population structure of domestic 
animals (Average values from the literature). 

Species Ratio of Age to Average Mortal- Replace-
males to first length ity ment 
females parity of rate of rate 

breeding breeding 
life stock 

(%) (%) 

Domestic 
fowl 1 10-20 24 weeks 1 year 10 100 

Pigs 1 20 1 year 2~ years 4 40 

Rabbits 1 15-20 4-5 months 2 years 20 50 

Sheep 1 30-40 2 years 5 years 5 
20 

(1 year) 

Cattle AI 2 years 
(l~ years) 4 years 5 25 
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Fig. 6. The effect of reproductive rate on the efficiency of 
meat production in cattle. 

Wassmuth and Beuing's approach (8) is probably more realistic. 
The number of animals that are culled, over and above those that 
die, will depend on a management decision on the number of re­
placements to be made each year. Some idea of the factors that 
can affect the population structure and its efficiency are shown 
in Table 4. 

There are many calculations that could be made incorporating 
some or all of these factors. Two examples have been taken from 
species having widely differing reproductive rates. Certain 
assumptions have been made about some of the factors, mainly 
because of the lack of the appropriate data to build into the 
calculation. 

51 

The result of a calculation on the effect of reproductive 
rate on the efficiency of a population of rabbits is shown in 
Figure 7. The assumptions made here are that the variation in the 
number of young produced per year is related to the number of 
litters born per year; an average litter size of eight was used. 
A variable mortality rate has also been included on the basis that 
the more pregnancies a doe has in a year the greater is the risk 
of her dying. However, Figure 7 shows that the efficiency of the 
population differs very little from that calculated for a doe and 
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Fig. 7. The erriciency or meat production by a whole pOpulation 
or rabbits. 

her progeny. This is because, at the lower end or the reproductive 
scale, the mortality rate or the remales is low and the culled 
animals are balancing the numbers or young required ror replace­
ments and at high levels or reproduction the proportion or young 
required as replacements is a very small percentage or the total 
number produced. 

For sheep, a calculation has been made to show the erfect, on 
efficiency, of the number of years that a ewe is kept for breeding. 
Here it has been assumed that the longer the ewes are kept for 
breeding (i.e. the lower the replacement rate) the higher will be 
the mortality rate and hence the fewer will be the ewes culled for 
sale. Figure 8 shows that efficiency decreases the longer ewes 
are kept. Another factor that has been included is that ewes 
bearing triplets and twins will have a higher mortality rate 
than ewes bearing singles. However, from Figure 8 it is clear 
that the erfect on efficiency of varying a factor like the replace­
ment rate in a flock, is small compared with that likely to be 
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to be achieved by increasing the reproductive rate of the ewes. 
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In general, it would seem that the effects of the population 
structure are relatively small, compared with those that affect 
the individual animal or a dam and progeny, due largely to the 
balancing effect of production from culled animals (9); the main 
factor likely to upset this balance being the mortality rate of 
the breeding stock. 

CONCLUSIONS 

The efficiency of meat production by five species of domestic 
animals has been compared, over a range of reproductive rates, with 
that of the individual animal for each species: the efficiency of 
the individual representing the maximum value attainable. 

For those species with an inherently high reproductive rate, 
such as domestic fowl, rabbits and to some extent pigs, current 
levels of production achieve an efficiency of around 90% of the 
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maximum value and, biologically, there would seem to be little 
value in trying to improve on this, but if some other measure of 
efficiency was being considered the conclusion might well be 
different. Cattle offer limited scope for improvement in repro­
ductive rate although on the basis of the calculations made here, 
the production of twins would increase the actual value for 
efficiency by some 30% over that for singles. Sheep seem to offer 
some scope for increasing the reproductive rate with a reasonable 
return in terms of increased efficiency. Although considerable 
progress has been made in this field (10), biological possibilities 
must be tempered with the recognition of the additional inputs 
required both in terms of management and economics. 

Table 2 shows the proportions of food that are eaten by the 
dam and the progeny respectively. Where the reproductive rate is 
high, a high proportion of the total food is consumed directly by 
the young animals and the maximum value for efficiency is 
approached. Therefore the main factors affecting the overall 
efficiency, in these instances, are those that affect the 
efficiency of the individual, e.g. the growth rate of the progeny. 
Conversely, for sheep, where the proportion of food consumed by the 
lambs is much smaller than that for the ewe, the growth rate of the 
lamb is relatively unimportant. The more important factor here 
is the amount of food consumed by the ewe which may be reduced by 
using a smaller ewe, but then the relative level of product output 
must be maintained by crossing the small ewe with a large ram. 
Thus, for sheep, there is the possibility of improving efficiency 
by increasing the reproductive rate and by reducing the size of 
the breeding female (11)0 Cattle have some advantage over sheep 
(12) in that, despite their low reproductive capacity, their 
product size is large relative to the size of the dam; in fact it 
is the greatest, per individual, of all the species considered. 

Consideration of some of the factors contributing to the 
structure of a population of animals suggests that they are less 
important than those factors that already have a marked effect on 
the efficiency of the individual and of the dam and her progeny. 
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THE OPTIMUM SIZE AND STRUCTURE OF ENTERPRISE 

P. N. Wilson 

BOCM SILCOCK 

Basingstoke, Hampshire 

INTRODUCTION 

Five interacting variables jointly determine the optimum 
size of any meat-producing enterprise. The optimum structure will 
depend upon technological and managemental innovation, but the 
variables which affect size, also contribute,though at a different 
order of magnitUde. 

The five variables are:-

1. The profit required from the enterprise as a whole. 

2. The number of animals. 

3. The profit per head or the level of productivity per head. 

4. The land area required per animal. 

5. The chosen strain, breed, species or genus. 

With the passage of time, there will be a desire to increase the 
profit from an enterprise partly because producers will expect a 
higher reward and partly because inflation lowers the value of 
'fixed returns'. Social pressures restrict the availability of 
land for agricultural use, its value rises and in time the 
area available per animal tends to fall nearer to a minimum than 
to a theoretical optimum. As stocking rates or carrying capaci­
ties increase, the total number of livestock will also tend to 
increase, to a limiting point after which there will be a tendency 
for the number of livestock to stabilise. At this point the aim 

57 
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Table 1 

Size and numbers of Feedlots in United States (1) 

No. of Head 1962 1967 

('000) No. Lots Cattle No. Lots Cattle 
( '000) ( '000) 

1-2 BOI 900 960 1.200 

Major 2-4 3B5 Boo 510 1.500 

'beef' 4-B 195 1,100 313 2.000 

States B-16 106 1,500 153 2.200 

16-32 26 900 59 2.100 

>32 5 300 13 1.100 

<1 234,646 209,505 
All >1 1,51B 2,00B 
States Total 236,164 211,513 

will be to increase production, and hence,profit, per animal 
rather than per unit area of land. 

TEMPORAL CHANGES IN THE SIZE OF LIVESTOCK HOLDINGS 

Table 1 illustrates the dramatic changes which are currently 
taking place in the sizes of feedlots in the major beef producing 
areas of the USA. Thus the number of feedlots carrying more than 
32,000 head increased 2~ times during the period 1962-1967. 
Similar changes are taking place within both the UK and the EEC, 
although the initial size of the enterprises and the scale of the 
increase are very much smaller. Table 2 presents data for the 9 
member states of the EEC, and shows that the average size of dairy 
and beef cattle herds in the UK at 57.B head is roughly twice that 
in the remaining B member states. Within the EEC, mean herd size 
is rising at a figure varying between 1 and 4 cows/herd/annum, and 
this trend is likely to continue for many years. Table 3 presents 
somewhat dated information relating to beef cattle holdings in the 
former 6 member states of the EEC. It will be noted that the 
greatest percentage of cattle are to be found in herd sizes of 
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Table 3 

Number of Holdings with Fattening Cattle 
by Herd size in the six: 1966-7 (2) 

Number in Herd % of all Holdings % of all 

1 27 5 
2 22 9 

3-5 26 19 

6-9 12 17 

10-14 6 14 

15-19 3 9 
20-29 2 10 

30-49 1 8 

50-99 0.4 6 

>99 0.2 5 

P.N. WILSON 

Cattle 

between 3 and 15 head, and that only 0.2% of the holdings, and only 5% 
of the total cattle, are to be found in herd sizes greater than 
99 head. 

RELATIONSHIP BETWEEN SIZE OF HOLDING AND LIVESTOCK PERFORMANCE 

Tables 4 and 5 summarise data on beef farms recorded by and 
recently analysed by the Meat and Livestock Commission. The 
correlation coefficients have been calculated between the size 
of the livestock unit on the one hand, and various parameters of 
livestock productivity on the other. Although information from 
1900 farms has been analysed in this survey the correlation co­
efficients are in all cases extremely low and, in several cases, 
negative. The uncorrected average correlation coefficients for 
the 3 factors examined are positive, but on average they are not 
significantly different from zero. There are therefore no grounds 
for postulating that an increase in herd size will, per se, 
increase production per head. Perhaps the most useful inter­
pretation however, is the negative one, namely that increasing 
herd size will not necessarily decrease production per beast. 
This might be assumed by virtue of the fact that increasing herd 
size of necessity must decrease the individual care and attention 
given by stockmen to each individual breeding cow and finishing 
steer. 
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It therefore follows that the well known 'economies of scale' 
can be expected to accrue as beef herd size increases. In other 
words, fixed costs per head, particularly of labour and management, 
can be effectively reduced by spreading them more efficiently 
over a larger number of productive animals. 

APPLICATION OF THE LAW OF DIMINISHING RETURNS TO THE 
ECONOMICS OF ENTERPRISE SCALE. 

Clearly any meat producing system, and any given level of 
management competence, has its own specific economic optimum size. 
Total enterprise profit, expressed by such parameters as return on 
capital investment, will be normally distributed around such 
optimum size, with the two tails of the curve indicating sub­
optimal performance at herd sizes which are larger or smaller than 
optimal. In practice, however, the actual data on which such a 
distribution curve is based are likely to cause the curve to be 
skewed rather than normally distributed, for it is unlikely that 
data will be available from many farms which are markedly larger 
than the optimal size of enterprise. For this reason, and taking 
a small sample of farms ranging from very small to optimal, or 
marginally above optimal, size, it follows that one might expect a 
spurious correlation, of a low order of magnitude, between 
economic efficiency and enterprise size. Just such a situation 
is revealed in the data tabulated in Tables 4 and 5. Farm size, 
both in the USA and the EEC, is currently increasing closer to, 
and rarely past, optimal enterprise size and hence the data are 
necessarily skewed. Theoretically, if there were as many herds in 
excess of optimal size as there were below it, the regression of 
economic efficiency on size of enterprise would be curvilinear, 
and not linear. 

SIZE OF ENTERPRISE AND THE SPREADING OF DIRECT COSTS 

As already described, most of the so called 'economies of 
scale' are derived from the more equitable spreading of fixed 
costs over a larger number of productive outputs. This is 
illustrated in Table 6, which relates to beef farms in the UK in 
the early 1970's. Two levels of annual wage are included in the 
calculation, one relating to a high paid specialist stockman 
(£4,000 per annum inclusive of overtime) and one relating to a 
part time stockman (calculated at £1,000 per annum inclusive of 
overtime). The technological efficiency of the enterprise is 
accounted for in terms of calving interval (18 v 12 months) and 
calf mortality (20 v O%) from which the number of calves produced 
per annum can be calculated and the labour costs apportioned to 
each calf sold. Four representative herd sizes have been chosen, 
spanning herds from 25 to 200 cows, so that the type of beef 
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enterprise currently to be found in the UK falls wi thin the middle 
of this range. It will be noted that the 'direct labour cost per 
calf sold' ranges from a preposterous figure of £360/steer to an 
acceptable £5/steer. Although it DIB¥ be considered to be highly 
unlikely that a small beef breeding herd of 25 cows would ever 
justifY the employment of a full time stockman earning £4,000 per 
annum, such herds do exist, but they rely on the expectation that 
the income from fat cattle will be supplemented by the income 
from the sales of pedigree breeding stock. If, in any year, 
there are no sales of stock for breeding, then the labour costs 
per finished steer would indeed be as high as the level shown in 
Table 6. 

ENTERPRISE PROFIT 

As mentioned in the introduction, the size of a given enter­
prise is often fixed in such a manner that the total enterprise 
profits produced therefrom is acceptable. Table 7, accordingly, 
calculates the size of enterprise required to produce any given 
level of total enterprise profit, at varying net margins per 
animal sold. It will be noted, therefore, that the expected total 
profit from a typical U.K. enterprise expecting a margin between 
£8 and £16 on 50-100 head lies between the limit of £44 and £1600 
per annum. Assuming that this range of total enterprise profit 
is, or is likely, shortly to become totally unacceptable it follows 
that either the size of the enterprise must increase in future or 
the net margin per head must improve dramatically. Relevant 
interpolation in Table 7 can determine the required number of 
cattle, at a given net margin/head, assuming a known requirement 
for total enterprise profit. 

CONCLUSION 

This paper has shown that there is no proven correlation 
between size of enterprise and animal productivity within the 
beef industry. However, current mean sizes of beef enterprises, 
both wi thin the UK and even more so wi thin the EEC, are extremely 
low with the consequence that the total enterprise profit from 
such enterprises is unacceptably low. In the past, the profit 
from the beef enterprise has been counterbalanced by profit from 
other farm enterprises in a mixed farming situation, but it is 
highly likely that agricultural systems will become more special­
ised, and hence 'mixed farming' will decline. Various calculations 
are presented which show the inter-dependence of total enterprise 
profit on factors both within the farmer's control (size of 
enterprise) and only partially within his control (net margin per 
head) • 

It is concluded that the trend towards larger units will 
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OPTIMUM SIZE OF ENTERPRISE 

continue to increase for some considerable time to come, although 
it is highly improbable that Europe will emulate the very large 
units typical of the feedlots in the Southern states of the USA. 
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DISCUSSION 

v~. van E6 asked which of the various measures of efficiency 
discussed by Prof. Spedding would be used by farmers and which by 
advisory workers. Pnn6. ~pedding replied that farmers would 

67 

always be concerned with profit and WOuld, therefore, be concerned 
with efficiency in the monetary sense. When they or advisers 
were concerned with analysing the components of that efficiency, 
then the problem must be examined at a different level. In 
research one may take this analysis to an even more detailed level. 
V~. Fowl~ asked what allowance Mr. Large had made for the value 
of the dam at the end of her breeding life; this was particularly 
important in the case of once-bred animals when the offspring 
could in some sense be regarded as a by-product. In reply 
~. ~ge said that no allowance had been included in his presen­
tation, but approximate calculations suggested that in such 
systems, efficiency would approach the maximum value. The 
maximum value ~uoted might be increased if it is true that preg­
nancy increases the efficiency with which food is utilised for the 
production of maternal body tissue. P~o6. Spedding noted that 
the production of pigs from the once-bred gilt was no different 
in principle from any other agricultural system in which there was 
more than one product, for example the beef calf produced by the 
dairy cow. V~. 8Jta.u.de commented that financial return was 
determined, not only by the efficiency of the individual animal, 
but by the turnover per unit of production. Prof. Spedding had 
implied that it was possible to look at only one dimension of a 
problem at one time; V~. Futt~ wondered if it was not possible by 
linear programming techni~ues to look at all relevant dimensions 
simultaneously. P~o6. Spedding replied that although simulation 
techni~ues and the use of computers would extend one's capacity to 
grapple with complexity, the more complicated the system one tries 
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to examine, the less efficiently one examines any particular 
component of it. To construct the ultimate model for all purposes 
would result in a replica of the original which, by definition, 
is no longer a model. 

Asked to what extent the optimum size of an enterprise is 
dependent on the mixture of enterprises of which it is a part, 
04. W~on pointed out that there are conflicting interests 
between the flexibility of a mixture of small enterprises and the 
economies of large-scale operations. 04. FowieJL thought that 
economic forecasting in the beef industry was hindered by the 
lack of structure in the marketing organisation. 04. ~on, 
while sympathising with Dr. Fowler's view, thought it signif~cant 
that, where the greatest technological progress had been 
achieved, for example in broilers, there is no national marketing 
agency. P406. Luca¢ thought that the intensification of animal 
production envisaged by Dr. Wilson would inevitably lead to 
competition for the produce of arable land and under-use of the 
productive potential of marginal land. 04. W~on foresaw the 
increased use of cheap transportable arable by-products, such as 
chemically-treated barley straw, to allow greater intensification 
of upland areas. He regretted that the indiscriminate application 
of Government grants had tended to provide for the survival of 
uneconomic units rather than an incentive to greater efficiency. 
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COMPARISON OF BIOLOGICAL MECHANISMS FOR CONVERSION OF FEED TO MEAT 

D. G. Armstrong 

Department of Agricultural Biochemistry 
University of Newcastle upon TYne 

INTRODUCTION 

The carcases of domestic livestock are made up of muscular 
tissue, fatty tissue and bone. Muscular tissue, from which meat 
is essentially derived, comprises protein with its associated 
intramuscular fat. As the percentage of fatty tissue in a carcass 
increases, due for example to an increase in plane of nutrition, 
the percentage of intramuscular fat also tends to increase (1,2). 
Thus in cattle with 20% fatty tissue in the carcass the L. dorsi 
muscle contained 4.5% intramuscular fat; with 39% fatty tissue 
present this value had risen to 11.1%. 

Meat is primarily regarded as a protein food and clearly 
protein biosynthesis is of over-riding importance. It is the 
intention in this paper to refer to the processes of digestion 
and subsequent metabolism within the body whereby the constituents 
of food are converted to the proteins of muscle tissue. Particular 
emphasis will be laid on comparative aspects of these processes as 
they relate to the pig and ruminant animal. No reference will be 
made to aspects of fat digestion and metabolism since this will be 
dealt with in a later contribution. 

It should be noted that there are a number of biophysical and 
biochemical changes commencing in muscle tissue at the time of 
death which result in differences between meat and the muscle from 
which it is derived (3); these changes will not be discussed in 
this paper. 

The processes and factors which govern the ability of a food 
to supply the body with the essential (and non-essential) amino 
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acids and additional non-amino, energy-yielding substrates necess­
ary for protein biosynthesis will first be considered. 

SUPPLY OF AMINO ACIDS TO THE BODY 

The Simple-Stomached Animal 

Digestion of proteins in the monogastric animal has recently 
been reviewed (4). The stomach plays an important part in the 
process not only by acting as a temporary storage organ and init­
iating proteolysis with gastric proteases following HCl denatur­
ation but also by virtue of its involvement in regulatory control 
of protein release into the small intestine (5) and hence regu­
lation of the overall rate of protein digestion. The rate of 
stomach emptying is inversely related to the dietary concentration 
of protein (6) and is dependent upon the kind of protein (7). It 
has also been shown that for a given protein, rate of gastric 
emptying is affected by the nature of the dietary carbohydrate (7). 
Heat-damaged proteins of lowered digestibility leave the stomach 
more speedily than if given in the unheated or mildly heated form 
(8). Porter and Rolls (5) conclude that, in general, as the 
quantity of food given at a single meal increases, so does the 
absolute rate of stomach emptying; the rate of emptying expressed 
as the proportion of the food fed that leaves the stomach per unit 
of time however declines. As Erbersdobler (4) points out, the 
mechanisms controlling stomach emptying require further study but 
some feedback mechanism depending upon the concentrations of free 
amino acids in portal plasma or in the duodenum seems likely. 

Within the small intestine the change in pH associated with 
the influx of bile and the resulting action of the pancreatic 
proteases and of the peptidases associated with the intestinal 
secretions rapidly complete the digestion process. There is in­
creasing evidence that uptake of peptides by the epithelial cells 
of the small intestine is of major importance in the process of 
protein digestion (9). These cells possess the peptidases to 
complete the hydrolysis of such peptides to their constituent amino 
acids and thus only free amino acids enter the portal blood (10). 

Studies with animals fed protein supplements such as sunflower 
or fish meal together with additions of lysine or methionine 
reveal no differences in time of uptake of the amino acids as 
between those ingested free or as protein (see 11). Porter and 
Rolls (5) consider, however, that with poorly digested proteins 
such as zein or severely heat-damaged fish meals, the rate of 
intestinal proteolysis may be an important factor in limiting 
their effective use for subsequent protein biosynthesis within 
the body, and especially where supplementation of the limiting 
amino acid is practised. 
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Most of the observations referred to above have been obtained 
using the rat as experimental animal. In so far as conclusions so 
drawn apply equally to the pig, it is apparent that the quantities 
and proportions of amino acids presented to the tissues of the pig 
are dependent upon the amount and amino acid make-up of the dietary 
protein and the availability (i.e. digestibility within the stomach 
and small intestine) of its constituent amino acids. Concerning 
this last point, Eggum (12) has determined values for true digesti­
bility (TD) of the individual amino acids in a considerable range 
of feedstuffs when fed to pigs and some of the data are shown in 
Table 1. Inspection of the data in Table 1 suggests that the 
values for individual amino acids in barley are lower than in 
wheat and that in the fish meal used the amino acids were almost 
completely available. It should be noted that TD is not synonymous 
with the term availability as defined above since it does not 
exclude events occurring within the caecum and colon; in that TD 
is, however, calculated from faecal loss of an amino acid after 
correction for metabolic faecal loss of the acid, differences 
between TD and availability, if any, are likely to be small. It 
is interesting to note that the TD values determined by Eggum (12) 
for pigs were not significantly different from those found for the 
rat fed the same diet. Microbiological teChniques for determining 
availability of amino acids have recently been reviewed (13,14). 

Table 1 

* True digestibility values determined with young 
pigs for four amino acids present in a 

selection of feedstuffs (data of Eggum; 12) 

Llsine Methionine Valine Leucine 

Barley 72 78 83 84 

Oats 73 77 79 82 

Wheat 84 89 91 93 

Maize 89 94 90 93 

Fish meal 96 94 94 95 

Soya bean meal 92 87 90 91 

Groundnut meal 88 89 90 91 

* In calculating these values the total faecal loss of an indiv-
idual amino acid was corrected for the metabolic faecal loss of 
that amino acid. 
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The Ruminant Animal 

In marked contrast to the situation pertaining in the simple­
stomached animal, the early intervention of microbial fermentation 
in the digestive system of the ruminant markedly affects the 
relationship between dietary supply of amino acids and the amounts 
subsequently available for absorption into the body. 

N transformations in the rumen. N transformations 
occurring within the reticulo-rumen have been reviewed (15,16). 
Essentially the amount of protein entering the small intestine is 
dependent upon the extent to which dietary protein escapes 
microbial fermentation within the reticulo-rumen and the amount of 
microbial protein synthesised therein. Protein breakdown in the 
rumen, at least as reflected by ammonia release in vitro (17), 
is a fUnction of the solubility of the protein in rumen liquor; the 
higher the solubility the greater the degradation. Some recently 
determined (18) values for the percentage of protein escaping 
digestion within the rumen of sheep fed a partially purified diet 
are lupin meal 36, ground nut meal 37, soya bean meal 61 and fish 
meal 71. The extent of microbial cell synthesis is largely 
governed by the levels of energy and of N available to the micro­
organisms, the last-mentioned being associated with the magnitude 
of protein breakdown in the rumen and the extent of urea recycling. 
N-energy relatio~ships occurring within the rumen with particular 
reference to factors affecting microbial cell yield have been 
reviewed (19). Hobson (20) has stressed the importance of dilution 
rate (D) in the rumen as a factor in governing the yield of 
microbial cells arising from carbohydrate fermentation in the rumen. 
It is noteworthy that Harrison, Beever, Thomson and Osbourn (2l) 
have shown that the intra-ruminal infusion of 4 lId of artificial 
saliva containing 4% wlv polyethylene glycol into sheep fed a diet 
of flaked maize and dried ~ass induced a significant increase in 
D (from 0.039h-1 to 0.098h-1 ) in two out of three animals and that 
this increase in dilution rate was associated with a 23% increase 
in flow of microbial amino acids into the small intestine (an 
increase of 20% in total amino acid flow). In the third sheep, in 
which the D value was already high without the infusion (0.087-1), 
the infusion of artificial saliva did not increase the D value 
further and nor was there any increase in total or microbial amino 
acid flow into the duodenum. Reference will be made later to 
aspects of volatile fatty acid (VFA) metabolism and in this 
connection it is noteworthy that in the two animals in which D was 
increased by the rumen infusion, the molar proportion of pro­
pionate in the rumen liquor was reduced (mean values: 29.5% 
control; 20.2% infused); butyrate and, to a lesser extent, acetate 
were increased. From data obtained on a wide range of all-forage 
and high concentrate (cereal) diets fed to sheep it has been 
calculated (19) that mean values for microbial N entering the 
small intestinellOOg organic matter fermented in the rumen were 
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respectively 3.3 ~ 0.1 and 2.2 ~ 0.2 g. In that the consumption 
o~ ~orage diets tends to be associated with high D values and low 
molar proportions o~ propionate in rumen VFA while high cereal 
diets are associated with lower D values and higher proportions o~ 
propionate, these ~indings are in agreement with those o~ Harrison 
et al (21). 

The extent to which e~~ects such as the above are associated 
with changes in the degree o~ N recycling within the rumen requires 
elucidation. It is known that the protozoa obtain a major part o~ 
their requirements ~or growth ~rom engulfed bacteria. Nolan and 
Leng (22) have shown that, in sheep ~ed chopped lucerne and in 
which some 12.0g/d microbial N left the reticulo-rumen, 3.1g/d 
microbial N were recycled within the rumen. Weller and Pilgrim 
(23), in studies with sheep equipped with ~istulas in both rumen 
and omasum and given a variety of roughage diets, have observed 
that the passage o~ protozoa from the reticulo-rumen to the omasum 
in the fluid ef~luent ranges ~rom only 6 to 29% o~ the amount 
expected based upon concentrations o~ protozoa in rumen fluid. 

The tendency towards uni~ormity in amino acid composition o~ 
duodenal digesta noted by a number o~ workers (24,25,26) is not 
surprising in view o~ the relative constancy o~ amino acid 
composition o~ microbial protein (27) and the contribution that 
such protein and endogenous protein secretions make to the total 
protein entering the small intestine. However, when sheep were 
fed a diet containing ~ish meal protein, which was only partially 
degraded within the rumen, the amino acid composition o~ the 
digesta entering the small intestine re~lected in small part the 
di~~erences in composition between fish meal protein and microbial 
protein (28). 

Determinations o~ the biological value o~ rumen microbial 
proteins (29,30) - albeit with the rat - give values which lie 
in the range 78-82. Protein quality is clearly quite high and the 
lack o~ variation in values is in keeping with the constancy o~ 
amino acid composition re~erred to above. The upgrading o~ low 
quality dietary proteins by conversion to microbial protein is o~ 
bene~it to the host animal; equally it is undesirable to allow 
high-quality proteins such as ~ish meal to be used as N sources for 
the rumen micro~lora. 

Protein digestion within the small intestine. The 
ruminant possesses the same pancreatic proteases (31) and, most 
probably, intestinal peptidases ~s those present in the small 
intestine o~ the simple-stomached animal. Data relating to both 
sheep (31,32) and cows (33) suggest that protein digestion is 
reasonably e~~icient (see Table 2). Appreciable amounts o~ nucleic 
acids also enter the ruminant's small intestine and are e~~iciently 
digested therein (32). 
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Table 2 

Mean values for net disappearance of amino acid N 
in the small intestine of sheep (31) and cows (33) 

Sheep Cows 

Grass Grass Barley/ Hay/ Grass 
(fresh, ( dried, dried Cone ( fresh) 
frozen) chopped) grass (4:3) 

(7:1) 

Total amino 
acid N 65 79 71 70 75 

Essential 
amino acid N 68 82 68 72 75 

Non-essential 
amino acid N 62 76 74 68 74 

Lysine 70 77 74 77 78 

Methionine 64 88 81 75 73 

Valine 60 82 71 68 77 

Leucine 71 82 77 75 77 

N intake and amino acid uptake from the small intestine. 
From data obtained with sheep fed dried and fresh forages the 

following linear equation relating N intake to amino acid N uptake 
from the small intestine has been derived (26):-

Y = 0.888 - O.116x •••••••.••••••••••••••••••• equation 1 

where Y = g total amino acid N disappearing in small 
intestine/g N intake and x = % N in organic matter of 
forage (n = 16; r = 0.912). 

Table 3 shows some values for amino acid uptake at different 
dietary N concentrations, calculated using the equation. It is 
emphasised that this equation relates to forage diets fed to sheep 
and is based upon a limited amount of data; such relationships 
are required for a wide range of feeds and for both cattle and 
sheep. 
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Table 3 

Amino acid N uptake (g/d) from the small intestine in 
sheep fed a daily ration of lkg organic matter contain­
ing varying levels of dietary N calculated from equation 1 

% N in N intake Amino acid N uptake 
Organic matter fed g/24h g/24h 

1 10 7.72 

2 20 13.12 

3 30 16.20 

4 40 16.96 

Comparative Aspects 

77 

From the foregoing it can be seen that in the pig the amount 
of protein fed and its amino acid composition are the major 
determinants of the amounts of essential (and non-essential) amino 
acids available to the tissues for protein biosynthesis and their 
ratios one to the other. The amount of dietary carbohydrate 
present has little effect apart from contributing to energy 
requirements for absorption of amino acids by the gut wall to which 
further reference will be made later. In the ruminant, on the 
other hand, the major determinants are the magnitude of microbial 
protein biosynthesis - which is dependent upon the availability of 
the dietary carbohydrate as well as the N (but not necessarily 
protein) supply - and the extent to which dietary protein escapes 
fermentation in the rumen. Amino acid composition of digesta 
entering the small intestine of ruminants fed conventional diets 
varies but little. Furtherzoore in the ruminant, in which now of 
digesta from the abomasum is virtually a continuous process, the 
supply of amino acids being absorbed is more or less continuous. 
In the pig the absorption of amino acids occurs in peaks associated 
with interval of feeding. In the young pig the maximal concentra­
tions of amino acids is reached between 1 and l~h after the end of 
a meal (34). 

DIGESTION AND METABOLISM OF CARBOHYDRATES 

In contrast to carbohydrate digestion in the pig, which 
primarily takes place in the small intestine and results in the 
uptake of monosaccharides, primarily glucose, the major end products 
of carbohydrate digestion in the ruminant are the VFA absorbed prior 
to the small intestine. On certain high-cereal diets appreciable 
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amounts of a-linked glucose can enter the small intestine and be 
digested therein (35,36) and there is indirect evidence that such 
digestion is associated with the uptake of glucose or glucose 
precursors (see 36). The importance of these differences in 
carbohydrate digestion between ruminant and non-ruminant on overall 
protein metabolism has yet to be fUlly evaluated. Three areas of 
possible significance are 1, the uptake of amino acids and their 
immediate fate within the mucosal lining of the intestine, 2, the 
reliance of the ruminant upon gluconeogenesis and 3, the specific 
effect of glucose metabolism on protein biosynthesis. 

Amino acid uptake and immediate fate within the intestinal 
wall. Quantitative aspects of amino acid metabolism within the 
bodies of sheep fed lucerne pellets have been studied by Wolff and 
co-workers (37,38,39). Most of the amino acids, including all the 
essential ones, were added to the portal blood in the highly 
significant amounts to be expected of their disappearance from 
digesta in its passage through the small intestine. Net uptakes 
of glutamic and aspartic acids were, however, almost zero, implying 
extensive metabolism of these two amino acids in the gut wall. 
Glutamine was also extensively utilized in the portal-drained 
visceral tissues. It has been postulated (31) that the extensive 
metabolism of these amino acids and glutamine in the gut wall may 
provide the substrates for oxidative metabolism needed to meet the 
energy demands of this metabolically very active tissue. Amino 
acid absorption is known to be an active, energy consuming process 
and reference has already been made to the fact that with most 
dietary regimes little carbohydrate capable of being digested 
within the small intestine enters therein. Essenti~ amino acid 
levels in the portal blood of the pig appear to parallel those in 
the dietary protein although there does appear to be some 
metabolism of glycine, alanine and ornithine (see 11). 

Gluconeogenesis. Understandably gluconeogenesis is a very 
important and continuing process in ruminants, unlike the 
situation in non-ruminants where it assumes significance only 
under the stimulus of energy deprivation. The amino acids (with 
the exception of lysine and leucine which are ketogenic, and 
isoleucine, phenylalanine and tyrosine which are partially 
ketogenic) in addition to propionate are the major glucose 
precursors and the liver and kidney cortex the major sites of 
gluconeogenic activity (40). From their studies with sheep fed a 
lucerne diet, Wolff and Bergman (39) concluded that amino acids 
may contribute between 11 and 30 per cent of the total glucose and 
that the most important substrates were alanine, glutamate and 
aspartate; the essential amino acids made little contribution. 

The protein-sparing effect of carbohydrate. Since protein, 
carbohydrate and fat can all serve as dietary energy sources, 
the last two mentioned can spare protein from being used to 
meet energy requirements. However it is known (41) that in the 
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monogastric, dietary carbohydrate has an additional protein-sparing 
effect not shared by fat. The effect is mediated primarily through 
stimulation of insulin secretion by the absorbed glucose resulting 
in the increased uptake of plasma amino acids by skeletal muscle 
(42); thus the process m~ have special significance in the meat­
producing animal. An additional effect of glucose, again mediated 
through insulin, m~ lie in repression of a key gluconeogenic 
enzyme (phosphoenolpyruvate carboxykinase) in the liver and 
repression of a number of others, also in liver tissue associated 
with catabolism of gluconeogenic amino acids, i.e. serine dehy­
dratase which catalyses the non-oxidative deamination of serine to 
pyruvic acid, a key gluconeogenic metabolite, and ammonia (43). 

With conventionally-fed ruminants in which little glucose is 
absorbed from the digestive tract the question as to whether 
propionate, a glucose precursor, exerts a comparable carbohydrate­
sparing effect is not easy to answer. Certainly the experiments of 
Potter and colleagues (44), in which changes in amino acids after 
short-term, low-level arterial energy infusions into sheep that had 
been fasted for 24h were followed, suggest that propionate, unlike 
acetate or butyrate, stimulates amino acid uptake from plasma; it 
was almost as effective as glucose. This finding is supported by 
the experiments of Eskeland and colleagues (45) who evaluated the 
three volatile fatty acids and glucose, each separately, as energy 
sources by adminstering them intravenously to growing lambs and 
observing changes in N balance. All energy sources increased N 
balance over control as would be expected since dietary N was not 
limiting. However, glucose proved more efficient than any of the 
VFAs; propionate had a significantly greater effect than acetate 
and, in some instances, than butyrate. According to Bassett (46), 
while the C3 and Ch acids are potent stimulators of insulin release 
(presumably when administered within the body), intraruminal 
administration of these acids does not stimulate release of the 
hormone. To this extent the observations of Potter and Eskeland 
and their colleagues must be interpreted with caution in relation 
to their significance for the fed animal. 

Protein Biosynthesis 

The mechanisms of mammalian protein biosynthesis at the 
cellular level have been reviewed (46,47,48) and no attempt will 
be made to consider them here. From current knowledge it is clear 
that the quantities of amino acids reaching the tissues and their 
proportions, particularly with regard to the essential amino acids, 
together with availability of energy-yielding substrates at the 
tissue level are important nutritional factors governing protein 
biosynthesis. The complex interactions leading to protein bio­
synthesis or degradation are largely under the control of endocrine 
function. Thus insulin stimulates protein synthesis within the 
muscle, growth hormone plays an important part in the continuous 
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regulation of protein and of energy metabolism by stimulating 
protein synthesis, lipolysis and glucose oxidation. Androgens have 
a marked anabolic effect on N metabolism while the corticosteroids 
induce loss of protein from skeletal muscle and gain in that of 
the liver; not surprisingly the skeletal muscle is the major con­
tributor to loss of carcass protein resulting from corticosteroid 
administration. These aspects will be dealt with fully in later 
contributions. 

The liver, at least in the monogastric animal, plays an 
important role in regulating overall amino acid metabolism in 
extra-hepatic tissues by its ability to regulate the flow of amino 
acids to the peripheral tissues. In response to the post-absorptive 
rise in amino acids flowing to the liver via the portal blood 
following protein digestion and absorption of the amino acids, there 
is a marked uptake of amino acids by the liver associated with 
increased synthesis of liver (42) and possibly plasma proteins (50). 
In addition there is increased liver catabolism of amino aci~q (51). 
The subsequent capacity of the liver to release the proteins 
synthesised and thus augment amino acid supplies to the extra-hepatic 
tissues under the influence of growth hormone has been outlined (52). 

The studies of Wolff and his colleagues (37) indicate that 
even in the sheep, in which the supply of amino acids via the 
portal blood is more continuous, the liver is very effective in 
taking up amino acids. As these authors point out, their findings 
support the view of Elwyn (53), based upon observations in the dog, 
that peripheral metabolism of plasma proteins synthesised within 
the liver warrants consideration as a mechanism for supplying sig­
nificant quantities of amino acids to extra-hepatic tissues. 

Protein:Energy Relationships 

In the pig,provided that neither quantity nor quality of the 
amino acid supply nor the energy supply is limiting, the amount of 
protein deposited daily throughout the growing phase is fairly 
constant (see 11); it reaches a plateau of approximately 100g/24h 
near to 30kg liveweight, rising by around 40kg liveweight to 
110g/day and remains at this level until after about l30kg live­
weight when it begins to decline. Unlike the relative constancy 
of daily protein retention, daily lipid deposition increases rapidly 
as growth proceeds, the quantity stored per 24h being considerably 
dependent upon the amount of energy surplus to needs for maintenance 
and protein deposition. In ruminants also similar relative con­
stancy of N deposition is associated with increasing fat deposition 
depending upon plane of nutrition. 

There are therefore optimal daily supplies of amino acids both 
in quantity and quality and an optimal ratio of amino acids to non­
animo acid energy sources that will ensure maximum protein depo-
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sition with minimal deposition of energy as lipid. With the mono­
gastric animal such ratios are capable of being translated into 
dietary formulations and much of the success of present d~ feeding 
practice in the pig industry can be attributed to the effectiveness 
with which this has been done. 

In the ruminant animal, on the other hand, the situation is 
very different and some of the reasons for this have alreaqy been 
discussed. The quantity and quality of the protein that eventually 
supplies the host animal with its amino acids is as dependent on 
events occurring within the reticulo-rumen as on the nature of the 
dietary constituents. The ruminant makes continual demands upon 
absorbed amino acids to meet the glucose requirements of its tissues. 
Furthermore, the magnitude of this demand is likely to be related 
to the amount of propionate absorbed from the rumen. 

A further consequence of events occurring within the reticulo 
rumen is a narrowing of the ratio of amino acid N to total energy 
absorbed by the host animal. This is illustrated in Table 4. For 
the pig a twofold difference in dietary N concentration is reflected 
in a similar difference in amounts of metabolisable energy (ME) 
absorbed/g amino acid N uptake from the small intestine. In the 
sheep a similar difference in dietary N concentration has resulted 
in little difference in the ME/g amino acid N uptake between the 
two diets. It will be appreciated that part of the narrowing of 
the ratio in this instance is due to the decline in ME content of 
the dried grass with the lower N content; this grass was in fact 
less digestible. Nevertheless, it can be seen from Table 4 that 
even if the ME contents of the two grasses had remained the same, 
the two-fold difference in dietary N concentration would still be 
reduced by half because of the changes in N metabolism occurring 
in the rumen. In a comprehensive stuqy of protein-energy relation­
ships in sheep fed forage diets, Egan (55) observed that while 
dietary N intake extended over a thirty-fold range, N yields at the 
duodenum showed only a twelve-fold difference. 

FUTURE STUDIES 

It cannot be emphasised too strongly that ruminant species, 
by virtue of the early intervention of microbial fermentation in 
their digestive systems, are able to utilise effectively the very 
considerable amounts of solar energy stored annually within the 
structural carbohydrates of plant tissues, and thus render available 
to man a proportion of this energy. Nevertheless, there is little 
doubt that the microbial process does impose limitations upon 
the efficiency with which such species can convert feed energy into 
animal products. This is well illustrated by the data of Black and 
Tribe (56) who fed weaned lambs on lucerne pellets in amounts to 
supply 38% of their daily energy intake and 43% of their daily N 
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Table 4 

Comparison of ratios of metabolisable energy intake 
to amino acid N uptake in diets fed to pigs 

and ruminants 

Intake/kg feed Amino acid N 
organic matter uptake in 

small 
intestine 

N Metabolisable g/kg OM fed 
( g) energy (2) 

(ID) 
(1) 

It 
Ruminant feeds 

Dried Grass A 32.2 13.94 15.21 

Dried Grass B 16.3 10.53 10.76 

PiS; feeds t 

Diet A 32 16.61 25.6 

Diet B 16 16.61 12.8 

Ratio 

(1) 
ill 

0.917 

0.978 

0.649 

1.297 

* The N and metabolisable energy contents of the two dried 
grasses are those pertaining to ryegrass cuts 1 and 4 (54); 
amino acid N uptake was calculated using the equation 
derived for forages (29) (see text). 

t For the two pig diets it was assumed that gross energy was 
20.50 ID/kg organic matter and metabolisable energy was 81% 
of gross energy; amino acid N uptake from such small 
intestine was calculated as 80% of N intake. 

intake. The remainder of the diet was infused in liquid form (as a 
mixture of spray-dried cow's milk and whey, and butter oil) either 
into the rumen or into the abomasum. Some of the data are shown 
in Table 5 from which it can be seen that the lambs receiving the 
abomasal infusions made daily gains in li veweight and in empty body 
weight respectively that were 75% and 191% greater than those of 
the rumen-fed lambs; daily N and energy retentions were superior 
by 108% and 131%. 
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It is the author's view that future programmes of work should 
be aimed at developing feed practices for the ruminant animal which, 
while allowing the microbial fermentation to operate efficiently, 
ensures that production in the host animal is not limited by 
shortage of specific nutrients. 

An effective method of achieving this is to utilize the 
reticular groove (57) and thus by-pass the reticulo-rumen. Pro­
tection of nutrients from fermentation is another method by which 
this can be achieved. Protection can occur naturally through the 
presence in the feed source of tannins, result from heat treatment 
as with fish meal or be induced by chemical means involving the 
use of formaldehyde. Increases in the rate of wool growth in adult 
sheep through the feeding of protected proteins is well documented 
(58,59) but evidence for increased gain in bo~eight resulting 
from their use is much more limited. Increased gains in weight of 
lambs fed protected as compared with unprotected casein supplements 
have been reported (60,61). However, studies with weaned calves 
fed protected or unprotected peanut meal showed no significant 
differences in rate of gain (62). Peanut meal protein has a low 
biological value; thus gain in amino acid uptake in the small 
intestine as a result of protection must have been offset by 
lowered "Cluali ty" of the absorbed amino acids. The protection of 
specific amino acids is an alternative approachand one which may 
well receive increasing attention in the light of future knowledge 
concerning amino acid reCluirements of the ruminant animal. 

Table 5 

Effect of administering part of the daily feed via 
the rumen or abomasum in growing lambs (56) 

Si te of infusion Significance 
of 

Rumen Abomasum Difference 

Liveweight gain ( g!24h) 72 126 P < 0.001 

Empty body wt. gain ( g!24h) 45 131 " 

Wool growth ( g!24h) 3.68 5.34 " 

N. retention ( g!24h) 1.68 3.50 " 

Energy retention (MJ!24h) 1. 39 3.21 " 
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EFFICIENCIES OF ENERGY UTILIZATION DURING GROWTH 

A. J. F. Webster 

Rowett Research Institute 
Bucksburn 
Aberdeen. AB2 9SB 

INTRODUCTION 

The efficiency with which the energy contained in animal 
feedstuffs can be converted into saleable animal produce depends 
on many factors which are usually considered, somewhat arbitrarily, 
under the following headings: 

1. The metabolizable energy (ME) of the food, which is that 
portion of the gross energy that can serve as a fuel for 
body functions. 

2. The ME requirement for maintenance of vital body functions, 
conventionally taken as the intake of ME (~) which 
exactly equals metabolic heat production (W~ 

3· The net efficiencies with which increments of ME are 
used~low and above maintenance. 

4. The partition of retained energy, principally between 
protein and fat, which determines not only the chemical 
composition of the carcass but the amount of energy 
stored per kg of carcass gain. 

5. The physiological limit to the capacity of an animal to 
consume food energy and to store it as protein and as 
f~. 

METABOLIZABILITY OF FOOD 

The apparent metabolizable energy content of a food depends on 

89 
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the proportion of the gross energy that is lost in the faeces and 
urine or as combustible gases from the digestive tract. The pro­
cesses of digestion and metabolism that determine the ME content 
of any particular food will not be discussed. Hereafter food will 
only be considered in terms of its ME content, i.e. that portion 
which is oxidised with the liberation of heat, or stored in the 
body principally as protein or as fat. Thus the gross efficiency 
of retention of ME in the body of a growing animal is given by 
(IME - H)/IME • 

COMPOSITION OF CARCASS GAINS 

The gross efficiency of conversion of ME into body mass (and 
retail carcass yield) is influenced to a major extent by the com­
position and thus the energy content of the carcass gains. The 
energy content of the dry matter of muscle protein is 23.5 kJ/g. 
However each gram of muscle protein is associated with about five 
times its weight of water. Thus the energy content of "wet" muscle 
protein is about 4.7 kJ/g. Lipid has an energy content of about 
39.2 kJ/g so that the energy retained in a gram of fat is theoreti­
cally eight times greater than that retained in a gram of wet 
protein. Fortunately, lean meat is not just protein and water; 
these merely act as a sponge for the really tasty constituents. 
In practice the energy content of carcass gains ranges from about 
8 kJ/g in very young animals growing slowly to about 32 kJ/g in 
animals rapidly approaching slaughter weight(l) - still a four 
fold range. Thus the relationship between energy retention and 
the deposition of body tissue can only be established if the com­
position of body gains is known very precisely. It follows then 
that any attempt to predict the efficiency of ME utilization from 
body weight gains (or vice versa) without reliable measurements 
of body composition is quite meaningless. 

PREDICTION OF ENERGY RETENTION IN GROWING CATTLE 

The main part of the paper is concerned with the gross 
efficiency of retention of ME in the tissues of growing animals. 
Control of this process has two distinct meanings. In one sense 
it implies the prediction of output in relation to input and thus 
the regulation of input to achieve the rate of output required. 
In the other sense it implies a manipulation of the conversion 
process so as to improve the ratio of output to input. 

In any animal energy retention (R) = IME - H. The measure­

ment of IME in growing cattle is laborious but presents no real 

problems. The measurement of R in cattle by whole carcass analysis 
on serially slaughtered animals is extremely expensive and time 
consuming. The measurement of H using modern automated calori-
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meters with computer links is relatively painless (2,3). Blaxter 
and his colleagues(4) developed the following synthetic approach 
to the prediction of H, and thus ~ in a growing animal at a stated 
intake of ME, and this approach has been adopted by the Agricultural 
Research Council(l) as the basis of their recommendations concern­
ing the energy requirements of ruminants. 

Heat production is the sum of: 

1. Fasting metabolism (F) - heat production measured when 
food intake is zero and conventionally expressed as a 

function of "metabolic body size" (kJ/kgO.75 24h). 

2. Energy cost of activity - the increase in heat production 
arising from any activities additional to those occurring 
during the measurement of F. These include standing, 
walking and any metabolic response to environmental 
stress. 

3. The heat increment of feeding - the increase in heat 
production with increasing food intake is exponential 
in ruminants but usually expressed as two straight lines 
below and above the point of maintenance. 

The heat increment of feeding varies a great deal in ruminants, 
particularly above maintenance. Wainman and Blaxter (see refs. 4, 
5,6) have measured the efficiency with which the ME of a variety 
of foods can be used above and below maintenance by measuring the 
heat production of mature sheep when fasted, or given amounts of 
ME at about maintenance and about twice maintenance. The slopes 
of the lines relating R to IME below and above maintenance are km 
and kf which are the net efficiencies of utilization of ME for 

maintenance and for fattening respectively. For most practical 
ruminant diets the range of k is 0.65 to 0.75 and kf 0.30 to 0.60 
( 1,4). m 

The Metabolizable Energy system is a marked improvement on 
the traditional Starch Equivalent system both conceptually and 
practically; however it is still not so old and so respectable as 
to be incapable of improvement. There are three strong conceptual 
criticisms that may be made of the system. 

1. The physiological status of the growing animal is predicted 
from measurements made during a four-day period of starvation 

This paradox is imposed by the system which arbitrarily 
partitions heat production into that due to size (F), activity, 
and food intake. In order to assess the effect of size the effect 
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of food intake must theoretically be removed. In practice this is 
not possible (4). In most conventions F in the growing animal 

is expressed per kg body weight (W)O.75. This exponent of body 
weight was adopted by Kleiber(8) as being that which would 
approximately confer proportionality on measurements of F when 
comparing mature animals of different species. The change in F in 
a young animal as it grows in size is not however proportional to 

WOo 75 but to an exponent usually somewhere between WO. 5 and WO. 6 
(9,10). Despite this the California Net energy system (11) and 
the Net energy, fattening system (12,13),predicting energy require-

ments of growing cattle, both assume F is proportional to WOo 75. 
The Agricultural Research Council (1) recognises that this exponent 
does not confer proportionality but uses it anyway. 

2. The efficiency of utilization of ME for growth in cattle is 
assessed from experiments made with mature sheep which must 
not change in size 

In this case sheep are used because they are more convenient 
and there is good evidence to suggest that adult sheep and cattle 
utilize most commercial diets with similar efficiency (14). Mature 
animals must be used because any changes in H due to changes in 
size during the experiment would distort the calculations of k 
and kf (5). m 

3. The term kf describes the efficiency of utilization of ME for 
fattening rather than for growth 

The proportion of energy retained as protein is greater in 
young growing animals than in adults depositing energy almost 
entirely as fat. This may affect kf , although the variation over 
a large part of growth in the parti~ion of retained energy between 
protein and fat is quite small. A calf weighing less than 100 kg 
and gaining only about 0.5 kg/24h still retains about 50% of its 
energy as fat. A 300 kg steer gaining 1 kg/24h retains about 85% 
of its energy as fat even though the contribution of fat mass to 
weight gain is only about 40 % at this time. 

To these three conceptual criticisms must be added the 
practical criticism that the ME system tends progressively to over­
estimate weight gains in steers as they approach slaughter weight 
(15,16). . 

Recent experiments at the Rowett Institute have been designed 
to examine, in the light of these criticisms, the validity of the 
ME system as a predictor of the energy requirements for growth in 
cattle. The first and most direct approach was to measure, in a 
succession of calorimetric experiments, R in growing cattle given 
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Fig. 1 Fasting metabolism (F) and predicted basal metabolism 
(F') in growing steers - from Webster, Brockway and Smith (7). 

diets for which the ME content, k and kf had previously been 
determined. (7). m 

According to the ME system 

R = kf(IME - F/k )--------­
m 

(1) 

In these experiments R was measured directly and FI, the 
predicted basal metabolism of the growing animal could be calcu­
lated from 

F' = k (I - R )---------m ME /kf 
( 2) 

No particular biological significance need be attributed to Fl. 
It is simply the empirical expression which when combined with 
the best available description of a diet according to the con­
ventions of the ME system most precisely describes energy 
retention in the growing animal. 
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The first set of 61 trials (7) involving British Friesian and 
Aberdeen Angus castrate male cattle ~ielded the surprising result 
that log F' was proportional to WO. 7 , Brody's interspecies 
exponent, precisely (17). Expressed in terms of the now accepted 
exponent, F' during growth was 440 k;J/kg0.75 24h, there being no 
suggestion of a difference between the individuals from the two 
breeds. Fig. 1 shows that F' differed markedly from F, suggesting 
that at 200 kg the ME System would predict R rather precisely but 
progressively overestimates R at increasing body weights. Field 
trials of the ME System suggest that this is so (15,16). The 
results also suggest that the proponents of the California Net 
Energy (11) and Net Energy Fattening (12,13) systems who assumed F 
to be a constant function of WO.75 were rather more correct than 
they knew. 

More recent experiments indicate that in Hereford x Friesian 
steers F' was reasonably constant between 200 and 600 kg body 
weight at about 370 k;J/kgO•75 24h. A reduced energy requirement 
for growth in Hereford and Hereford crossbred steers has also been 
reported by Garrett (18). These observation~ point to two con­
clusions. Firstly, measured fasting metabolism is not a good 
base from which to predict the energy requirements for growth in 
cattle. Secondly, there may be physiological differences between 
individuals, attributable, for example, to sex or to genotype, 
which alter energy requirement in a way that is independent of the 
energy content of the food and therefore best considered within 
the predicted basal component of heat production. We shall return 
to this point later. 

ENERGEn'IC EFFICIENCY OF PROTEIN AND FAT DEPOSITION 

Protein and fat deposition in a growing animal are only a 
measure of the amount by which anabolism exceeds catabolism. 
The energy cost of the total anabolism of complex molecules like 
proteins can be considered in terms of the ATP equivalents 
required for their synthesis and the ME required to generate 
them (4,19). 

Synthesis of a molar peptide bond requires 4 moles of ATP. 
To this one must add a further energy cost for the maintenance of 
the synthetic machinery (mainly tRNA and mRNA) which has not been 
determined precisely but which probably increases requirement to 
about 5 moles ATP per molar peptide bond. The energy required to 
synthesise one mole of ATP from ADP is about 79 k;J in monogastric 
species and 96 k;J in ruminants (20). From this it may be calcu­
lated that the energy cost of protein synthesis in monogastric 
species is about 390 k;J/molar peptide bond or 4.46 k;J/g protein. 
The energetic efficiency of protein synthesis is then 



ENERGY UTILIZATION 

energy content of 1 g protein (23.8 kJ) 
energy content of precursors (23.8 kJ + 
energy cost of synthesis (4.46 kJ) 

= 85% 

The energetic efficiency of fat synthesis, calculated using 
the same approach, is rather lower, about 70%. Values for k in 
monogastrics are close to 0.7 which suggests that the energetic 
efficiency of fat deposition measured by calorimetry is not very 
different from the theoretical efficiency of total fat anabolism. 
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There is however an impressive body of evidence to suggest 
that the energetic efficiency of protein deposition in a growing 
animal is lower than the energetic efficiency of fat deposition 
even though the efficiency of synthesis of protein is higher than 
that of fat. This conclusion was derived from the pioneering work 
of Kielanowski and Kotarbinska (21,22). In brief the approach 
is to relate ME intake to maintenance requirement (a W(kg)n) and to 
the amount of energy deposited as protein (E ) and as fat (Ef) in 
the growing animal. p 

IME = a ~ + b Ep + c Ef + d -----

Kielanowski has always made clear the statistical limitations of 
this approach. To be effective the variables in a multiple 
regression analysis must be independent. During normal growth, 
however, the increase in body weight, and thus in maintenance 
requirement (a ~) is inevitably linked to a decrease in the pro­
portion of energy retained as protein. Moreover the energy 
stored as protein and fat is small compared with that required for 
maintenance, and small variations in band c are likely to be 
overwhelmed by uncertainties attached to the calculation of the 
maintenance component. However Kielanowski (20) recently criti­
cally summarised the more reliable of the papers using this 
approach and concluded that the ME required for the deposition of 
1 g protein in monogastric species was between 45 and 65 kJ, or 
that the energetic efficiency of protein deposition was 37 to 53%. 

Recently Pullar and I (23) approached the same question from 
a different angle. We conducted energy and nitrogen balance trials 
using the Zucker rat (24) in which obesity of juvenile origin 
appears as a homozygous recessive trait. When lean Zucker rats 
and their fat siblings were pair-fed the ratio of energy retention 
in protein and in fat in the two groups was as follows. 

Lean rats 
Fat rats 

Body 
weight 

330 
320 

Energy in 
protein (%) 

75 
14 

Energy in 
fat (%) 

25 
86 
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This approach enabled us to vary the partition of retained 
energy between protein and fat in a way that was much more extreme 
than that observed during normal growth and also was largely 
independent of the effect of body size. Our estimates of the 
energetic efficiency of protein and fat deposition were 43 and 
65% respectively, values which agree closely with those of 
Kielanowski (20). 

All that this really means is that the heat production of a 
growing animal is directly related to the rate at which it is 
depositing protein. Whether one can justify using the rate of 
protein deposition, principally in muscle, as a predictor of heat 
production and ME requirements is quite another matter. Table 1 
is an attempt to estimate the total rate of protein synthesis in 
a growing pig at 80 kg live weight. The protein contents of 
different tissues were provided by Dr. V. R. Fowler. The estimates 
of fractional protein synthesis rates are derived from several 
sources and several species (25,26,27,28) and can only be 
approximate. Total protein synthesis rate (g/24h) is the product 
of g protein x fractional synthesis rate/24h. 

Table 1 

An estimate of protein synthesis rates in a 
growing pig weighing 80 kg 

Lean Fractional 
tissue Tissue synthesis Protein 
weight protein ratr synthesis 

(kg) (kg) (24h- ) (g/24h) 

Skeletal muscle 31.5 5.9 0.02 118 
Liver 1.5 0.3 0.8 240 
Gut Wall 4.5 0.7 0.6 420 
Kidneys 1.5 0.3 0.5 150 
Heart 3.0 0.5 0.1 50 
other viscera 3.0 0.5 0.3 150 
Connective tissue 3.0 0.6 0.01 6 

Total 54.0 8.8 ll34 

Ratio of protein synthesis in muscle to total 
protein synthesis = 10% 

Ratio of total protein deposition to total 
protein synthesis = 1% 

Energy cost of protein synthesis at 4.5 kJ/g protein = 5.1 MJ 
Total heat production with ad libitum feeding = 16.8 MJ 

Ratio of energy cost of protein synthesis/total heat 
production = 30% 
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The energy required for protein synthesis is here about 30% 
of total metabolic heat production. However the ratio of protein 
deposition to total protein synthesis is only 7% which illustrates 
the danger of predicting heat production from protein deposition 
since in this example the attempted correlation is between 7% of 
protein synthesis and 30% of heat production. 

B,y far the greater component of the energy cost of protein 
synthesis relates to factors only indirectly related to rapid 
growth,such as rapid turnover of proteins in the liver and gut 
wall, and may be considered to be part of the energy requirement 
for so called maintenance. It is not therefore surprising that 
apparent maintenance requirements in the lactating cow (29,30) and 
in the rapidly growing lean steer (7) should be higher than those 
measured in animals neither growing nor lactating. Kielanowski 
(20) recently reached a similar conclusion on statistical grounds 
and suggested that ME requirement should be adjusted according to 
the rate of nitrogen retention according to the following equation 

Here b E and c 
p 

requirement for 

retention (f ). 
p 

(4) 

Ef are the same as in equation 3 but the energy 

maintenance (~) varies as a function of protein 

However since protein deposition is small in 

relation to total protein synthesis the value b E may perhaps 
p be discounted. 

At a strictly practical level equation 4 may be re-expressed 
and simplified to 

A) -------------------

which is a simpler form of the basic equation of the ME system 
(equation 1). Quite apart from its simplicity this equation has 
two biological points in its favour. '!'he conversion of animal 
food to animal product depends on the interaction between the 
energy content of the food, and the size and innate capacity for 
growth of the animal. In this equation both the size and capacity 
for growth of an animal are incorporated in the intercept term A 
which can be determined empiriCally for a variety of strains and 
sexes. Much of the information needed to describe A to a degree 
of precision sufficient for practical purposes is available. It 
is, for example, F'/k , a term which probably predicts energy 
requirement more prec~sely than does F. Moreover, since the 
energy cost of protein synthesis is included within A, values for 
kf determined in the conventional way with mature animals can be 
applied with confidence to the growing animal. Equation 5 could 
therefore form the basis of a modification to the ME system which 
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would amend the present description of the interaction between 
food and animal to place more emphasis on the animal. 

THE LIMIT OF APPETITE 

The ~ efficiency of retention of ME (R/IME) is principally 
a £'unction of the amount by which IME exceeds maintenance, or in a 
word, appetite. Theories of appetite control abound but are for 
the most part not relevant to the present discussion since they 
pose the question why - why does an animal start or stop eating? 
The only point that relates to the present quantitative argument 
is when does an animal decide it has had enough. 

Pullar and I (23) observed that when fat and lean Zucker rats 
were offered food to appetite, the fat rats consumed about 40% 
more ME and energy retention was more than 100% greater. Nitrogen 
retention, measured by balance, and heat production were however 
the same in the two groups. When fat and lean rats were pair-fed, 
nitrogen retention and heat production were less in the obese 
individuals. This observation suggested that both groups regulated 
their intake during growth to sustain the same rate of protein 
deposition, or the same rate of heat production, since in this 
experiment the two were closely correlated. Radcliffe (31), using 
the comparative slaughter technique, recently confirmed the 
remarkable constancy of protein deposition in fat and lean Zucker 
rats allowed free access to diets varying in protein content 
(Table 2). If this speculation is extended to domestic animals it 
would imply that, given free access to a food that is not lacking 
in any essential nutrient, an animal will eat to sustain an optimal 
rate of growth of lean body mass. However, since deposition of 
protein in lean body mass is such a small part of total protein 
synthesis and the energy cost thereof (Table 1) it is perhaps more 
realistic to consider that intake in a growing (or lactating) animal 
is limited by the rate at which the animal can carry out the work 
involved in synthesis of body constituents (perhaps 30% of which 
is protein synthesis) 

Table 2 

Intake of ME, nitrogen and energy retention in lean and fat 
Zucker rats offered free access for 64 days to semi-synthetic, 
isoenergetic, diets containing 15 or 30% casein 

Casein content ME intake N retention Energy retention 
of diet (%) (MJ) (g) (MJ) 

Lean 15 15.0 4.73(±0.26) 2.65(±0.23) 
30 16.4 5.41(±0.21) 3.27(±0.33) 

Fat 15 25.0 5.11(±0.45) 10.53(±0.58) 
30 26.0 5.21(±0.25) 11. 38(±0.40) 
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Table 3 summarises a selection of energy balance trials con­
ducted with animals receiving food to appetite, or very nearly. 
The results for veal calves and growing cattle are from the Rowett 
Institute. Other sources are acknowledged in the Table. 

Heat prod~f1~on at ad libitum intake is remarkably similar 
(780-807 kJ/kg· .24h) in rapidly growing monogastric animals 
(pigs and veal calves), barley fed steers or even store calves 
growing slowly on a diet having a metabolizability of only about 
40%, although energy retention vaOi73' according to the quality 
of the diet from 104 to 673 kJ/kg· .24h. This offers strong 
support to the suggestion that there is a rather rigid upper limit 
to the rate at which a growing animal can do work to support 
tissue synthesis. In the very high-yielding dairy cow, this limit 
appears to be reset at a higher level, but in the mature (2-4 year 
old) sheep which has effectively finished growth the limit to 
appetite and metabolic heat production is reduced. In all cases 
however the limit appears to be remarkably insensitive to changes 
l.n diet. 

To summarise these observations: In animals given free access 
to a balanced diet, protein deposition and heat production appear 
to have rigidly defined upper limits which are set by the intrinsic 
capacity of the individual for synthesis of milk or lean body mass. 
These limits can only be adjusted by genetic selection or more 

Table 3 

Energy balance in different species of domestic 
animals given food and libitum 

Body Energy balance (kJ/kgO•75 .24h) 
weight 

(kg, ME intake Heat Retention approx. ) 
Cattle 

Veal calf 100 Milk sub. 1265 800 465 
Steer 150 Barley conc. 1060 780 280 

450 " 1172 807 365 
Store calf 250 Roughage 897 793 104 

Dairy cow(12) 550 Alfalfa 1550 905 645 
(32) 550 Mixed 1470 882 588 

Pig(33 ) 35 Barley conc. 1464 792 673 

Sheep, 
Mature(6) Chopped 

60 dried grass 733 620 113 
60 Grass pellets 832 607 225 



100 A.J.F. WEBSTER 

direct physiological interference. ME intake and energy retention 
as fat are less well regulated by the animal and thus more amenable 
to nutritional control. It follows therefore that by appropriate 
nutrition one should be able to produce an optimal carcass from any 
genotype. It also follows that attempts to improve appetite directly 
by selection or pharmacology will probably only tend to increase the 
conversion of ME to fat, which is an inefficient way to produce an 
undesirable product. On the other hand, if the absolute capacity 
for protein deposition can be improved by genetic or other means 
then the appropriate adjustments in appetite should ensue. 
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EFFICIENCY OF PROTEIN UTILIZATION 
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It is hardly possible to consider all aspects of the 
efficiency of protein utilization in all species of meat-producing 
animals under all individual physiological circumstances: instead 
a few specific concepts will be discussed. A simple concept of 
the efficiency of protein utilization is that it is determined by 
how closely the dietary supply of amino acids corresponds to the 
need of the animal. Surpluses above a perfect balance can be 
regarded as contributing to catabolic processes and loss of 
nitrogen. It is also necessary to assess the supply of amino 
acids in relation to other nutrients: an inade~uacy of energy­
yielding constituents could for example contribute to the 
catabolism of gluconeogenic amino acids with conse~uent ineffic­
iency in terms of nitrogen utilization. 

This simple concept of protein utilization suggests that the 
value of the ingested protein is determined by the level of the 
limiting amino acid. Any surpluses of other amino acids contribute 
to catabolism and inefficient utilization. There are however 
other factors contributing to inefficiency, and their effects 
represented in schematic form in Fig o 10 The supply of each amino 
acid is represented as a percentage of the individual re~uirement: 
level A represents the average percentage, and is thus a measure 
of the overall protein supply; were all the amino acids in perfect 
balance they would all be at level A. The simple concept of the 
limiting amino acid implies efficient utilization only up to level 
B, all ~uantities of amino acid above this being subjected to 
catabolism and nitrogen wastage. 

It must however be recognised that there are other losses of 
nitrogen contributing to inefficiency. There is an inevitable 

103 



104 D. LEWIS, K.N. BOORMAN, AND P.J. BUTTERY 

r-- -r-- -
r:-= - ~ - - - ~ - -~ ----A. 

~ 
I-

- - - - r- - - :-: -r- ----B 

-~ - - -- -~ ----C 

- - - - - - ----0 

Fig. 1. Schematic representation of the efficiency of 
protein utilization. For details see text. 

component which can be regarded as contributing to maintenance or 
turnover. After taking this into account the element remaining 
for efficient utilization can be regarded as being at level C. 
Inevitable losses include those of protein in hoof, hair and mucus. 
There are also losses of protein from the gut wall by sloughing or 
desquamation and by secretion. Some of this is reutilized lower 
in the alimentary tract; losses from the gut wall are therefore 
more of a penalty the lower in the tract they occur. There are 
also inevitable metabolic losses of amino acids other than in the 
form of protein, of histidine as histamine or of tyrosine as 
thyroxine, melanin or adrenaline, for exemple, These are 
physiologically useful processes but do not contribute directly to 
incorporation of amino acid nitrogen in synthesised protein, the 
usual measure of efficient protein utilization. 

The process of protein turnover constitutes an inevitable 
loss to the animal though it is more obviously a loss of energy­
yielding nutrients than of nitrogen (1,2). Protein turnover in 
muscle is a more rapid process than protein deposition. In a 100 
g rat 713 mg of muscle protein is synthesised per day while 564 mg 
is degraded (3): in the rapidly growing broiler chick (900 g), 
9.1 g of muscle protein is synthesised per day with a net protein 
in crease in the muscle tissue of 3.9 g (1). Protein turnover 
continues even in the mature animal: in a 50 kg wether, 85 g of 
protein is synthesised in skeletal muscle per day while protein 
deposition would be expected to be only a few grams (4). Hydroxy-
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proline and the methylated amino acids, methyl histidine and methyl 
lysine, released during the process of protein degradation cannot 
be reincorporated into protein and are excreted (5,6). These 
losses of histidine, lysine and proline might be expected to 
unbalance the supply of amino acids for the re-synthesis of protein 
and this might be expected to result in some catabolism. In 
addition it would be surprising if there were no loss of an amino 
acid in its passage through an intracellular amino acid pool 
during the process of catabolism and resynthesis of protein. 

Beyond the limit to utilization imposed by these inevitable 
losses, represented by level C, there is a contribution of amino 
acids to gluconeogenesis and lipogenesis, forming another limit 
at level D. A surplus of dietary protein relative to other 
nutrients could lead to this diversion of amino acid carbon 
involving a loss of nitrogen and reduced efficiency. In the case 
of the ruminant, which is particularly vulnerable to fluctuations 
in glucose supply, there can be additional demands for gluconeo 
genesis leading to reduced efficiency of nitrogen utilization. If 
little hexose escapes breakdown in the rumen and the proportion of 
acetate is high in rumen volatile fatty acids a breakdown of 
gluconeogenic amino acids would tend to be encouraged. 

Within this schematic representation of the efficiency of 
protein utilization (Fig. 1) it is possible to visualise an 
~pproach to achieve improvement and to minimise losses. This 
essentially involves supplying amino acids in a pattern which is 
matched as closely as possible to the animal's needs and which 
simultaneously ensures balance between nitrogen-supplying and 
energy-yielding nutrients. 

To consider protein utilization in more realistic quantita­
tive terms a system of eValuation is needed. Standard concepts of 
the efficiency of protein utilization are usually based upon 
measures of protein quality involving retention of nitrogen in 
relation to total intake or absorbed nitrogen. This does not, 
however, relate to useful tissue formation nor to individual 
amino acids. Such measures are of little use in predictably pre­
paring or improving a diet. Functional definitions can be 
considered which are able to take account of a specified objective 
whether it be protein synthesis, lean meat production, liveweight 
gain or even profit expressed in economic terms. It is also 
possible to consider several alternative terms, for example the 
efficiency of incorporation of a particular dietary amino acid 
into useful meat amino acid or efficiency of conversion of food 
nitrogen into meat nitrogen, lean meat or growth. 

The efficiency of protein utilization can be considered in 
terms of the incorporation of the limiting amino acid into meat 
as influenced by protein level or the supply of energy-yielding 
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nutrients for example. Some values are given in Table 1 from an 
experimental programme carried out by Hardy (7) to examine the 
effects of energy-protein balance on lean meat production in the 
growing pig. The factorial design included diets with four 
concentrations of protein and four concentrations of digestible 
energy. It was intended that the amino acids in the protein 
should be ideally balanced but from improved knowledge of the 
threonine requirement of pigs obtained by T~lor (8) it is clear 
that threonine was the limiting amino acid in all diets. 

The values presented in Table 1 show that approximately 25% 
of dietary threonine, the limiting amino acid, is incorporated into 
the lean of the sides (approximately 50% of the total protein of 
the animal), the efficiency tending to be maximal at higher protein 
concentration, the higher the energy concentration. Since the 
amino acid composition of the dietary protein was kept constant 
the percentage incorporation of dietary protein would be expected to 
follow the same pattern. 

Experiments which allow calculation of the efficiency of 
incorporation of an individual amino aci~given at different 
concentrations in the diet, have yielded some interesting results. 
Taylor (8) fed pigs on a 12.5% protein basal diet to which graded 
amounts of threonine were added and the threonine requirement for 
growth was found to be met when the average daily threonine intake 
was 9 g (Fig. 2). The efficiency of incorporation of threonine 
into the lean of the sides also tended to be maximal when the 
daily threonine requirement was met (Fig. 3). 

In a similar experiment to estimate the lysine requirement of 
the growing pig, Cooke (10) fed diets of differing lysine content. 
The responses of growth, food utilisation and carcass lean content 
to lysine intake were variable but calculation of the gain in lean 
at each lysine content produced a relationship which showed a 
clear asymptote and suggested a lysine requirement of about 18 g 
per day (Fig. 4). The change in the efficiency of utilization of 
dietary lysine with increasing lysine intake is shown in Fig. 5. 
It appears that the efficiency of lysine utilization decreases 
continuously with lysine intake from about 19%, at the lowest 
intake, to 12% with the highest intake. The relationship does 
not, therefore, show a distinct inflection in the region of the 
requirement, which is unexpected and in contrast to the findings 
for threonine. Although a plausible explanation for each type of 
response, and for the difference between the two, can be offered 
more examples are needed before such conjecture is justified. 

It is surprising that the percentage incorporation into body 
protein of the limiting amino acid in the growing pig does not 
even approach 100% but is nearer 40% (assuming that lean protein 
in the sides accounts for approximately 50% of total body protein). 
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Table 1 

Percentage of dietary threonine incorporated 
into the usable carcass lean of pigs 

Digestible energy 

(ID/kg) 
Crude 

Protein (% ) 13.6 14.2 14.5 15.3 

14.6 22.2 26.0 25.3 24.2 

16.6 22.3 25.6 25.4 24.1 

19.4 25.0 26.5 26.4 25.9 

21.3 22.4 22.4 24.4 23.4 

Each value represents the mean of four pigs growing from 
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25 to 55 kg. It was assumed that lean protein contains 5.1% 
threonine and lean meat contains 18% protein (9). 

This inefficiency is depicted by the gap between levels D and B in 
Fig. 1. The magnitude of this inefficiency is surprising espec­
ially in the case of lysine which is only involved in protein 
synthesis. Threonine is a gluconeogenic amino acid: however, the 
extent of gluconeogenesis from amino acids in the diets fed by 
Hardy (7), Taylor (9) and Cooke (10) would be expected to be quite 
small. 

Within the concept of improving efficiency of protein utili­
zation by bringing the pattern of ingested amino acids closer to 
the needs of the animal it is necessary to continue the search for 
more precise information on amino acid requirements. This is 
usually possible by recording a production pattern in relation to 
a predicted change in amino acid intake. There are some circum­
stances, however, under which this type of approach is not 
possible. In the case of the human subject, for example, or the 
pregnant sow, it is hardly possible to select a production par­
ameter that can be related to graded intakes. In the case of the 
adult ruminant, although it is possible to identify a suitable 
production parameter, it is not feasible to achieve predictable 
graded dietary intakes of particular amino acids. An alternative 
approach has therefore been considered in the case of the ruminant 
(11,12). This basically involves establishing a normal dietary 
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obtained by Hardy (7). The 
threonine content of lean 
protein was assumed to be 5.1% 
and the protein content of lean 
was taken as 18% (9). Data 
from Taylor (8). 
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pattern by avoiding certain of the physiological consequences that 
are the result of an unsuitable dietary balance of nutrients. 

It can be considered that supplementation of a diet with an 
amino acid in short supply, without changing the intakes of others, 
would encourage protein synthesis. The plasma level of that amino 
acid might thus not be expected to increase whereas the level of 
other essential amino acids might be expected to fall slightly. 
Beyond the point at which the dietary supply of the limiting amino 
acid becomes adequate the plasma level would probably increase to 
an extent determined by the effectiveness of pathways to deal with 
surpluses, for example catabolic or excretory routes. According 
to this concept, an inflexion point in the curve relating plasma 
level to dietary supply can be taken to identify the point of most 
efficient utilization or balanced input. Beyond this point of 
dietary balance one would expect increased catabolism or excretion 
as a contribution to inefficient nitrogen utilization. The 
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increased catabolism can be recognized by a greater respiratory 
loss of labelled carbon dioxide when a labelled dietary supplement 
was offered; at the same time it might be possible to observe an 
increase in plasma circulating urea levels. Should the excretory 
route of disposal of surplus be important, for example in the case 
of an amino acid with few active catabolic pathways available, an 

examination of the urinary loss of amino acid could be fruitful. 

A particularly interesting approach was proposed by Mercer 
and Miller (13) for establishing the methionine requirement of 

lambs. They used an abomasal inj ection of 35S -methionine to 
introduce a graded supply to the animal and recognised an 
inflexion point in catabolic rate by monitoring the urinary 

excretion of 35S Unfortunately such a procedure does not 
appear possible with other amino acids since no such simple 
labelling procedure seems to exist. 

An approach was derived by Wakeling, Lewis and Annison (11) 
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to establish the identity of the limiting amino acid in a 
particular diet and then to determine the need for that amino acid 
under a particular set of physiological circumstances. Sheep 
fitted with duodenal re-entrant cannulae were employed. In the 
first instance the duodenal material was supplemented with graded 
quantities of lysine. When plasma samples taken under standard 
conditions were analysed for lysine it was found that the concen­
tration increased steadily (Fig. 6). This was interpreted as 
suggesting that lysine was not the limiting amino acid at the 
level of the duodenum and that the unsupplemented quantity was 
sufficient: the added amounts led to elevated plasma levels and 
therefore probably to lower efficiency. 

When comparable supplements of methionine to duodenal 
material was made a different pattern of change was seen in plasma 
methionine, (Fig. 7) with an inflexion point that was considered 
to identify dietary balance or requirement. A similar pattern was 
shown by Brookes, Owens, Brown and Garrigus (14) who monitored 

expired 14C02 when graded levels of labelled lysine were admin­

istered. The studies of Wakeling et al (11), were extended by 
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Mitchell (15) to identif'y subsequent limiting amino acids and the 
level at which these are in balance with the others. In one 
experiment a duodenal supplement of methionine vas given which vas 
somewhat in excess of that shown to be required. Graded supple­
ments of lysine were added to the duodenum. A plasma lysine curve 
was obtained without a point of inflexion, suggesting that lysine 
was not the limiting amino acid. When this vas repeated with 
threonine, the results suggested that this vas the second limiting 
amino acid and that a point of balance or requirement could be 
recognised (Fig. 8). Several other investigations have recently 
been developed to establish a suitable pattern of amino acid 
supply for ruminant animals (16,17). It is clear that in the case 
of the ruminant as with the non-ruminant, as the effective supply 
of amino acids comes closer to a physiological balance, the major 
area in which improvements in protein utilization are possible is 
between levels Band C in Fig. 1. 

With a balanced supply of amino acids the best efficiency 
of protein utilization can be expected. However, absolute 
requirements for particular amino acids are clearly determined by 
other factors, especially the energy-yielding nutrients, age and 
body size. The first need is therefore to identif'y for a 
particular set of physiological circumstances an ideal balance of 
amino acids, both essential and non essential. Beyond this 
'physiological' balance, improvements in efficiency can be 
expected by adapting this pattern to changing animal circumstances 
(age or potential production), overall nutrient supply (energy­
protein balance, nutrient 'density') or even economic issues. 
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DISCUSSION 

04. van E6 asked if there were any differences between sheep 
and cattle in the microbial activity of the rumen and substrate 
transformations. PkD6. ~~ng replied that most of the 
available information had been obtained with sheep, although some 
comparative information was now becoming available. These 
results suggest that, with long forage diets, digestion is similar 
in sheep and cattle, but with high concentrate diets, more starch 
escapes fermentation in the steer. 

O~. R~ reported that transamination in the gut wall 
occurred in pigs as well as ruminants; recent work with pigs in 
his own laboratory indicated that alanine and glycine in the 
portal blood were increased at the expense of glutamic and 
aspartic acids. O~. Rltai made the further comment that gastric 
emptying was controlled not only by the concentration of meta­
bolites in the portal blood, but by the volume of the contents of 
the small intestine. PkD6. ~~ong thanked Dr. Rerat for the 
information on the deamination of glutamic acid, which suggested 
that the older concept of the specific gluconeogenic significance 
of glutamic acid in the ruminBJft may not be valid. 
P406. K.i.e1.a.now6fu. pointed out that, because of the degradation to 
ammonia of amino acids in the large intestine, the determination 
of amino acid digestibility should be made at the end of the 
small intestine. 

04. van E6 remarked that there were several reasons why the 
metabolism of an animal changes with increasing age; amongst these 
he noted decreasing activity and an increasing ratio of fat to 
lean tissue. He enquired whether protein turnover was faster in 
younger than in older animals, and wondered if this represented 
the elimination of incorrectly synthesised proteins. He cited the 
case of the dairy cow where the energy cost of protein synthesis 
was less than in the growing animal. 04. '&vt;teJty replied that 
protein turnover was faster in the younger animal and also in the 
smaller as opposed to the bigger species. 04. < We.b.6teJl said that 
the Zucker rat was a model for the extremes of some of these 
interactions. Direct observation comparing lean and obese indivi­
duals during growth suggested no difference in activity, the 
sluggishness of the fat adults was considered a consequence rather 
than a cause of their obesity. Clearly, as the animal approaches 
maturity, net protein deposition becomes a decreasing fraction of 
total protein turnover and the efficiency of protein deposition 
falls to zero. 04. O.i.c.keJL6on asked to what extent in the Zucker 
rat it was possible to maintain maximum lean-tissue growth while 
modifying fat deposition by dietary manipulation. 04. We.b.6.teJr. 
quoted his collaborative work with Mr. Radcliffe at the Rowett 
Insti tute showing that, with diets varying widely in protein 
concentration, fat and lean rats apparently varied their food 
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intakes so as to achieve a similar rate of nitrogen retention 
though with vastly different rates of fat deposition. 
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V~. V~ck~on continued by asking whether it was possible to 
prevent the fat genotype from becoming obese while still maintain­
ing its maximum rate of lean-tissue deposition. V~. W~b~z~ 
replied that this was, to some extent, possible by increasing the 
protein content of the diet, leading to a reduction in food intake 
and in fat deposition, while maintaining the lean-tissue growth 
rate. 

P~o6. ~~ong asked what correction Professor Lewis had 
made in his calculations for the difference in the efficiency of 
uptake between amino acids flowing from the rumen and those 
infused into the duodenum, which he assumed would be completely 
absorbed. P~6. L~ replied that no correction had been made: 
in his view not only was the absorption of amino acids in protein 
flowing from the rumen less than 100%; so also was the absorption 
of the infused amino acids which were available only in spurts. 
He felt that existing information did not permit meaningful 
corrections. 

V~ Butt~y reported from his own results that, with sheep, 
muscle accounted for over 50% of total protein synthesis, the 
liver 15-23%; these results fitted with the compartmental model 
of Nolan & Leng; however, in most sutdies it had been difficult 
to estimate the contribution of protein turnover in the gut. 
V~. W~b~z~ referred to his own finding that the gut and liver 
contributed 30-35% of total metabolic rate of animals fed almost 
ad libitum, and he supposed that this reflected the high contri­
bution which visceral protein turnover makes to total turnover. 
V~. Fowl~ commented that the high protein turnover of the gut 
wall and liver was explicable in terms of the flux of nutrients 
across these organs. He enquired whether high turnover in muscle 
might be explained by the rejection of incomplete proteins by an 
immunological screen. V~. Butt~y thought that, although protein 
catabolism was in general a random process, there were elements 
which were not random. There was evidence, for example, that 
some of the sUbunits of structural proteins were broken down after 
synthesis. 
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TOWARDS MORE EFFICIENT MEAT ANIMALS: A THEORETICAL CONSIDERATION 

OF CONSTRAINTS AT THE LEVEL OF THE MUSCLE CELL 

1. G. Burleigh 

Agricultural Research Council, Meat Research Institute 

Langford, Bristol, BS18 7DY, U.K. 

I have chosen to consider the overall problem in the 
following terms:-

1. Should meat animals grow bigger or grow faster? 

2. Leanness and its side-effects. 

3. Muscle growth at the cellular level: introductory comments. 

4. The problem of what causes differences in the size of mammals 
and their muscles. 

5. A comment concerning the efficiency of muscle growth. 

6. A design for a hypothetically more efficient animal. 

7. Some diagnostic properties of the proposed animal's muscula­
ture. 

8. Unresolved fundamental questions. 

9. Harnessing the answers to practical ends. 

1. Should Meat Animals Grow Bigger or Grow Faster? 

I am concerned with processes that might operate within 
muscle cells to regulate the rate and extent of accumulating pro­
tein. This is research at a very fundamental level. However, a 
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practical aim is the eventual development of techniques which will 
further improve the growth efficiency of meat animals after pre­
sent procedures have begun to yield diminishing returns. 

For example, in the United Kingdom there is currently some 
interest in producing meat from larger breeds of cattle. At 
present, there may be some advantages of growth efficiency to be 
gained but presumably limits will be reached since cattle have not 
evolved to the size of elephants. One can think of several 
reasons: (a) At the cellular level, the larger terrestrial animals 
tend to grow relatively slowly (see below). (b) In the absence 
of compensatory adaptations, such animals will tend to expend more 
of their metabolic energy in combating gravity, since body mass 
increases with the cube of linear dimensions while the strength of 
the structures which support that mass should increase only with 
the square (1). In fact, on an evolutionary scale, the bones of 
large terrestrial animals are disproportionately thick (2) but 
that will hardly commend itself to meat producers. (c) Genetic 
variability is said to decrease with increasing size of animal. 
Thus, A. V. Hill (1) has pointed out that there are about 6,000 
species of rodent but only three species of elephant (Walker (3) 
cites only two species of elephant). This is partly because 
large terrestrial animals replicate themselves rather slowly and 
partly because very few biological load-bearing structures can be 
evolved to carry particularly heavY weights on land. 

In passing, the restrictions of gravity on growth are less 
important in marine animals which are buoyed up by the water they 
displace. Whales reach weights of over 100 metric tons and there 
are at least nine species of whale whose weight (3) is more than 
twice that of the two known species of elephant. Genetic diversity 
thus seems greater in the sea. 

As regards my immediate brief, therefore, there must be some 
limit beyond which making terrestrial animals bigger by present 
processes of selection becomes uneconomic. If British cattle are 
considered in isolation, the scope for increasing the size of 
several breeds, the Hereford for example, is obviously significant 
since the South Devon, as well as several breeds of cattle on the 
European mainland, are a good deal heavier. More problematical 
is whether the size of pigs can be increased since the musculature 
of pigs is physiologically less developed at birth and may be less 
able to support increased body weights in the neonatal period. 

Other problems may be encountered with particularly large or 
rapidly growing animals. Thus, Miss Christine Gibbs of the 
University of Bristol's Veterinary School has encountered Charolais 
and Simmental cattle with malformations of the hips and of the 
fetlocks (personal communication). Both these conditions appear 
to be associated with rapid weight gain in immature cattle (4). 
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The birth problems of large cattle are well-known (5,18,19), 
though there is some debate as to whether this is because of the 
animals' shape or their size. One breeder of Herefords has 
recently commented that larger members of the breed are the least 
adaptable and the most unpredictable breeders (6). 

To begin seeking means of obviating these problems, or 
potential problems, one might think of accelerating muscle growth, 
in the sense of taking less time to produce the same amount, or 
even more muscle, from animals whose birth weight does not alter. 
If one could shorten the time taken to produce a meat animal, 
prospective savings emerge on the amounts of food and physical 
energy that are consumed. 

This is essentially to invoke Blaxter's suggestion (7) that 
the faster an animal is made to grow, the less energy is used up 
simply in maintaining the animal. However, instead of using 
nutrition to manipulate rates of growth, I am here concerned with 
doing so genetically. The problem, as will be mentioned again 
shortly, is that a major evolutionary mechanism for achieving 
faster rates of growth on land seems to involve more inefficient 
growth per unit time, indeed to the point that prospective gains 
in efficiency are cancelled out by the losses. 

2. Leanness and its Side-Effects 

There is the additional aspect of making animals leaner i.e. 
increasing their complement of muscle relative to fat and bone. 
Lean breeds of animal do exist and a well-known example is the 
Pietrain pig. However, pigs of this sort tend to yield pale and 
watery meat and they tend to die prematurely. Lister and his 
co-workers consider that these disadvantages are a side effect of 
hormonal changes which diminish rates of accumulating fat, rather 
than accelerating muscle growth (8,9). 

Holmes and Ashmore have advanced a different explanation of 
stress-susceptibility in lean, double-muscled cattle (10). They 
have found that the muscular hypertrophy of such animals partly 
involves the accumulation of a large type of fibre which is rich 
in enzymes catalysing the catabolism of glycogen to lactic acid. 
The authors consider that this is one of several factors com­
bining to induce stress-susceptibility by elevating the concentra­
tion of lactic acid in the blood. 

I shall not attempt to decide which view of stress-susceptibi­
lity is correct, and they are not necessarily incompatible. 
Together, however, they advance two further specifications for 
inclusion in our ideal animal for current market requirements. 
(a) The animal should be lean because of genetic alterations to a 
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Table 1 

Amounts of muscle and fat in pigs genetically 
selected for fatness and leanness 

Backfat thickness 
High Medium 

Age of pig 185 173 at slaughter (days) 

Muscle in half 14.63 15.12 carcass (kg) 

Fat in half 9.54 7.95 carcass (kg) 

Weight of half 31.81 31.43 carcass (kg) 

Calculated from Stand&! et al. (11) 

Low 
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16.21 

6.70 

31.17 

mechanism which accelerates the growth of muscle, rather than 
diminishing the accumulation of fat and (b) that mechanism should 
not of itself produce stress-susceptibility. 

Such a mechanism will be difficult to detect in operation. 
This is because fat and muscle protein both require energy for 
their synthesis and because some amino acids can potentially be 
employed in the synthesis of both fat and protein. Therefore, it 
is theoretically possible to accelerate muscle growth by suppress­
ing the accumulation of fat and diverting energy sources and cer­
tain amino acids into the protein-synthesizing pathway. Consider 
some data on the pigs which Standal et al. (11) bred to high and 
low thicknesses of backfat (Table l)-.--rf the rate of accumulating 
fat is not affecting muscle growth, then lean and fat animals of 
the same age should have the same amount of muscle, expressed in 
absolute terms. However, the lean pigs produced about 10% more 
muscle in about 91% of the time that fat pigs did (Table 1), 
Adipose tissue isolated from the lean pigs also mobilized fat 
relatively actively when adrenaline was added to it. Like the 
Pietrain, such pigs may have been stress-susceptible, though this 
was not established. 

One's chances of unambiguously detecting a growth-regulatory 
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mechanism operating within muscle are probably best in very young 
animals, or even foetuses, since it is then that the ratio of 
muscle to fat is greatest. 

3. Muscle Growth at the Cellular Level: 
Introductory Comments 

In placental mammals, the major events in determining muscle 
size occur before birth. Most of the cells in the musculature 
have formed by then and, depending on whether one is speaking of 
a cow or a rat, 30-40 generations of cells are produced before 
birth and the equivalent of only 2-4 generations accumulate there­
after. Broadly speaking therefore, muscle growth falls into two 
phases; one in which cells destined to form muscle are actively 
replicating for a significant portion of the animal's gestation 
period, and a succeeding phase in which amounts of muscle protein 
per cell increase in circumstances where cells replicate pro­
gressively more slowly. 

Skeletal muscles are composed of fibres in which reside the 
specialized proteins concerned with contraction. These fibres 
are essentially long multinucleate cells formed, as is now 
generally believed, by the fusion of elongated precursor cells 
called myoblasts. Myoblasts have single nuclei and they originate 
from actively dividing precursor cells. In vertebrates, at 
least, cells that are becoming myoblasts cease to divide by 
mitosis and, to my knowledge, nobody has provided evidence that 
nuclei divide within muscle fibres. However, some cells with a 
capacity to replicate themselves remain associated with muscle 
fibres after they have formed. These cells are called satellite 
cells and several authors consider them to be a reserve of myo­
blasts that can fuse with the fibres. 

Once cells begin to accumulate the characteristic proteins of 
skeletal muscle they do not appear to divide again and, in addition, 
cells that have not become specialized within a developing muscle 
divide more slowly with age (12). Two mechanisms combine, there­
fore, to produce the overall decline in the rate at which cells 
multiply in a muscle as it grows. 

4. The Problem. of What Causes Differences in the Size 
of Animals and their Muscles 

The grosser variations in muscle size i.e. those between 
mammaJian species, obviously correlate with the number of cells 
and nuclei which each muscle possesses, as well as with the number 
of fibres. Also, in placental mammals, most or all the muscle 
fibres have formed by birth (12-14,37). Thus, at least in regard 
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to differences between species, cell and fibre number represent 
parameters which begin to meet the requirement for an index of 
muscle growth potential that is established early in life. 

Widdowson (15) has proposed that humans are larger than rats 
because human cells continue to divide for a longer period before 
birth, although they divide more slowly. She may well be 
describing the major mechanism for determining the size of animals 
on land although other mechanisms probably exist. Thus, 
Kihlstrom (16) found that gestation periods become more protracted 
with increasing body weight among species of terrestrial mammal 
with placentas of similar morphology. This supports Widdowson's 
idea since the length of gestation is presumably some measure of 
the overall time for which cells continue to divide actively. 
However, Kihlstrom also observed that quite significant variation 
in the length of gestation occurs between animal species of similar 
size and that the differences reflect the type of placenta. So 
there is presumably some scope for the size of animals to correlate 
directly with rates of cell replication, rather than inversely as 
proposed by Widdowson. 

However, large animals on land do seem to be so at least 
partly because their cells have divided longer, albeit more 
slowly, before birth. As metabolic processes occur more slowly 
in large terrestrial animals than in small ones (17), I recently 
suggested (12) that the events which cause cells to stop dividing 
proceed more slowly during the pre-natal growth of animals 
destined to be large. 

As regards post natal growth, this is a period in which muscle 
fibres are principally growing in size rather than in number. 
Relative to smaller mammals on land, the larger species perhaps 
possess somewhat broader muscle fibres, but such variation is minor 
compared with differences of several orders of magnitude in the 
number of fibres (see above). Indeed, fibre breadths that have 
been quoted for several muscles in mice and cattle fall in the 
range 40-50 Pm. What matters here is not so much differences in 
the width of fibre as in the time required for the fibres to grow 
to roughly similar widths. Thus, mice and rats take about 15-18 
weeks to achieve fibre breadths in the above range, cattle take 
over 2 years and humans require at least 12 years (12). 

There is probably a trend for muscles to grow more slowly in 
animal species of increasing size. This can be inferred from 
post natal growth in body weights, in the absence of suitably 
comprehensive data on muscle itself. I have calculated the time 
taken for various species of mammal to increase their body weight 
by a constant factor, arbitrarily set at 5-fold. To encompass the 
very wide variation in these times within a single graph, the 
logarithms have been taken and in Fig. 1 they are plotted against 
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Fig. 1. The rate at which terrestrial mammals grow postnatally 
(log t5 ) plotted against their gestation period (for explanation, 
see teft). t5 is the time in days needed to multiply an 
animal's birth ~eight by 5-fold. 

1 = mouse, 2 = rat, 
6 = pig, 7 = sheep, 
11 = ox, 12 = horse, 

3 = rabbit, 4 = cat, 5 = guinea pig, 
8 = goat, 9 = rhesus monkey, 10 = man, 
13 = African elephant. 

Calculated from data to be found in references 15,45,49. 

the gestation periods for the same species. There is obviously 
a direct relationship, indicating a trend for the rate of pre­
natal growth to be reflected in the rate of postnatal growth. 
It can be seen that gestation tends to be longer in the larger 
species also. 

Some common process would therefore seem to regulate rates 
of growth before and after birth. Thus, if animal breeders 
speed up this mechanism in postnatal life, they may accelerate 
the processes by which cells stop dividing before birth. The 
result could be a smaller animal. It is interesting to speculate 
that manipulations of this sort have caused the trend for certain 
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breeds of British cattle, Herefords for example, to mature 
earlier in recent times and to have become smaller in the process. 
The opposite trend appears to have occurred in the so-called 
exotic breeds of European cattle in which late maturity is 
accompanied by large size and by longer gestation periods (18). 

Consequently, breeds like the Charolais and Maine Anjou, 
which have rather large birth weights (18), may simply have 
acquired more cells by protracted and somewhat slower cell division 
before birth. This will make the animals grow faster overall 
after birth though individual muscle cells or fibres are not 
necessarily growing faster. 

For example, consider two animals such that a given muscle in 
animal A has 107 fibres at birth and its counterpart in animal B 
has 1.1 x 107 fibres. This difference has arisen because pre­
cursor cells have divided somewhat more slowly but for a longer 
period overall in animal B. Assume that at birth the fibres are 
of the same average breadth, 10 pm say, in both animals and that 
they subsequently grow at the same rate to breadths of 30 pm in 
the next 300 days. 

The cross-sectional area of each fibre, here taken as pro­
portional to its mass, will increase from 78.5 pm2 to 705 pm2 • 
The total cross-sectional area of the two muscles will increase 
by 107 (705-78.5) pm2 in animal A and by 1.1 x 107 (705-78.5) pm2 
in animal B, i.e. by 62.7 cm2 and 68.9 cmf respectively. In 
other words, the muscle in animal B appears to be growing faster 
but at the cellular level it is not. In fact this muscle would 
still appear to grow faster overall were its fibres to grow up 
to 10% more slowly than those in animal A. 

There is, in fact, some evidence that muscle fibres grow 
comparatively slowly in double muscled cattle (19,20), although 
there are some observations to the contrary (10). Lean Pietrain 
pigs are said to have somewhat enlarged fibres (21-23) but the 
last findings are possibly an artefactual effect of a phenomenon 
described by Lister (8,9) whereby lean Pietrain and fat Large 
White pigs accumulate muscle at the same rate. The Pietrain 
accumulates fat more slowly, however. Thus, if it is allowed to 
achieve the same body weight as the Large White, it will possess 
more muscle and, presumably, broader muscle fibres but only because 
it has grown for longer. In terms of total body weight the 
Pietrain, of course, grows comparatively slowly. 

As regards large or prospectively leaner animals that grow 
rapidly, the above discussion suggests that they could simply 
possess more muscle fibres of unaltered growth potential. In 
turn, the latter could arise because the replication of precursor 
cells has been prolonged and is perhaps even somewhat slower in 
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Table 2 

Average birth weights for calves 
of different breeds (52) 

Breed Sex No. Mean (lb) 

Aberdeen Angus Bulls 350 63 
Heifers 310 59 

Beef Shorthorn Bulls 108 72 
Heifers 72 63 

Belted Galloway Bulls 64 68 
Heifers 51 61 

Charolais Bulls 370 101 
Heifers 310 94 

Devon Bulls 280 82 
Heifers 212 77 

Galloway Bull 38 71 
Heifers 54 67 

Hereford Bulls 1,856 75 
Heifers 1,513 71 

Lincoln Red Bulls 47 81 
Heifers 38 78 

South Devon Bulls 79 102 
Heifers 68 98 

Sussex Bulls 210 83 
Heifers 187 78 

Welsh Black Bulls 164 79 
Heifers 178 77 

pre-natal life. Diagnostic of such a mechanism, if only as a 
first approximation, should be an increase in the gestation period 
given that, on an evolutionary scale, this is more protracted in 
the larger terrestrial animals. As muscle fibres contain signifi­
cant quantities of contractile protein, even at birth, the animals' 
weight at birth should probably increase somewhat. Gestation 
periods may not be prolonged by very much in the larger or leaner 
types of meat animal since small differences in the average rate 
and duration of cell division can have disproportionate effects on 
the final number of cells (Section 6). 

Bulls are a case in point. They are particularly lean but 
they weigh more at birth than heifers (Table 2). MacKellar (19) 
studied several British breeds and established that bull calves 
were born after a slightly, but statistically significantly, 
longer gestation period than heifers. Gestation periods are also 
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said to be extended and birth weights increased in lean cattle 
which have inherited the condition of double muscling (5,19), as 
well as in the large 'exotic' breeds of cattle (18,19,24). For 
example, a recent estimate placed the gestation periods of 
Simmental, Charolais and Limousin cattle at between 285 and 287 
days, relative to 282 days for the British Hereford (24). The 
average length of gestation for the largest British breed, the 
South Devon, has been found to be 290 days in a survey by MacKellar 
(19). This was seven days more than the average for several 
British breeds. 

For examples of animals in which a rapid rate of postnatal 
muscle development reflects an accelerated rate of cell replica­
tion in prenatal life, one may have to turn to the sea. As 
pointed out by Kihlstr~m (16), gestation periods among cetaceans 
(porpoises, whales, etc.) increase little with body weight, in 
contrast to those of terrestrial mammals whose placental morphology 
is of the type found in cetaceans. It is tempting to suppose that 
a diminished need to combat gravity allows aquatic animals to 
divert energy into making cells faster during gestation. 

5. A Comment Concerning the Efficiency of Muscle Growth 

Proteins are continUally being broken down and replaced in 
animal cells and it is commonly believed that the rate of their 
degradation is proportional to the amount or concentration of each 
protein that is present at any given time. The rate of synthesi­
zing protein is considered not to vary in this way (25,26) and for 
theoretical purposes it has been treated as constant in the absence 
of factors which perturb growth. Therefore as the amount of a 
given protein increases within the animal cell, the rate of 
degrading that protein should increase also. Eventually the 
rates of synthesizing and catabolizing protein should become 
equal and growth should cease. 

Calculations based on the above concepts have successfully 
explained the different rates at which liver enzymes accumulate in 
response to hormonal and nutritional manipulation (25,26), and 
the rate and extent to which multiple forms of the enzyme, lactic 
dehydrogenase, accumulate in cardiac muscle (27). 

Similar principles have been applied to the growth of protein 
in skeletal muscle, though on incomplete evidence whose status 
has been reviewed previously (12). It is reasonable tOo accept 
that protein is continually being degraded and resynthesized in 
skeletal muscle. However, although many authors express the rate 
of its catabolism in terms of half-lives, indicative of the 
assumption that the rate of catabolism varies with the amount or 
concentration of protein, firm evidence for the assumption is 
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lacking. If there is a relationship of the above sort, then the 
rate of catabolizing a muscle fibre's contractile elements, the 
myofibrils, probably varies with their surface area rather than 
with their mass (12). As myofibrils are increasingly segmented 
or partially segmented during growth, one cannot presently say 
how their surface area is varying. 

As a working hypothesis, therefore, and to generate growth 
curves which at least approximate those of muscle growth with age, 
I proposed a simple model in which the growth of a muscle fibre 
represents a balance between a constant rate of protein synthesis 
and a rate of protein degradation that increases linearly with 
time (12). I then compared a situation in which individual muscle 
fibres in mice and cattle grow to the same final breadth but at 
rates which differ markedly between the two species (see Section 4). 
As a result, not only did the rate of synthesizing appear to be 
less in fibres of cattle but the rate of degrading unit quantity 
of protein was inferred to be slower also. The implication was 
that the total amount of protein that is degraded and replaced 
during growth of the two types of fibre tends to be the same. 
The overall efficiency of growth should also tend to be similar 
given that the processes of protein degradation and synthesis, 
including replacement synthesis, should liberate heat and consume 
energy. 

Fig. 2A-D takes the argument further. In each case, the rate 
of protein synthesis is initially identical and the initial rate 
of protein degradation is zero. Rates of synthesis and degrada­
tion vary linearly and always meet at the same time T. The total 
amount of protein formed (or the fibre's final cross-sectional 
area) is constant and is proportional to the area between the 
ordinate and the lines representing synthesis and degradation (S 
and N). 

In Fig. 2A, protein synthesis increases with time and in 
Fig. 2B it is constant as in (12). Synthesis slows with age in 
Fig. 2C and D, in the last case to zero when growth stops at 
time T. It can be seen that identical growth curves are obtained 
in each case, a prediction which I have verified graphically and 
mathematically. 

However, the total amount of protein that is catabolized 
(~OXT = n) obviously varies between situations A-D. When T is 
constant, n varies in proportion to e, the ratio of the final rate 
of protein synthesis to its starting value (so), since it can be 
shown that n = ~esoT. The final quantity of protein, Pmax can 
also be shown to equal ~soT, so that n/Pmax = e. Consequently, 
when Pmax is constant, the total quantity of protein that is cata­
bolized and replaced during the production of Pmax is constant for 
any constant value of e. It is therefore independent of whether 
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Fig. 2. Constancy of the growth curve when rates of protein 
synthesis and degradation vary linearly with time to different 
extents. Growth curve: S = rate of protein synthesis; 
N = rate of protein catabolism. 
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protein synthesis increases or decreases with age and of the time 
taken to produce Pmax ' i.e. the total amount of protein degraded 
should be the same whether Pmax accumulates in around 15 weeks as 
in mice or over a much longer period as in cattle. This, of 
course, would also be true if muscle proteins were completely 
stable during growth. Thus, all forms of the model in Fig. 2 
tend to support my earlier and more tentative conclusions (12) 
which can also be adduced from a model of muscle growth in which 
the rate of protein synthesis is constant and the rate of degrada­
tion is proportional to the amount of protein that has accumulated 
at any given time (see Appendix). Faster growth thus seems to 
mean more inefficient growth, a prediction which accords with the 
fact the basal metabolic rate of rapidly-growing mice is several 
times greater than that of slow-growing animals the size of 
cattle (2). In fact, one has arrived at Kleiber's (28) conclusion 
that the overall efficiency with which animals convert food to 
body mass is independent of body size, the faster growth of 
smaller animals tending to be counterbalanced by greater ineffi­
ciency and heat output per unit time. 

6. A Design for a Hypothetically More Efficient Animal 

In what follows I have assumed a model of muscle growth of 
the form shown in Fig. 2B. Whether Fig. 2A, B or C is chosen 
does not materially affect the argument that it may be possible 
to reduce the amount of protein that is degraded during the pro­
duction of a given ~uantity of protein. Rather the ambiguity 
lies in the efficiency with which protein is accumulated by 
unimproved animals. If this is high as in Fig. 2C, scope for 
further improvement will be less and it will be zero if muscle 
growth occurs according to Fig. 2D. On biochemical grounds the 
last mechanism currently seems unlikely and whatever the mechanism 
of growth proves to be, shortening its duration should still 
diminish the amount of energy wasted on contractile activity by 
the muscle, and perhaps by other physiological processes. 

Consider again what will be termed a basal amount of muscle 
protein, the aim being to accelerate the growth of this protein 
without making the animal unduly big, unduly small and without 
decreasing the efficiency of growth per unit time. In Fig. 3 
growth of this protein is represented by triangle CDE which is 
here taken in a wider sense to describe the growth of a single 
muscle fibre of standard final breadth, or growth of a standard 
~uantity of protein representing multiple fibres. Triangle ABC 
represents a situation in which the same amount of growth has 
been achieved in less time by the undesired mechanism which involves 
an increased rate of protein turnover. In triangle ACF we have a 
potentially better situation where protein synthesis has doubled 
without alteration to the rate at which a unit amount of protein is 
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Fig. 3. Hypothetical scheme to illustrate the amount of protein 
that is degraded during the growth of muscle at different rates 
and by different mechanisms. 

degraded. Twice as much protein (A AFC) is obtained in the same 
time (CT) as the basal quantity (A CDE) took to grow and an 
amount of protein (area AXYC) equal to the basal quantity accumu­
lates in a shorter time (CZ). At this stage the. total amount of 
protein that has been broken down (A CYZ) is nearly six times less 
than that which would normally be catabolized (A CET) in forming 
this basal quantity of protein. 

In Fig. 3, the rate of protein synthesis could be increased 
by doubling the activity of individual ribosomes or by producing 
twice the number of ribosomes. The second mechanism could simply 
involve a doubling in the number of muscle-forming cells. If the 
number of these cells increases selectively, energy and branched 
chain amino acids should be diverted from the production of fat 
and the animal should also be leaner. 

However, when the animal is killed, several physiological 
properties of the muscle may well be underdeveloped. The muscle 
may be paler since myoglobin, the red pigment of muscle, accumulates 
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progressively after birth (29). So also do the enzymes concerned 
with degrading glycogen and generating energy for contraction by 
the anaerobic route. These should be present in comparatively 
low concentration also. Conversely, the concentration of mito­
chondria will probably be higher since it tends to decline as 
muscles grow with age (12). The last two factors should thus 
combine to make the metabolism of the muscle more aerobic. Stress­
susceptibility will therefore be reduced if it is related to the 
capacity of muscle fibres for anaerobic metabolism (Section 2). 

To some extent, the slower and more protracted replication of 
precursor cells might be harnessed to producing the extra cells 
required in Fig. 3. Given that a quite significant increase in 
the final number of cells can theoretically result from a small 
increase in the overall duration of replication, then on the 
argument of Fig. 3 greater overall efficiency will result if the 
extra nutrient consumed by the embryo, foetus and mother is less 
than that saved by slaughtering the animal, when its fibres are 
less developed. Reduced food conversion ratios attributable to 
double-muscled cattle, exotic cattle and bulls may have such an 
explanation, at least in part. 

There will almost certainly be limits to the increased 
efficiency that can be achieved in the above manner. Assuming 
that gestation periods are a rough measure of the duration of 
active cell replication, gestation has to be increased to 625 
days in order to produce a new-born elephant weighing 120 kg. 
Cattle weigh twiee as much, or even more, at the same age from 
conception. Thus, at some stage in an attempt to produce more 
cells in cattle by the above mechanism, any advantages of growth 
efficiency will be offset by the economic disadvantages of slower 
muscle production. 

However, the immediate barrier to further manipulation of 
present mechanisms for making cattle larger or leaner genetically, 
probably lies in the fact that birth problems will increase more 
than cattle were designed for, with attendant calving difficulties. 
Circumventing this problem will not just be a matter of altering 
rates of cell replication. Even if we were to increase these in 
embryonic life and if the resulting extra cells begin to form 
muscle protein at the same stage in prenatal life and at the same 
rate as in normal animals, the amount of muscle will still be 
increased at birth, with possible problems of dystocia. If we 
continue active cell division and delay the process of cell 
specialization till nearer birth, less muscle protein should have 
formed by then and the birth weight should increase by rather less. 
However, in so doing, we may have made the muscle fibres physiolo­
gically underdeveloped at birth and weaker. Thus, there is evi­
dence that the speed and total force with which a muscle contracts 
increases during postnatal development. Whether the immature 
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Fig. 4. Extension of the scheme in Fig. 3 to encompass 
asynchronous differentiation of muscle cells. 

muscles exert less force per unit of muscle weight is unclear (30) 
and that seems to be the more meaningful question in the present 
context. There is indirect evidence to the effect that neonatal 
muscles are intrinsically weaker. This takes the form of morpho­
logical observations that the myofibrils of immature muscle are 
surrounded by comparatively few and relatively disorganized 
elements of the sarcotubular system which are deficient in the 
ability to take up calcium (31-33). Whetqer the ATPase activity 
of the myofibrillar proteins increases during postnatal development 
is presently open to debate (12). 

Regarding the clinical effects of underdeveloped fibres in 
neonatal animals, very young pigs are subject to a condition known 
as splay leg in which the muscle fibres are poorly developed (34). 
Such pigs are liable to be crushed by the sow. Cattle might 
possibly tolerate more immature fibres at birth since they are not 
subject to crowding in large litters. 

Fig. 4 illustrates a hypothetical design for an animal which 
might obviate these potential problems. In this animal, a normal 
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basal amount of muscle protein (A ABO) starts to accumulate at 
the same stage of prenatal life as in normal animals. The muscle 
develops twice as much growth potential but expression of the 
extra potential is delayed until nearer to, or after, birth 
(A DEF). Clearly, there are still prospective benefits of growth 
efficiency to be gained if the rate at which individual fibres 
degrade protein increases with age. If the animal is slaughtered 
at time OR to yield a basal amount of protein (the sum of areas 
DMEN and APQO) , five times less protein will have been catabolized 
than in the normal animal i.e. the sume of the areas of As ENP and 
OQR is five times less than that of A OBT. 

A more usual assumption is that the rate of protein degrada­
tion in muscle increases with the mass of protein rather than 
linearly. Fig. 5 illustrates that savings on protein turnover 
are also expected on this basis in an animal whose doubled growth 
potential has been delayed as in Fig. 4. When expressed in 
suitable units, the curves representing increments in total protein 
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Fig. 5. Rates of accumulating and degrading protein in the 
animal of Fig. 4 on the assumption that protein catabolism follows 
first order kinetics. Values were calculated from equations 1 
and 3 in the Appendix. 
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and in the rate of protein degradation with age can be super­
imposed. The areas under the curves will be equivalent to the 
total amounts of protein that have been broken down. It can be 
seen that less muscle protein has been catabolized in Fig. 5 
(area OXR « area OZT) when the animal is killed at point R as in 
Fig. 4. 

The animals shown in Figs. 4 and 5 could arise in three ways: 
(i) Due to more active or more prolonged replication, twice as 
many mononucleate cells are originally incorporated into a normal 
number of fibres. This is followed by a period in which growth 
potential is only half expressed i. e. though ribosomes and catabo­
lic enzymes are doubled in number, their individual activities are 
temporarily halved. Growth potential is not fully expressed 
until nearer birth or it is perhaps stimulated after birth by 
suitable nutrition. (ii) A normal complement of nuclei is 
originally incorporated into a normal number of fibres developing 
at their normal rate. However, at some point between then and 
early neonatal life, an equal number of extra myoblasts fUse with 
the fibre and begin to accumulate protein at the same rate as the 
cells incorporated earlier. (iii) As situation (ii), except that 
the extra myoblasts fUse with themselves to form extra late­
developing fibres. 

In real animals, the process by which muscle cells become 
specialized in prenatal life is much more asynchronous. However, 
a situation akin to that in Fig. 5 might be possible. For 
example, in pigs, virtually all the muscle fibres are said to have 
formed by the 70th day of a gestation period lasting 120 days. 
By the 70th day, the number of muscle nuclei that are present will 
probably be of the order of 109 • An improved pig of the form 
illustrated in Fig. 5 could arise if at 70 days of gestation it 
possesses an extra 2.5 x lOB mitotically competent precursors of 
myoblasts. These cells would thus account for 25% of the total 
nuclear population and they could theoretically result from an 
increase of around 1% in the average rate at which individual 
cells of previous generations have divided. 

This is because the average cell generation time (t) i.e. 
the interval between successive divisions of cells, is related to 
the number of cells by the formula: 

t = log 2 x T 
log n-log no 

where T is the overall duration of cell replication. n and no 
are the number of cells at time T and at time zero respectively. 
If no is taken to be the fertilized egg, it becomes unity and 
log no = O. Smaller values of t mean faster cell replication. 
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If, between 70 days and birth, the 2.5 x 108 prospective 
myoblasts continue to divide rather slowly and yield two generations 
of daughter cells, these will now number 109 i.e. muscle-forming 
potential at birth has been doubled by mechanism (ii) or (iii). 

Alternatively, 2 x 109 cells might be produced at day 70 
according to mechanism (i). This will require the average genera­
tion time of the precursor cells to decrease in the proportion 
9.0/9.3 i.e. by 3%. This figure diminishes to 0.5% if only 10% 
more cells are required. 

The overall number of cells being considered can be reduced 
drastically without negating the idea that significant variation 
in the size of cell populations could arise from minor differences 
in the rate or duration of cell division. For example, to produce 
2,000 cells from a single cell where only 1,000 existed before 
would require that the average cell generation time diminish by 
only 10%, i.e. in the proportion 3.0/3.3. By the same token, 
some flexibility is allowed in one's assumption that altered rates 
of cell division are uniformly spread over the period from the 
fertilized egg onward. If, for example, the events which caused 
a doubling of the normal complement of 109 nuclei were only to 
occur after 106 cells had been reached, the average cell generation 
time in this period would still only decrease by 10%. 

Even so, the above discussion still highly oversimplified 
and it merely aims to illustrate principles on which a more 
efficient meat animal might be contrived. As a factor deter­
mining final numbers of cells, the interplay between the rate of 
cell division and the rate of producing non-dividing specialized 
cells must be extremely complex. However, Tsanev and Sendov 
(35) have developed a computer programme for representing the 
growth of specialized cell populations. In support of my simpler 
calculations, these authors have found that very significant 
fluctuations in cell number could theoretically arise from 
differences of merely 2% in the activities of mechanisms which 
regulate the rate at which cells divide or are converted to non­
dividing, specialized forms. 

Underlying my hypothetical animal is the presently untestable 
assumption that adding extra cells does not impair the efficiency 
with which muscle protein accumulates per cell. However some 
other considerations are perhaps encouraging: one need increase 
neither the number of ribosomes per mononucleate myoblast nor the 
protein-synthesizing activity of individual ribosomes in the muscle 
once formed. Nor need the rate of catabolizing unit quantities 
of muscle protein diminish. 

Also, taking a unit of growth potential to be a muscle 
nucleus surrounded by a constant number of ribosomes programmed to 
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form muscle protein, doubling the growth potential of its off­
spring should not require much extra energy expenditure by the 
mother. Thus, a unit of unexpressed growth potential will 
obviously weigh less than one whose potential has been expressed 
or partially expressed as muscle protein. How much less is not 
clear, but from the rather few published electron micrographs that 
are available, I estimate that nuclei and the cytoplasm which 
immediately surrounds them occupy only 10% of the transverse area 
(and presumably 10% of the mass) of fibres in newborn rats and 
late human foetuses. This figure may be even smaller in animals 
such as cattle which are physiologically more mature when they are 
born. 

The musculature accounts for around 25% of a newborn mamma] 's 
weight. If some genetic mechanism simply doubles the total 
amount of muscle present at birth, the animal will have to support 
about 120% of the weight of normal animals at corresponding stages 
of development from birth onwards. However, if units of genetic 
potential were to double in number without synthesizing muscle 
protein till just after birth, the birth weight will increase 
less, of the order 2.5%. The animal should be capable of pro­
ducing twice as much muscle as do normal animals but the time 
over which it has to support the extra weight is therefore reduced. 

Summarized, my concept of an improved meat-producing animal 
is one which (i) has not unduly increased its birth weight and 
gestation period to the point of developing significant problems 
of dystocia (ii) which can adequately support its body weight 
against gravity, or else presents minimal economic and humanita­
rian problems if it does not (iii) which if it is lean, will not 
be stress-susceptible and (iv) which multiplies its body weight 
particularly rapidly and efficiently because of an increased pro­
pensity to deposit muscle. 

Such an animal might exhibit these properties by virtue of 
possessing a greater number of muscle-forming cells at birth, 
expression of the cells' potential to form muscle protein being 
somewhat retarded at this stage. Subsequently, the full 
expression of this potential should result either in the particu­
larly rapid development of enlarged fibres which contain an 
increased number of nuclei per unit of fibre breadth, or the 
appearance of extra late-developing fibres. The extra precursor 
cells should be associated with a population of fibres developing 
at a normal rate so that the animal is strong enough to support 
itself in the neonatal period. Given a mechanism of subsequent 
muscle growth that is broadly of the form in Fig. 2, the muscle 
protein should have been formed more efficiently in the sense that 
less energy has been diverted to protein catabolism, to resynthe­
sizing degraded protein and to contractile activity. 
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7. Some Diagnostic Properties of the Proposed 
Animal's Musculature 
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Extra muscle-forming potential in newborn animals could 
express itself as an excess of prospective myoblasts which then 
fuse and develop to form additional fibres. The muscle will then 
possess a normal complement of fibres with a normal genetic poten­
tial for growth, plus a population of smaller late-developing 
fibres. At a given age after birth, therefore, the distribution 
of fibre breadths will be skewed because of these small fibres. 
Alternatively, the excess myoblasts could occur randomly among a 
normal number of fibres and subsequently increase the rate at 
which the fibres grow. 

Published estimates of the number of fibres in individual 
muscles of conventional meat animals range from 4,000 to 107 (36, 
37). Though to some extent this might be accomplished by auto­
mated techniques, the direct enumeration of fibres in muscles from 
a large number of animals is rather a daunting task. In principle, 
one can enumerate fibres indirectly by dividing the total cross­
sectional area of a muscle by the average cross-sectional area of 
individual fibres. However, as with a direct procedure, this 
requires the excision of at least one complete muscle and the 
assumption that the number of its fibres is representative of 
those in the musculature as a whole. 

When Stickland and Goldspink (36) examined a prospective test 
muscle in young pigs, the number of its fibres did correlate with 
those of other muscles. The authors also confirmed Staun's (38) 
observation that increased fibre number tends to be accompanied by 
diminished fibre breadths. However, they did not show that the 
distribution of fibre breadths was skewed in such cases or obtain 
evidence that increased fibre numbers are accompanied by an inc­
reased rate of growth in the musculature as a whole. Such 
observations are also incomplete without an estimate of growth 
potential in individual fibres since different animals can 
possible distribute the same total potential for muscle growth 
between different numbers of fibres. A muscle fibre is not a 
unit of growth potential. It represents growth potential plus 
the expression, or partial expression of growth potential as 
muscle protein. 

We might now consider the prospective benefits of discovering 
that the rate and extent to which a muscle fibre grows in breadth 
is dictated by the number of nuclei occurring along a standard 
length of the fibre. If such a relationship can be established 
then one has the prospect of an index of growth potential which is 
independent of variation in a fibre's dimensions. This is 
because when fibres are isolated and viewed in longitudinal pro­
file, it is possible to estimate nuclei in fibre segments of 
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standard length such that the effect of variation in nuclear length 
is eliminated (unpublished observation). When the standard length 
is expressed as a number of sarcameres, the effects of contraction 
are also compensated for and by focussing completely through the 
fibre the enumeration of nuclei is made independent of fibre breadth. 
However, measurements of fibre breadth will still be required to 
test the proposition that fibres with an increased number of nuclei 
per unit of fibre breadth synthesize protein relatively efficiently. 

A procedure of the above sort could in principle also be used 
to test whether rapidly growing muscles have acquired a population 
of late-developing fibres. One will again require independent 
knowledge that the rate of total muscle growth has accelerated, or 
at least that growth in body weight has accelerated in circum­
stances where fat accumulates slowly. It is possible, for example, 
that muscles possessing enlarged fibres with an increased comple­
ment of nuclei, will have fewer fibres. On the other hand the 
above procedure will not require the excision of an entire muscle. 
It will suffice to obtain a sample of fibres, perhaps pooled from 
more than one muscle in a commercially valuable region of the 
animal. 

The possible usefulness of measuring total DNA in muscle 
should be considered. On the preceding arguments, one might seek 
animals with muscles (a) which are of roughly normal weight at 
birth but possess an increased ratio of DNA to protein and (b) 
which subsequently grow rapidly while continuing to exhibit this 
increased ratio relative to normal muscles. Once again, an 
independent estimate of total muscle mass will be necessary since, 
of itself, a low ratio of protein to DNA could simply mean that 
the muscle has grown abnormally slowly. 

In terms of accuracy, an estimate of gross muscle DNA has the 
advantage of being obtained from a sample containing many fibres. 
However, there will be errors inherent in the procedures for 
extracting the DNA and estimating it. Moreover, that estimate 
will include DNA in the nuclei of capillaries and in cells of 
the connective tissue between the muscle fibres. Such nuclei are 
said to account for 15-35% of the total nuclei in a muscles of 
chickens and rats (39,40). Gross estimates of DNA also say 
nothing about the interaction between growth in fibre breadth, 
length and number; all three processes being probably same fUnc­
tion of nuclear numbers. This may not matter for the purposes 
being discussed. Finally, though the total amount of DNA in a 
growing muscle increases (Table 3), it is not known whether the 
additional nuclei which a muscle fibre acquires with age actually 
cause its growth in breadth (see below). If they do not, then 
measurements of total DNA are likely to be of little value. 
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Table 3 

Replication of nuclei with age in different muscles. 
Estimates where made from measurements of total DNA in 
the muscles except for * where microscopy vas used. 
S = skeletal muscle; H = heart. 

Species Period of growth -Fold increase 
in nuclei 

Mouse (S) 1-10 weeks from 2.4 
birth 

Rat (8) 1-8 weeks from 4.8 
birth 

(S) 2-12 weeks from 1.8-4.2 
birth 

(H) 0-14 weeks from 13 
birth 

Human (S) 1-15 years from 15 
birth 

(S) 0-65 years from 4.0* 
birth 

Pig (S) 0-32 weeks from 22-26 
birth 

Chicken (S) 0-38 weeks from 18-96 
hatching 

Trout (S) 0.02-3.4 kg body 78 
weight 

8. Unresolved Fundamental Questions 
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The hypothetical animal of Section 6 presupposes a mechanism 
of growth regulation for which there is minimal evidence. How­
ever, many questions are posed that are open to experiment and 
some of these will now be summarized. 

Essentially one is seeking animals in which a capacity for 
rapid and disproportionate muscle growth results from comparatively 
active replication of muscle precursor cells in prenatal life. A 
second requirement is that the cells become specialized more 
asynchronously. 
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Fig. 6. Prenatal growth of rats, rabbits and humans. 
from data in references 45-48. 

Taken 

Fig. 6 illustrates a situation which seems to merit some 
preliminary study in a fundamental sense. This Figure shows that 
the rat and the rabbit grow at the same rate in the period when 
cells should be multiplying most rapidly before birth. The 
rabbit, however, grows at a fast rate for longer. It is tempting 
to suppose that its cells are dividing actively for longer and to 
enquire how the number of nuclei in its muscles and their fibres 
differs as a result. Shown for comparison in Fig. 6 is the 
slower growth of a much larger animal, the human. 

Of course, the rabbit weighs more at birth than a rat and 
the comparison does not strictly represent the situation one is 
seeking. Thus, it seems worthwhile to supplement a study of the 
above sort with an investigation of nuclear numbers in fibres of 
different type, since it is known that within individual animals 
the breadth of muscle fibres, and hence their rate of growth, 
varies with their physiological properties. 

I have previously reviewed three pertinent facts (12): 
(a) red, slow-phasic muscles appear to have more nuclei in their 
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fibres than have fast-phasic muscles, fibres in the red muscles 
also being larger, (b) the number of mononucleate cells that fUse 
to form a fibre in culture can be increased by altering the con­
ditions of culture, (c) fibres of the slow-phasic type tend to be 
somewhat larger in prenatal life. 

Collectively, these observations suggest there is some scope 
for fibres to differ in growth rate through the number of nuclei 
that they have incorporated before birth. Landing, Dixon and 
Wells (41) have also found that the breadth of muscle fibres in 
humans varies with the number of nuclei occurring along a unit 
length of fibre. Similar observations have been made on chickens 
(42). 

My own unpublished findings on rats and rabbits so far con­
firm these observations. However, it will not suffice to demon­
strate a direct relationship between fibre breadths and nuclear 
numbers. One also wishes to know whether each nucleus within a 
muscle fibre sponsors the formation of muscle protein. Many, and 
hopefully, all the nuclei that initially fUse to form a fibre must 
do so. However, elsewhere I have pointed out that although new 
nuclei appear to be added to and incorporated within muscle 
fibres so they grow with age, no one has yet shown that these 
nuclei sponsor the formation of contractile protein (12). 

This bears on the second of the mechanisms that I proposed 
as an explanation of Fig. 5. It raises the ~uestion of whether, 
even in embryonic life, a fibre can add new muscle-forming nuclei 
along its length. More convincing, perhaps, is the evidence that 
the ends of fibres can add such nuclei at their junction with a 
tendon (12). Thus, the above mechanism might be operated in this 
way or through the addition of nuclei to the tapering ends of 
fibres which termina te within the body of a muscle. Swat land 
and Cassens (43) have proposed that muscles can grow in breadth 
through the elongation of such fibres. 

If one aims to increase growth efficiency by manipulating 
nuclear numbers in the body of muscle fibres, then one must also 
show that it is biologically possible for muscles to grow rapidly 
and to possess broader fibres with a greater number of nuclei per 
unit of fibre breadth. Such fibres should arise from fibres 
whose breadths are only slightly increased at birth, and prefer­
ably not at all, and which either possess a greater number of 
internal nuclei per unit of fibre breadth than have normal animals, 
or else have more potential myoblasts associated with them. 

So far, I have unpublished evidence to indicate that some of 
these re~uirements are met by slow-phasic muscles in comparison 
with fast-phasic muscles, but have yet to seek such phenomena 
within the fast-phasic category of muscle. As regards genetically-
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induced variation in nuclear numbers, ~ evidence is so far con­
fined to observations of some differences between rabbits and 
rats. 

Moreover, I have not yet attempted to show that satellite 
cells, here taken to be putative ~oblasts, actually cause new 
~ofibrillar protein to be synthesized. 

If this cannot be demonstrated then the potential usefulness 
of nuclear numbers in muscle fibres as an index of growth poten­
tial will principally rely on the existence of mechanism (i) in 
Section 6. It will also depend on one of three conditions being 
met: (a) that there is a point in a muscle's development up to 
which it can be conveniently sampled without potentially non­
productive nuclei contributing significantly to nuclear numbers, 
(b) that the rate at which muscle fibres acquire new nuclei with 
age is dictated solely by the number of nuclei that the fibres 
initially possess and is not accelerated by mechanisms that dispose 
lean animals to stress-susceptibility and (c) that nuclei which 
are added later can be identified morphologically. For example, 
I have observed that muscle fibres contain rounded nuclei as well 
as the characteristic elongated variety. It is possible that the 
former are acquired later from dividing satellite cells, although 
that is speculation at present. 

Finally, it remains to emphasize the need for better evidence 
regarding the manner in which protein synthesis and degradation in 
muscle vary with age. The limited observations that are so far 
available (12) tend to favour a model between Figs. 2B and C, but 
that is a tentative conclusion. 

Also, I have mentioned the requirement that accelerated muscle 
growth should not result in more inefficient growth per unit time. 
Thus, it is prudent to note that although red slow-phasic fibres of 
the rabbit have particularly abundant nuclei (45; personal observa­
tion), there are biochemical observations to indicate that protein 
is degraded and replaced comparatively rapidly in slow-phasic or 
repetitively contracting fibres. The evidence depends on measure­
ments of the rate at which the muscle protein incorporates and 
subsequently loses radioactive amino acids acquired from the blood 
stream. It is possible that, rather than truly reflecting protein 
turnover, these values are simply dictated by the rates at which 
the amino acids are gained and lost from red muscles via the 
latters' more numerous capillaries. 

9. Harnessing the Answers to Practical Ends 

If the proposed mechanism of growth regulation proves to 
exist, there will be its practical exploitation to consider. 
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Fundamental research of the sort I have described should have 
documented the properties of a range of muscle fibre types from 
animals of different genotype. These fibres will hopefully 
encompass the range of what is biologically possible in terms of 
their ability to grow rapidly through the number of nuclei that 
they have incorporated. 
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The muscle fibres of different species of meat animal might 
then be compared with this series to see how far their genetic 
potential for growth by such a mechanism has evolved. Subsequently, 
different breeds of the same species might be investigated. 

Even if one does find muscle fibres in meat animals to be 
rather deficient in nuclei, there will still remain the problem 
of adjusting selection pressures on the animal to favour growth 
by the mechanism I have indicated. Naturally, one would hope to 
employ measurements of nuclear numbers for that purpose, perhaps 
in association with, rather than as a substitute for estimates of 
growth rate, efficiency of food conversion and thickness of back­
fat. Accuracy will be a critical factor here. 

If this prospect fails to materialize, then one may have to 
think of meat production in a wider context. For example, it 
seems to me that two basic factors on land contend against the 
more efficient accumulation of cell substance by warm-blooded 
animals. One is their necessity to spend metabolic energy in 
keeping warm, this being most pronounced in small animals with 
their high surface to body ratio. The other is the requirement 
to spend energy in contending against gravity, a factor which 
becomes most evident in large animals. 

One might speculate then that the optimum size for efficient 
growth and for manipulating units of genetic potential lies some­
where in between, at the level of the rabbit and the pig perhaps. 
Indeed, there is some evidence that the number of nuclei per 
muscle fibre differs between breeds of rabbit (44). 

Casting the net more widely, Table 3 is a compilation of 
published data on the rate and extent to which nuclei multiply in 
various muscles as they develop. Most of the results were 
obtained from estimates of total DNA and should be treated circum­
spectively. However, it is perhaps more than coincidence that 
the animals in which nuclei are replicating most extensively, are 
the chicken and the trout. 

The chicken falls in the same range of body size as the 
rabbit, it is lean and it has proved amenable to selection for 
increased growth rate. Fish are also lean and I have already 
suggested that scope for accelerated cell replication and increased 
growth efficiency is greatest in water because of the diminished 
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need for aquatic animals to contend against gravity. As growth 
of the trout was followed from 20 g onwards, we can probably 
eliminate the influence of the fact that it hatches at rather an 
immature stage of development. So, a method for estimating the 
number of nuclei in muscle or in a portion of a muscle fibre might 
be developed to either document the potential of different species 
of aquatic and terrestrial animal to form muscle efficiently, or 
to indicate which species are most capable of genetic improvement. 
Such a method would be free of commercial and SUbjective bias. 

Finally, at the back of our minds should be the idea that 
research will eventually prove the impossibility of further 
improvements in the efficiency of meat production through genetic 
manipulation. In that case, a rational basis will have been 
provided for the redirection of research into other areas of food 
production. However, I think it fair to say that much positive 
thinking can still be done and some very challenging experimenta­
tion lies ahead before we are ever forced to that conclusion. 
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APPENDIX (to Section 5) 

When growth represents a balance between a constant rate o~ 

protein synthesis (s) and a rate o~ protein degradation (~) that 

varies directly with the amount o~ protein (p), then ~rom re~s. 25 

and 26: 

~ = kP ••••••• eqn. 1, and ~ = s - kP ••••••• eqn. 2. 

dn 
When t = 0, P = 0 and dt = O. 

Integrating eqn. 2, P = { (1 - e-kt ) ••••••• eqn. 3 

When growth stops, P = Pmax = a constant ~rom the discussion 

o~ Section 5 and : = 0 = s - kPmax ' There~ore, Pmax = {. 
P approaches Pmax with time but never quite reaches it. 

However, one can calculate the quantity o~ protein degraded (na ) 

in producing a ~raction o~ Pmax i.e. Pa = aPmax where 0 < a < 1. 

Pa accumulates in time t • 

Integrating eqn. 1: 

since P = ~ (1 - e-kt ) 

an = = st + ~ e-kt + c 
k 

k 
When t = 0, n = 0, e-kt = 1 and there~ore c = s 

k 

There~ore, n = st + ~ e-kt - ~ = st 
k k 

= kPmax·t - P 

- ~ (1 - e-kt ) = 
k 

Thus, na = Pmax.kt - Pa ••••••• eqn. 4. 

st - P 

1 
Now, 

s 
t = a =­
s 

(1 - e-kt ), so e-kt = 1 - a and ekt = 1 - a 

t 

There~ore, kt = -In(l - a) and ~rom eqn. 4: 
na = -Pmax ln(l - a) - aPmax • Thus, since Pmax is constant, 

na is independent o~ time ~or any given value o~ a. In other 

words, when muscle ~ibres have the same growth potential, the 

amount o~ protein that is degraded in expressing any ~raction o~ 

that potential is independent o~ the time required to do so. 

This accords with the predictions o~ the models in Section 5. 



FACTORS AFFECTING MUSCLE SIZE AND STRUCTURE 
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This paper is about the structure and arrangement of limb 
muscles in mammals. It is not specifically about meat animals 
though the limb muscles of a wide variety of mammals are built to 
the same basic design. 

Most of the musculature of a typical limb consists of extensor 
muscles, since these are the muscles required to exert downward 
forces on the ground. Fig. la shows how the extensor muscles are 
arranged in the hind leg of a dog. Though the diagram and the 
description which follow are based on dogs, the same pattern is 
found in sheep. 

The extensor muscles of the hip are the bulkiest and all the 
main muscles in this group are parallel-fibredo In a 26 kg 
Alsatian which I dissected most of their fibres seemed to be 
100-150 mm long. The extensor muscles of the knee are pennate with 
shorter fibres which converge on central tendons. In the same dog 
most of their fibres were 25-50 mm long. The extensors of the 
ankle are also pennate, but have even shorter fibres, 10-25 mm 
long. The shortest fibres are in the plantaris which has a remark­
able quadripennate structure. 

The extensors of the ankle originate on the femur, so they 
also act as flexors of the knee. Since their fibres are so short 
they cannot be stretched much. Consequently the ankle of a dog 
cannot be flexed (except by very large forces) while the knee is 
held straight. However, bending the knee allows the ankle to be 
bent as well. When a dog raises its paw in walking, knee and ankle 
are bent together. Some of the other leg muscles also cross more 
than one joint, but this need not concern us here. 
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Fig. lao A diagram of the hind leg of a dog showing 1, the 
extensors of the hip; 2, the extensors of the knee and 3, the 
extensors of the ankleo Each group of extensor muscles is 
represented as a single muscle, and the arrangement of fibres 
shown within it is typical for the group. 

b. An outline traced from a film of a 36 kg dog taking 
a running jump from a force platform. The force exerted by the 
platform on one foot is also shown. 

The main anatomical point which I wish to make is that the 
extensor muscles of the hind leg show a gradation, from parallel­
fibred muscles with long fibres extending the hip to pennate 
muscles with very short fibres extending the ankle. A rather 
similar arrangement is found in the fore leg. The extensors of 
the wrist are pennate with very short fibres while the triceps is 
partly parallel-fibred and partly pennate, with much longer fibres. 
Why should leg muscles be arranged like this? 

A possible answer has emerged from a study of jumping by 
dogs (1). Jumping was studied because it is a strenuous activity 
involving large forces, in which muscles are likely to be used to 
the limits of their capability. The subject of the study was an 
Alsatian which had been trained, for working trials, to jump a 
variety of obstacles on command. 

A force platform, set into the floor, was used to record 
forces exerted on the ground at take-off. This instrument 
produces a record of the three components (vertical, longitudinal 
and transverse) of forces exerted on it. Fig. lb is an outline 
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traced from a film, of the dog taking off for a running jump. His 
hind paws are on the platform and the record shows that at this 
instant they were exerting on it a force of 1120 N (3.2 times body 
weight) at 84° to the horizontal. Each hind paw was presumably 
exerting half this force, so a force of 560 N, at 84°, is shown 
acting on the nearer paw. The distance of each joint from the line 
of action of this force can be measured, so the moment acting about 
each joint can be calculated. The forces exerted by the major 
groups of muscles can in turn be calculated, if their moment arms 
about the joints are known. The lengths of the muscles can also be 
calculated, from the angles of the joints. 

Several muscles act at each joint. The calculations show, 
for instance, that at the instant shown in Fig. lb, the extensor 
muscles of the ankle must have exerted a total force of 2500 N 
(0.25 tonne). Two muscles are involved, and the data do not tell 
us how much of this force was exerted by each muscle. In such 
cases of doubt, it was assumed that equal stresses acted in all the 
muscles of a group. In calculating stresses, account was taken of 
the pennate or parallel-fibred structure of the muscles. 

Graphs were thus obtained showing the forces calculated for 
individual muscles, at successive stages in take-off, and the 
changes in length of the muscles. Two of these graphs are shown 
in Fig. 2. The biceps femoris (Fig. 2a) is the largest of the 
parallel-fibred extensors of the hip. Its fibres shortened by 
about 30 mm, or 20% of their initial length, while the force rose 
to a maximum and then diminished again. The area under the graph 
represents work done by the muscle, in accelerating the dog at 
take-off. The gastrocnemius (Fig. 2b) is one of the pennate 
extensors of the ankle. It extends by 23 mm as the force increases, 
and shortens again as the force diminishes. The graph resembles a 
graph of force against length for a spring which is stretched and 
then recoils elastically. Work is done on the muscle as it is 
forcibly stretched, and by the muscle as it shortens again. 

The muscle fibres of the gastrocnemius are initially only 
15-25 mm long. It seems inconceivable that they should be 
stretched by 23 mm and still be able to exert a substantial force. 
However, the gastrocnemius has a long tendon of insertion, about 
200 mm including the part to which the mus2le fibres attach. The 
cross-sectional area of the tendon is 8 mm so the maximum_~orce 
of 1000 N implies a stress in the tendon of about 125 MN m _~ 
Young's modulus for tendon collagen (2,3) is about 1.2 GN m so 
the tendon should be stretched by about 10% of its initial length, 
or about 20 mm. Thus the muscle fibres may have changed length 
very little, while the tendon stretched elastically and recoiled. 

The stress which seems to be developed in the gastrocnemius 
tendon is remarkably high. Measurements of the tensile strength of 
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Fig. 2. Graphs of force against length during take-off for a 
running jump for a) the biceps femoris and b) the gastrocnemius 
of a 26 kg dog. 

-2 tendon (4) have generally yielded values between 50 and 100 MN m • 
However, stresses are applied slowly in conventional strength tests. 
The high stresses which act in jumping act only for a few hundredths 
o.f a second, and might break the tendon if they acted for longer. 
Polymeric materials generally can withstand brief stresses better 
than maintained ones (5). 

It seems from Fig. 2 (and from similar graphs for the other 
muscles) that the large parallel-fibred extensors of the hip and 
the much smaller pennate muscles of the ankle have quite different 
functions. The parallel-fibred hip muscles are necessary to do the 
work required when the animal accelerates or jumps. The pennate 
ankle muscles do little net work and are much less important than 
their tendons, which act like the spring of a pogo-stick. The 
extensor muscles of the ankle probably serve merely to make minor 
adjustments to the lengths of their tendons. They do not need to 
shorten much so their fibres need not be long, but they must be 
able to exert large forces. The hip and ankle extensors must be 
appropriately matched in strength, if both are to be used to the 
full. They seem to be nicely matched: it was calculated that the 
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maximum stresses which occurred in jumping were about 270 kN m-2 
-2 for the hip extensors and 310 kN m for the ankle extensors. 
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Elastic storage of energy in tendons must save energy in 
locomotion. Animals rise and fall as they run, gaining and losing 
potential energy. They accelerate and decelerate, gaining and 
losing kinetic energy. Potential and kinetic energy are lost and 
regained at each step. If there were no elastic structures, this 
energy would be absorbed by muscles and degraded to heat, and 
would have to be wholly replaced by work done by active contraction 
of the muscles. Elastic tendons can store some of the energy and 
restore it in an elastic recoil, so that less work has to be done 
by the muscles. The amounts of energy saved in this way when dogs 
trot or gallop have not yet been determined, but an investigation 
of hopping by kangaroos has been completed (6). It appeared that 
when a wallaby hopped slowly, about 40% of the energy which would 
otherwise have been required was saved by elastic storage in 
tendons. There were indications that considerably higher propor­
tions of energy might be saved when a kangaroo hopped fast. 

An animal with bulky parallel-fibred muscles to work all its 
joints would have no means of storing elastic energy in locomotion, 
and the distal parts of its limbs would be unusually heavy. One 
which had only short-fibred pennate muscles would have light limbs, 
but little capacity for acceleration. The arrangement shown in 
Fig. la gives the animal the ability to accelerate, and also enables 
it to save energy by elastic storage. Since the bulky muscles are 
at the proximal end of the limb the moment of inertia of the limb 
about the hip or shoulder is reasonably low, so not too much energy 
is needed to swing the limb forward and back. The muscle fibres of 
the extensors of the ankle are very short in dogs and sheep. They 
are longer (relative to the size of the leg) in men and kangaroos, 
and the extensors of the ankle represent a larger proportion of the 
total weight of leg muscles. 
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DISCUSSION 

v~. Web~z~ enquired if it were not merely coincidental that 
the proportions of muscles within the limb of the sheep and the 
dog were so similar for there were considerable differences in the 
bone structure of the limb and in the involvement of the spinal 
column in locomotion. P406. Atexand~ replied that the difference 
between the digitigrade and ungulagrade animals lay not in the 
basic limb proportions, but in the fusion of the metapodials. He 
agreed that, in some species, there was a contribution of the 
torso to locomotion, but this was difficult to include in his 
calculations. V~. W-iddoW6on observed that, in the kangaroo, 
there was an extraordinary reversal in the relative proportions 
of the fore and hind limb during growth. 

v~. B~eigh enquired whether the tapered endings of those 
muscle fibres that did not extend for the full length of the 
muscle are pulled apart during contraction. P~o6. Ate.XQ..nd~ 
doubted whether such fibres existed, but P406. Go~~ said that in 
large muscles there is an inter-digitation of fibres. This was 
shown in studies of the distribution of motor end-plates, which 
are usually situated at the mid-point of the fibre. Some muscles 
have one, others two or three bands of motor end-plates. 

P406. Go~~ referred to Crawford's experiments with rabbits, 
in which the tendon of the anterior tibialis was made to run 
outside the crural ligament. In the treated rabbits, the total 
length of the muscle plus tendon was the same as in controls, but 
the muscle now occupied half this length rather than one-third. 
He enquired what the mechanism for this might be and P40 6. Atexand~ 
suggested that there might be a change in the angle of pinnation 
of the muscle. 

v~. WiddoW6on mentioned some of her findings on muscle 
fibre and nuclear proliferation in newborn and undernourished 
pigs. Pigs, like humans, have a full complement of muscle 
fibres at about the time of birth, and this appears to be under 
genetic control. The runt pig at birth has fewer muscle fibres 
than its normal littermate. Prolonged undernutrition of a normal 
individual has little or no effect on the number of muscle fibres, 
although they contain many more nuclei. V~. T~~ wondered to 
what extent the apparent genetic variation in fibre number at 
birth was attributable to the uterine environment. V~. W-iddoW6on 
agreed that undernutrition before birth could reduce fibre number. 
Her observations on Large White pigs, however, suggested that 
there was much greater variation in fibre number of well-nourished 
pigs between than within litters and this she interpreted as 
being of genetic origin. 
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04. Moody asked what was the significance of the red and 
white components of a semitendinosus and if this was related to 
meat quality. He asked whether in double muscling there were more 
nuclei or more fibres. O~. BU4ielgh replied that in the semi­
tendinosus of the rat there were small red oxidative fibres which 
could hypertrophy under workload into visibly whiter larger fibres. 
There appear to be two types of red fibres, the slow contracting 
type typical of the rabbit semitendinosus and rat soleus, and 
another kind of fast repetitively contracting fibre with a high 
ATPase activity found in the diaphragms of small rodents; it ~ 
be this which is the red type found in the semitendinosus of 
larger animals. P406. Aiex.a.n.deJt speculated that the slow red 
fibres might be concerned with posture, but there was no quanti­
tative evidence that the numbers were appropriate to the forces 
required. P406. Go~~ posed the hypothetical question of whether a 
very small muscle of an adult rat, transplanted to the site of a 
potentially larger muscle of an infant rat, would grow larger than 
nature intended. 04. BU4ielgh thought that, if subject to the 
appropriate workload, such a muscle would hypertrophy. 

04. FowleJt asked if new nuclei in hyperplastic muscle fibres 
arose from cell division at the ends of the fibres. 04. BU4ielgh 
replied that nuclei are thought to be added by the fusion to the 
existing fibre both of myoblasts at the fibre ends, associated 
with lengthening, and of satellite cells along the fibre length, 
associated with thickening. 

P406. Cahitl remarked that, in man, protein synthesis in 
muscle is spasmodic; it is stimulated by food and by activity. 
This works independently in various muscle groups according to 
their use; in this way the animal is alw~s remodelling itself 
according to the environment. 
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INTRODUCTION 

A functional division of the lipids of the animal body was 
first made more than half a century ago by Mayer and Schaeffer (1) 
who studied the effect of starvation on the lipid content of the 
kidneys, liver and muscle tissue of dogs and rabbits and concluded 
that there was an 'element constant' (largely phospholipids) and an 
'element variable' (triglycerides), though the biological signifi­
cance of these two major classes of lipid was not to become 
evident for many years. The furtherance of knowledge regarding 
the part played by phospholipids in the structure and function of 
membranes of cells and organelles depended as much on the develop­
ment of physical methods (subcellular fractionation, electron 
microscopy) for their isolation and study as it did on the advent 
of chemical techniques (thin-layer chromatography, gas-liquid 
chromatography) for the separation and characterization of indivi­
dual phospholipids. Similarly, it was not until isotopically­
labelled compounds became available that the dynamic metabolic 
state of adipose tissue was revealed and not until isolated fat 
cells (adipocytes) could be prepared that biochemical events 
could be investigated in detail. 

Thus lipids, which for so long were considered to be meta­
bolically inert and so did not excite the interest of most physio­
logists and biochemists, began to attract a great deal of research 
attention. The first review on the physiology of adipose tissue 
was published in 1948 and the subsequent rapid growth of infor­
mation can be judged from the appearance in 1965 of a Handbook (2) 
of the American Physiological Society devoted entirely to adipose 
tissue, followed in 1970 by a Supplement (3) describing recent 
advances in regulation and metabolic function. 

159 
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Though certain general functions can be ascribed to lipids 
(such as thermal insulation and the promotion of intestinal 
absorption of fat-soluble vitamins), it is proposed in this brief 
review to concentrate, in the context of the control of growth and 
productive efficiency of meat-producing animals, on the physio­
logical role of lipids in cell membranes and in white and brown 
adipose tissue. Reference to the original literature is mainly 
restricted to selected key papers and to recent reviews. 

LIPIDS OF CELL MEMBRANES 

Structure of Membranes 

Eukaryotic cells (i.e. those of multicellular animals and 
plants) are characterized by the diversity and complexity of their 
morphology and intracellular organisation, notably in respect of 
the nucleus which is surrounded by a membrane, and by the segre­
gation of respiratory enzymes into discrete structures (mitochon­
dria). Each animal cell is bounded by a membrane (plasma membrane) 
and the organelles are similarly contained. These membranes con­
sist of an ordered juxtaposition of protein and lipid molecules 
which serve not merely as structural support, but also as a locus 
for enzymes controlling the passage of metabolites between cells 
and within cells. 

Plasma membranes 

On a weight basis plasma membranes from different cell types 
contain several times more protein than lipid though, because of 
differences in molecular weight, there are far more lipid mole­
cules than there are protein molecules. Many models have been 
proposed for the fine structure of plasma membranes (see 
Vandenheuvel (4), Finean (5» and there is still much uncertainty 
and controversy surrounding the topic. Suffice it to note here 
that, in the electron microscope, most preparations appear to 
comprise three l~ers of total thickness 7.5 - 10nm, collectively 
termed a 'unit membrane'. The structure of this unit membrane 
can be envisaged (6) as consisting of a central portion containing 
two monomolecular layers of lipid molecules (mostly phospholipids) 
such that the hydrophobic 'tails' of the molecules (the fatty­
acid moieties) are aligned together, leaving the hydrophilic 
portions facing outwards to associate with proteins, thus consti­
tuting the outer layers of the unit. The unit membrane model was 
based originally on the dimensions and composition of the nerve 
~elin sheath which is a specialized, multi-l~ered membrane 
system derived from the plasma membranes of cells surrounding the 
axon (5). 
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Membranes of organelles 

The membranes of mitochondria and the network of membranes 
which constitutes the endoplasmic reticulum together account for 
most of the lipids of the organelles. Mitochondria are usually 
present in large numbers (hundreds) per cell and typically are 
about 5-10 pm long with a diameter of 0.5 - 1.0 pm. On a dry 
weight basis, the proportions of lipid and protein are 25-30% and 
60-75% respectively and these derive mainly from the outer and 
inner membranes which are apparently composed of globular proteins 
in which the hydrocarbon 'tails' of lipid molecules are embedded 
(7). The endoplasmic reticulum is a structure in which phospho­
lipid-rich lipoprotein membranes form interconnecting channels 
and tubules to which part of the cell content of ribosomes is 
attached. Fractionation techni~ues disrupt the reticulum into 
fragments ('microsomes') which, as prepared from rat liver cells, 
contain as much as 55% lipid (dry weight) and can account for 
about half the total cellular content of phospholipids (8). 

Nature of Lipids 

Classes of lipid 

Whereas there are many published analyses of the phospholipid 
composition of whole tissues and sub-cellular organelles, very few 
such analyses have been reported for extra-neural plasma membranes, 
probably because of difficulties attending their isolation. An 
exception is the erythrocyte membrane (red cell 'ghost') and the 
composition of the phospholipids (9) given in Table 1 shows that 
there is considerable variation between species and, in particular, 
between ruminants and non-ruminants. In contrast, the constituent 
phospholi~ids of different organs and subcellular organelles de­
rived therefrom vary similarly from organ to organ regardless of 
species (10). (Table 1). 

Mitochondria are particularly rich in phospholipids which can 
account for as much as 90% of the total lipids and, in typical 
preparations from bovine heart, liver and kidney, the major com­
ponents were shown to be diphosphatidylglycerol (cardiolipin), 
choline glycerophospholipids and ethanolamine phospholipids in the 
molecular proportions of about 1:4:4 respectively (11), though 
differences exist between the inner and outer membranes (12), (13). 
The presence of a relatively high concentration of diphosphatidy­
glycerol is peculiar to mitochondria. 

In the phospholipids of the endoplasmic reticulum 
phosphatidylcholine (lecithin) predominates (13), (14) and no 
difference in composition was observed between the parts which 
contained ribosomes and those which did not (15). The Golgi com­
plex of the cell has been shown to have a phospholipid composition 
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Table 1 

Phospholipid composition of erythrocyte plasma membranes 
of different species. Values, to nearest whole number, 
as % of total phospholipids 

Phosphatidyl-Species choline Sphingomyelin Others 

Sheep 1 63 36 

Ox 7 61 32 

Pig 29 36 35 

Rabbit 44 29 27 

Rat 56 26 18 

*Mostly phosphatidylethanolamine, phosphatidylserine 
and phosphatidylinositol 

* 

intermediate between that of the endoplasmic reticulum and that of 
the plasma membrane (16). 

Component fatty acids 

Many analyses of the fatty acids of the major and minor 
phospholipids of whole cells and organelles have been made (see 
Bartley (17) and White (18) from which it is possible to draw 
two general conclusions: (i) in a given tissue of a particular 
species, the fatty acid patterns tend to be characteristic of the 
type of phospholipid, rather than of its cellular location and 
(ii) the essential fatty acid linoleic acid (18:2) and its meta­
bolic derivative, arachidonic acid (20:4), are found Ubiquitously 
and often in relatively high proportions. Examples of the fatty 
acid composition of the major phospholipids of the plasma 
membrane of rat-liver cells (16) and of ox-heart mitochondria and 
microsomes (endoplasmic reticulum) (19) are given in Table 2. 
The very high proportion of linoleic acid (84%) in the fatty acids 
of the diphosphatidylglycerol of mitochondria is particularly 
noteworthy. (Table 2). 
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Table 2 

Major component fatty acids of the plasma membrane and 
of organelles. Values, to nearest whole number, as % by 
weight of total fatty acids 

Fatty acid 16:0 18:0 18:1 18:2 

Rat-liver plasma membrane 

Phosphatidylcholine 37 31 6 13 

Phosphat idyl ethanolamine 25 14 6 6 

Ox heart mitochondria 

Phosphatidylcholine 23 6 14 37 

Phosphatidylethanolamine 1 38 4 15 
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20:4 

11 

10 

10 

33 

Diphosphatidylglycerol 1 trace 9 84 none 

Ox heart microsomes 

Phosphatidylcholine 21 10 15 32 9 

Phosphatidylethanolamine 5 19 7 22 36 

Some Functions of Phospholipids 

Whilst other than phospholipids (cholesterol, glycolipids) are 
usually present in membranes, it is the inter-relationship between 
phospholipids and proteins (as both structural and enzymic compon­
ents) that is of fundamental significance. Phospholipids function 
in membranes in three principal ways, (i) to preserve their 
physical integrity, (ii) to promote permeability and transport of 
metabolites, and (iii) to participate in enzymic reactions. It is 
only possible here to cite a few selected instances of the physio­
logical and metabolic involvement of lipids from the considerable 
literature which has accrued in recent years and which has been 
extensively reviewed elsewhere (5), (20), (21). 



164 G.A.GARTON 

With regard to permeability and transport, it has been demon­
strated (see Post (22)that phospholipid is necessary in plasma 
membranes for the activity of the 'sodium pump' ATPase which main­
tains high potassium and low sodium ion concentrations within the 
cell. Another very different transport process is that of gaseous 
exchange across the alveolar membranes of the lung and here the 
presence of phosphatidylcholine with a high content of palmitic 
acid is required for the correct functioning of these membranes (23). 

The dependence of the reactions of the respiratory chain on the 
presence of mitochondrial phospholipids is well established (24) 
and it is apparent that they also pl~ a vital role in the struc­
tural requirements for coupling oxidative phosphorylation to 
electron transport (20). Though it has been found that several 
different phospholipids can restore metabolic activity to mito­
chondria from which lipids have been extracted, it is significant 
that diphosphatidylglycerol (characteristic of mitochondrial 
phospholipids (25) is more effective than others and cytochrome 
oxidase may, thus, have a specific requirement for diphosphatidyl­
glycerol (26). While the nature of the fatty acids present in 
diphosphatidylglycerol may not be very important so far as mito­
chondrial electron transport is concerned, selectivity in favour of 
linoleic acid is crucial for growth. In the linoleic acid-deficient 
rat, growth ceases because no new mitochondria can be produced (27). 

Another mitochondrial enzyme, 3-hydroxybutyrate dehydrogenase, 
has been shown to have an absolute requirement for phosphat idyl­
choline (28) and, in the production of oleic acid from stearic acid, 
the functioning of the desaturase enzyme system of the endoplasmic 
reticulum depends on the presence of phospholipid (29). 

The foregoing examples of the part pl~ed by phospholipids in 
cell metabolism serve to illustrate the fundamental importance of 
the so-called 'element constant' in the life of the cell and of 
the animal as a whole. Though there is a steady synthesis and 
breakdown ('turnover') of phospholipids of membranes (see Dawson 
(30), McMurr~ (20)), there appears to be no requirement for a 
simultaneous turnover of all types of phospholipid, for most 
membrane lipids and proteins turn over at the same rate; lipids 
are usually more quickly replaced, either by the removal and re­
placement of intact lipid molecules or by the turnover of sub­
molecular components (31). During cell division and growth there 
is a need for increased synthesis of phospholipids; studies on the 
hormonal initiation of growth and development have shown that the 
rates of formation of membrane phospholipids, ribosomes and protein 
synthetic activity are closely integrated (32). 

Special Role of Polyunsaturated Fatty Acids 

Only members of three series of polyunsaturated fatty acids 
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are incorporated into phospholipids (33) and each series is recog­
nised by the location of the double bond nearest to the methyl 
group (or w carbon atom) of the molecule. These polyunsaturated 
acids are derived (i) by chain elongation and desaturation of oleic 
acid to give the w9 series, and (ii) from the diet, in the form of 
linoleic and linolenic acids ( w6 and w3 respectively), chain 
elongation and desaturation of which gives rise to other members 
of these same series, such as arachidonic acid (20:4: w6). The 
term 'essential fatty acids' is usually restricted to the acids 
of the w6 series of which linoleic acid itself and arachidonic 
acid are the best-known members. As is indicated below, linoleic 
acid gives rise, by successive desaturation and chain elongation, 
to Y-linolenic acid, dihomo-y-linolenic acid and, finally, 
arachidonic acid. The 'essential' nature of these acids derives 
from the inability of animal tissues to introduce a double bond 
into a fatty acid molecule nearer to the methyl group than position 
w9. 

CH3(CH2)4CH=CHCH2CH=CH(CH2)7COOH 

linoleic acid (w 6,9) 

CH3(CH2)4CH=CHCH2CH=CHCH2CH=CH(CH2)4COOH­

Y-linolenic acid (w 6,9,12) 

CH3(CH2)4CH=CHCH2CH=CHCH2CH=CH(CH2)6COOH 

dihomo-Y-linolenic acid (w 6,9,12) 

CH3(CH2)4CH=CHCH2CH=CHCH2CH=CHCH2CH=CH(CH2)3COOH 

arachidonic acid (w 6,9,12,15) 

The physiological significance of linoleic acid in respect of 
mitochondrial diphosphatidylglycerol has already been mentioned 
and other specific functions of polyunsaturated fatty acids as 
constituents of membrane lipids remain to be discovered, not least 
to explain the diverse nature of the effects of feeding animals on 
diets deficient in essential fatty acids. These effects vary some­
what between species and, in addition to an overall failure of a 
young animal to grow, they can include skin lesions, enlargement 
of the heart and kidneys, impaired reproductive ability (irregular 
oestrus, degeneration of seminiferous tubules) and changes in the 
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fatty acid composition of most organs (see reviews of Aaes-J~rgensen 
(34) and by Alfin-Slater and Aftergood (33)). Retardation of growth 
was observed in calves fed on a lipid-free diet for about three 
weeks and, after six weeks, they began to show other deficiency 
signs, including long dry hair and partial alopoecia; the condition 
could be prevented or alleviated by giving oils containing 
essential fatty acids (35). 

Additional to the need for polyunsaturated fatty acids for 
general cellular and metabolic purposes, is their role as precur­
sors of prostaglandins. Although discovered in sheep vesicular 
glands some forty years ago, it is only within the last decade that 
the chemistry, biochemistry and physiological activity of prostag­
landins have been extensively investigated (for reviews see Horton 
(36), Hinman (37) and Flowers (38). As they occur naturally 
prostaglandins are 2o-carbon fatty acids containing a cyclopentane 
ring and many variants of this basic structure occur depending on 
the number of double bonds, the number of hydroxyl groups and the 
presence or absence of a keto group. Only two examples will be 
mentioned here, namely those derived directly from dihomo-y-lino­
lenic acid and arachidonic acid, i.e. the acids which, as indicated 
above, are formed successively bychain elongation and desaturation 
of linoleic acid. By a series of reactions effected by a microsomal 
multi-enzyme complex, cyclized derivatives possessing functional 
groups are formed, having the structures indicated below in their 
'shorthand' versions. 

o 

OH 

o 

OH 

OH 

OH 

Prostaglandin El from 
dihomo-y-linolenic acid 

Prostaglandin E2 from 
arachidonic acid 

Only when in the free (non-esterified) form are the unsaturated 
fatty acids substrates for the synthetase (39) and thus a limiting 
factor in the control of prostaglandin production is phospholipase­
induced release of the parent acids from tissue phospholipids (40). 

Prostaglandins exert profound physiological activity at con­
centrations down to 10-9 gig tissue. They are apparently produced 
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in all animal tissues and it appears that there is a close physio­
logical relationship between prostaglandins and cyclic AMP in the 
modulation of hormonal activity. The prostaglandins have many and 
diverse effects, for example in reproduction, in nerve transmission, 
in muscle contraction and in the regulation of blood supply to 
organs (36). In short, they seem to playa fundamental part in the 
physiological integrity of the animal body, thereby emphasizing the 
essentiality of their fatty acid precursors. 

LIPIDS OF ADIPOSE TISSUE 

Sites and Structure of Adipose Tissue 

It is, of course, well known that adipose tissue is most 
extensively present in the SUbcutaneous, perinephric, omental and 
muscular regions of the animal body. This 'visible' fat is termed 
white adipose tissue to distinguish it from brown adipose tissue 
which is present in new-born mammals of many species and also in 
hibernating animals and which serves a special physiological role 
(see below). The anatomical distribution of the brown adipose 
tissue of neonatal animals varies from species to species (41); 
the principal site is usually between the shoulder blades (inter­
scapular) though, in the lamb, most brown adipose tissue surrounds 
the kidneys and extends backwards and forwards along the dorsal 
wall of the abdomen (42). 

The adipocytes of both kinds of adipose tissue contain large 
amounts of triglyceride but, whereas in the white adipocyte this 
constitutes one large amorphuus globule, the brown adipocyte 
(which is smaller than its white counterpart) usually contains a 
number of droplets. Brown adipocytes are characterized by their 
large and numerous mitochondria, often closely associated with 
lipid droplets, and their colour is probably due to their high 
content of cytochromes (43), though brown adipose tissue also 
derives some of its colour from the erythrocytes of its extensive 
vascular network. 

Cellularity of Adipose Tissue in Relation to Growth 

As long ago as 1909, Bell (44) reported that the diameter of 
adipocytes in bovine muscle increased during growth and, many years 
later, it was observed (45) that, not only did the size of bovine 
adipocytes vary according to the tissue of origin (subcutaneous, 
intermuscular, interfascicular), but that the largest average 
diameter of adipocytes was associated with the biggest mass of 
cells within a particular muscle. Recently, a more extensive 
study was made by Hood and Allen (46). Subcutaneous, perinephric 
and interfascicular adipose tissue were sampled from the carcases 
of cattle of different breeds and ages and it was found that, when 
fed on the same ration for the same periods of time, adipose tissue 
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of (lean) Holstein steers contained fewer and smaller adipocytes 
than did corresponding tissues from (fatter) Hereford x Angus 
animals. During growth of the steers, increase in mass of adipose 
tissue was associated with cellular hypertrophy and hyperplasia. 
Whereas hyperplasia was nearly complete in subcutaneous and 
perinephric tissue by the time the animals were about eight months 
old, hyperplasia in interfascicular adipose tissue was found to be 
still active six months later. Thus the 'marbling' of meat (i.e. 
visible interfascicular adipose tissue) which is considered 
important in relation to palatability and which can be very 
variable in amount (47), may depend on a different developmental 
pattern to that which obtains in subcutaneous and perinephric 
tissues. 

In similar studies with growing pigs, Anderson and Kauffman 
(48) found that not all adipose-tissue sites develop at the same 
rate; they also observed that hyperplasia and hypertrophy of 
adipocytes took place simultaneously up to the age of about five 
months, after which hypertrophy was primarily responsible for 
increase in tissue mass. However, the above studies with cattle 
and pigs do not preclude the possibility that continued growth of 
the animals could, at some stage, lead to further hyperplasia of 
the adipocytes. 

Nature of Lipids 

White adipose tissue 

The lipids consist almost entirely (98-99%) of triglycerides 
and countless analyses of their component fatty acids have been 
reported for a great many animal species and, in particular, for 
the principal meat-producing animals, cattle, sheep and pigs of 
different breeds, at different ages and under a variety of 
nutritional conditions. These fatty acids represent a mixture 
of those synthesized endogenously and those of dietary origin; 
the endogenously-produced fatty acids are mainly palmitic and 
stearic acids, together with their corresponding unsaturated 
counterparts, palmitoleic and oleic acids. This 'basal' compo­
sition has been established from analyses of adipose-tissue 
triglycerides of animals reared on diets virtually devoid of lipids, 
for example, lambs (49) and pigs (50). Whereas in simple-stomached 
animals, such as the pig, modifications to the basal fatty-acid 
composition of the adipose-tissue triglycerides largely reflect the 
nature of the dietary fatty acids (see Garton (51)), in ruminant 
animals the rumen micro-organisms modifY dietary unsaturated fatty 
acids by hydrogenation so that stearic acid and trans isomers of 
oleic acid are normally the major fatty acids of exogenous origin 
to be incorporated into white adipose tissue (51), (52). In the 
context of growth, the depot triglycerides of ruminant animals 
show changes in fatty-acid composition which are directly related 



PHYSIOLOGICAL SIGNIFICANCE OF LIPIDS 169 

to the development of a functional rumen that takes place when 
roughage forms part of the diet of the young animal. With 
reference to the growing calf (53), Table 3 illustrates the change 
which takes place in the weight of the rumen and in the composition 
of the perinephric triglycerides when, at 50 kg live weight, the 
animals are given a diet containing concentrates in place of an 
all-milk di et • 

The fatty-acid composition of biopsy samples of subcutaneous 
adipose tissue of steers and heifers was determined at different 
stages of growth of the animals and at different times of the year 
(54). With age the stearic acid content decreased and there was a 
corresponding increase in unsaturated acids, mostly oleic acid; 
the relative proportions of myristoleic and palmitoleic acids were 
higher, and those of palmitic and stearic acids were lower in the 
(cold) winter months, whilst the reverse obtained in summer. 
Intramuscular lipids of steers and heifers also show comparable 
changes associated with age and with season of the year (55). 
Similar observations have been reported (56) in sheep with respect 
to ambient temperature and the degree of unsaturation of subcutan­
eous adipose tissue. 

* 

Table 3 

Component fatty acids of calf perinephric triglycerides 
in relation to rumen development. Mean values, for three 
animals/group, as % by mol. of total fatty acids. 

* Groups 1 2 3 4 

Palmitic acid 34 35 34 21 

Palmitoleic acid 8 4 4 3 

Stearic acid 8 4 14 25 

Oleic acid 47 35 37 25 

Trans isomers of oleic acid None 1 1 15 

Mean wt(g) of rumen 210 630 750 3150 

Group 1. Neonatal Group 3. Given milk to 100 kg 
Group 2. Given milk to 50 kg Group 4. Given milk to 50 kg then 

concentrates to 100 kg 
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The perinephric triglycerides and those of other internal 
tissues of ruminants are 'hard' fats (i.e. they have a high con­
tent of stearic acid) .and they are not infrequently regarded as 
typical of all the depot fats of ruminants. This is not so and, 
as Table 4 shows with particular reference to the sheep (57), the 
fatty-acid composition of the trigylcerides of adipose tissue can 
vary considerably between anatomical sites, notably between 
internal and external tissues. It appears that, in ruminants, 
fatty acids of exogenous origin are preferentially incorporated 
into the triglycerides of internal adipose tissue (57), (58). 

Unusual diets can lead to abnormal fatty-acid composition of 
the depot fats of ruminants. Thus, when sheep and cattle are 
given rations containing 'protected' lipids (i.e. coated with 
formaldehyde-treated casein), the unsaturated fatty acids escape 
ruminal hydrogenation and are deposited in the tissues (59), as 
in non-ruminants. Again, when sheep are given diets with a high 
content of readily~fermentable carbohydrate (barley, maize, wheat), 
the amount of propionate produced is greater than that which can 
be metabolized normally. Excess propionate is incorporated into 
long-chain fatty acids and its primary metabolite, methylmalonate, 
is similarly utilized, thereby giving rise to numerous branched­
chain fatty acids, the presence of which in the triglycerides 
makes the adipose tissue softer than normal (60), (61). 

Table 4 

Major Component Fatty Acids in Tissue Triglycerides of 
a Sheep fed on Hay and Concentrates. Values, to near­
est whole number, as % by mol. of total fatty acids. 

Fatty acid 16:0 18:0 18:1 

Tissue 

Perinephric 24 31 33 

Mesenteric 23 26 40 

Thoracic 22 17 51 

Gluteal 21 10 57 

Lower leg 19 5 66 

Ear pinnae 14 2 66 
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Brown adipose tissue 

Compared to white adipose tissue, the proportion of triglycer­
ides in the lipids of brown adipose tissue is somewhat lower 
(75-90%) (62), whilst the amount of phospholipids (particularly 
diphosphatidylglycerol) is correspondingly higher, reflecting the 
difference between the adipocytes of the two tissues in the 
numbers of mitochondria which they contain (60). The triglycerides 
of the brown and white adipose tissue of several species are 
similar in fatty-acid composition (see Smith and Horwitz (63)), 
though there is a tendency for those of brown adipose tissue to 
contain relatively more stearic acid. The component fatty acids 
of the perinephric triglycerides of the neonatal lamb include 
about 60% oleic acid, 20% palmitic acid and 10% stearic acid (64). 

Metabolic Functions 

The primary function of white adipose tissue is to act as a 
reservoir of energy for the body and, to this end, it effects the 
synthesis and storage of triglycerides and releases free fatty 
acids for oxidation. Whereas the fatty acids released by white 
adipose tissue are oxidized in other tissues and organs (and, in 
lactation, utilized for milk-fat synthesis), the fatty acids 
released in brown adipose tissue are oxidized in situ to provide 
local heat (so-called 'non-shivering thermogenesis'). It is not 
possible to give more than a very short description of the complex 
metabolic activities which combine to make adipose tissue rank as 
an organ and concerning which a great deal of detailed information 
~s now available (2,3,59,60,65). 

White adipose tissue 

Four principal and related functions can be ascribed to the 
adipocytes of this tissue, (i) assimilation through the plasma 
membrane of pre-formed fatty acids and of metabolites (including 
glucose and acetate) required for triglyceride synthesis, (ii) 
conversion of these metabolites into triglycerides, (iii) break­
down (lipOlysis) of triglycerides to give fatty acids and glycerol, 
and (iv) transport of the products of lipolysis out of the cell. 
In the pig (66) and the sheep (67) (and presumably in other 
ruminants) adipose tissue is the principal site of fatty-acid 
synthesis, with the liver participating only to a very limited 
extent. Though consideration of the control mechanisms governing 
the functions of adipose tissue is outside the scope of this 
general account of the physiological role of lipid~ it should be 
mentioned that hormones, particularly insulin, playa key role in 
modulating assimilative and synthetic activities, whilst other 
hormones such as adrenaline, glucagon and growth hormone stimulate 
lipolysis and the discharge of free fatty acids. The relationships 
between the enzymes which regulate synthesis and dissimilation of 
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adipose-tissue triglycerides is a finely-balanced one which de­
pends on the nutritional state of the animal and which is inte­
grated with the metabolic activity of other tissues. 

Following their release from adipose tissue, the free fatty 
acids are carried in the blood stream, in the form of complexes 
with plasma albumin, to other tissues and organs. Despite rela­
tively low concentrations in plasma, the half-life of the free 
fatty acids is many times less than that of plasma glucose. In 
the tissues the free acids are oxidised (in the mitochondria) to 
carbon dioxide and water, with the concomitant production of ATP, 
though some of the acids are converted in the liver to the ketone 
bodies, a-hydroxybutyrate and acetoacetate which, in turn, can 
serve as fuel for tissues. The glycerol released from adipose 
tissue also passes to the liver, where it is utilized for 
gluconeogenesis. 

Brown adipose tissue 

As already mentioned, brown adipocytes have the unusual 
property of producing local heat. Oxidation of fatty acids takes 
place without, as in other tissues, a 'coupled' phosphorylation 
taking place resulting in ATP formation. It appears that free 
fatty acids liberated within the cells are responsible in some 
w~ for this 'uncoupling' (68) and so permit the rapid thermogen­
esis which can be of considerable importance for the survival of 
some young animals, including lambs, in the first few days of 
their lives. 
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INTRODUCTION 

The lipids of the body comprise those which are an integral 
part of the cell structure, mainly phospholipids, and those which 
serve as reserves of energy in the form of depot fat. Triglyceride 
is the major lipid of this adipose tissue and is a concentrated 
form of energy containing 40 times the energy of glucose and 280 
times that of sodium acetate in isotonic solution (1). 

In wild animals adipose tissue represents a valuable reserve 
of calories and the size of fat depots could decide whether an 
animal survives during periods of nutritional inadequacy. Even in 
domesticated animals,for example, hill sheep reared under harsh 
conditions, survival seems to be related to the reserves of fat 
in the carcass (2,3). However, in animals reared for meat the 
deposition of excess fat involves a waste of dietary calories and 
is economically undesirable. 

Consumer preferences for the optimum conformation of a carcass 
have changed considerably over the years. In the past, when hard 
physical work was the rule rather than the exception, a fat animal 
was prized because of the high calorific value of its carcass. 
Beef animals grew more slowly and were slaughtered at a greater 
age and weight than they are nowadays. The importance of animal 
fat has declined with the growth of the vegetable oil industry 
and the present requirement is for a rapidly growing animal 
producing a lean carcass. 

177 
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DEVELOPMENT OF FAT DEPOTS 

The newborn farm animal has little reserve of adipose tissue 
1-4%) compared with the human baby (16%) (4,5). During growth 

and development more fat is laid down and the carcass of the 
adult may contain as much as 30-40% (Fig.l). This is particularly 
striking in the pig. The new born pig contains very little fat 
(1%), but within a week of birth the percentage of fat in its 
body has increased eight-fold (6), and there is a further increase 
to bacon weight (7). There is a definite order of development of 
tissues with bone preceeding muscle and muscle developing before 
fat. Fat depots themselves have a defined order of development 
which has been described in several species including wild 
as well as domesticated forms, and continues in the order 
abdominal, intermuscular, subcutaneous and intramuscular. 
The development of the last two depots gives the charac-
teristic plump appearance of the finished animal and the 
marbling effect in the meat. As live weight increases there 
is a relative rise in the proportions of subcutaneous and inter­
muscular depots and a decline in those of perinephric and channel 
fat. There are also differences between breeds; early maturing 
animals (e.g. Hereford cattle) lay down proportionately more fat 
at a younger age than the later maturing breeds (e.g. Friesian) 
(8,9). The rate of development of the tissues and of the component 
fat depots can be modified by diet; a high plane of nutrition 
hastening and a low plane of nutrition retarding the rate of 
development. However, the order of development of tissues is not 
altered, it is merely the time scale which is shortened or 
lengthened. One consequence of this is that if a carcass contains 
visible intramuscular (marbling) fat it must also contain an 
excessive amount of other depot fat, particularly subcutaneous. 
This is a very brief summary of the classical work of Hammond and 
his colleagues and more detailed information can be obtained 
elsewhere (9). 

The relative distribution of fat depots varies between 
species with the ratio of subcutaneous: intermuscular fat being 
2.4 in pigs compared to 1.2 in sheep and 0.6 in cattle (10). The 
subcutaneous fat of pigs and cattle has higher lipogenic activity 
than the internal depots (11,12). This may be merely a reflection 
of the stage of development of fat depots since in young ruminants 
internal depot fats have the highest rate of lipogenesis. 

The size of a fat depot is dependent on the size and number 
of adipocytes it contains. In cattle an increase in the size of 
adipose tissue results from both hypertrophy and hyperplasia of 
cells, but there are differences between the various depots. In 
subcutaneous and perinephric tissues, hyperplasia is virtually 
complete at about 8 months of age, and further increase of size 
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is the result of cell hypertrophy. However, in intramuscular 
tissue, hyperplasia is still evident at 14 months of age (13). 

In pigs the increase in the amount of adipose tissue is 
accounted for by both hyperplasia and hypertrophy up to 5 months 
of age, but only hypertrophy after 5 months (14). Restricting 
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feed intake during the suckling period of the pig has little effect 
subsequently on the cell size and number of adipocytes in subcu­
taneous fat but it reduces both the number and size of cells in 
intramuscular fat, (15). However, caloric restriction in early 
life does not appear to hold much promise as a method of regulating 
fat deposition in the more mature animal. 

The fatty acids of the fat depots are formed from lipid 
originating in the diet (exogenous) and from lipid synthesised 
within the body (endogenous). The site of endogenous synthesis, 
and the source of carbon for fatty acid synthesis, varies from one 
species to another. In birds the major site of synthesis is the 
liver; in the pig and ruminant the adipose tissue is the major 
site (16,17). In the pig fatty acids are synthesised from both 
acetate and glucose whereas in the ruminant acetate is the primary 
source because of the virtual absence of a number of key lipogenic 
enzymes. 

Although fat depots were originally thought to be rather inert 
metabolically, the work of Schoenheimer (18) showed that this was 
not so. The fatty acids are in a continual state of flux and 
modification; the composition of a fat depot at any one time 
representing an equilibrium of synthesis, interconversion, 
deposition and mobilization. The amount of depot fat and its 
fatty acid composition will, therefore, depend on the relative 
proportions of endogenous and exogenous sources which vary from 
species to species and are themselves modified by various 
physiological parameters such as the type of digestion and stage 
of development of the animal. 

DIGESTION AND ABSORPTION 

Non-ruminants 

Dietary lipids are insoluble in water and must be rendered 
'soluble' before they can be absorbed from the intestine. The 
function of the digestive process is to convert the water insoluble 
triglyceride molecule into a form which can dissolve in the 
intestinal lumen. Most of the research on non-ruminants has been 
carried out on the rat and human but it is unlikely that digestion 
of lipids in the pig is any different (19). 

The two major secretions required for lipid absorption are 
bile and pancreatic juice. Pancreatic juice provides the lipase 
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Fig. 1 Changes with age in the percentage fat in the carcass 
of pigs (7; ~), cattle (8; .) and sheep (9; 0). 

which hydrolyses the two primary alcoholic groups of triglycerides 
to form free fatty acid and monoglycerides which, in contrast to 
diglyceride and triglyceride, are soluble in bile salts. Pancre­
atic lipase does not hydrolyse the triglyceride molecule any 
further than is necessary to allow the molecule to dissolve in 
bile salts, and in so doing conserves the energy of one of the 
three ester bonds. The monoglyceride and free fatty acid form a 
mixed micelle with bile salts (20) and pass to the mucosal cell 
where the lipids diffuse into the cell and are resynthesised to 
triglyceride, mainly via the monoglyceride pathway. The triglycer­
ide is incorporated into chylomicrons which pass into the 
lymphatics and thence into the venous circulation. During 
digestion and absorption the fatty acid composition of the dietary 
lipids is not changed appreciably (c.f. ruminants) and at the 
peak of absorption the fatty acid composition of chylomicrons is 
very similar to the dietary lipid (Table 1). 
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Pancreatic juice is necessary for fat absorption in non 
ruminants, and diversion of this secretion or malfunction of the 
exocrine pancreas result in steatorrhoea. Bile is necessary for 
micelle formation and absorption into the lymphatics and depri­
vation of bile or disease of the biliary tract does result in lipid 
malabsorption (21), although some absorption of fatty acids can 
occur by the portal route. Absorption of lipids can be reduced by 
feeding bile salt sequestrating agents e.g. cholestyramine. 

Ruminants 

In ruminant animals dietary lipids consist mainly of 
triglycerides if the animal is feeding mainly on cereal based con­
centrates and mono- and digalactosyl glycerides if it is grazing 
pasture. The dietary lipids pass first into the rumen where 
considerable modification occurs before they pass to the site of 
absorption in the small intestine. The dietary esterified lipids 
are first hydrolysed by lipases in the rumen and the released free 
fatty acids, mainly linoleic (18:2) and linolenic (C18:3) acids, 
are nydrogenated (22,23). The major end product is stearic acid 
but hydrogeneation is usually incGmplete and results in the 

Table 1 

Major fatty acids (% of weight) of dietary lipids and lymph 
triglycerides of the pig, cow, goat and sheep 

Pig Cow Goat Sheep Sheep (Maize 
infused into 
duodenum) 

oil 

Fatty Lymph Diet Lymph Diet Lymph Lymph Diet Lymph Maize oil 
acid (pasture) (Hay 

& 
Oats) 

16:0 21.8 28.0 23.8 13.7 26.8 28.1 19.8 16.4 14.0 

18:0 8.4 5.9 37.4 1.6 33.3 40.0 2.3 19.6 2.6 

18:1 28.2 23.7 23.4 2.6 29.2 14.8 24.0 22.7 28.0 

18:2 34.7 40.9 2.4 12.3 2.3 2.8 36.4 37.5 52.6 

18:3 1.2 0.9 3.6 66.8 0.9 1.3 16.3 0.9 1.5 
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formation of appreciable amounts of geometrical and positional 
isomers of octadecenoic and octadecadienoic acids. In addition, 
the bacteria and protozoa deaminate amino acids and ferment 
carbohydrates and the products of these processes are incorporated 
into the branched-chain and odd-numbered fatty acids characteristic 
of bacterial lipids. Such fatty acids are absorbed from the 
intestine and eventually deposited in adipose tissue. As a result, 
the fatty acid composition of ruminant adipose tissue is character­
ized by the high content of stearic acid, the presence of 
positional and geometric isomers of unsaturated fatty acids and 
appreciable amounts of branched-chain and odd-numbered fatty acids. 
A further consequence of this hydrogenation of fatty acids in the 
rumen is that the composition of dietary fat will have little 
effect on the fatty acid composition of depot fat. In contrast 
to the non-ruminant, therefore, the fatty acids absorbed by the 
ruminant differ greatly from those in the diet (Table 1). 

As in non-ruminants both bile and pancreatic juice are required 
for optimum fat absorption in ruminants. Since hydrolysis has 
already occurred in the rumen the function of pancreatic juice must 
be other than the hydrolysis of triglycerides. Evidence to date 
suggests that pancreatic juice could function through its ability 
to hydrolyse biliary lecithin to lysolecithin which may be 
involved in the solubilization and/or resynthesis of lipid (24). 

DEPOSITION 

Fatty acid composition of endogenous depot fat 

(is). Ever since the classical experiments of Lawes and Gilbert 
25 demonstrated that the carcass of the pig contained more fat 

than was ingested in the diet it has been known that other dietary 
components, particularly carbohydrate, could be converted into fat. 
The pig is enzymatically well endowed for the synthesis and 
deposition of fat, and, for example, on diets containing 2-4% fat, 
73-82% of the fat deposited is from de novo synthesis (26). 
Endogenous fat consists mainly of c16 (30%) and c18 fatty acids 
(60-65%) (27,28) with only minor amounts of fatty acids of longer 
or shorter chain lengths. The C18 fatty acids consist almost 
entirely of stearic acid (11-18%) and oleic acid (48-57%) formed 
by desaturation of stearic acid. Negligible amounts of linoleic 
(c18:2) and linolenic acid (c18:3) are found since these are not 
synthesised by mammalian tissues. 

Sheep and cattle. The major characteristic of ruminant depot fat 
is its high content of stearic acid. Originally it vas thought 
that hydrogenation of depot fatty acids in situ after absorption 
vas the reason but it is now generally agreed that the fatty acids 
are hydrogenated in the rumen. However, although an accurate 
estimate of the spectrum of fatty acids produced endogenously by 
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the pig has been made (28) less precise information is available 
for the ruminant because it is difficult to assess the contribution 
of bacterial fermentation in the rumen. This can be overcome in 
part by examining the depot fat from germ-free lambs fed low 
fat diets (29), and comparing it with samples from conventional 
lambs fed a fat-free diet (30). In both cases, as in the pig, 
c16:0, c18:0 and c18:1 acids were the major components with 
stearic acid accounting for up to 16% of the fatty acids of the 
pig. This suggests that an appreciable proportion of stearic 
acid in ruminant depot fat can be derived endogenously by 
synthesis from acetate. 

Factors affecting the fatty acid composition 
and distribution of depot fat 

Diet. When pigs are fed diets deficient in lipid, the amount of 
fat deposited is similar to that in pigs fed 10% maize oil or 
beef tallow, although differences in the relative proportion of 
the various depots are found (28). Fatty acid synthesis by pig 
adipose tissue decreases linearly as the percentage fat in the 
diet increases (31). The fatty acids and their CoA derivatives 
inhibit acetyl CoA carboxylase which is a rate limiting enzyme ~n 
fatty acid synthesis. Control of the amount of depot fat 
deposited in a carcass by reduction in the amount of dietary long 
chain fatty acids, therefore, seems to have limited potential. 
However, this conclusion might not apply in the case of the 
medium-chain (CIO and C12) fatty acids e.g. of coconut oil, which 
tend to be oxidised rather than deposited. The addition of 
medium chain triglycerides to diets at a suitable stage of devel­
ment might allow a reduced amount of fatty acids to be deposited 
in fat depots sufficient to inhibit lipogenesis. Dietary unsatur­
ated fatty acids are deposited in the fat of pigs which becomes 
soft and commercially unacceptable as a consequence of its lower 
melting point (27). Dietary linoleic acid, in the form of maize 
oil, is deposited preferentially in the subcutaneous fat depots, 
replacing mainly oleic and palmitic acids, and increases the mass 
of this depot relative to other fat depots. It is also of note 
that the activity of clearing-factor lipase, which is involved in 
the deposition of absorbed fat is higher in the outer subcutaneous 
fat of pigs than in the internal depots (32). Saturated dietary 
fat as beef tallow for example has little effect on the fatty acid 
composition of depot fat in spite of the 24% stearic acid it 
contains for the deposition of stearic acid is maintained within 
narrow limits compared to sheep and cattle (Fig.2). 

Since the fatty acids synthesised from carbohydrate are un­
saturated in character, the faster a pig deposits fat the firmer 
its depot fat will be. Restricted feeding, on the other hand, 
results in the slower deposition of fat which is softer because 
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Fig. 2. Relationship between c18:o and c16:l acids in 
subcutaneous ( 0 ) and perinephric fat ( • ) of cattle (A), 
sheep (B) and pigs (C). 

it contains a higher proportion of the dietary unsaturated fatty 
acids. In general, however, a useful chemical index of depot fat 
softness is the ratio of monoene: saturated fatty acids (33). The 
addition of copper to pig diets results in the formation of softer 
depot fat because of a change in the ratio of saturated: unsatur­
ated fatty acids, and a redistribution of fatty acids within the 
triglyceride molecule (34,35). 

In ruminants feeding unsaturated oils has only a minor effect 
on the unsaturation of depot fat because of the hydrogenation 
which occurs in the rumen. The major change is in the content of 
stearic acid and octadecenoic acid (36,37) but, the fatty acid 
composition of ruminant depot fat is not completely refractory to 
changes in diet. In sheep (38) and cattle (39) the feeding of diets 
rich in grain results in a rather more unsaturated depot fat 
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(particularly in C18:1) than is found in animals fed roughage 
diets. This effect could be due to a more rapid rate of passage 
of digesta, incomplete hydrogenation in the rumen or the result 
of induced changes in the microbial population of the rumen (40). 

Other components of the diet can affect the composition of 
ruminant depot fats. The feeding of barley based diets to sheep 
results in the formation of softer depot fats (41). This softening 
is associated with the enhanced deposition of odd-numbered and 
branched-chain acids probably from the increased production of 
propionic acid in the rumen. Species differ in this respect for 
when cattle are reared on high barley diets the adipose tissue is 
firm in texture and there is no increase in the amount of odd 
numbered and branched chain fatty acids (W.M.F. Leat, unpublished 
observations). This may reflect a difference in the metabolism of 
propionic acid in sheep and cattle, or may merely reflect 
differences in the ruminal production of propionic acid. 

When young ruminants are fed unsaturated oil, particularly if 
it is incorporated into milk based diets, the polyunsaturated fatty 
acids are incorporated into depot fats (42,43). Dietary fatty 
acids are incorporated into depot fats in young ruminants because 
either the rumen is not functional, or the rumen is bypassed by 
means of the oesophageal groove during suckling. In adult ruminants, 
when the rumen is bypassed by infusing oil into the duodenum (44), 
or when dietary lipids are protected from ruminal hydrolysis and 
hydrogenation (45,46), the depot fats can become highly unsaturated. 
However, these dietary polyunsaturated fatty acids are deposited 
preferentially in the internal depot fats rather than subcutaneously 
as they are in the pig. 

Location within the carcase. It has been known for some time that 
in sheep, cattle and pigs the subcutaneous fats are softer, i.e. 
more unsaturated, than the internal depot fats (27,47,48). There 
is also a gradient of unsaturation within the subcutaneous tissue 
itself (Table 2). Henriques and Hansen (47) suggested that 
temperature differences between the SUbcutaneous regions and 
internal regions could explain the differences in unsaturation. 
However, it is now generally accepted that this is an oversimplifi­
cation and it is difficult to formulate a theory applicable to all 
~nimals (49). Callow (50) suggested that for ruminants an adequate 
theory must allow for local temperature of tissue, local rate of 
fat deposition and local development of fatness. In pigs the con­
centration of oleic acid is affected by the temperature at which 
the animals are kept but the changes are reflected in all fat 
depots, suggesting a change in whole body metabolism (51). In 
lambs exposure to low temperatures results in the deposition of a 
more unsaturated fat (52). 

The increased unsaturation of subcutaneous fat relative to 
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Table 2 

Major fatty acids (% wt) of brisket and perinephric 
depot fats of a 10 year old Jersey Cow 

Brisket Perinephric 
Depth below 

skin (mm) 1 50 80 125 

Fatty acid 

16:0 19.4 24.0 21.4 20.3 31.5 

16:1 18.1 13.6 11.9 7.6 2.7 

18:0 2.9 3.9 4.3 6.4 17.0 

18:1 47.8 43.7 48.2 54.4 36.5 

internal depots is due mainly to an increase in oleic acid at the 
expense of stearic acid. However, in cattle palmitoleic acid 
(c16:1) becomes a major component of some subcutaneous samples 
(53), but only when stearic acid is less than 10% (Fig. 2). At 
levels higher than 10% stearic acid is mainly replaced by oleic 
acid. 

Sex hormones. Intact male sheep, cattle and pigs are more 
efficient than castrate animals in converting feed into live 
weight gain, and contain less fat (54,55). At a comparable age or 
live weight bulls and rams produce carcasses that are less fat 
than those of castrates which in turn are less fat than females. 
In pigs, however, the gilt is less fat than the barrow. Castration 
retards growth, metabolic activity and utilization of feed and 
increases the deposition of fat (56). In sheep and cattle the 
female has more unsaturated depot fat than the male (57,58); in 
pigs the unsaturation of backfat decreases in the order boars, 
gilts, barrows (59). Rams have less stearic acid and more 
c18:2 and C18:3 acids than wethers (60), but there is no difference. 
between bulls and steers (61). These changes in unsaturation are 
usually related to hormonal differences between the sexes which 
have differing effects on the desaturase enzymes. However, in 
cattle, at least (62), the unsaturation of depot fat appears 
related to the degree of fattening of the animal. 
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The growth rate of steers and wethers is increased by implant­
ation of synthetic oestrogens which alter the pattern of growth, 
increasing weight gai~and produce more muscle and less fat (9). 

Stage of development. The fat of newborn sheep and cattle contains 
less than 10% stearic acid which one expects to rise to a maximum as the 
rumen develops and then plateau. In sheep this appears to be so 
but in cattle the prediction is only partially correct for the 
content of stearic acids declines after one year of age (62,63,64; 
Fig. 3). The decrease in stearic acid is compensated for mainly by 
increases in c18:1 acid in perinephric fat and c16:1 acid in 
subcutaneous fat. The increase in unsaturation occurs at a time 
when cattle enter their fattening phase, and may be related to 
changes in the activity of desaturase enzymes at this stage. 

Although ruminant depot fats are grouped in the 'stearic rich' 
fats (27) there is a considerable variation in the content of 
saturated fatty acids (Fig. 2). Cattle seem to have the biggest 
variability in fatty acid composition with stearic acid ranging 
from 3%-40%. The fats of sheep, goats and pigs are less variable 

A B 
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Fig. 3. Variation with age in the percentage stearic acid 
(c18:0) ln perinephric fat from sheep (A) and Jersey cattle (B). 
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with sheep and goats ranging from 10-40% and pigs 10-20%. The re­
lationship between stearic acid and palmitoleic acids (Fig.2) 
explains why c16:1 acid is only a minor component of sheep and pig 
depot fat whereas it can be a major fatty acid in cattle. The 
content of palmitoleic acid only becomes appreciable when 
the percentage of stearic acid falls below 8, which occurs 
infrequently in sheep and pigs. Although the fatty acid compo­
sition of depot fats can be markedly different between cattle, 
sheep and pigs, a common relationship appears to exist between 
C18.0 and c16:1 acids. 

In pigs there is a selective deposition of saturated fatty 
acids in subcutaneous and intramuscular lipid with age (65,66), 
mainly an increase in c18.0 acid and a decrease in c18:1, possibly 
consequent upon changes in desaturase activity induced by hormonal 
change. 

Season. In lambs and cattle unsaturation is highest in summer 
and lowest in winter (57,67); this may be due to the increased 
deposition of unsaturated fatty acids which have escaped hydro­
genation. 

MOBILIZATION OF DEPOT FATS 

The formation of depot fat is the net result of the processes 
of synthesis and mobilization. The mobilization of fatty acids 
from the fat depots is under nutritional, hormonal and neural 
control. In the depot fats of fasting animals there is a reduction 
(32%) in the activity of the clearing-factor lipase involved in 
the uptake of lipid, a depression in fatty acid synthesis (99%) 
and an increase in lipolysis resulting in the release of free fatty 
acids. In the fed animal clearing-factor lipase activity is in­
creased and active lipid deposition and synthesis occurs. Whether 
a fat depot deposits or releases fatty acid depends on the tissue 
concentrations of cyclic AMP, which are modulated by many factors. 
Hormones which increase cyclic AMP concentrations, e.g. epinephrine, 
norepinephrine, pituitary polypeptides and glucagon induce lipolysis, 
whereas those that reduce cyclic AMP,e.g. insulin, depress lipolysis 
and induce fat synthesis and deposition. Pig adipose tissue is 
unresponsive to many lipolytic hormones in vitro (68), but effects 
can be observed in the living animal (69,70,71). These differences 
emphasise the reservations which must apply in extrapolating 
responses obtained in vitro to the whole animal. The adipose 
tissues from pigs selected for fatness or leanness differ markedly 
in their response to lipolytic hormones (72). In pigs selected 
for leanness the response is far greater than in pigs selected for 
fatness, and the inhibitory effect on lipolysis of serum from lean 
pigs is much less than that from fat pigs. These differences 
appear to be under genetic control. There is comparatively little 
information on lipid mobilization in farm animals but in general 
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it seems that ruminants are less responsive to lipolytic stimuli 
than non-ruminants (73). 

GENERAL CONCLUSIONS 

189 

There are two major defects in the present day meat carcass; 
(a) it can contain too much fat and (b) the fat is mainly saturated 
or mono-unsaturated in character, particularly in ruminants. 
Excess fat in the carcass is costly, since it represents a wastage 
of valuable dietary energy, and may be nutritionally undesirable, 
because of the suggested relationship between dietary saturated fats, 
raised blood cholesterol and an increased susceptibility to 
cardiovascular disease. Although the saturated nature of carcass 
fat can be modified by feeding protected unsaturated fats, the 
present tenuous relationship between the ingestion of poly-unsat­
urated fatty acids and the reduction in the incidence of heart 
disease makes this method of modification premature and possibly 
unnecessary in the long term. The more immediate approach to the 
problem is to reduce the amount of fat in the carcass. By so doing 
the two disadvantages of the meat carcass will be partially 
rectified; there will be a more efficient partition of dietary 
energy, and the production of saturated fatty acids will be reduced. 

The two methods of reducing the fat content of the carcass 
would embrace control of deposition and/or lipolysis. The deposi­
tion of fat is energetically expensive and up to 20% of the calories 
are lost in the formation of triglycerides from glucose and 
acetate (74,75). Again, if the depot fats are mobilized the free 
fatty acids released would need to be utilized by the body, or the 
net result would be the same as trimming the carcase of excess fat. 
Control of the deposition of depot fat would therefore seem to be 
the most rewarding approach. 

Since fat deposition is controlled by the number of fat cells, 
which is genetically controlled, the long term approach must be 
by breeding for carcasses of low fat content. The selection of 
late maturing breeds and a more accurate assessment of caloric 
needs during the fattening phase could improve carcass character­
istics. On a biochemical level, methods of depressing fat synthesis 
at critical phases of development or of partitioning dietary energy 
in favour of tissues other than fat would be worth investigation. 
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INTRODUCTION 

The endocrine system influences muscle deposition not only by 
the direct action of hormones on muscle tissue, but also indirectly, 
by regulating voluntary food intake, and the subse~uent distri­
bution of nutrients between the tissues of the body in the fed and 
fasting state. There are complex interactions between hormones 
both in the regulation of hormone secretion, and in the way they 
achieve their net effect on the target tissues. It is the impor­
tance and nature of some of these interactions which form the 
major part of the ensuing discussion. 

Endocrine function in the very young is not always the same as 
in the post-weaning animal, and it will be shown that the role of 
individual hormones in determining growth and nutrient distribution 
may vary at different stages of development. Finally comment 1S 

made on changes which can be induced in the development of 
endocrine function in the young animal by adverse nutritional 
influences during intra-uterine and neonatal life. 

NUTRIENT INTAKE AND DISTRIBUTION 

Voluntary food intake is regulated by the hypothalamus in 
response to sensory information about meal size and composition, 
and in the long term, in relation to changes in body weight. The 
precision of the regulation of nutrient intake varies between 
species being very poor in man, and ~uite precise in rodents. The 
mechanisms involved have not been fully elucidated, but it is 
becoming increasingly clear that hormones are an important 
component of both the short term regulation of food intake, and 
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the long term regulation of body weight. The secretion of many 
hormones is also controlled by the hypothalamus where the releasing 
hormones are produced and feedback effects are exerted. Even 
hormones which may be secreted independently of hypothalamic 
control, e.g. insulin, glucagon and adrenaline, have direct actions 
on the hypothalamus, which differs in its metabolic properties from 
the brain as a whole. Growth hormone (which stimulates appetite) 
and insulin (which inhibits food intake) are of particular importance 
in this context. The satiety effect of glucose results from an 
increase in the rate of glucose utilisation in the hypothalamus, 
and for this to occur insulin is required. Thus endogenous insulin 
secretion may be regarded as a more important component of the 
glucostat mechanism for appetite control than glucose itself. 
Furthermore, in preliminary experiments we have carried out in 
rabbits fed amino acid-imbalanced diets the reduction in voluntary 
food intake which occurred was associated with changes in both the 
basal insulin level, and also the pattern of insulin secretion. 
It is possible that the satiety effect of dietary protein also 
results, in part, from the stimulation of insulin secretion by 
amino acids. Therefore, insulin could be of particular importance 
in the normal regulation of food intake. 

The regulation of body weight may also be a hormone-mediated 
process. It has been postulated that the plasma activity of a 
steroid hormone, progesterone has been suggested, will vary 
inversely in proportion to the body fat content, and that the 
hypothalamus, by monitoring changes in steroid hormone activity, 
can adjust the food intake pattern appropriately (1). The known 
relationship between body fat and normal sexual function discussed 
in a later chapter by Frisch is of interest in this context. 

The distribution of nutrients between tissues in the fed and 
fasting state is controlled by the integrated action of the 
endocrine system. In meal eating, non-ruminant animals, feeding 
results in a transient increase in the secretion of insulin, and a 
suppression by glucose of the release of growth hormone, cortisol 
and adrenaline. Whether or not glucagon secretion is also inhibited 
depends on the ratio of glucose to amino acid in the meal (see 
below). This insulin dominated situation favours the storage of 
dietary carbohydrate and lipid as adipose tissue triglyceride, and 
the movement of amino acids into the intracellular compartment of 
muscle. As the rate of glucose utilisation in the hypothalamus 
begins to fall, growth hormone secretion is resumed, and with both 
growth hormone and insulin levels raised, protein synthesis in 
muscle is stimulated optimally. 

Between meals, plasma insulin falls to its basal level, but 
growth hormone secretion continues, and the release of adrenaline, 
cortisol and glucagon is stimulated. This endocrine equilibrium 
favours the catabolic processes, glycogenolysis stimulated by 
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adrenaline and glucagon, lipolysis stimulated by growth hormone 
and adrenaline, proteolysis stimulated by cortisol and gluconeo­
genesis stimulated by glucagon, cortisol and adrenaline. All of 
these catabolic processes would be inhibited by insulin and are 
'permitted' between meals by insulin being at its basal level. 

199 

The flow of energy substrates between tissues during a longer fast, 
and the way the body minimises the utilisation of body protein as 
a fuel is discussed later in this volume by Cahill. The situation 
in ruminant animals, which are not normally subjected to feeding: 
fasting cycles, is also discussed in an earlier chapter by 
Armstrong. 

GROWTH AND MUSCLE DEPOSITION 

For growth to occur, an adequate intake of appropriate 
nutrients is required. Growth is a composite of hyperplasia (cell 
division) and hypertrophy (cellular enlargement) which may occur 
separately or together. Early growth, for example in the fetus, 
is dominated by cellular hyperplasia and later post-natal growth 
by cellular hypertrophy. In many tissues, the hyperplastic phase 
ceases before or fairly soon after birth, and after that time any 
change in tissue size reflects hypertrophy or atrophy of pre­
existing cells. When suboptimal feeding occurs during the hyper­
plastic phase, the tissue cell number will be permanently reduced, 
and subsequent tissue growth may be limited however good the 
subsequent nutritional environment (2). Conversely, early over­
feeding may result in an excessive hyperplasia in the adipose 
tissue, which results later in life in excessive adiposity (3). 
So far as muscle is concerned, the number of muscle fibres 1S 

determined prior to birth, but it is difficult to identify precisely 
when the hyperplastic phase ceases in muscle. The concept dis­
cussed by Burleigh (this volume p.119) of satellite cell nuclei 
moving into the intracellular compartment and increasing the 
potential for the hypertrophy of muscle fibres is an interesting 
one. However, whatever the fundamental mechanisms inVOlved, their 
modification by intra-uterine and neonatal nutrition may be as 
important in determining growth potential in muscle as it has been 
shown to be in the brain, adipose tissue, and the endocrine system 
(2). 

The hormonal control of foetal growth is poorly understOOd, 
although it is known not to be dependent on foetal pituitary 
hormones. Postnatally, on the other hand, growth hormone is 
dominant in the stimulation of both cell division and cellular 
enlargement. The role of hormones, both in the adult and in the 
immature animal, in stimulating cellular protein synthesis, an 
essential prerequisite for cell division and cellular hypertrophy, 
is discussed in the following sections. 
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PROTEIN METABOLISM 

A simplified scheme for cellular protein metabolism is shown 
in Fig. 1. In mammalian systems, the net rate of protein synthesis 
is controlled by hormones mainly by variations in the rate of 
translation of pre-existing mRNA, and the rate of protein catabolism 
(4). The rate of translation is determined by the extent of 
aggregation of ribosomes into polysome units, the binding of amino 
acids to t-RNA and of amino acyl t-RNA to the polysome units and by 
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the number of active ribosomes and/or the activity of individual 
ribosomes. 
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Whether or not there is any control exerted at the ribosomal 
level over the nature of the protein synthesised 1S still contro­
versial. On the other hand, hormonal influences on the trans­
cription process may have little effect on the overall rate of 
protein synthesis, but by varying the profile of the mRNA released 
from the nucleus, specific actions on metabolism may be effected. 
Hormones which enter the cell, e.g. steroid and thyroid hormones, 
act at the nuclear level and may determine the nature of the 
proteins synthesised, whereas hormones which bind to the cell 
membrane e.g. growth hormone and insulin, act through their 
secondary messenger systems to stimUlate the translation process 
and hence affect primarily the rate of protein synthesis. A 
further point of control is the intracellular concentration of 
amino acid, the substrate for the protein synthetic process. 
Insulin and probably the somatomedins (see below) stimulate amino 
acid uptake in the post-weaning animal by a direct action on the 
cell membrane, whereas one consequence of the intracellular action 
of cortisol is a net efflux of amino acids from the cell. The 
effect of hormones on protein metabolism has been reviewed (5,6). 

ACTIONS AND INTERACTIONS OF SOME HORMONES 

The endocrine system functions as an integrated unit, the 
secretion of most hormones being modulated by other hormones 
(Fig. 2). Similarly, the net effect of a hormone on its target 
tissues is determined by its interrelationship with other hormones, 
and it is a change in the total endocrine equilibrium, not the 
effect of any single hormone, which determines the shifts in the 
metabolic behaviour of tissues. 

Insulin 

The effects of insulin on protein synthesis are analogous to 
those exerted on triglyceride synthesis in adipose tissue and 
muscle, and on glycogen synthesis in muscle, namely, stimulation of 
the uptake of substrate into the intracellular compartment, 
stimulation of the synthetic pathway, and inhibition of catabolism 
(7). The liver differs from muscle and adipose tissue in that 
insulin is not required for the uptake of glucose and amino acid. 

Insulin stimulates amino acid uptake in muscle consequent 
upon an interaction of the hormone with the cell membrane. 
Individual amino acids are taken up into the intracellular com­
partment approximately in proportion to the amino acid composition 
of the muscle protein, rather than in proportion to the amino acid 
in the extracellular compartment. Even so, in the adult the 
uptake effect is not a consequence of de novo protein synthesis in 
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that it is not inhibited by cycloheximide, puromycin or actino­
mycin D. The uptake effects of insulin are reviewed ~n detail 
elsewhere (8,9). 

Insulin also stimulates the translation process, independently 
of any effect on amino acid uptake, an action probably mediated by 
the inhibition of adenyl cyclase and possibly by the stimulation of 
guanosyl cyclase (10). The action of the hormone is to stimulate 
ribosomal aggregation, the binding of amino acids to t-RNA, the 
binding of amino acyl t-RNA to ribosomes, and an increase in the 
number of active ribosomes and/or the activity of individual 
ribosomes. This subject has been reviewed recently (11). Although 
the action of the hormone on the translation process in muscle is 
not dependent on amino acid uptake, blocking the movement of 
extracellular amino acid into the cell reduces substantially the 
protein synthetic action of the hormone. It has been suggested 
that insulin stimulates preferentially the movement of extracellu-
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lar, rather than intracellular, amino acid into muscle protein 
(12), a view which is in keeping with the fact of insulin being 
secreted at times of feeding, but which has not been widely 
supported. 
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In considering the action of any hormone, we must also 
consider the circumstances under which its secretion occurs. 
Insulin secretion is stimulated by feeding but for a relatively 
short period. The major role of the hormone in the body may be 
regarded as the storage of ingested nutrients, which is achieved 
by stimulating the cellular uptake of glucose, amino acids and 
lipids in insulin sensitive tissues and by stimulating lipogenesis, 
glycogenesis and protein synthesis. The lipogenic effect of the 
hormone is particularly potent. 

The secretion of many hormones including insulin is regulated 
by neural, hormonal and nutrient stimuli. A scheme for the 
control of insulin secretion is shown in Fig. 3. Possible 
mechanisms involved are discussed elsewhere (13). 

The ingestion of a mixed meal is associated with the release 
from the gastro-intestinal tract of the enteric hormones gastrin, 
cholecystokinin-pancreozymin (CCK), secretin and enteric glucagon 
all of which stimulate insulin secretion. With the absorption of 
digested nutrients, insulin secretion is further stimulated by 
glucose, and by some amino acids notably leucine, and the basic 
amino acids arginine and lysine. 

Enteric hormones, particularly CCK and the basic amino acids, 
but not leucine, also stimulate the secretion of glucagon, a 
hormone which stimulates the release from the liver of glucose, 
derived both from the breakdown of glycogen and from the conversion 
of amino acid into glucose via the gluconeogenic pathway. Insulin, 
in the presence of glucose, is a powerful inhibitor both of 
glucagon secretion and of the gluconeogenic pathway. Therefore, 
the balance between dietary glucose and amino acids is important 
in determining the proportion of insulin to glucagon secreted, 
and hence the extent of the 'wastage' of ingested amino acid as a 
substrate for glucose biosynthesis (14). The secretion of insulin 
is strongly inhibited by adrenaline, so during exercise or stress, 
both of which are strong stimuli to adrenaline secretion, insulin 
release following a meal would be minimal and dietary amino acid 
would be diverted away from protein synthesis. 

Growth Hormone 

For many years there has been considerable confusion about 
the actions of growth hormone (GH). The confusion has arisen 
from the extrapolation of data obtained in vivo and in vitro using 
hypophysectomised animals, to the intact non-hypophysectomised 
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Fig. 3. Neural, nutrient and hormonal factors which regulate 
insulin secretion. Growth hormone may also facilitate insulin 
release (27). 

animal. This classical approach of the endocrinologist has been 
invaluable in identifying the site of action of many hormones, but 
gives less information about the effects of hormone secreted in 
response to NORMAL physiological stimuli. In the case of GH, a 
false and misleading concept of the action of the hormone has been 
inadvertently perpetrated in this way. On the basis of in vitro 
experiments using tissues from hypophysectomised animals, it has 
become widely accepted that GH stimulates the transport of both 
amino acids and glucose into cells, as well as stimulating the 
incorporation of amino acids into protein, and GH has therefore 
been thought to mimic the action of insulin. This misconception 
has been compounded further by the insulin-like effects of GH 
administered to the whole animal, but as we shall see below the in 
vivo insulin-like actions of GH are mediated by the samatomedins, 
which are released from the liver under suitable circumstances by 
the action of GH. On the other hand the direct actions of GH on 
muscle, liver, and adipose tissue, are not at all insulin-like. 
We propose that the extent to which GH exerts direct or indirect 
effects on tissues is modulated by other hormones (Fig. 4), and 
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that the role of GH in the body varies accordingly from the 
stimulation of growth (direct and indirect actions) to the pro­
tection of the body protein during a fast, exercise or stress by 
stimulating the maximal utilisation of lipid as an energy substrate, 
and by maintaining essential protein synthesis in the face of an 
ever-decreasing concentration of intracellular amino acid (direct 
actions) (15). 

We have demonstrated the direct actions of GH in muscle in 
vitro from non-hypophysectomised animals using in the inCUbation 
medium concentrations of GH as low as O.l~g/ml which is only five 
to ten times the usual circulating concentration of GH (much of 
the in vitro work using tissues from hypophysectomised animals has 
been carried out using much higher concentrations of GH). We have 
shown that GH stimulates the incorporation into protein of all five 
of the amino acids studied, but without having any effect on the 
rate of amino acid uptake (16). As a result of the direct action 
of GH, the tissue:medium distribution ratio of isotopically 
labelled amino acid fell, demonstrating that GH can stimulate 
protein synthesis even in the face of a decreasing concentration 
of substrate amino acid. Data obtained with GH (Table 1) are 
contrasted with those using insulin (Table 2). Similar observations 
with GH have been made in liver (17,18). 

The uptake effects of GH observed in muscle and adipose 
tissue from hypophysectomised rats is transitory, and is prevented 
by pre-treatment of the animal with GH, or pre-incubation of the 
tissue with GH. Furthermore, the effect is blocked by the 
inhibitors of protein synthesis cycloheximide and puromycin and 
is dependent therefore on de novo protein synthesis (19). It 
seems probable that this uptake effect is a consequence of protein 
depletion following hypophysectomy, and that the presence of GH 
in the inCUbation medium initiates protein synthetic activity which 
restores the transport functions of the membrane, and permits an 
initial movement of extracellular amino acid into the intracellular 
compartment, until a normal equilibrium is established. Our view 
that this transport effect is a function of protein depletion is 
further supported by our observations in vitro, using muscle from 
rabbits fed protein deficient diets (20,21). In such tissue GH 
as well as stimulating protein synthesis has an uptake effect 
which is blocked by cycloheximide (21), just as has been shown in 
muscle from hypophysectomised animals. 

Therefore in considering the direct actions of GH on muscle 
protein synthesis it is necessary to extrapolate to the whole 
animal from the data obtained using tissues from non-hypophysecto­
mised animals. These actions clearly do not resemble those of 
insulin. 

The administration of GH to the whole animal results ~n both 
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protein anabolic and lipolytic effects. In adipose tissue in 
vitro from hypophysectomised animals it has been shown that, GH 
in the presence of glucocorticoid hormone, stimulates lipolysis, 
an effect which is dependent on an initial stimulation of protein 
synthesis, and may be assumed to result from the synthesis of 
triglyceride lipase (22). Again this direct action of GH is not 
insulin-like; it is an effect opposite to that achieved by insulin, 
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Table 1 

Effect of growth hormone (0.5~g/ml) on the net uptake 
(n mol/h per g fresh muscle), the incorporation into 
protein of amino acids (n mol/h per g fresh muscle), 
and on the tissue: medium isotope distribution ratio 
(T:M) in muscle, in vitro, from non-hypophysectomised 
rabbits. Figures are the mean difference from the 
basal value ~ SEM for 5 observations per group. Full 
experimental details are published (16). 

* ** *** Significance of differences: P<0.05, P<O.Ol, P<O.OOl. 

Net Uptake Incorporation T:M 

*** ** LEUCINE - 7.2 ~ 9.7 15.4 ~ 0.9 - 0.71 ~ 0.19 

** * VALINE - 0.6 ~ 6.7 17.6 ~ 2.4 - 0.52 ~ 0.15 

** ** ARGININE 2.5 ~ 6.4 11.0 ~ 1.8 - 0.32 ~ 0.15 

** ** LYSINE 2.8 ~ 2.3 12.6 ~ 2.5 - 0.52 ~ 0.10 

* HISTIDINE - 0.8 ~ 2.9 5.0 ~ 1.4 ** - 0.48 ~ 0.10 
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a fact which needs to be recognised in seeking to understand the 
role of GH in the body. 

The direct anti-insulin actions of GH on adipose tissue, 
namely lipolysis and inhibition of glucose uptake, and the 
direct actions of GH on muscle protein metabolism in the absence 
of an increase in insulin secretion (described above), are 
appropriate for the protection of body protein during a fast, 
exercise and stress, in that they prevent the excessive use of 
amino acid as a substrate for the generation of glucose and 
metabolic energy. As we shall see below, the major growth 
promoting actions of GH are mediated indirectly by the somatomedins 
released from the liver under the influence of GH. Nevertheless, 
when insulin and GH secretion occur simultaneously after feeding, 
the direct action of GH on muscle is truly anabolic, and there is, 
therefore, an important interaction between GH and insulin in the 
stimulation of muscle protei~ synthesis. 

In pancreatectomised animals, the protein synthetic action 
of GH in muscle is minimal (23), possibly because of a breakdown 
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Table 2 

Effect of insulin (0.01 unit/ml) on the net uptake 
(n mol/h per g fresh muscle), the incorporation into 
protein of amino acids (n mol/h per g fresh muscle), 
and on the tissue: medium isotope distribution ratio 
(T:M) in muscle, in vitro, from non-hypophysectomised 
rabbits. Figures are the mean difference from the 
basal value ~ SEM for 5 observations per group. 
Full experimental details are published (16). 

* ** Significance of difference: P<0.05, P<O.Ol. 

Net Uptake Incorporation T:M 

* * * LEUCINE 70.4 ~ 19.1 21.6 ~ 9.4 1.90 ~ 0.66 

* 31.4 ~ * * VALINE 7.8 16.6 ~ 5.2 0.88 ~ 0.20 

* * * ARGININE 45.9 ~ 8.0 21.9~6.7 0.90 ~ 0.27 

* * ** LYSINE 20.1 ~ 4.9 8.6 ~ 2.3 0.50 ~ 0.10 

* * ** HISTIDINE 12.2 ~ 2.9 6.5 ~ 1.9 0.93 ~ 0.18 

in the protein synthetic machinery, excessive proteolysis, and 
a lack of intracellular substrate amino acid, and the effect of 
GH in the absence of insulin is mainly the stimulation of 
lipolysis (24). The administration of insulin to the animal 
restores normal GH fUnction. We have made observations in 
vitro which confirm that GH is effective in stimulating protein 
synthesis in muscle only when it has been exposed previously to 
at least basal amounts of insulin. In muscle in vitro from non­
hypophysectomised alloxan-diabetic rabbits, the stimulation by GH 
of the incorporation of 14C-leucine into protein was minimal 
(+ 0.7nmol/h per g fresh muscle). However, when the tissue was 
incubated with both insulin and GH, protein synthesis was 
stimulated to an extent similar to that achieved by GH in control 
animals (+ 14.5nmol/h per g fresh muscle), although insulin 
alone had only a small stimulatory effect. Therefore, whereas 
insulin itself will stimulate muscle protein synthesis during 
feeding, this event may occur only once or twice a day in the 
non-ruminant animal, so the ability of insulin to stimulate the 
movement of extracellular amino acid into the intracellular 
compartment, and to sustain the protein synthetic activity of 
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GH should be regarded as being more important actions of insulin 
on muscle. 

Just as GH re~uires some insulin for its protein anabolic 
effect, so insulin is dependent on GH for its protein synthetic 
action. In hypophysectomised animals, in which the lack of GH 
and thyroid hormones would result in a deterioration in the 
protein synthetic machinery, the action of insulin is mainly the 
stimulation of lipogenesis (25). The administration of GH to 
hypophysectomised animals restores the protein synthetic action 
of insulin. The action of insulin on the uptake of glucose, on 
the other hand, is not impaired by a lack of GH, hypophysectomised 
animals being particularly sensitive to insulin in this respect, 
but hypophysectomy does not enhance the stimulation by insulin 
of amino acid uptake. The concept of GH stimulating the synthesis 
of a protein which inhibits membrane transport, as part of the 
normal system for the regulation of glucose uptake, has been 
proposed (26), and in the hypophysectomised animal the loss of such 
an inhibitor could facilitate the effect of insulin on glucose 
uptake. 

Therefore, even in the simplest terms , it can be seen that 
insulin and GH are mutually dependent for their protein synthetic 
actions in muscle. When the concentration of both hormones is 
elevated, there is some synergism in their action on protein 
synthesis. This is true not only in the whole animal, but also 
in muscle in vitro, as we have shown using tissue from normal 
rabbits. In these experiments the protein synthetic action of 
insulin together with GH tended to be greater than the sum of the 
effects of insulin and GH separately (Table 3). 

Growth hormone secretion, like insulin secretion, is controlled 
by neural, hormonal and nutrient factors. Whereas insulin is 
regulated mainly by nutrient and hormonal stimuli, GH release is 
influenced most strongly by neural stimulation (27) during 
exercise, stress and non-rapid eye movement (non-REM) sleep. In 
addition, glucose in the presence of insulin, is a powerful 
inhibitor of exercise and stress induced secretion, and is 
important in modulating the pattern of GH secretion during feeding, 
the effect being mediated by an increase in the glucose utilisation 
rate in the hypothalamus. As glucose utilisation falls from the 
elevated rate achieved during absorption, the inhibition of GH 
secretion is released, and the stimulatory actions of some amino 
acids such as arginine, lysine and histidine, and of glucagon are 
able to be expressed. A scheme showing the main factors regu­
lating GH secretion is given in Fig. 5. 

In addition to the regulatory influences depicted, there is a 
diuranal rhythm in the release of GH, secretion during the night 
being SUbstantially more than that which occurs during the day. 
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Table 3 

Effect of growth hormone (O.l~g/ml), insulin (0.01 unit/ 
ml) and of growth hormone plus insulin on the net uptake 
(n mol/h per g fresh muscle), and the incorporation into 
protein of valine (n mol/h per g fresh muscle), and on 
the tissue:medium isotope distribution ratio (T:M) in 
muscle, in vitro, from non-hypophysectomised rabbits. 
Figures are the mean differences from the basal value + 
SEM for 5 observations per group. 
Full experimental details are published (16). 

* ** *** Significance of differences: P < 0.05, P < 0.01, P < 0.001. 

Net Uptake Incorporation T:M 

** Growth hormone - 1.4 .:t. 1.2 5.7 .:t. 0.9 - 0.23 .:t. 0.10 

** * * Insulin 19.6 .:t. 2.6 5.0 .:t.1.7 0.29 .:t. 0.08 

Growth hormone * *** ** and insulin 22.6 .:t. 6.0 14.0 .:t.l.O 0.22 .:t. 0.05 

Children secrete more GH than adults, especially at night, and 
it is thought that growth hormone secretion occurring during 
sleep may be of particular importance in the stimulation of 
growth (28). During the day, GH also has a protein anabolic 
effect when insulin secretion occurs simultaneously, but 
exercise and fasting are more potent stimuli to GH secretion 
than food, and the main effect of the hormone during the waking 
hours will be the stimulation of lipolysis. 

The control of the secretion of GH is complex, and the 
action of the hormone is directed to growth, including muscle 
growth, or to lipolysis, by the influence of other hormones. 

Somatomedins 

The insulin-like activity, and much of the growth promoting 
effect of growth hormone is mediated by the somatomedins, a 
family of hormones produced in the liver under the influence of 
GH. The properties of GH now attributed to somatomedins were 
described previously in terms of observed actions of GH in the 
hypophysectomised animal, or in isolated tissues from hypophy­
sectomised animals, as 'thymidine factor activity' 'sulphation 
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factor activity' and 'non-suppressible insulin-like activity'. 
The history and current state of knowledge of the somatomedins ~s 
well reviewed (29,30,31). 

Three somatomedins have been identified so far, but until 
they have been isolated, it will not be possible to define pre­
cisely their individual metabolic actions. Nevertheless it appears 
at this stage, that one of the somatomedins mediates the 
important mitogenic action of GH whilst the other two have 
insulin-like properties. The somatomedins, which in the ensuing 
discussions will be regarded as a single entity, have a potent 
effect on bones in which they stimulate all aspects of growth. 
Investigations in muscle, in vitro, unfortunately from hypophysec­
tomised rats, have indicated that somatomedins are more potent in 
stimulating protein synthesis in muscle than GH itself (32). 
However, until investigations have been made in tissues from non­
hypophsectomised animals the role of somatomedins in muscle and 
adipose tissue metabolism cannot be evaluated. 
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The release of somatomedins by the liver is not dependent 
solely on the circulating GH concentration. It has been shown 
that estrogens inhibit somatomedin release (33), and if somatomedins 
rather than GH itself are responsible for the feedback inhibition 
of GH release, the co-existence in the female of enhanced GH 
secretion and slower bone growth than in the male, would be 
explained. This observation also stresses the importance of 
somatomedins in growth. This is further emphasised by an 
observation in protein-energy malnourished infants who do not 
grow despite the circulating GH level being increased approxi­
mately three-fold. It has been shown recently in these infants 
that the circulating somatomedin concentration is low, but that 
on re-feeding the GH level falls, the somatomedin level rises and 
growth recommences (34). Nevertheles.s, by suppressing somatomedin 
production with estrogens, it has also been shown that not all of 
the growth effect of GH is mediated by the somatomedins (33). 

In view of the known action of somatomedins on bone growth, 
the effect of androgens pre-puberty being predominantly on bone 
growth, and the dependence of androgens on GH for their anabolic 
effects, it is tempting to propose that androgens exert an action 
on the liver opposite to that of the estrogens and stimulate 
somatomedin production. Whether or not this proves to be the 
case it is likely that some interaction between androgens and 
somatomedins occurs during normal growth. 

The interaction between insulin and GH in the fed state is 
particularly favourable for protein synthesis and it is possible 
that after the transitory rise in plasma insulin concentration 
resulting from feeding, the somatomedins could SUbstitute for 
insulin in promoting the movement of extracellular amino acid into 
the intracellular compartment. In the longer fast on the other 
hand, the insulin-like properties of somatomedins would conflict 
with the action of GH in stimulating lipolysis, and it is probable 
that somatomedin release is inhibited in the fasted state by yet 
another hormone. In view of the implications for growth of the 
diurnal rhythm in cortisol secretion (discussed below), the fact 
that the liver is a known target tissue for cortisol, and that the 
only hormone known to modulate GH-stimulated somatomedin release 
is a steroid, we feel that cortisol is a likely candidate. How­
ever, this is speculative and a thorough investigation of the 
physiology of somatomedin release is clearly necessary. 

Cortisol 

The stimulation of muscle deposition by the endocrine system 
is dominated by growth hormone, but its effects are achieved only 
in the presence of at least basal circulating amounts of insulin 
and thyroid hormones and in the absence of excessive cortisol 
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activity. Cortisol has a catabolic effect on muscle protein 
metabolism, probably by inhibiting protein anabolism, but possibly 
by stimulating the catabolic process as well. Whatever the 
mechanisms involved, the consequence of the action of cortisol is 
a breakdown of muscle protein, a net efflux of amino acid from 
muscle tissue, an increased rate of utilisation of amino acid as 
an energy substrate in muscle, and an increased rate of conversion 
of amino acid to glucose in liver. These effects are all rational 
when considered in the light of the stimulation of cortisol 
secretion, which occurs in response to fasting, exercise and 
stress, all three situations requiring an increase in the avail­
ability of energy substrates. However, the effect of cortisol is 
even more subtle. It appears to divert the action of GH away from 
muscle protein synthesis and yet favour the protein synthetic 
action of GH in adipose tissue, the result of which is an increased 
rate of lipolysis. Thus the action of insulin, even when the 
concentration is only minimally increased above the basal value, 
favours a protein synthetic action of GH in muscle, and the action 
of cortisol favours the lipolytic action of GH in adipose tissue, 
a process which would be inhibited by insulin. The balance 
between insulin and cortisol may therefore be critical in deter­
mining the effectiveness of GH in promoting muscle growth. The 
circumstances under which cortisol is secreted, namely fasting, 
exercise and stress, would all result in an inhibition of insulin 
secretion, and this is a further refinement in the interaction 
between these hormones. 

The view has been expressed that growth occurs mainly during 
sleep (28). To discuss this view, it is necessary to examine the 
endocrine equilibrium during sleep. The secretion of GH is 
stimulated during non-REM sleep, the amount of GH released at 
night being substantially more than that secreted during the 
waking hours. Insulin secretion, on the other hand, is minimal 
during the long overnight fast and insulin is not able to interact 
with GH at this time to favour the stimulation of muscle protein 
synthesis by GH. Under circumstances of increased GH secretion 
and decreased insulin secretion, the possibility of GH being 
lipolytic rather than protein anabolic is open. However, during 
sleep this appears not to be the case (28), possibly because the 
diurnal rhythm in the secretion of cortisol is such that the 
circulating concentration at night is minimal at the time when GH 
levels are elevated, and just as a lack of insulin may permit the 
lipolytic actions of GH and adrenaline, the lack of cortisol may 
permit the protein anabolic action of GH in muscle, despite the 
lack of insulin. It would be interesting to know about the 
synthesis of somatomedins during sleep especially if, as we have 
speculated, cortisol is one of the hormones which modulates 
somatomedin production. The possibility has still to be tested 
that during sleep, the growth promoting action of GH is largely 
mediated by the somatomedins. 
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DIEI'ARY EFFEC"rS ON THE SECREI'ION AND AC"rION OF HORMONES 

In addition to the specific effects on hormone secretion of 
some nutrients, notably glucose, leucine, basic amino acids, and 
alanine, the composition of the diet in the longer term alters 
both the secretory capacity of some endocrine glands, and the 
hormone:tissue interaction. For example low carbohydrate diets 
reduce the insulin secretory capacity of the a cells to a glucose 
challenge (35) and reduce the rate of disappearance of glucose 
from plasma foilowing insulin injection (36). Similarly, eating 
low protein diets results in a reduction in insulin secretion 
(31,38) and in changes in tissue responses to insulin (39-41). 
Food restriction affects insulin function in a similar way. 

Both food restriction and low protein diets reduce the 
ability of the pituitary to secrete GH in response to nutrient 
stimuli (15,31,42) and decrease the responsiveness of muscle to 
the protein synthetic action of the hormone (21,39). From a 
practical point of view, it is the permanent changes in endocrine 
function produced by small aberrations in maternal and neonatal 
nutrition which need emphasising. Thus feeding rabbits during 
pregnancy on diets containing 10% of soya bean protein has been 
shown by us to cause drastic changes in the secretion and actions 
of insulin and GH in the newborn offspring, despite there being 
no reduction in total food intake during gestation (42,43). 
Maternal food restriction has a similar effect. The extent to 
which these changes in endocrine function are reversible in the 
neonatal period remains to be established, but the weil-known 
studies of Widdowson and McCance (44) have demonstrated the 
principle that when sub-optimal nutrition occurs sufficiently 
early in life, the changes induced are irreversible. This effect 
of sub-optimal nutrition has been demonstrated in terms of growth, 
food conversion efficiency, growth of adipose tissue, development 
of the brain, and development of pituitary function (2) and it is 
an urgent requirement that the effect of maternal and neonatal 
nutrition on endocrine and metabolic development be investigated 
fully, not only from the point of view of growth potential and 
food conversion efficiency, but also in terms of the subsequent 
development of normal reproductive ability, a physiological 
process dependent on the interaction of many hormones, and known 
to be affected by diet. 

ENDOCRINE FUNCTION IN THE IMMATURE ANIMAL 

The hormonal actions and interactions described so far occur 
in the post-weaning animal, but may not do so in the fetus and 
neonate. There is limited data on the very young, but what there 
is indicates important functional differences both in hormone 
secretion, and in hormone:tissue interactions. The differences in 
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the very young could be regarded as immaturity in endocrine 
function appropriate to each stage of development of the progeny. 
Thus, for example, the endocrine and metabolic e~uilibrium in the 
fetus may be more appropriate to the intra-uterine environment 
than would an adult endocrine status. To highlight some of these 
differences, the secretion and actions of insulin and growth 
hormone in the very young will be described and compared with the 
adult. 

The isolated pancreas from the fetus of both man and the 
rabbit is barely responsive to glucose, but both leucine and 
glucagon will elicit substantial responses (45,46). These 
observations are compatible with the view that insulin in the 
fetus relates more to growth and the metabolism of amino acid, 
than to glucose, and this is in contrast to the situation in the 
adult, in which the main function of insulin is the stimUlation 
of lipogenesis. However, the metabolic disturbances in pre­
diabetic and poorly controlled diabetic mothers result in hyper­
plasia of islet tissue in the offspring, which then shows 
substantial insulin secretory responses to glucose. At birth such 
infants are overweight, excess fat being the major component, but 
are also long for their gestational age, and are liable to suffer 
from neonatal hypoglycemia conse~uent upon exaggerated insulin 
secretory responses to glucose. So when metabolism is disturbed 
in this way, insulin function in the newborn more nearly resembles 
that of the adult, yet this creates health problems for the off­
spring. 

We have studied endocrine function in newborn rabbits. As in 
fetuses, glucose does not stimulate insulin secretion, but leucine 
and glucagon do (42). The basic amino acids, which we have shown 
to SUbstitute for glucose in the stimulation of insulin secretion 
in the adult, are also ineffective in the newborn (42). We have 
shown also that the action of insulin in the newborn differs from 
that in older animals. In muscle from newborn rabbits in vitro, 
insulin does not stimulate amino acid uptake, but does stimUlate 
protein synthesis, even at the expense of the intra-cellular amino 
acid (39). In terms of adult endocrine function this could be 
described as a growth hormone-like action of insulin. Even at 6 
weeks of age when the rabbits were weaned, the ability of insulin 
to stimulate amino acid uptake in muscle had not developed. On the 
other hand, insulin does stimulate glucose uptake in the newborn 
as we have shown by injecting insulin and measuring glucose dis­
appearance from the plasma, but by comparison with adults the 
newborn may be regarded as being insulin resistant in these terms. 
Thus the poor glucose tolerance observed in the very young of 
several species results both from a reduced insulin secretion in 
response to glucose, and from a reduced effectiveness of insulin 
in stimulating the movement of glucose into target tissues. 
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During postnatal development, the insulin secretory response to 
glucose develops. and the tissue sensitivity to the uptake effects 
of insulin increases (40,41). The different nature of the action 
of insulin on glucose uptake in the very young may be regarded 
as a protective adaptation in endocrine fUnction in that any 
tendency to hypoglycemia would be likely to damage severely the 
developing brain. 

In the fetus, GH appears to be unnecessary for growth. Post­
natally on the other hand, GH is a dominant factor in controlling 
both hyperplastic and hypertrophic growth in many tissues, 
including the skeleton and muscle, but it has not been established 
how soon after birth the offspring becomes sensitive to the 
growth promoting actions of GH. In the neonate, GH levels are 
high, but there is no negative feedback on the hypothalamus (47). 
It is not known whether somatomedin release occurs in the newborn, 
but as liver fUnction continues to develop after birth, it is 
conceivable that the lack of feedback by GH in the newborn is an 
index of a lack of synthesis by the liver of somatomedins. As we 
have discussed above, the somatomedins could be an important 
component of the feedback regulation of GH secretion, and are an 
important component of the growth promoting action of GH. Our own 
studies in newborn rabbits show that there is a normal secretion 
of GH in response to an arginine challenge (42) and that in 
muscle, in vitro, GH is a potent stimulus to protein synthesis (43). 
The action of GH expressed as a percentage of the basal value is 
the same in the newborn as in the adult, but because the basal 
rate of protein synthesis is so much higher in the newborn than in 
the adult this represents, in absolute terms, a greater stimulation 
by GH. 

In our studies so far in the newborn animal, therefore, there 
has been no indication of differences, such as were observed for 
insulin, in the nature of the secretion of GH, or the direct action 
of GH on protein metabolism, when compared with the post-weaning 
animal. The direct lipolytic effect of GH in the newborn has not 
been studied. We feel that endocrine fUnction in the very young 
needs to be defined fully, and the physiological significance of 
differences from the adult evaluated. 
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Most knowledge of the major interrelationships between fat 
and protein is derived, unfortunately for those attending this 
conference, from experiments in man, dog, and rat (in that order). 
The pre-eminence of human experimentation as the major source of 
this knowledge is due, apart from the great need for clinically 
relevant information, to several factors: man's large blood 
volume, the ready availability of advanced techniques for regional 
vessel catheterization, subject cooperation, and finally, the 
relat1ve uniformity of Homo sapiens, obviating major differences 
in size, strain, the lesser effect of many environmental phenomena 
such as diet, known to alter animal responses. This brief paper 
will therefore be concerned primarily with data derived from man 
with reference to experiments which might be relevant to animals 
of agricultural value, and which, in turn, might lead to further 
insights into the factors leading to variations in adipose tissue 
and muscle growth in such animals. 

One must always keep in mind the energy requirement of both 
terrestrial and aerial fauna and the obvious need for an energy­
dense fuel, particularly where mobility is crucial. Unfortunately, 
the accumulation of 1 gram of either glycogen or protein in tissue 
necessitates the accumulation of 2-4 grams of water, resulting in 
only 1 kcal or less per gram of stored tissue. Parenthetically, 
virtually every molecule of protein in man is committed to a 
specific and important role, e.g. as an enzyme, as contractile 
protein in muscle or as plasma albumin, etc. At present, there is 
no known form of storage of nitrogen for storage sake alone. In 
contrast to glycogen and protein, triglyceride in adipose tissue 
comprises 70-95% of total tissue weight, and therefore yields close 
to the theoretical 9 kcal/gram of tissue. Finally, the 
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inability of animals to convert aceta.te to pyruvate, or in overall 
terms, fat to carbohydrate, due to the irreversible action of 
pyruvate dehydrogenase, has important implications. Once a 
molecule of acetate is formed, be it from carbohydrate or from 
protein, it can be oxidized or incorporated into long chain fatty 
acids, but cannot contribute to net carbohydrate or protein 
synthesis (Fig. 1). Consequently, long chain fatty acids can only 
be stored (as triglyceride) or oxidized to yield energy. Thus an 
animal can use protein and its constituent amino acids or carbo­
hydrate and its fundamental unit, glucose, to fill body protein and 
carbohydrate stores to an appropriate extent. The excess is con­
verted into long chain fatty acids, esterified with glycerol and 
stored in adipose tissue. In other words, adipose tissue is the 
caloric buffer (or capacitor) between the animal and its environ­
ment, and man seems to have developed this caloric bank extremely 
successfully. 

A few simple physiologic facts and schemes can be used to 
emphasize the aforementioned. In a meal eater who is a non-ruminant, 
fuels enter in a pulsatile fashion. In Fig. 2 ingestion of either 
a pure carbohydrate or a standard mixed meal is illustrated. The 
first priority of the glucose in man is for brain fuel, and the 
second priority is for replenishment of glycogen in liver and muscle. 
In addition, in the presence of this glucose load, muscle prefer­
entially oxidizes glucose as fuel. Indeed, in the postprandial 
state, the heart meets over 80% of its energy needs by oxidizing 

GLYCOGEN 

\\ 
GLU~OSE ~ "' 

J t J--- Fatty acid ~ C02 

AM!\o ACID --'-; ---------/ 

II 
PROTEIN 

Fig. 1. Relative ease of interchange between glucose and amino 
acids (the non-essentials); however, once acetate or long chain 
fatty acids are made (to the right of the broken line), the 
calories are irreversibly committed and the fatty acids can only 
be directly oxidized or stored for later oxidation. 
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Fig. 2. A pure carbohydrate meal (on the left) and a mixed meal 
(on the right) showing the relative flow of fuels from the gut to 
the various organs. Asterisks mark some of the sites of insulin 
action. In the mixed meal, the carbohydrate (glucose) arrow has 
not been shown to simplify the figure and only the amino acid and 
triglyceride fluxes are shown. 

glucose to CO2• The surplus glucose from the meal can also be 
converted into fatty acids either by adipose tissue or by the liver, 
in which case they are incorporated into very low density lipo­
protein triglyceride and exported via the blood for later incorpor­
ation into adipose tissue. All of these processes result from an 
increase in insulin concentration (1), the increase serving as the 
signal to these tissues that there is adequate glucose entering the 
system. A most important unknown, however, is the processes which 
determine how much glucose is to be stored as glycogen and how much 
used for lipogenesis. Some data suggest that as glycogen stores 
become larger, the crowding of the outer tiers render them less 
accessible to enzymes for addition of further glucose units, but at 
present this concept remains a speculation. In any case, it is 
easy to see that the pattern of meal eating, the differential 
sensitivity of various tissues to insulin and many other factors, 
may all participate in the disposition of the various foodstuffs. 
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In between meals, (Fig. 3) liver glycogen maintains blood 
glucose mainly for brain, and the other tissues switch from glucose 
to the use of free fatty acids. Glucose utilization is thereby 
diminished, particularly in muscle, and this is achieved by insulin 
levels being too low to initiate glucose transport across muscle 
cell membrane s • 

The low level of insulin serves as the signal to exclude 
glucose utilization from both muscle and adipose tissue and for 
adipose tissue to release free fatty acids as well as for the liver 
to initiate glycogen breakdown. Recent data using the growth 
hormone inhibiting peptide (somatostatin) extracted from the 
hypothalamus and which also inhibits insulin and glucagon release 
from pancreatic islets have suggested that the increase in glucagon 
concentration in the fasted state also plays a very significant 
role in maintaining circulating glucose levels by both glycogenolysis 
and gluconeogenesis in liver (2,3). Should the abstinence persist 
for over 12 or more hours, hepatic glycogen becomes depleted (4), 
and gluconeogenesis from muscle-derived amino acids is called upon 
to maintain blood glucose levels. How does muscle know it's time 
to divest itself of some actin, myosin and sarcoplasmic protein? 
The signal appears to be a further lowering of insulin concentration. 
Should the fasting persist even longer, for 1-2 days, blood glucose 
is supported almost completely by gluconeogenesis (Fig. 4 and 5). 

C::::=='*>C02 

CO2 

Free 

~rJ. 

Fig. 3. Between meals (interprandial), hepatic glycogenolysis 
maintains blood glucose levels; other tissues use mainly free 
fatty acids released from adipose tissue. 
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Fig. 4. With more prolonged deprivation (overnight fast), liver 
glycogen becomes depleted and gluconeogenesis and ketogenesis begin. 

If one administers glucose in small quantities (Fig. 6), 
sufficient to provide brain with most or all of its glucose, 
gluconeogenesis ceases and muscle amino acid breakdown be-
comes markedly attenuated. This process, the classical "nitrogen­
sparing" effect of carbohydrate, appears to be mediated by a slight 
increase in insulin concentration. How efficient is this process? 
In adult man,150g of glucose/day can diminish urinary nitrogen loss 
from a level of about 7 g nitrogen/mtbody surface to about 3 g. If 
one gives 600 g/day of glucose, an amount supplying more than the 
total caloric need of the entire body, nitrogen excretion falls 
only 1 g further to 2g/day(5). Thus in terms of its nitrogen balance, 
muscle appears to be exquisitely sensitive to insulin. 

If, in the next phase of fasting, the pattern in Fig. 6 were 
to continue, such prolonged starvation would rapidly deplete 
muscle nitrogen to such a degree that viability would be in jeopardy 
after 2-3 weeks. What occurs, however, is a series of metabolic 
adaptations whereby the utilization of ketoacids by muscle dimin­
ishes; their level in blood rises to 6-8 mM, a concentration 
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EARLY STARVATION 

o 
Fig. 50 After 2-3 days of starvation, muscle-derived amino 
acids provide gluconeogenic substrate for liver. Ketoacid pro­
duction in the liver is fully operative. There is probably 
ketoacid uptake by the brain already at this stage as circulating 
levels of ketoacids begin to increase, but this is not shown in 
the figure for simplicity. 

sufficient to permit diffusion into the central nervous system 
ade~uate to displace glucose as fuel (1). Thus even the brain 
begins to use fat, but fat in a modified water-soluble form; e.g. 
acetoacetate and S-hydroxybutyrate (Fig. 7). The importance of 
all of this, however, is that muscle proteolysis becomes markedly 
attenuated now that gluconeogenic amino acids are no longer 
necessary for liver to make glucose for brain. Paradoxically, 
insulin levels are even lower, which would be expected to result 
in the reverse, an even further proteolysis instead of nitrogen 
conservation, and this novel phenomenon needs further explanation. 
First, however, intermediary metabolism of muscle protein and its 
control should be clarified (Fig. 8). 

Insulin has been shown by many to stimulate muscle uptake of 
certain amino acids and to enhance the protein-synthetic machinery 
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Fig_ 6. Small amounts (100 gm/day) of glucose (intravenous 
liD & W"), by increasing circulating insulin levels, suppress 
muscle protein breakdown as well as hepatic glucose production. 
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inside the muscle cell. Recent data have also suggested another 
effect in inhibiting proteolysis, the two effects therefore 
supplementing each other (6). The amino acids inside the muscle 
cell which are produced by proteolysis can either be used for 
resynthesis of the protein or can be metabolized or released. But 
here is where some important metabolic events may take place. If 
one examines the pattern of release of amino acids from muscle 
either in the absorption or prolonged fasted state (Fig. 9), 
alanine and glutamine are released far out of proportion to their 
content in total muscle, (7,8), or in any known muscle protein. 
Leucine, isoleucine and valine, which together comprise 15-20% of 
muscle protein are barely released at all due to transamination 
and oxidation of the ketoacid remnant inside the cell as their 
-NH2 groups contribute to formation of the excess alanine or 
glutamine. 

Glutamate, on the other hand, is taken up into the muscle. Te­
leologically, muscle appears to be redirecting its released nitrogen 
into the two ideal glucogenic fuels for liver, alanine and gluta-
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FFA 

o 
Fig. 7. With prolonged starvation, as ketoacid levels increase, 
brain markedly decreases glucose oxidation. Muscle proteolysis 
is also attenuated due to the elevated levels of free fatty acids 
probably sparing the irreversible oxidation of the branched-chain 
amino acid derivatives, as discussed in the text. 

mine, the latter also serving as the ideal ammoniagenic substrate 
for kidney. 

The branched-chain amino acids, leucine, isoleucine and 
valine, are transaminated with a-ketoglutarate in the muscle to 
form glutamate, which can then form alanine or glutamine. The a­
keto analogue residue of the branched-chain amino acid is oxidized 
in situ. Of extreme importance is the peculiar metabolic pathway 
of the branched-chain amino acids, whose ketoanalogues, like 
pyruvate, require NAD+ and free Co-enzyme A for the next and 
thermodynamically irreversible oxidative step. Fatty acids have 
been shown to be most important in inhibiting oxidation of the 
branched-chain amino acids. In so doing, they prevent the draining 
off of three of the essential materials without which protein 
synthesis cannot occur. Thus one can think of the Randle cycle as 
a process whereby fat spares not only carbohydrate oxidation, but 
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Fig. 8. Scheme of muscle amino acid and protein interrelation-
ships. Insulin stimulates at sites (1) and (3) and inhibits at 
site (2). Elevated free fatty acids appear to inhibit at site (5). 

INFLUENCE Of PROLONGED (4-6 WEEKS) STARVATION ON 
ARTERIO-DEEP fOREARM VENOUS DiffERENCES (A-DV) 

Of PLASMA AMINO ACIDS 

D POSTABSORPTIVE 

I!Bl PROLONGED STARVATION 

ALA L YS GLY PRO THR ARG VAL LEU HIS ISO TYR PHE MET SER CIT 

Fig. 9. Pattern of amino acid release from human forearm muscle 
both in the postabsorptive state and after prolonged starvation, 
showing the predominant release of glutamine and alanine and the 
uptake of glutamate, as well as the decrease in overall amino acid 
release after prolonged starvation. 
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also nitrogen mobilization by conserving the branched-chain amino 
acids in muscle. Recent experiments by Sapir et al (9) have shown 
that the previously known "minimum" nitrogen loss during starvation 
in man can be lowered even more by provision of the ketoanalogues 
of the branched-chain amino acids to fasting man, lending further 
support to the evidence for their pivotal role in nitrogen 
eonservation. 

We have described these interrelationships in very gross 
physiological terms not only for brevity, but also because their 
biochemical elucidation is as yet incomplete. In simple terms, 
nitrogen can be conserved by two metabolic routes, one involving 
insulin, and this appears to be the mechanism whereby exogenous 
carbohydrate spares nitrogen, the other through an elevation of 
circulating free fatty acid levels. But again we have a problem, 
since these fatty acids are highest in diabetic ketoacidosis, a 
state associated with a large nitrogen loss. Apparently a small 
amount of insulin is also needed for the free fatty acids to exert 
these effects on nitrogen conservation. 

So far we have focused on the control of muscle protein 
catabolism, emphasizing insulin and free fatty acids; now to say 
what little we know about the anabolic side. In the postabsorptive 
state shown in Fig. 4 amino acids are released from muscle protein, 
and obviously, these need to be replenished by meals. In man (10), 
insulin appears to be capable only of retarding their release. A 
net uptake has been achieved only following a protein-containing 
meal, and even then the uptake by the resting forearm muscle is not 
very dramatic (11). Thus insulin and an increment in amino acid 
concentration appear both to be important, and as will be discussed 
later, exercise ~ play an even more significant role. 

Normal man, unless on an amino acid or nitrogen-deficient diet, 
maintains his muscle mass maximally expanded. In other words, any 
daily increment in protein intake results in a precisely matched 
increment in urea excretion, not in increased muscle mass. This 
occurs even in individuals with excess insulin, suggesting that 
factors other than protein intake and insulin may set the upper 
limit of muscle mass. These factors are probably the cellularity 
of the muscle as well as its physical use. Denervation or inactivity 
results in rapid atrophy and increased use in significant although 
limited hypertrophy. Goldberg has shown that even in the face of 
overall body depletion of nitrogen, as in a fasting rat, increased 
use of a muscle can result in net hypertrophy (12). Man can also 
expand his muscle protein, but only by stepping up his daily usage 
of that muscle, not by increasing protein intake. It should be 
emphasized, however, that the minute to minute effect of exercise 
on muscle protein synthesis or catabolism in man has not yet been 
carefully studied, particularly in relation to meals. For example, 
can muscle hypertrophy occur more easily per unit exercise in the 
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wave of hyperamino acidemia following a protein-containing meal? 

All of the aforementioned, however, is applicable to adult man, 
a plateaued animal, and may not be directly pertinent to an animal 
capable of continued growth, such as pre-adult man or many animals. 
More important, is any of this information applicable in the ruminant, 
which is, in effect, continuously fed? Until amino acid uptake and 
incorporation into muscle is determined in ruminants on different 
feeding regimens, an answer cannot be given. It is still possible 
that muscle protein synthesis and breakdown may be pulsatile as it 
is in man, and as techniques for the determination of protein 
turnover become more sophisticated, it is highly probable that the 
ruminant may be found to have these intermittent waves of synthesis 
and proteolysis over which hormonal and physical controls can be 
exerted. 

Finally, in those countries in which the ruminant is an inter­
mittent feeder and is faced by starvation during famine or dry 
seasons, it is obviously crucial that its lipid reserves be capable 
of conserving its protein reserves for both its own survival as 
well as that of the human population dependent on it in times of 
deprivation. 
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DISCUSSION 

DISCUSSION 

v~. King enquired about the role of lipid~obilizing factor 
in the control of lipid metabolism. P~o6. Cah£tt thought that, 
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in general, lipid-mobilizing factors were artefacts. A number of 
factors had been isolated from both the hypothalamus and the 
pituitary which induced lipolysis in vitro, but there is little 
evidence that they have a similar role in the living animal. For 
example, hypophysectomized animals have normal lipid mobilization 
under a wide range of conditions of stress, exercise or starvation. 
There is, however, at least one piece of contrary evidence. In a 
rare syndrome affecting children, there is a total loss of adipose 
mass. Factors isolated from their blood resemble releasing 
factors from the hypothalamus. V~. Web~t~ asked what part 
catecholamines play in insulin release: he pointed out that S­
agonists, such as isoprenaline in pharmacological quantities, 
stimualte insulin release; was there a comparable physiological 
effect of catecholamines? V~. T~n~ thought it likely that in 
living animals insulin release was inhibited by adrenalin, whether 
of peripheral or adrenal medullary origin. 

v~. Bhaude suggested that efforts to reduce the backfat thick­
ness of growing pigs might, in some cases, have led only to a re­
distribution of the same total amount of lipid. P~o6. Cah£tt 
doubted whether fat distribution could be altered by nutrition, 
since differentiation confers a certain cellularity to each site. 
Fat distribution can, however, be affected by the sex hormones. 
V~. T~n~ added that, with reduced insulin and thyroid hormones, 
but without a reduction in cortisol, lipid could be mobilized 
preferentially from subcutaneous depots, whilst sparing internal 
deposits. 

v~. Futl~ noted that, whereas a growing animal typically 
retained about one-third of its dietary nitrogen, Prof. Cahill 
had mentioned that the black bear in hibernation completely pre­
vented nitrogen loss. Did the mechanism lie in the inhibition of 
amino acid degrading enzymes? P~o6. Cah£tt emphasized the 
distinction between the conservation of nitrogen in starvation 
and the accretion of nitrogen by growing animals; the highest 
efficiency of accretion that he knew of was 60% in rehabilitating 
children. PM6. Kie£.a.now~1U remarked that sucking pigs may 
retain up to 90% of their nitrogen intake. 
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The twentieth century has witnessed the accumulation of an 
impressive backlog of data on the details of growth mechanisms. 
As a result, we now have a wealth of information about how cells 
divide and enlarge, synthesizing DNA, RNA and proteins as they do 
so. Hardly a tissue has escaped the inquisitive explorations of 
students of regeneration and compensatory growth. From time to 
time, someone has ventured a hypothesis to explain how growth 
may be controlled, and every combination of inhibitor and stimu­
lator seems to have been suggested (1). Out of this bewildering 
profusion of facts and theories, one would hope that a unifying 
hypothesis might emerge, one which will embrace all forms of 
growth from embryogenesis to the pathology of ageing, and all 
levels of organization from the subcellular to the organismal. 
It would be presumptuous to pretend that in our present state of 
ignorance the time has come for such a breakthrough. It would be 
inexcusable, however, if we did not continue our efforts to fathom 
the implications of growth. The unabashed speculation which 
follows is an attempt to paint a picture of growth not in the 
usual minute scientific detail but with broad strokes of the brush. 
In view of the generalizations inevitably to be included, however, 
the reader is reminded that "all generalizations are wrong, 
including this one." 

BODY SIZE VS. ORGAN SIZE 

The body is the sum of its parts. Accordingly, its size may 
be determined by innate limitations in the growth of one or more 
of its component organs. Yet each part of the body is a predict­
able proportion of the whole, and their sizes may therefore be a 
function of the overall body mass. The central problem of growth 
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regulation is to find the limiting factor responsible for fixing 
not only the absolute size of the body but also the relative 
sizes of its constituent parts. The question is raised: Is body 
mass the point of reference for organ growth or is there a built­
in limit to the growth of each organ which determines the size 
beyond which the body as a whole cannot grow? 

The allometric equation (2) testifies to the dependence of 
organ size on body mass. Phylogenetically, the relative sizes of 
organs have evolved as genetic adaptations to physiological needs. 
In the ontogenetic sense, changing allometric relationships in the 
growing animal reflect alterations in the physiological conditions 
at different stages of maturation. Thus, in both the evolutionary 
and the developmental sense, it is true,as Brody (3) has pointed 
out, that "the organism changes geometrically so as to remain the 
same physiologically." 

ORGAN AND TISSUE GROWTH 

The potential for enlargement of an organ can be divided into 
four increments (fig. 1). There can be little doubt that the 
growth of organs is at least in part a function of the physiological 
demands impinging on them. It is equally obvious, however, that 
such influences cannot account for the entire development of an 
organ. Disuse almost always leads to atrophy, but almost never 
brings about the total disappearance of an organ or tissue. The 
sizes of many endocrine glands, for example, decrease markedly 
if their hormones are exogenously administered or, in the case of 
pituitary target organs, after hypophysectomy. The kidney 
atrophies if its arterial blood pressure is reduced to the point 
where glomerular filtration becomes impossible (4). The urinary 
bladder loses more than half its weight if deprived of the hydro­
static pressure of urine inflow (5). Unused bones become 
osteoporotic (6), and their associated skeletal muscles undergo 
atrophy after denervation, tenotomy or immobilization (7). In 
these and other instances, atrophy is a relative phenomenon, for 
although unused adult organs lose weight on an absolute scale, 
their counterparts in young animals may continue to gain weight 
but at a much reduced rate. Physiological deprivation reduces 
organ mass only to a basal level perhaps comparable to that which 
develops in the early prefunctional stages of maturation. The 
persistence of atrophic organs may be looked upon as the nucleus 
out of which subsequent regrowth may be generated should the need 
arise. 

Over and above the basic minimal mass of an organ, much of 
its normal size is represented by that growth which has been 
stimulated by ordinary physiological activities. Indeed, it 
would seem that this severalfold enlargement of a normally 
functioning organ over its basic minimal mass may be correlated 
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with the well-known redundancy which characterizes virtually all 
organs and tissues. It is this built-in superabundance of organ 
mass which provides the comfortable margin of safety in living 
systems which permits their survival despite the loss or incapaci­
tation of over two-thirds of such vital parts as the liver, kidneys 
and lungs. 

There are few organs of the body which will not enlarge above 
their normal dimensions when overworked. The administration of 
appropriate trophic hormones is well known to stimulate the growth 
of target organs while promoting increased functional activities. 
The salivary glands will grow in response to such diverse experi­
mental interventions as the repeated amputations of the lower 
incisors of rats, the addition of proteolytic enzymes to the diet 
or the injection of isoproterenol (8). The exocrine pancreas 
enlarges if an animal is fed a diet of raw soybean containing a 
trypsin inhibitor (9). The size of the remaining kidney increases 
in compensation for its missing partner after unilateral nephrec­
tomy (10). The liver likewise regenerates after partial hepatec­
tomy, but can also be made to grow by the administration of pheno­
barbital (11). The heart is famous for its capacity for hyper­
trophy in the face of hypertension, the two ventricles responding 
differentially to systemic versus pulmonary hypertension (12). 
In the case of skeletal muscle, mounting evidence suggests that 
exercise and tension may pay a fundamental role in maintaining 
their structure and promoting their hypertrophy (13), even to the 
extent of overriding the otherwise atrophic effects of denervation 
or immobilization. All such cases of compensatory hypertrophy have 
much in common with that fraction of normal organ growth which is 
triggered by ordinary functional activities. Time and again, it 
has been shown that compensatory growth is an adaptive reaction to 
overwork, and like its normal counterpart, it is reversible. 

A final stage in the enlargement of an organ may be referred to 
as pathological growth. This is an extension of compensatory 
hypertrophy brought on by such heightened levels of fUnctional 
demand that the tissues, however much they may try to adapt, are 
not capable of coping with the relentless pressure for more work. 
Irreversible damage coupled with cellular exhaustion lead to such 
pathological consequences as nephroschlerosis, emphysema and 
heart failure. 

The so-called "normal" size to which an organ grows is a 
relative thing. It is relative to the size of the body as well as 
to the prevailing physiological conditions to which it responds. 
For example, a normal gonad in the breeding season is considerably 
larger than a normal one at other times of the year. Similarly, 
the normal red blood cell count is defined for conditions at sea 
level, but this would be anemic at higher altitudes. For many 
organs, therefore, it is not the absolute size to which they grow 
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that is genetically determined. Rather, it is their relationship 
to appropriate physiological conditions that has been selected for 
in the course of evolution thus insuring that each organ will 
adjust its size to the work to be done. Some organs, however, can 
adjust better than others, depending on their proficiency for 
increasing the numbers of functional units they contain. 

A functional unit may be defined as the smallest irreducible 
sub-division that is still capable of carrying out the specific 
functions for which the organ has been differentiated (14,15). In 
some tissues, the functional unit is e~uivalent to the cell, as in 
the case of erythrocytes or leukocytes. In others, it may be a 
subcellular entity, such as myofibrils or platelets (both of which 
depend upon cells for their very existence and origin). In most 
cases, however, cells must be organized into histologically complex 
units in order to do their jobs. The various kinds of acini and 
follicles found in many glands are cases in point, as are intestinal 
villi, pulmonary alveoli, renal nephrons, seminiferous tubules, the 
cords of hepatic lobules and the osteons of bones. 

INDETERMINATE ORGANS 

Certain organs have the capacity for unlimited adaptive growth, 
not so much because their cells may never lose their proliferative 
potential, but because these cells also retain the capacity to 
arrange themselves into new functional units at the histological 
level of organization. If part of the liver is removed, for 
example, the remaining portions soon grow back to restore the 
original mass of the organ. If this operation is repeated, the 
same thing happens again, and persistent experimenters have forced 
rat livers to regenerate each month for a year without depleting 
their resources (16). The conclusion is inescapable that the 
liver has the capacity for unlimited growth under conditions of 
chronic stimulation. Other organs are likewise capable of remark­
able feats of growth. The pancreas can be almost completely destroyed 
by daily injections of ethionine, yet restore itself to normal as 
soon as the treatment is discontinued (17). The adrenal cortex 
can regenerate from such few residual cells as may adhere to the 
inner lining of its empty capsule (18). A fragment of ovary is all 
that is needed to regenerate a functional organ (19). A single 
subcutaneous injection of CdC12 leads to ischemia and nearly com­
plete degeneration of the testes. Indue course, however, the 
interstitial tissues (but not the seminiferous tubules) grow back 
from what must have been a very few surviving cells beneath the 
tunica albuginia (20). Thus, many of the body's glands, both 
exocrine and endocrine, appear capable of reconstituting their 
original mass after severe depletions. Presumably, only the lack 
of sufficient stimulation prevents them from growing to excessive 
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Fig. 1. Increments of organ growth. The basic size of an organ 
represents that which forms in prefunctional stages of development 
and persists after disuse atrophy. The normal dimensions of an 
organ equal the sum of its basic size plus such additional growth 
as may take place in response to ordinary physiological activities. 
Compensatory hypertrophy is reversible adaptive growth caused by 
functional overload. Pathological growth includes overgrowth so 
excessive as to be irreversible. 

dimensions. Because they have the potential for far more growth 
than they may ever have a chance to express, they may be classified 
as indeterminate organs. 

DETERMINATE ORGANS 

Not all parts of the body fall into this category. There are 
many organs and tissues which cannot grow beyond certain prescribed 
size limits. They are accordingly referred to as determinate 
organs. Their restricted growth potential is attributable to the 
fact that their functional subunits are unable to increase in 
number beyond early developmental stages when there occurs a 
switch from hyperplasia to hypertrophy. Growth may continue 
beyond this point, but it is achieved solely by the enlargement of 
pre-existing units until adult dimensions have been attained. Not 
unexpectedly, these determinate organs have limited capacities for 
compensatory growth compared with the seemingly limitless potentials 
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of indeterminate organs. This is not to say that they are without 
the capacity for growth beyond normal dimensions, however. After 
unilateral nephrectomy, the remaining kidney increases its size, 
but it does so by multiplying and enlarging its cells without 
forming new nephrons. Likewise, the remaining lung can compensate 
for its missing partner by doubling its size, but this is unfor­
tunately not accompanied by the production of new alveoli. The 
heart is able to enlarge its ventricles when overworked, but this 
is achieved by hypertrophy of its myocardial fibres rather than 
the production of new ones. The central nervous system, which 
ceases producing new fUnctional units earlier than any of the 
other organs, is least endowed with the capacity for regeneration. 
These and other organs are examples of body parts which are not 
without limited capacities for adaptive growth but which react to 
deficiencies in a surprisingly inefficient manner, namely, the 
enlargement of functional units rather than their proliferation. 

What is the rationale for the existence of determinate and 
indeterminate organs? It would seem that mammals might be more 
efficient in their competition for survival if all of their tissues 
possessed unlimited regenerative potential. Even more puzzling is 
the fact that the very organs that are least capable of regeneration 
are among the most vitally essential parts of the body. The kidneys, 
lungs, heart and brain are seriously handicapped in making up for 
deficiencies in their mass or adapting to increased workloads. On 
the other hand, we find that many glands in the body, organs which 
are convenient to possess but many of which are not essential for 
survival, have extraordinary powers of repair and regeneration. 
Clearly, there must be some reason why, during the course of evo­
lution, less important organs ac~uired greater powers of growth 
than the more important ones. One can only conclude that it is 
not to the advantage of the species as a whole for its individual 
members to be potentially immortal, as presumably would be the 
case should all tissues of the body be capable of unlimited repair 
and regeneration. 

INDETERMINATE BODY SIZE 

The foregoing remarks apply to mammals. By comparison with 
lower vertebrates, and even some of the invertebrates, mammals are 
seen to be a special case of how organisms grow, and by no means 
are they to be considered typical. Indeed, along with their warm­
blooded avian cousins, mammals are in many respects very uni~ue 
creatures, and from the point of view of growth their efficiency 
does not always compare favourably with that encountered in lower 
forms. 

The distinction between determinate and indeterminate organs 
in mammals does not necessarily apply to cold-blooded vertebrates. 
The reason for this is twofold. In the first place, many of the 
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cold-blooded vertebrates are endowed with remarkable powers of 
regenerating lost appendages, from fish fins to lizard tails (21)0 
Perhaps the most extraordinary capacity for regeneration is found 
in the salamander limb, which if amputated forms a bud, or 
blastema, on the stump which then differentiates into an exact 
replica of the missing appendage. Whole new skeletal elements and 
muscles are formed de novo during the course of regeneration. Yet 
it is a curious thing that if a bone or a muscle is excised from 
an otherwise intact limb, these same animals are no more able to 
replace them by in situ regeneration than are mammals. 

The other attribute of lower vertebrates which distinguishes 
them from the warm-blooded ones is the potential they possess for 
unlimited body growth (22). Birds and mammals mature to a pre­
ordained adult size which is species-specific. Although the same 
may be true of some lower vertebrates, there are many other species 
for which no typical body size can be predicted. This is espec­
ially true of those fishes which continue to enlarge throughout 
their life spans and so far as we know may enjoy an inde·finite 
longevity. 

It is in this perspective that the limitations of mammalian 
organ growth are particularly interesting. With the exception of 
the lung, fishes possess the same organs which in mammals are 
classified as determinate. How, then, can these organs in lower 
vertebrates keep pace with the ever expanding dimensions of the 
body as a whole? In the case of the kidney, there appears to be 
no prescribed number of nephrons that can develop as is the case 
in mammals. If glomeruli are counted in fishes representing a 
range in body size, there is found to be a linear increase in 
nephron number throughout life (23). Indeed, fish living in fresh 
water develop more glomeruli in their kidneys than do the same 
species inhabiting marine environments. In frogs and iguanas, 
larger specimens are found to have more glomeruli than smaller 
ones (24). How, where, and from what cells these new nephrons are 
formed is not known. The problem of similitude is even more 
interesting in the case of the heart. Regenerative and prolifer­
ative capacities of mammalian hearts are conspicuous by their 
absence. In fishes, however, it is necessary for the heart to 
keep pace with body growth over a wide range of sizes. Studies 
have shown, however, that the dimensions of individual myocardial 
fibres are unchanged from small fish to large ones. Therefore, 
we must conclude that new ones are produced from time to time as 
the mass of heart muscle increases with body size, yet it has 
never been established whether such cells are formed by division 
of differentiated muscle fibres or by the differentiation of new 
ones from a pool of reserve cells. The same problem exists with 
reference to the central nervous system of fishes, but in the near 
absence of factual evidence one can only speculate that here too 
there must be a lifelong source of cells from which neuroblasts 
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can be recruited as the brain and spinal cord expand with the body 
mass. In this regard, it is interesting to note that the growing 
neural retinae of fishes can augment their populations of photo­
receptors by the differentiation of new ones around the margins (25). 

Nearly everything about the body of a fish is endowed with the 
potential for indefinite growth. The fins, for example, grow not 
so much by internal expansion as by terminal addition. It is 
probably no coincidence that their normal growth takes place in 
the same way that they regenerate after amputation. Similarly, 
scales enlarge by adding new growth rings in the manner in which 
they regenerate. 

Gills pose a special problem. Each gill arch supports a 
number of filaments from which a series of paired lamellae branch 
off at right angles. As the fish grows, new lamellae are added to 
the ends of each filament, and the number of filaments per gill 
arch also increases. The mechanism and control of these events 
have never been seriously explored. 

The teeth of fishes are especially interesting. As in so many 
other lower vertebrates, they are replaced in continuous succession 
throughout life. Moreover, as a fish grows its total number of 
teeth also increases, a phenomenon also reported in amphibians. 

These and other aspects of morphology bear witness to the 
fact that fishes are designed for unlimited growth. Inevitably, 
they represent a compromise between increases in size versus 
numbers of body parts, but in contrast to mammals they benefit far 
more from the advantages of hyperplasia over hypertrophy. 

EVOLUTION OF BODY SIZE 

The body sizes of animals have become increasingly deter­
minate in the course of evolution. Some invertebrates, most 
notably the crustaceans, are famous for their apparent inability 
to limit body size. Lobsters, for example, are not known to lose 
their capacity for molting and growing, as the record-breaking 
sizes of occasional specimens bear witness. Nevertheless, many 
other invertebrates are capable of limiting their body sizes by 
ceasing to grow with the approach of sexual maturity. 

The evolution of body size regulation among vertebrates 
appears to be related to aquatic versus terrestrial habits. As 
they abandoned the buoyancy of their aquatic environment, verte­
brates were forced to invent some mechanism to arrest their body 
growth lest their bulk become too much for them to support on 
land. This led to the evolution of the cartilaginous plate in the 
long bones, a structure well adapted to insure the cessation of 
growth by its programmed disappearance at a predetermined time in 
the life cycle. 
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The bones of fishes are not only solid, but they tend to 
enlarge by appositional growth. In amphibians and many reptiles, 
the bones have acquired a marrow cavity and their epiphyses remain 
cartilaginous. Hence, their appendicular skeleton can undergo 
indefinite elongation owing to the persistence of cartilage on 
their ends which retains the capacity for growth. It was among 
some of the reptiles that the first cartilaginous plate interposed 
between the epiphysis and diaphysis made its appearance, and it is 
this remarkable structure which is responsible in large measure 
for the arrest of growth among birds and mammals when they reach 
maturity. Parenthetically, it is worth noting that some of the 
cetaceans may have regained secondarily the capacity for unlimited 
body growth. Recent studies have shown that in seals and whales 
not only do the teeth continue to grow by the annual deposition 
of increments of dentine, but the mandibles also continue to 
enlarge by the laying down of bony lamellae on the surface of the 
bone (26). Hence, it is no coincidence that these represent the 
only mammals whose age can be determined by counting growth rings 
in various structures of the body. 

Although epiphyseal closure is clearly a major factor in 
stopping body growth, it may not be the only one. Just as the 
elongation of long bones in birds and mammals is predetermined, so 
also is the ultimate size to which determinate organs can grow. 
In view of the fixed number of functional units which develop in 
determinate organs, it is entirely possible that they may serve 
as limiting factors to the overall enlargement of the body. 
Indeed, the organism cannot increase its size beyond the species­
specific limit without running the risk of outgrowing such vitally 
essential organs as its lungs, kidneys, heart and brain. The 
existence of determinate organs in warm-blooded mammals may there­
fore hold the key to body growth. 

HOW FIXED IS THE NUMBER OF FUNCTIONAL UNITS? 

It is by no means certain that the species-specific number 
of functional units in determinate organs is necessarily prede­
termined. Although partial ablation or functional overload in 
adults is known not to bring about the production of extra 
functional units, there is evidence that if the deficiency is 
created at an early stage of development when the organ is still 
normally producing such functional units, it may be induced to 
make extra ones. 

Unilateral pneumonectomy in puppies (27) and kittens (28), 
for example, has been reported to cause the remaining lung to 
produce more pulmonary alveoli than it would normally make, 
although the same operation in adults leads solely to the enlarge-
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ment of pre-existing alveoli. Much the same situation obtains in 
the case of the kidney. Recent studies on the effects of uni­
lateral nephrecto~ in infant rats have shown that the remaining 
kidney which has still not acquired its full complement of nephrons, 
can be induced to form (29,30) more than it would normally. Indeed, 
if one kidney is removed from newborn rats, the opposite one 
produces an average of 63% more nephrons than normal (31). Such 
evidence suggests that what has been regarded as the presumably 
immutable normal number of functional units may in fact be a 
physiological adaptation to the functional needs of the growing 
organism. Unhappily, this does not explain why such organs 
eventually lose the capacity for manufacturing more functional 
units as they approach maturity. One can only assume that they 
may exhaust their supply of unspecialized cells as the process 
of differentiation overtakes proliferation in the developing organ. 

ORGAN TRANSPLANTATION 

Another w~ to approach this problem is to transplant organs 
between small and large animals to find out if the sizes of such 
grafts will adjust to the dimensions of the new host, and also if 
the population of functional units will likewise adapt. There are 
two w~s to do this. One is to exchange parts between two species 
of different sizes, the other is to transplant organs from younger 
animals to older ones. Interspecific grafts have been made in 
amphibian embryos, in which various organs and appendages have 
been transplanted between species of different intrinsic sizes. 
In general, when eyes (32), limbs (33), or even the entire halves 
of the bodies (34) are grafted from embryos of small species to 
those of large ones, or vice versa, they tend to grow to their 
own species-specific sizes irrespective of how mismatched they 
may become. These are all cases in which the autono~ of an 
organ's growth is correlated with the lack of functional regu­
lation by the body as a whole (35). However, when physiologically 
interdependent parts from animals of different sizes are combined 
in their embryonic stages, as the lens and eye cup, then each 
adjusts its growth to the other to give rise to a harmonious 
structure of intermediate dimensions (36). 

Heterochronic transplantations can be carried out between 
individuals of different ages but of the same species. B,y 
grafting an organ from an infant animal into an adult it is 
possible to learn if the potential for growth that would have been 
expressed had the organ never been removed from the donor will 
still take place in an adult environment. In the case of the 
kidney, transplants have been performed between puppies and adult 
dogs, but always after having first removed the host's own 
kidneys. Under these circumstances the grafted infant kidneys 
continue to grow (37,38), but there is no way to determine whether 
this is an expression of an innate potential for growth or is in 
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compensation for the renal deficiencies of the host. 
transplants into intact hosts are urgently needed to 
fundamental problem of growth determination. 
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Organ 
resolve this 

Comparable experiments have been done with a few other organs. 
For example, neonatal mouse spleens grafted subcutaneously into 
adults fail to grow unless the host has been splenectomized (39). 
Furthermore, the size to which they grow is inversely proportional 
to the number of infant spleens grafted to any given host (40). 
In the case of adipose tissue, grafts of mouse fat depots proved 
to be more successful in hosts deprived of fat than in intact 
mice (41). Hearts from infant rats anastomosed by means of 
microvascular surgery to the abdominal aorta and vena cava of the 
host continue to grow to normal adult dimensions despite the fact 
that they are auxiliary organs presumably pumping no more blood 
than needed for their own nourishment (42). Finally, grafts of 
young bones to nonfunctional sites e.g., subcutaneous (43), 
intrasplenic (44) or beneath the kidney capsule (45), grow to 
nearly normal lengths. 

THE PROBLEM OF ASYMMETRY 

The preC1Slon with which the growth of living systems is 
regulated is no more clearly demonstrated that in the bilateral 
symmetry which is the basis for the body plans of most animals. 
So it is that when a natural imbalance occurs in a paired organ, 
there is need to understand hOW, if growth is genetically 
controlled, the expression of the genes can be so different on 
the two sides of the body. Therefore, one is tempted to look for 
nongenetic explanations for the occurrence of asymmetrical 
structure. 

Perhaps the most well-known case in point is the lopsided 
structure of the cardiac ventricles. The fact that the left 
ventricle is normally about twice the size of the right one is 
often assumed to be a genetic adaptation to the different work­
loads of these two sides of the heart, particularly when it is 
noted that in the giraffe heart, which must pump against an 
unusually high head of pressure, the left ventricle is dispropor­
tionately large (46). Nevertheless, it is instructive to note 
that prior to birth the two ventricles of mammalian hearts are the 
same size, in keeping with their equal prenatal workloads. The 
inequity that is established after birth, therefore, is clearly 
a physiological adaptation to the closure of the ductus RXteriosus 
and the establishment of two separate circulatory circuits of 
unequal size. 

Mammalian lungs are also asymmetrical, but in this case their 
inequities are apparent from the very beginning. It is tempting 
to conclude that the smaller size of the left lung is correlated 
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with the more sinistral position of the heart in the chest cavity, 
but for obvious reasons it is impossible to prove experimentally 
whether the inequity between the left and the right lung is 
hereditary or just another physiological adaptation. An extreme 
instance of pulmonary asymmetry is found in snakes. Apparently 
as an adaptation to their elongated bodies, the right lung is 
highly developed while the left one is small or rudimentary. The 
failure of the left lung to develop raises the question of whether 
or not it is held in abeyance by the fUnctional right lung. 
Preliminary experiments in which most of the right lung has been 
tied off indicate that the rudimentary left one can now be 
stimulated to undergo compensatory growth, albeit to a very limited 
extent. 

In snakes it is the right ovary which tends to be longer than 
the left one, but in birds it is the left ovary that is fUnctional, 
the right one remaining rudimentary. In bats , it is usually the 
right ovary which is functional, a situation paralleled in the 
mountain viscacha, an inhabitant of the Andes. Pregnancy in these 
forms tends to occur only in the right horn of the uterus. 

Numerous cases of asymmetry are found among the invertebrates, 
not the least of which is the imbalance between the claws of 
crustaceans. Some species are all either right-handed or left­
handed, as in the fiddler crabs, while in others (e.g., lobsters) 
the asymmetry is distributed 50-50. The fact that in some (but 
not all) crustaceans the asymmetry is reversible by amputating the 
dominant appendage and allowing the opposite one to become the 
larger while the original large one is replaced by a small claw, 
indicates that this asymmetry is not genetiCally determined (21). 
A similar situation occurs in the regenerative reversal of 
asymmetry in the operculum of Hydroides, a tube dwelling annelid 
(47). Apropos of this, it would be interesting to find out if the 
hectocotyl arm, which is the third tentacle on the right side of 
the male octopus and is modified as an intromittent organ, could 
be made to differentiate on the opposite side following amputation 
of the original one. 

When organs capable of regeneration are also asymmetrical, 
they provide an opportunity to test the possible genetic control 
of such asymmetries. The antlers of reindeer and caribou exhibit 
an interesting instance of asymmetry in that the brow tine, the 
most proximal branch which grows down over the snout, is usually 
larger on one side than the other (48). In most specimens the 
left brow tine is developed as a branching or palmate outgrowth 
while the right one is a shorter unbranched spike. In other cases 
it is the right brow tine which is dominant, while sometimes both 
of them are fUlly developed and in rare cases neither may be. 
Observations on individual animals over two or more years have 
shown that the pattern of brow tine asymmetry is not necessarily 
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the same in successive sets of antlers regenerated from one year 
to the next. This may be taken to indicate that the asymmetry of 
these structures is not an inherited character, but leaves 
unanswered the provocative question of how the uneven development 
of brow tines is controlled. 

Perhaps the most perplexing instance of asymmetry is the 
clinical condition known as hemihypertrophy (49). In these 
fortunately rare cases, a patient may grow larger on one side of 
his body than the other. This unlikely condition excites one's 
interest as much as it defies explanation, but warns us against 
accepting the normal bilateral symmetry of our bodies as proof that 
the two halves are not separately controlled. 

CAN BODY SIZE BE MANIPULATED? 

Aside from the well-known modulating influences of temperature, 
nutrition and surface-volume relationships, factors which affect 
an animal's size by altering its metabolic rate, the determination 
of the basis body size for each species remains a matter for 
conjecture (50). It is well established that the sizes of cells 
are approximately the same in animals of widely divergent dimensions 
(51). The chief exceptions to this rule are the nerve and muscle 
cells which tend to be larger in bigger animals. This is undoubtedly 
correlated with their inabilities to divide. Nevertheless, they 
are also more numerous in larger animals, owing to the relative 
prolongation of their hyperplastic phases in embryonic development. 
Yet even in animals whose cell sizes are experimentally altered, 
as in the polyploid salamanders created by Fankhauser (52), the 
animal itself grows to normal dimensions although it contains 
larger but fewer cells. The control of body size therefore would 
appear to transcend whatever factors may influence the sizes of 
individual cells. 

Evidence suggests that body size is hereditary and that 
although all mammalian eggs are approximately the same size the 
rates at which they develop forecast the ultimate dimensions to 
which the body will grow. The sizes of embryos and fetuses are, 
however, not unaffected by their prenatal environments. Indeed, 
their growth may be profoundly influenced by such factors as their 
position in the uterus, litter size, placental dimensions, maternal 
hormones and degree of hybridization. Perhaps it is a combination 
of these factors that accounts for the interesting effects of 
maternal body size on the growth of offspring in experiments on 
horses (53), sheep (54) and cattle (55) in which large and small 
strains have been bred to mismatch the fetal and maternal sizes. 
These studies show that genetically small fetuses grow larger than 
normal when carried by large mothers, and vice versa. Moreover, 
such differences are not to be explained entirely by changes in the 
lengths of gestation, and it is particularly interesting that the 
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size differences of the offspring persist through much of their 
postnatal development. Clearly, while the maternal environment 
cannot override the influences of genetics, it can exert some 
long-lasting effects on the subsequent growth and development of 
the progeny. 

If one's objective were to promote the growth of outsized 
animals, there are some intriguing and apparently unexploited 
prospects for manipulating maternal-fetal relationships. It is 
not outside the realm of possibility that we might someday learn 
how to foster-mother the embryos of one species in the uterus of 
another. To be sure, it is a common practice to transport eggs 
from one place to another in the uterus of a rabbit, but in such 
cases the rabbit is only a vehicle. Presumably the foreign eggs, 
if not removed from the rabbit, would fail to implant and would 
eventually perish, but it is by no means certain why this happens. 
Very few studies of interspecific egg transfers have been published, 
but available evidence suggests that some exchanges work better 
than others. Eggs from sheep and goats can be transferred to each 
others' uteri, whereupon some embryos may implant and continue 
their development for limited periods of time seldom exceeding 
50 days (56,58). Rat and mouse ova have also been exchanged, and 
develop as far as blastocysts but fail to implant (59). Presumably 
there is some kind of incompatability in such combinations, but 
its basis e.g., immunological or physiological, is not known. 

If this potentially important field of investigation were to 
receive the attention it deserves, then it might be possible to 
discover the nature of the barrier that prevents such interspecific 
pregnancies. If such a breakthrough were to permit us to grow the 
eggs of one species in the mothers of another, the results would 
be of considerably more than hypothetical interest. It is 
conceivable that if the ova from a small species were transferred 
to a large one the sizes of the offspring might exceed the normal 
species-specific range heretofore assumed to be genetically 
controlled. The agricultural implications of such a tour de force 
would far outweigh the risks of failure. The academic spin-off 
in terms of advancing our basic knowledge of growth regulation 
should be an even greater incentive to explore these compelling 
possibilities. 
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THE CENTRAL CONTROL OF GROWTH: ITS CONNECTION 

WITH AGE-DEPENDENT DISEASE 
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INTRODUCTION 

Humans and farm animals alike begin life as a single cell, the 
zygote. The human organism grows for a period of about 20 years 
after fertilization and at maturity comprises 1014 cells. By any 
reckoning this constitutes a prodigious increase in cell number. 
But even more impressive are the phenomena of cytodifferentiation 
and the assembly of differentiated cells into those characteristic 
morphological structures that comprise the organs and vasculature 
of the body. In turn, these multiple components are anatomically 
and functionally integrated to serve the re~uirements of the whole 
organism. 

The instructions for this dynamic and almost inconceivably 
elaborate process of growth and development reside, largely or 
wholly, in the genome. The final outcome - the realization of the 
gJtowth-pote.ntiaR.. - is remarkably impervious to various temporary 
delays imposed by adverse environments. Thus, even when monozygotic 
twins are delivered with strikingly discordant birth weights, they 
become virtually identical, both morphologically and psychologically, 
by the age of 10. We are all familiar with the analogous phenomenon 
of 'catch-up' growth. 

The growth of an organism from the zygote entails, therefore, 
much more than a net increase in size. During development, cells 
ac~uire, at the appropriate time and location, specialized bio­
chemical, physiological, morphological and anatomical functions. 
The overall form of the organism is determined by the shape and 
contact relations of individual cells and extra-cellular tissues. 

255 
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Although different organs follow distinctive growth curves, a 
balance and harmony is preserved throughout the entire development 
process. Not that the balance is a simple one. For example, the 
human body shows an approximate left-right mirror symmetry, but 
the departures from strict symmetry, and the rare but regular 
occurence of viable anomalies such as ll-i..tu.6 ..i.nVeIL6U6 to~ and 
de~~ are, perhaps, even more intriguing. 

This enigma - one is tempted to say miracle - of growth 
constitutes one of the most outstanding of the unsolved problems of 
biology. How can so vast and intricate a process be accomplished 
with so few errors? To unravel the secrets we shall require, not 
only a detailed description of the growth of visible structures, 
but an understanding of the genetic, molecular and cellular 
mechanisms and interactions that guide and coordinate the intricate 
steps of development. 

THEORIES OF GROWTH 

In view of the daunting complexity it is scarcely surprising 
that no comprehensive theory of growth, cytodifferentiation and 
development has yet emerged. Several authors have proposed that 
cells in a given tissue synthesize specific inhibitors, that, when 
present at a high enough local concentration, prevent that tissue 
from growing (1,2,3,4,5,6,7). 

Tyler believed that complementary pairs of substances, 
resembling antigen and antibody, are present in each cell: they 
are supposed to constitute a system that forms the basis of cell 
structure (5). Differences in the rates of production of different 
'antigens' give rise to cytodifferentiation. However, Tyler did 
not attempt to describe the mechanisms that control the 'rates of 
production' of the antigens and the size of differentiated tissues. 

In Weiss's theory, 'templates', specific to the cell type, are 
synthesized and confined within the cell where they regulate 
growth in proportion to their concentration: each cell also produces 
antagonistic complementary molecules - the 'antitemplates' - that 
can block 'templates' (6, 7). Antitemplates diffuse freely out of 
cells into the extracellular space and circulation, but also return 
back to their cells of origin. They are continually catabolized 
and excreted, but their loss is compensated by continuous pro­
duction. When a stationary equilibrium between intra- and extra­
cellular concentrations of antitemplates is reached, growth ceases. 
This model invokes a form of negative-feedback - without, however, 
a specified central comparator - but it fails to account for various 
findings from experiments (8,9,10) on liver regeneration in 
partially-hepatectomized rats and mice, and on compensatory kidney 
hypertrophy in unilaterally-nephrectomized animals of several 
species. 
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Rose's theory (4) is formally analogous to Weiss's (6,7). It 
postulates that specific inhibition of normal growth results when 
a critical concentration of inhibitor(s) is attained. 'Like 
inhibits like'. 

Druckrey (3) introduced the idea of a two-stage system of 
feedback. The first stage resembles Weiss's system of 'templates' 
and 'antitemplates', but in the second stage, afferent signals flow 
from target cells to a 'higher' regulating centre. This centre 
exports mitotic stimulators (effectors) when the concentration 
of afferent signals declines. 

Bullough (1,2) believes that the ultimate control of the 
mitotic rate in a tissue resides within that tissue and is 
exercised by 'chalones' which are tissue-specific, but neither 
species nor class-specific inhibitors. In my view, much of the 
experimental evidence for 'chalones' is consistent with the view 
that they are involved in the regulation of ~ymmetnical but not 
~ymmetnicat mitotis - to borrow Osgood's (11) terms. Postnatal 
growth, which entails a net increase in tissue size, depends on 
symmetrical rather than asymmetrical mitosis. 

Regenerative growth of the liver re~uires symmetrical mitosis 
of parenchymal cells in the liver remnant: the experiments of 
Fisher et at. (12) cannot be reconciled with the idea that liver 
regeneration is effected through a decrease in concentration of 
liver 'chalones'. Their experiments, utilizing ingenious surgery 
with two portions of liver in series, implicate an increase in the 
level of blood-borne positive mitogenic factors in regenerative 
growth, as opposed to a decrease in level of mitogenic inhibitors. 

Control by the lymphoid system 

In 1963, Burwell (13) stated: 'The unity of the integrity of 
the body depends not only upon the interdependence of d£66~ent 
tissues and organs but also, and perhaps e~ually importantly, upon 
the interrelationship between the cells of any one differentiated 
tissue and cells of a ~~ differentiation wherever they may lie 
in the body'. He proposed ••• 'that in the mammal an essential 
function of lymphoid tissue is to establish and maintain 
mo~pho~~~ for many of its differentiated tissues'. (Weisz (14) 
defined mo~pho~~~ as the steady state condition that maintains 
a particular pattern.) 

Burwell's thesis arose from reflections on: (i) the biological 
significance of species-specific, strain-specific, individual­
specific and tissue-specific antigens; (ii) the inhibitory effects 
of tissue extracts on normal and regenerative growth; (iii) the 
anatomical distribution of lymphatics, lymph nodes, spleen and 
thymus; (iv) the pathways taken by transplantation antigens - and, 
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by inference, of normal tissue factors - within lymph nodes; and 
(v) the biological significance of allograft and xenograft rejection. 
Burwell believed that all these features could be understood and 
explained if the physiological function of the lymphoid system ~s 
the establishment and maintainance of morphostasis (13). 

Central homoeostatic control of growth. Relation between 
the mechanisms of growth control and age-dependent disease. 

Burwell's original ideas (13) led directly to the theory of 
growth, cytodifferentiation and disease that we developed together 
(15). We hold that diseases whose age patterns satisfy certain 
mathematical criteria arise through a specific type and number of 
somatic gene mutations in cells of the central, homoestatic system, 
that normally regulates the growth of differentiated target tissues 
throughout the body (9,16,17,18,19). 

Burwell first acquainted me with his v~ews in early 1963 when 
I was studying the age patterns of diseases in man that are widely 
regarded as 'autoimmune'. My main Objective was to try to dis­
tinguish between the 'disturbed-antigen' and 'disturbed-tolerance' 
theories (20) of autoimmunity. The 'disturbed-antigen' theory 
holds that damage to a target tissue (for example, thyroid) 
inflicted by trauma, viral infection, etc., releases previously 
sequestered antigens towards which there is no immune tolerance: 
as a result, an autoimmune response against the released antigenic 
material is elicited. The autoantibodies attack the damaged 
tissue; they exacerbate the damage and a vicious spiral is created. 
(20) • 

It had become obvious that the reproducibility and the detailed 
mathematical form of the age patterns of autoimmune diseases were 
incompatible with this version of the 'disturbed-antigen' theory. 
On the other hand, these same properties were strikingly consistent 
with the main tenets of Burnet's 'forbidden clone' theory (20) of 
'disturbed-tolerance' autoimmunity. 

As part of his general theory of acquired immunity, Burnet had 
argued that the genes that code for humoral and cellular antibodies 
undergo spontaneous somatic mutation (20). Occasionally, and by 
chance, a self-reacting or auto-antibody will be coded by a mutant 
gene. According to Burnet, a physiological monitor should normally 
detect and then eliminate any lympoid cell synthesizing an auto­
antibody. But for one reason or another, the monitor may be 
expected to fail from time to time, thus allowing the mutant 
lymphoid stem cell to propagate a (normally) 'forbidden clone' of 
similarly-mutant descendent cells. Such lymphoid cells, or their 
secreted humoral auto-antibodies, will then attack those target 
cells in the body that carry complementary antigenic determinants. 
Although I now believe that the details of Burnet's theory (20) are 
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incorrect, his basic concept of 6o~b~dden cton~ seems to me to 
contain a truth of far-reaching consequences. 
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Since 1963, I have studied an enormous volume of evidence, not 
only for the so-called 'autoimmune' diseases, but for many other 
well-defined natural diseases, malignant and non-malignant, 
infectious and non-infectious, of early and late onset. In every 
instance - given reliable diagnosis - the data agree with the idea 
that age-dependent disease is initiated spontaneously by a small 
number of specific somatic mutations. A very simple biological 
model (17) - a direct descendent of Burnet's 'forbidden clone' 
theory fits and explains all the reliable age patterns I have 
examined so far. Moreover, the same model can explain how a few 
random somatic mutations - or only one - can give rise to simultan­
eous multi-6ocal or diffuse lesions (17,18). (Burnet's 'forbidden 
clone' type of theory avoids the impossibility of having to explain 
how rare and nandom events can occur simultaneously at multiple 
sites.) The forbidden clone can 'amplify' the effect of even a 
single random event, in a single cell, so that it can involve 
numerous target cells simultaneously at one or multiple foci. 

Although the range of agreement between theory and observation 
was wide I encountered some remarkable and unexpected features that 
could not be convincingly explained by Burnet's theory: (i) the 
average rate of a given initiating somatic mutation appears to be 
effectively constant from around birth, throughout postnatal 
growth, to the end of the lifespan; and (ii) when the same disease 
affects both males and females, the average rate of a given 
initiating somatic mutation is either the same in both sexes, or it 
is twice as high in females as in males. Another property (see 
below) gave me somewhat more trouble, although ultimately it 
converted me to the essence of Burwell's theory. 

When the overall evidence relating to (i) and (ii) was 
examined in detail only one plausible inference could be drawn: the 
number of cells at somatic mutational risk with respect to the 
initiation of a given age-dependent disease remains effectively 
constant from around birth, throughout post-natal growth to the end 
of the lifespan (17). I had expected the number of cells 'at risk' 
to increase roughly in proportion to body size and that the number 
in men would, on the average, exceed the corresponding number in 
women. Neither expectation was confirmed. 

Of course, the simple connexions observed between the average 
rates of initiation of various diseases in man and the complement 
(a) of X-chromosomes (16,17) and (b) of chromosome 21 (17,19) are 
readily explained if somatic mutation of genes on (a) the X chromo­
some and (b) autosome 21 can contribute to the formation of 
forbidden clones. However, there is no indication from immunogene­
tics that X-linked genes code for polypeptide chains in immunoglo-
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bulins and hence, where the somatic mutation of X-linked genes is 
implicated, it is most unlikely that forbidden clones of immuno­
globulin autoantibodies are the primary pathogenic agents. 

But what is the b~oiog~eat significance of the constancy of 
the number of cells at somatic mutational risk? 

Suppose Burwell is essentially right? Suppose the lymphoid 
system, or a part of it, regulates the growth of target tissues? 
In that case a negative-feedback control arrangement would be 
needed, with efferent and afferent pathways and a comparator in 
the central control apparatus (Fig. 1). Biology, in common with 
the electronics engineer, cannot dispense with these elementary 
re~uirements of negative-feedback control systems. In particular, 
a eomp~~ of some form is needed to furnish a fixed yardstick, 
or datum, against which the size of the target tissue can be 
'measured' • It occurred to me that a frlxe.d numb~ of .6.te.m ee..U..6 
in the central control apparatus would be admirably suited to 
function as a comparator. Indeed, it is not too easy to imagine a 
more plausible alternative. Although not convinced of his case 
at that stage I took the precaution of moderating my objections to 
Burwell's arguments. 

EFFERENT PATHWAY 

CENTRAL CONTROL ELEMENT 

Prcwldts"- I Receptor tor 
affector slqnols 

2 Comparator 

3 Amplification 

4 Phase - r,versal 

5 Control of r.lfOse 
of mltoqtnlC 
tfftctors 

TARGET TISSUE 

I Rcc.ptor tor .ffoctor 
slqools 

2 Inttractinq tfttctor 
stimulates symmttncol 
mitOSIS 

3 Srtrrt .. offotto< SlqnoIS 

at ratt proportionate 
to SIZt 

AFFERENT PATHWAY 

~ RATE OF FLOW 
OF AFFECTORS INCREASES 
OUTPUT OF EFFECTORS 
AND VICE VERSA 

Fig. 1. Outline of the basic re~uirements for the negative-
feedback control of the growth of a target tissue by a central 
control element (17). Mitogenic effectors, exported from a 
central control element along the efferent pathway, have to be 
able to recognize their cognate target tissue. Similarly, 
affectors, secreted from the target tissue along the afferent path­
way, need to recognize their cognate control element in the central 
system. 
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To my mind, the outstanding challenge o£ Burwell's scheme (13) 
was the problem o£ tissue recognition. He believed that this 
depended on a complementary, or antibody-antigen, type o£ relation 
between lymphoid control and target recognition £actors. The high 
speci£icity o£ such relations is £ully recognized and, as such, it 
would be admirably suited to growth control as many investigators 
have appreciated. Nevertheless, I contended (16) that such 
relations are characteristic o£ pathogenic, autoimmune-type inter­
actions, and that Burwell's scheme (13) o££ered no scope £or 
autoimmunity. I must also point out that, in a negative-£eedback 
control o£ growth, the problem o£ recognition arises at both ends 
o£ the £eedback loop. E££ectors have to be able to recognize the 
cells o£ their target tissue, but also, a££ectors have to be able 
to recognize their speci£ic control elements in the central 
apparatus. Although I had an intuition that the evidence £or so­
called autoimmune diseases contained the solution to this problem 
o£ recognition it was some months be£ore I discovered the answer. 

The details o£ the evidence and argument have been given 
elsewhere (15,17) and only the conclusions will be described here. 
These relate to the role o£ the genes that predispose to age­
dependent, that is autoa99~e6~~Ve, disease. I in£erred that pre­
disposing genes per£orm a dual £Unction. They code £or complex 
recognition macromolecules, both in 'central' and in 'target' cells. 
In other words, a speci£ic autoaggressive disease involved a system 
in which, prior to somatic mutation, parts o£ recognition molecules 
in central cells are identical to corresponding parts o£ cognate 
molecules in target cells. Identity between complex molecules 
such as polypeptide chains £requently gives rise to speci£ic sel£­
association interactions, based, presumably, on London-van der 
Waal's sel£-recognition interactions (21,22,23,24,25). 

Identity between central and target recognition molecules 
provides, there£ore, an admirable basis £or growth control (Fig.2). 
A speci£ic target tissue di££ers £rom every other tissue but its 
recognition molecules (~~ue eo~n9 6acto~ or TCFs) bear an 
~dentity relation to those recognition molecules (mitotie eo~ng 
pto~~~ or MCPs) that are synthesized by its controlling element 
in the central system o£ growth control. No greater economy in the 
use o£ recognition genes could have evolved. It is also o£ interest 
that another argument (17), unconnected with the evidence £or age­
dependent disease, shows that i£ growth in complex organisms is 
centrally regulated, no genetic basis £or recognition tissue other 
than the identity one described her.e could have evolved. Any 
system based on one set o£ genes in the central control and a 
~66~e~ set in target tissues would rapidly break down due to 
gene mutation in germ cells alone. A species relying on such a 
system could not survive: neither could it evolve. This argument 
can be regarded as a 'proo£' - or at least corroboration - o£ the 
one derived £rom the evidence £or age-dependent disease. 
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~-------1.Effector pathotay for HeP -----..... 
,--------{>'Hutant HeP'---------, , , 

CENTRAL GROWTH­
CONTROL ELEMENT 

Source of 
t4CPs 

TARGET TISSUE 
Identified by 
TCFs on plasma 
membrane 

----Affector pathway for secreted rCF. ____ _ 

rCF - rCF Interaction between HeP - rCF Interaction promotes Co.pleaentary interaction 
similar contiguous cells In- symmetrical mitosis in targe~ between 'mutant MCP' and 
hlblts mitosis cell TCF leads to disease 

Fig. 2. Inferred recognition relations in the negative-feedback 
control of growth (17). Each distinctive target tissue is charac­
terized by a ~~ue eod£ng 6acto~ (TCF) that is a complex of major 
and minor histocompatibility antigens, a classical 'tissue-
specific' antigen and subtler determinants that distinguish one 
mosaic element of a classical 'tissue' from other such mosaic 
elements. TCFs are carried on the plasma membrane of target cells 
and secreted in humoral form, perhaps as high density a-lipoproteins, 
to act as affector signals. Cell-contained TCFs, or their compon­
ent parts, determine cytodifferentiation. MLto~e eontnol p~o~ei~ 
(MCPs) from the central system effect symmetrical mitosis in cognate 
target cells. The recognition protein components of MCPs, and those 
of cognate TCFs, are coded by the same genes and therefore have the 
same amino acid sequences. In the control system that uses cellular 
effectors, MCPs are carried on the plasma membrane of T-lymphocytes. 
Humoral MCPs are, perhaps, to be found in the a2-macroglubulin 
fraction. They are distinguished from humoral TCFs by the 'non­
recognition' protein and/or non-protein components. 

Normally, contiguity between neighbouring cells in an organized 
tissue inhibits symmetrical mitosis through TCF-TCF interactions. 
Specific MCP-TCF interactions are needed to overcome this inhibition. 
In age-dependent, or a~oagg~~~~ve disease, the identity relation 
between a normal MCP and its TCF is replaced by a specific comple­
mentary (and pathogenic) relation between the mutant MCP and the 
target TCF. 
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I have estimated (17) that the total number of distinctive 

tissue elements in the body might be as high as ~1010. Because the 
total amount60f DNA in the haploid human genome suffices to specify 
only ~6 x 10 genes - assuming each gene codes for a polypeptide 
chain of 20 000 daltons - it is clear that each recognition molecule 
(mitotic control protein, tissue coding factor) must be made up of 
a combination of distinctive polypeptides (15,17). We deduce that 
MCP-TCF recognition molecules are constructed on a hierarchical 
principle, each being assembled from the following components: 
major histocompatibility antigens forming part of the TCFs of most 
cells in the body, and, at successively higher levels of specificity, 
minor histocompatibility antigens; classical tissue-specific antigens; 
and, finally, the subtlest determinants that distinguish one mosaic 
element of a classical tissue from other such elements. 

Furthermore, I conclude that TCFs act not only as recognition 
molecules in growth control but also as the primary determinants of 
cytodifferentiation (17). I infer that TCFs, or their component 
parts, determine cytodifferentiation partly through their intrinsic 
properties and partly by derepressing specific sets of genes (17). 

In complex organisms such as mammals, a substantial proportion 
of the genetic material must be devoted to specifying tissue 
recognition molecules for use in growth control and cytodifferen­
tiation. These re~uirements are fre~uently overlooked, or even 
unrecognized, and distinguished genetic authorities maintain that 
the human genome has only about 30 000 or 50 000 functional 
structural genes. Davidson and Britten (25) have recently shown, 
however, that the sea urchin embryo, at the 60o-cell stage, has 
about 14 000 functioning genes and they presume that, throughout 
the lifetime of the organism, the total number of such genes will 
be many times greater than 14 000. It is surely not too presumptuous 
to suppose that the genetic complement of mammals greatly exceeds 
that of sea urchins. 

EXPERIMENTAL EVIDENCE FOR THE CENTRAL CONTROL OF GROWTH 

The evidence is too voluminous to review in detail here but 
brief reference will be made to pertinent experiments on liver 
regeneration and compensatory growth of the kidney. 

An early suggestion that circulating humoral factors promote 
liver regeneration came from experiments by Bucher (8) on pairs of 
rats in parabiotic union. Cells in the liver of the 'normal' 
partner undergo a marked increase in DNA synthesis in response to 
the ablation of the liver in its parabiotic partner (8, 27). More 
elaborate experiments along these lines by Sakai (10) have confirmed 
the existence of a short-lived humoral factor that promotes liver 
growth. The experiments of Fisher et ale (12) referred to above 
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are important in showing that regeneration depends on an increase in 
concentration of a mitogenic agent and not a decrease in concen­
tration of a mitotic inhibitor. 

Some early experiments of Czeizel, Vaczo and Kertai (9) showed 
that 500R of x-r~s delivered to the liver remnant of a two-thirds 
partially-hepatectomized rat, with the remainder of the animal 
shielded from radiation, had a negligible effect on regeneration 
after one week. However, the same dose delivered to the whole 
body of the rat, with the liver remnant shielded, reduced regener­
ation to 69 p~ cent at one week. The inhibitory effect of whole-

body irradiation (500R) was almost completely reversed when 2 x 107 
syngeneic, unirradiated bone marrow cells, were injected within two 
hours after irradiation. Irradiation of the injected bone marrow 
(500R) abolished its regenerative action. Injection of unirradiated 
bone marrow into an unirradiated animal boosted regeneration and 
gave an overshoot at one week (9). 

These various experiments demonstrated that the integrity of 
the bone marrow is essential to normal regenerative growth. 
(According to our theory, the stem cells of the central growth­
control system and their immediate descendents are located in the 
bone marrow.) 

Davies et ale (28) studied liver regeneration in the mouse, 
using radiation, and both allogeneic and syngeneic bone marrow 
injections. They found that the extent of liver regeneration 
relates not only to the chimaeric state, with syngeneic chimaeras 
generally showing better regeneration than allogenic chimaeras, but 
also to the degree of lymphopenia. Severely lymphopenic animals, 
whether syngeneic or allogeneic chimaeras, showed poor liver 
regeneration after two-thirds partial hepatectomw. 

Fox and Wahman (29) in experiments designed to test our theory, 
investigated the effects of radiation and of injected spleen cells 
on compensatory growth of the kidney in mice. They found that 
'sensitized' spleen cells, taken from mice that had undergone uni­
lateral nephrectomw, were the most efficient promoters of compen­
satory kidney growth (including nucleated cell count) in unilater­
ally-nephrectomized animals. The increase in whole-body weight of 
irradiated young animals was, however, better promoted by 
'unsensitized', than by'kidney sensitized' spleen cells. Unirrad­
iated animals showed a sharp increase in the peripheral leucocyte 
count at 2 ~s after unilateral nephrectomw. All their findings 
(29) were consistent with the theory that the lymphoid system, and 
in particular the spleen, are actively involved in promoting 
compensatory growth and hyperplasia of the kidney. 
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CELL SYSTEMS INVOLVED IN GROWTH-CONTROL 

Anatomical considerations, together with evidence from (a) 
transplantation studies and (b) the age-dependence of disease in 
relation to the anatomical site of the target tissue, indicate 
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that two distinctive systems, at least, are involved in the central 
control of growth (15,17). When the target tissue - notably 
endothelium - lies on the blood side of a blood-tissue barrier, 
the effector cells in growth control, and the primary pathogens in 
autoaggressive disease, appear to be T-lymphocytes. (These are 
also the cells that are primarily involved in the rejection of 
allografts. There are, of course, parallels between certain types 
of graft rejection and autoaggressive disease. When the target 
tissue lies behind a blood-tissue barrier - and is therefore 
normally inaccessible to T-lymphocytes - the effectors (inter­
mediate and/or final) of symmetrical mitosis are necessarily 
humoral. Circumstantial evidence suggests that these factors are, 
in some ~nsta~ce~ at least, a~- ~acrogl?bulins (13,17,19). Recent 
observat~ons ~nd~cate that a 2JM ~s carr~ed on the surface of 
specific human and mouse lymphocytes and might be synthesized by a 
special sub-population of bone-marrow-dependent lymphocytes (30,31). 
Other observations suggest that tissue mast cells are implicated, 
at least in some instances, in the peripheral part of the effector 
pathway of the humoral system of growth control (17). 

CONCLUSIONS 

At the fundamental level our theory is wholly unoriginal in 
maintaining that growth and the intricacies of morphology - given 
an ade~uate environment - are genetically determined. Any theory 
that denied this well-known phenomenon could, of course, be safely 
ignored. But in identifying growth-control and morphogenetic genes 
with those that code for major and minor histocompatibility antigens, 
classical tissue-specific antigens and subtler recognition poly­
peptides, our theory has, perhaps, some claim to originality. 
Moreover it explains, indeed it predicted, the numerous assoc­
iations discovered recently between autoaggressive disease in man -
a breakdown in normal growth-control - and the major HL-A antigens. 

Although the fundamental basis of growth control is indisput­
ably genetic the functioning of the control system can be modified 
in various ways and notably by classical hormonal agents. In 
principle, an artificial reduction in the concentration of afferent 
TCFs - brought about, for example, by immunological means - should 
generally produce an increase in the size of the target tissue 
that synthesized the affected TCFs. Whether such interference 
could be easily effected in farm animals, and whether the results 
would be specific enough to be of economic value, are ~uestions 
that need to be investigated. 
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What is more novel about our theory, though still not entirely 
new, is the intimate connexion it postulates between growth control 
and age-dependent disease. We deduce that diseases with reproducible 
age-distributions - autoagg4e6~~Ve diseases - are initiated by a 
special form of somatic mutation in stem cells of the central 
system of growth control. Each autoaggressive disease is confined 
to individuals with a specific genetic predisposition: this is 
frequently polygenic. Although links between morphology and 
disease in man have been recognized since antiquity, I believe our 
theory is the first to demonstrate that such associations are 
necessary to the biology of complex multi-tissue organisms. The 
implications for animal breeding are obvious. Genetic factors 
that determine a particular morphological trait ~ well predispose 
to undesired degenerative, neoplastic, or infectious diseases, or 
any combination of these. However, these genetic factors are so 
complicated they should offer considerable scope to the ingenious 
breeder. Because the genetic predisposition to autoaggressive 
disease is often polygenic, it should be possible to substitute, 
say, one allele for another to preserve the desired morphological 
trait while avoiding the particular combination of genes (alleles) 
that predispose to the disease. That is to say, in this polygenic 
situation, combinations of desirable qualities are not necessarily 
excluded. 

Experience and theory leave no doubt, therefore, that the 
control of normal growth and development has a genetic basis. 
Nevertheless, theory and experiment both indicate that, by suitable 
manipulation, the central system of growth control can be tricked 
into producing over-growth of particular tissues. 
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DISCUSSION 

Asked for an example of the genetic control of growth, Prof. 
Burch noted that, whereas the birth weight of monozygotic twins 
was often different, this difference had usually disappeared by 
the age of 4 or 5 years. P~o6. Rob~on asked what Prof. Goss 
meant when he said that something was genetically determined. 
P~o6. Go~~ thought that there were genes determining the existence 
but not the size of an organ; other genes governed the development 
of control mechanisms which secondarily regulated the size of 
organs according to environmental demand. Asked for his own 
definition, P~o6. Rob~on said that his was an operational one; 
a characteristic was genetically determined if affected by 
genetic SUbstitution. V~. V~cken¢on added that the extent to 
which such substitution was expressed depended on the environment, 
and P~o6. Rob~on agreed with this. 

V~. F~ch asked at what stage of the growth cycle fish 
begin to reproduce. P~o6. Go~~ did not know, but noted that fish 
apparently retain their reproductive capacity throughout life. 
P~o6. Cahitt thought that the size of viviparous fish at birth 
was independent of the size of the mother, and wondered how the 
ovulation rate was regulated in proportion to maternal size. 
P~o6. Go~~ noted that the roe of larger fish was bigger which he 
thought indicated a higher OVUlation rate. V~. van E~ noted 
that the growing carp is sexually mature at 1~-2 years. In its 
nitrogen and energy metabolism, it is remarkably similar to the 
growing chicken, although growth apparently continues slowly 
throughout life. V~. Bunleigh asked whether marine mammals 
might not offer the best possibilities for more rapid meat pro­
duction, since they are capable of more rapid cell division than 
land animals. 

V~. Fowt~ asked how, according to Prof. Burch's theory, a 
fixed number of comparator cells could allow for both an increase 
in size and differential development during growth. P~o6. B~ch 
raplied that the kinetics of the growth control circuit varied 
from one organ to another, and so allowed for differential growth. 
P~o6. Ca~ asked how, in the mutant hairless mouse which 
apparently lacks both Band T lymphocytes and therefore immuno­
logical surveillance and which develops carcinomas, the proportion­
ality of growth is maintained. P~o6. B~ch replied that, even In 
the absence of a thymus, there would be a modified form of T 
lymphocyte system which would allow some growth control to 
function, though less precisely. He added that B lymphocytes are 
not involved in normal growth, but are concerned with the growth 
of forbidden clones and in their absence there is more disease. 
P~o6. Go~~ asked how growth was controlled before immunological 
competence was developed. There was no theory which yet 
explained the control of growth in the embryo. VIl. F~ch asked 
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what was the significance of the involution of the thymus at 
maturity. Plto6. BWLC.h noted the parallelism between the output of 
lymphocytes from the thymus and the increments of growth; the 
normal immunological function of the thymus was complete at 
maturity. PM 6. Go.6.6 asked how Prof. Burch's theory explainec. 
the control of erythrocyte number which was known to be determined 
by oxygen demand through the mediation of erythropoetin. 
Plto6. Bultc.h replied that his theory dealt only with the control of 
the number of stem or basal cells, and he fully agreed that 
functional demand controlled the fUrther hypertrophy or prolifer­
ation of these cells. PJt06. IngJtam sought to reconcile the views 
of Profs. Goss and Burch. He thought that the important question 
asked by Prof. Goss was why growth stopped. This implied the 
existence of a comparator which was an essential component of 
Prof. Burch's theory. 



Environmental Control of Growth 



ENVIRONMENTAL CONTROL OF GROWTH: 

THE MATERNAL ENVIRONMENT 

E. M. Widdowson 

Department of Investigative Medicine 

University of Cambridge 

INTRODUCTION 

Nutrition is the dominating environmental influence that 
determines the rate of growth before birth. The blood of the 
mother supplies the foetus with all its nutrients, and one might 
suppose that its composition would be important in determining 
the rate of foetal growth. This is not so, for the composition 
of the plasma is much the same throughout the mammalian kingdom. 
There are a few instances where the composition of the mother's 
blood can affect the development of the foetus and I shall refer 
to these later on. Generally speaking, however, it is the 
~uantity of blood reaching the foetus that determines its rate 
of growth. This is true when we make comparisons between species, 
and it is also true within any one species. A small species of 
animal may grow faster than a large species in early foetal life -
the foetal rat, for example, grows to be a weight of 5 grams 
during its 3 weeks gestation, but the human foetus still weighs 
less than one gram after 8 weeks. On the whole large animals 
have a longer gestation period than small ones, and their cells 
go on dividing for longer than those of small ones before they 
are born. Gain in weight becomes progressively faster as gestation 
proceeds in all animals, and an animal belonging to a large 
species must sooner or later have a larger placental circulation 
and area of placental membrane for maternal and foetal transfer 
than one belonging to a small one. 

REASONS FOR A SMALL BLOOD FLOW TO THE FOETUS 

Table 1 sets out the main causes of a small blood flow to the 
foetus and hence slow growth in utero. 
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Table 1 

Reasons for an inadequate blood supply to the foetus 
and intrauterine undernutrition. 

A small mother 

Placental insufficiency 

Large number of feotuses in uterus 

Implantation at site where blood supply is poor 

Undernutrition of mother 

Disease of mother. 

Small Size of Mother 

Walton and Hammond's (1) classical experiment, in which they 
crossed a Shire horse with a Shetland mare, and a Shire mare with 
a Shetland pony, was a dramatic demonstration of what the size of 
the mother could do for the growth of her foetus. The size of 
the foal at birth depended upon the size of the mother, and was 
appropriate to it. The Shetland mare, with her smaller circulat­
ory system and uterine blood supply, produced a much smaller foal 
than the Shire mare. It weighed 17 kg compared with 53 kg. She 
was able to nourish a foetus so that it grew at the same rate as 
a pure bred Shetland foetus, but she could do no more. Her foal 
was small for nutritional, not for genetic reasons. It was only 
after birth that the genetic influence of the large father began 
to become apparent. Similar experiments have been made on cattle 
(2,3,4), sheep (5), and mice (6). Dogs might be even better 
animals for anyone who wishes to extend these experiments. 

In the human species it appears that small women tend to have 
smaller babies than large ones, whatever the size of the father 
has been (7,8). If, however, the father has been tall, then the 
small baby of the small mother may well grow into a tall adult. 

'Placental Insufficiency' 

The placenta is a vital organ so far as nutrition of the 
foetus is concerned. Some substances such as oxygen, carbon 
dioxide and water diffUse freely across it in both directions; 
others such as glucose diffUse less freely, and the concentration 
in foetal plasma is lower than in maternal plasma. This has been 
shown experimentally to apply over a wide range of maternal levels 
in the mare, cow and ewe (9). For other substances there must be 
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an active transport mechanism, for they are at higher concentra­
tions in the foetal than the maternal plasma. This is true, for 
example, of amino acids, calcium, phosphorus and potassium. The 
placenta, moreover, has itself a high rate of metabolism, and it 
may alter organic substances during their passage through it. 
Synthesis of proteins, enzymes, nucleic acids, high energy 
phosphates and hormones all take place in the placenta. Anything, 
therefore, that interferes with the metabolism of the placenta is 
likely to hinder the growth of the foetus. Generally speaking, 
within one species, a small foetus will be found to have a small 
placenta (10), and of course the placenta, like the foetus, depends 
on the maternal blood for its nutrients o Pathological changes in 
the placenta are also likely to lead to foetal undernutrition. 
Infarcts, haemangiomas, and areas of premature separation or 
thrombosis of large foetal blood vessels may do this (11). 

The placenta is a transient organ. It grows, lives its life 
and ages like other tissues of the body. One of the signs of its 
ageing is the calcification of its blood vessels, which must 
interfere with its circulation. Sometimes the placenta begins to 
age prematurely, just when the foetal requirements for nutrients 
are at their highest. Even in normal full term human births 
there are signs that the placenta is not able to provide the 
foetus with enough nutrients to maintain its previous rate of 
growth, which begins to falloff after about the 36th week when 
the foetus weighs about 3 kg (12,13). This is even more likely 
to occur if the baby is born post-maturely, and such babies may 
even lose weight; they are born light for their body length (14). 

Large Number of Foetuses in the Uterus 

In the early stages of gestation in all species food and 
accommodation in the uterus are always ample, whatever the number 
in the litter. In the later stages, however, the number of young 
sharing the blood supply in the uterus can affect the size of the 
individual young in some species. This is certainly true of 
rabbits, mice, rats, guinea pigs, sheep and man (12,15,16,17,18). 
In man the weight of the foetus is independent of numbers in the 
uterus till about the 26th week of gestation, but thereafter twins 
grow more slowly than singletons, triplets still more slowly, and 
quadruplets more slowly still (12). In some species, for example 
the rat and pig, the length of gestation is not reduced by litter 
size so the smaller weight of individuals in large litters must 
be due to an inadequate blood supply to each foetus and hence to 
undernutrition and slow growth. In other species, for example 
human beings and guinea pigs, the length of gestation is reduced 
if the litter is large, and this further limits the weight of 
members of multiple births because the more there are the earlier 
they are usually born (12,19)0 
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Implantation at Site where Blood Supply is Poor 

Multiple births do not always produce foetuses of uniform 
size. Dysmaturity as it occurs spontaneously in animals in the 
form of runts has been well known to farmers and stockbreeders 
for centuries. McLaren and Michie (20) were the first to take an 
interest in runts from the scientific point of view. They worked 
with the mouse, and ~hoved that runts oecurred at specific sites 
in the uterine horn, particularly at the ovarian end and in the 
centre of each horn. In both positions the maternal blood supply 
to the placenta was poorer than elsewhere, the foetus at the 
ovarian end sharing its supply with the ovary, and the one in the 
centre being at the junction of the vascular territories of the 
ovarian and uterine arteries. 

Wigglesworth (21) followed this up experimentally by ligating 
the main uterine blood vessels to one horn on the 16th day of 
pregnancy in the rat. The animals were killed 4 days later, 24 
hours before the litter was due to be born. The foetuses at the 
vaginal end of the ligated horn were very small, while those at 
the ovarian end were not affected. 

The 'runt pig', with which many of you must be familiar, has 
clearly got an important place in farming lore. It has a large 
variety of names from one part of England to another (Fig. 1). 
Some are terms of contempt and to this category 'runt' belongs 
and so does 'waster'; others are diminutive, such as didling and 
winkling while others are terms of endearment - little darling 
for example. 

Perry and Rowell (22) reported that the small foetal pig in a 
large litter was generally fourth along the uterine horn, again 
where the blood supply is not as good as elsewhere. In fact the 
extremes in size of pigs, as of other species, at full term fall 
at the ends of a normal distribution (23). Within one litter the 
weights of viable piglets may vary by a factor of four (24). 
The variation in weight among newborn pigs is greater than that 
in some other species. Large litters, a long gestation period and 
relative maturity at birth all contribute to variations in weight 
of the newborn animal. In rats, for example, which are born after 
a short gestation period in a very immature state, the weight of 
the largest in a litter is seldom more than 1.5 times the smallest, 
but in guinea pigs the weight may vary by 2.5 times. 

Undernutrition of Mother 

It was shown thirty years ago by Wallace (25) that lambs born 
to ewes that had been fed on a low plane of nutrition during the 
last six weeks of pregnancy weighed 40% less than those of well­
nourished ewes. The plane of nutrition during the last part of 
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pregnancy, moreover, was much more important than that during the 
early part. The rate of growth of the human foetus, too, is 
affected by poor nutrition of the mother. Babies born in Holland 
and Germany during the periods of severe food shortage during and 
after the last war were a little smaller, on a statistical basis, 
than those born in the same towns in times of plenty (26,27,28,29). 
The extent of the effect of maternal undernutrition on the growth 
of the foetus depends not only upon the degree of under-nutrition, 
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but also upon the species. It is much easier to reduce the size 
of newborn guinea pigs by undernourishing the mother than it is to 
reduce the size of newborn pigs. This is because the litter of 
the guinea pig is much larger in proportion to the mother's size 
than the litter of the pig. Four guinea pig foetuses at term -
a usual number - weigh half as much as the mother, whereas 12 
new born piglets are only about 8% of the mother's weight. 

Disease of the Mother 

Disease of the mother can also hinder the growth of the 
foetus by reducing the supply of blood to it. Chronic hypertensive 
cardiovascular disease acts in this way, as does 'toxaemia', if 
it is prolonged and severe (30). The size of a woman's heart has 
been found to be correlated with the weight of the baby; the 
smaller the heart, the smaller the baby (31). Intrauterine 
infections often result in growth retardation in utero. Rubella, 
for example, besides producing deformities, prevents the human 
foetus growing at its normal rate, but this is not necessarily 
because the supply of blood to it is too small; the infection 
prevents it making use of the nutrients as it should. 

Butler and Wigglesworth (32) showed that if pregnant rats 
were given Aflatoxin B the growth of their foetuses was retarded. 
Aflatoxin B binds with DNA and affects protein synthesis in the 
liver, and ultimately produces liver necrosis. Disordered protein 
metabolism in the liver was suggested as the cause of this foetal 
growth retardation. 

There seems no doubt, therefore·, that a small blood flow to 
the placenta and foetus prevents the foetus growing as it should. 
The supply of blood may be small throughout gestation, may be 
small for a time and then become normal again, or it may be normal 
until late in gestation and then falloff. However and whenever 
it occurs, it is important to consider why blood flow should have 
SO large an influence on the rate of foetal growth. Many 
nutrients reach the foetus in quantities far greater than it 
needs, and a large part of what reaches the foetus is returned to 
the maternal circulation. Young (33) has investigated the 
possibility that amino acids might be the limiting factor. She 
showed that less of the non-metabolisable amino acid a amino 
iSObutyric acid, was transferred to the 'runt' guinea pig in a 
litter than to the larger ones. Similarly, the transfer was 
less to the small foetuses of undernourished guinea pigs than to 
those of well-nourished animals (34). Generally speaking, in 
these acute experiments the amount transferred was the same per 
unit body weight irrespective of foetal size. This did not solve 
the problem, however, for it was impossible to say whether the 
rate of transfer of any particular amino acid was limiting the 
rate of growth or not. 
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The rates of transfer of calcium and phosphorus from mother 
to foetus have been measured in animals by the adminstration of 
45Ca and 32p. In small laboratory animals the rate of passage of 
both elements across the placenta is little more than enough to 
provide for the needs of the young, particularly if the litter is 
a large one. Thirteen rabbit foetuses were found to require the 
whole of the calcium crossing the placenta in order to grow nor­
mally, but when there were only 7 foetuses the calcium reaching 
their placenta was nearly twice that required (35). Wilde, Cowie 
and Flexner (36) studied phosphorus exchange in guinea pigs and 
showed that the inorganic phosphorus reaching the foetus from the 
maternal plasma was approximately equal to the amount required 
for growth. This was confirmed by Fuchs and Fuchs (37). Similarly 
the amount of calcium taken up by rat foetuses each hour during 
the latter part of gestation was shown to be equal to the total 
amount of calcium in the maternal circulation at any time during 
the hour (38). The supply of calcium and phosphorus, therefore, 
may limit the growth of some small species of animals before 
they are born. Other nutrients, amino acids pr glucose, for 
example, may limit the growth of others. There is probably no one 
simple explanation in any species, and far less is there a simple 
explanation that will cover all species. We do not know which 
nutrient is likely to be the limiting one in man - and it is not 
likely to be the same one in all cases. 

SLOW FOETAL GROWTH CAUSED BY HIGH ALTITUDES, AND SMOKING 

Women who live at high altitudes tend to have smaller babies 
than those who live at sea level (30), and those who smoke a 
great deal have smaller babies than those who do not (39,40,41). 
A major function of the placenta is to transfer oxygen to the 
foetus at the rat~ required f?r. foet~l me~abolism.and at the P02 
necessary to provlde the reqUlslte dlffuslon gradlent from the 
foetal peripheral blood to the tissues. If the P02 of the foetal 
mitochondria falls below a critical level then oxygen consumption 
is reduced and anaerobic metabolism increases. Much work has been 
done on placental gas exchange, particularly in the sheep. It 
was pioneered by Barcroft (42) and has been continued by many 
others since. Reviews have been written on various aspects of 
the subject, some of which appeared in the Proceedings of the Sir 
Joseph Barcroft Centenary Symposium (43). There are important 
species differences, for in the cow and mare, for example, foetal 
haemoglobin has a smaller affinity for oxygen than maternal; in 
other species, for example man and the pig, foetal haemoglobin 
has the greater oxygen affinity (44). Over 100 haemoglobin 
variants are known in man (45). Some are harmless, others would 
affect the oxygen supply to the foetus and hence its rate of 
growth. I do not know how much work has been done on this 
subject in other animals. Hypoxia probably affects the transfer 
of other nutrients, for example sodium, though it does not seem 
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to affect blood flow (46). All in all it is not surprising that 
babies born at high altitudes are a little light in weighto The 
same presumably applies to the newborn of other species. 

Carbon monoxide, produced by tobacco smoke, has a very high 
affinity for haemoglobin. It diffuses readily across the placenta, 
and the foetal Hb CO concentration is generally greater than the 
maternal. Carbon monoxide may, like high altitudes, produce 
hypoxia in the foetal tissues and so hinder their growth (47). 
However, the effect of nicotine in constricting the blood 
vessels is certainly a contributory cause. 

PASSAGE OF FATTY ACIDS AND DRUGS ACROSS THE PLACENTA 

Fatty acids 

It was believed until recently that no fatty acids except the 
essential polyunsaturated ones were able to cross the placenta, 
and that the foetus synthesised its own depot fat from glucose. 
This does not now appear to be the case, at any rate in some 
species. We have recently found that the whole fatty acid make-up 
of the body fat of newborn guinea pigs can be altered by feeding 
the pregnant animal different types of fat; the fatty acid 
pattern of the body fat of the foetus comes to resemble that of 
the fat the mother was fed. 

The teratogenic effect of certain drugs given to the mother 
at a critical stage of pregnancy was highlighted by the thalido­
mide disaster. Such drugs cross the placenta and act in a variety 
of ways, for example by inhibiting mitotic processes, or by inter­
fering with the supply of blood or of oxygen to the foetus (48)0 
In all such instances the effect is the same - to prevent normal 
foetal development. 

LARGE BABIES AT BIRTH 

So far I have confined my discussion to growth retardation. 
There is much less to s~ about the effect of the maternal environ­
ment on the acceleration or prolongation of growth before birth. 
Infants are sometimes born weighing 4.5 kg or so after a gestation 
of about 43 weeks (49). They are only able to grow so large 
because they still have a large end adequate placenta. Mothers 
who have diabetes also have babies that are heavy and long for 
their gestational age, though they are often born prematurely. 
Here the high levels of blood sugar in the mother, and consequently 
in the foetus, and the insulin the foetus produces to metabolise 
it, are probably the cause of the rapid rate of growth. 
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CONSEQUENCES OF A SMALL SIZE AT BIRTH 

In the early stages the small animal or baby is at risk 
because it has a large surface area in relation to its weight, 
and so it loses heat more rapidly than its larger fellows, but 
it lacks the stores of glycogen or fat that the larger animal 
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possesses. The runt pig for example often dies with hypothermia 
and hypoglycaemia if it is not kept warm and fed. If it is 
reared it grows well, and becomes almost, but not quite as large 
as its larger littermate at birth (24). It has less DNA and 
fewer cells in its organs at birth and it still has fewer after 
it has grown to maturity. But more important in determining its 
size are its bones. These do not grow quite so long as those of 
its littermate that was larger when it was born. While age is 
the major determinant of the differential development of the 
skeleton and its parts, the plane of intra-uterine nutrition may 
have a lasting effect on the growth in length of the bones and 
hence on the ultimate size of the body. 
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THE NUTRITIONAL CONTROL OF GROWTH 

V. R. Fowler 

Rowett Research Institute 

Aberdeen, AB2 9SB, Scotland 

The fact that nutrition is essential to sustained growth is 
self-evident since there can be no output from no input. It is 
evident too that differences in the composition of growth and in 
its efficiency arise from changes in nutritional status. The 
contrasts are most stark when expressed in terms of the human 
diseases of obesity, or, at the other extreme, marasmus and 
kwashiokor. To these can be added the deforming diseases of 
specific mineral or vitamin deficiencies such as rickets or 
cretinism. In animal production, the effects of nutrition tend 
to be measured in terms of their effect upon efficiency rather than 
on gross features of the animal but the impact of nutrition on com­
position is still of considerable importance particularly where 
animals are subjected to grading for fatness or leanness. 

The immensity of the subject means that only selected aspects 
can be dealt with in a paper of this length. Its objective, 
therefore, is to consider only some of the principles involved in 
attempts to modify the composition of the animal by nutritional 
means. The species forming the majority of the examples is the 
pig since it has been the target of dietary manipulation more than 
any other farm animal. 

GENERAL CONCEPTS 

Simplifications of complex phenomena are often misleading or, 
worse still, can retard the development of thought for several 
years if accepted as rules. With this reservation in mind it is 
essential to attempt to find integrating concepts in an area so 
complex as the interaction of growth and nutrition. A useful 
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starting point is to consider the adaptive changes which the animal 
might be expected to show to nutritional situations as a result of 
mechanisms established during natural selection prior to domestica­
tion. Changes in nutritional status represent a challenge to the 
ability of the animal to maintain physiological homeostasis. The 
concept of homeostasis, first formulated by Claude Bernard, is of 
considerable value throughout biology and especially so in nutri­
tion. 

The wild herbivore or, in the case of the pig, omnivore is 
subjected to considerable variations in the availability of its 
food supply and, as Dr. Fuller showed in his paper at this meeting, 
this is very considerably affected by climate. Against this back­
ground of varying nutrition the animal has developed the ability 
both to store nutrients and also to synchronise periods of maximum 
nutrient demand such as lactation with the peak in food supply. 
Inevitably, however, a species has had to survive crisis years in 
which fire, drought, flood, or disease have damaged or virtually 
destroyed the food supply. The adaptations that the animal can 
make must be consistent with the preservation of itself as a sound 
individual. This concept can be formally expressed in the 
proposition 

'The animal tends to adjust to environmental (nutritional) 
changes in such a way that the vital fUnctional relation­
ships between essential body components are preserved, or 
modified to a form which gives the animal its best chance 
of survival and successful reproduction.' (1) 

Although this statement must be true generally, the concept 
may not be applicable to specific agricultural contexts. New 
factors such as artificial selection, elimination of the natural 
cycle of food supply, intensification of production methods by the 
provision of high quality diets and efforts to improve reproductive 
performance sometimes by a factor of two bring new stresses to the 
animal. In response to these it may not react in a "way that can 
be interpreted teleologically. Examples of such gross changes 
are the feeding of ruminants with concentrates, the early-weaning 
of piglets onto semi-synthetic diets soon after birth, and the 
acceleration of the breeding cycle in sheep by the use of hormones 
or by the manipulation of day length patterns. It is important 
therefore to achieve a proper balance between generalisations that 
are based on fUndamental biological principles honed by millennia 
of natural selection and empirical findings which describe a 
particular situation at a given stage in the adaptation of a 
species to the needs of man. 



NUTRITION AND GROWTH 

NUTRITION AND BODY PROPORTIONS 

The early workers on growth and development at Cambridge 
observed that during undernutrition the cranial region of the 
animal became proportionately larger than the rest (2). Since 
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the head was regarded as one of the earlier developing parts of 
the body, they formed the opinion that as a general rule early 
maturing parts of the body were more resistant to undernutrition 
than were the later maturing parts. In addition to this it was 
quickly noted that a late-maturing tissue, subcutaneous fat, was 
readily affected by controlling daily feed intake in the later 
stages of the growing period. The further generalisation was, 
therefore, made that food deprivation tended to affect those parts 
which were growing most actively during that period. Although 
both observations were correct, the hypotheses which were developed 
were too sweeping since they postulated that the same principles 
applied to most other tissues and components of the body. It was 
later shown using the same data that very few of the components of 
the body were disproportionately affected by different nutritional 
patterns. Those that were tended to be the head, the fat depots 
and the organs associated with the digestion of food and with 
sustaining the metabolism of the animal (2,3). 

An example of the effect of nutrition on proportionality is 
provided by data obtained at the Rowett Institute (4). This 
experiment was designed to provide serial killing data on entire 
males, barrows and gilts which were fed on one of three feeding 
regimes, a high scale of a high protein diet H,HP, a high level 
of a low protein diet H,LP and a low level of the high protein 
diet L HP. The high rate of feeding was 120 ~ per kg live­
weight3.75 per day and the low rate 60 g/kgO•7 d. The high pro­
tein diet contained 22% crude protein and the low protein one only 
8%. These regimes were intended to span the extremes which would 
be likely to be encountered in practice. Animals were slaughtered 
at regular intervals between-20 and 120 kg liveweight; carcasses 
were dissected and chemically analysed. 

The treatments resulted in profound differences between the 
groups in the amount of fatty tissue. The most affected component 
was the subcutaneous fat and results for the different groups 
adjusted to a standard carcass weight are given in the first row of 
Table 1. 

Once a difference has been established in such a major compo­
nent as fat, it is important to avoid transmitting its effect 
automatically to the comparison of other components of the body. 
The relative weights of all organs or tissues other than sub­
cutaneous fat could appear as the mirror image of the degree of 
fatness if comparisons were made on the same basis. Several 
approaches to overcome this problem are possible, but all have in 
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common the need to exclude ~rom the independent or adjusting 
variable the e~~ect o~ changes in fatness per ~ (3,4). The 
method selected in this case was to exclude blood, the internal 
organs, perinephric and subcutaneous fat, ~rom the adjusting 
variable. The sum of all other components was then described as 
the 'basic animal' and all dependent variates were then adjusted 
to a constant basic animal weight of 50 kg. Some results cal­
culated on this basis are given in Table 1. 

The results show that in these terms the limbs, ribs and major 
internal organs were not affected disproportionately by the treat­
ments but there were signi~icant e~fects on the cranial parts and 
on the weight o~ the abdominal wall. 

The treatments in this experiment were relatively severe and 
it is one example o~ many which show that within the range o~ 
husbandry practices it is very unlikely that nutritional manipu­
lation will greatly a~~ect the proportions of organs and parts 
which co-ordinate closely with one another in their function. 
The exceptions tend to be those organs associated with energy 
storage, i.e. the adipose depots, the head, which has relatively 
discrete functions, and the abdominal wall, which tends to respond 
to the level of feeding and the associated dif~erences in gut 
volume and size. 

Another experiment in which large di~~erences in nutrition 
were imposed was that of Fowler and Ross (5). The objective was 
to examine the changes in the various ~at depots associated with 
~eeding pigs either on a diet designed to promote ~at deposition 
or on one intended to reduce ~atness without af~ecting the total 
amount o~ lean tissue. The pigs were selected ~or the experiment 
when they weighed 80 kg prior to which they had been fed on a 
conventional diet and ~eeding scale. The ~attened group were 
given a diet containing only 4% crude protein at a daily rate 
which was close to four times their maintenance requirement for 
energy. The slimmed group received a very high protein diet (30%) 
at a rate which was estimated to provide only enough energy for 
about hal~ their maintenance requirement. After four and eight 
weeks a pair o~ pigs were slaughtered ~rom each treatment and some 
results are given in Table 2. 

The effect o~ the fattening treatments was very great and 
there was about a three-~old increase over eight weeks in the 
amounts of subcutaneous, perinephric and mesenteric fat. Inter­
and intra~uscular fat responded also but to a lesser extent. 
More interesting, from a practical viewpoint, were the results ~or 
the 'slimming' treatment. There was little impact after ~our 
weeks slimming on any o~ the ~at depots but a sUbstantial loss in 
fat-free body. After eight weeks slimming the loss in ~at-free 
body for the final ~our weeks appeared rather less than that for 
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Table 2 

Amounts of chemical fat in different adipose depots 
expressed as proportions of the fat-free body 

Control 4 weeks 8 weeks 4 weeks 8 weeks 
fattened fattened slimmed slimmed 

Weight of fat-free 
59.7 59.3 61.3 55.3 52.6 body (kg) 

Chemical fat (g/kg 
FFB) 310 593.5 777.5 313.5 274 
Total body fat 

Subcutaneous fat 157 340.5 484.5 161 134.5 

Perirenal fat 15 35.5 50 17 9 
Mesenteric fat 7.5 19.5 24.5 14.5 9 
Intermuscular fat 14.5 19.5 20 13 10.5 (limbs only) 

Intramuscular fat 18 21.5 21 16 15.5 (limbs only) 

the first four weeks and there were signs that depot fat was being 
mobilized from the subcutaneous and perinephric regions. The 
loss of fat-free body during the slimming period, despite the use 
of a high protein diet, suggests that some fraction of this com­
ponent is highly labile and is quickly drawn upon during starvation 
or severe food restriction. Similar effects have been noted in 
human undernutrition (6) and in other experiments with pigs (7). 

GROWTH CHECKS AND COMPENSATORY GROWTH 

In animal production in the United Kingdom prolonged periods 
of undernutrition are unlikely to occur except perhaps for animals 
grazed on hills during the winter. In other parts of the world, 
however, such as the extensive grazing areas of Australia and 
Africa, a store period is relatively common and the way in which 
animals recover is an important practical topic. The classical 
experiments of MCCance and his collaborators on the severely 
retarded pig (8) provide a valuable model of the resilience of 
animals to quite profound disturbance of the food supply. The 
pigs which were kept at a constant weight of only 5 to 6 kg for 
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12 months were able after rehabilitation to grow almost to the 
mature size of control litter-mates and reproduce successfully. 
This example illustrates the important principle that the genetic 
make-up of the pig ensures, even under very adverse conditions, 
that the competence of the animal to grow and reproduce is retained 
and that physiological homeostasis is maintained. 

A number of comprehensive reviews on compensatory growth in 
farm animals have been made (9,10). It is an aspect of animal 
growth, however, which has not always given rise to precise experi­
mentation, and there is still some controversy about the formula­
tion of hypotheses which should be tested. In general terms, the 
difficulties of interpretation arise from the fact that during 
rehabilitation the appetite is often enhanced so that a comparison 
is made between animals with dissimilar food intake. Two other 
causes of confUsion are that animals are not always compared over 
the same range of liveweight and increases in liveweight caused 
solely by differences in gut fill are often interpreted as com­
pensatory growth. 

In a recent experiment on the phenomenon of catch-up growth 
in the pig conducted at the Rowett Institute, entire male and 
female pigs were checked at 60 kg liveweight and fed a maintenance 
diet for either 28 or 112 days. At the end of the check period 
they were rationed according to a scale based on liveweight and 
adjustments were made twice weekly depending on the gains. The 
scale used was a high one, 120 g/kg WU•75 , and though it allowed 
very rapid rates of gain, it did not allow any expression of 
differences in appetite potential between the pigs. Some prelimi­
nary results giving the rates of net accretion of protein, water, 
fat and ash are given in Table 3 and were calculated from regression 
equations for animals slaughtered serially. 

The interest of these results lies in the fact that they 
demonstrate an apparent compensation in the rate at which protein 
and water were deposited. The performance of the animals, 
including the controls, was outstanding and the compensating groups 
gained at well over 1 kg per day. Another feature of the data is 
the apparently improved energetic efficiency of the group which was 
checked for 112 days demonstrated in the increased rate of fat 
deposition. The effect could plausibly be explained by a reduction 
in metabolic rate during maintenance feeding, an adaptation which 
was then carried over into the compensatory period. Although the 
results suggest that an improved utilization of feed for growth is 
possible during recovery, the overall efficiency is lower than 
that of the controls because of the feed cost of maintenance for 
the much longer overall period of growth from 20-100 kg. 



292 V.R. FOWLER 

Table 3 

Rates of deposition (g/day) of chemical components of 
body for 6 week period following growth checks at 60 kg 
li veweight of 28 and 112 days (n = 10) 

Control Checked Checked s.e. of 
28 days 112 days means 

Protein 130 153 132 13 
Water 

Fat 

Ash 

428 512 517 
329 395 480 
22.6 21.1 23.3 

PRACTICAL IMPLICATIONS OF MANIPULATING 
GROWTH BY NUTRITION 

Level of Feeding 

41 

35 
4.4 

The main practical use of dietary manipulations is to alter 
the proportion of fat in the carcass of the animal. As explained 
in the paper of Dr. Rhodes, excess fat in carcasses is wasteful 
since it is energetically expensive to produce and is regarded as 
undesirable or even as a health hazard by the consumer. Its 
presence in the carcass is in some respects a carry over of the 
life-support system of the wild ancestors of our stock. At 
first sight, it would appear that since fat is a means of storing 
energy surplus to the immediately requirements of the animal, all 
that is necessary to reduce it is to restrict the animal to the 
amount of feed which just meets its requirements for the growth of 
lean tissue. This is the basic idea behind the practice of 
restricting the feed intake of pigs destined for bacon production. 
In reality, however t many pigs which have been subj ected to 
restricted feeding are still unacceptably fat when slaughtered. 
The reason for this is that the genotype of many pigs still dictates 
that provided food is available at more than subsistence level a 
substantial proportion of growth should be in the form of an energy 
insurance or in other words adipose tissue. This concept is 
illustrated by data from some experiments conducted at the Rowett 
Institute by my colleagues Dr. Fuller and Dr Houseman. In Fig. 1 
data are shown from an experiment (11) in which pigs were fed the 
same diet at rates ranging from 130 g/kg WO. 7S per day down to 
65 g/kg WO. 7S in eight equal steps. 
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Fig. 1. Relationship between rates of growth (g day) of fat-free 
body and lipid for female and castrated male pigs on different 
levels of feeding. Data from Fuller and Livingstone (11). 
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The graph shows the relationship between chemical lipid and 
fat-free body calculated from measurements of specific gravity on 
the carcasses. Extrapolation of the curves suggests that at low 
levels of intake, approaching maintenance, fat deposition ceased 
but the fat-free tissue continued to grow at a very slow rate. 
As growth rates increased, however, the fat deposition occurs and 
continues in a relatively constant ratio over a wide range, the 
value being about 0.65 kg fat to each kg of fat-free tissue. In 
this example the differences between male and female appear to be 
more related to differences of intercept rather than to differences 
of slope. 

In the second example, data were derived from two experiments 
in which the weights of fat-free body and of lipid were deter­
mined directly. The objective of the nutritional treatments was 
to produce pigs having a wide range of composition of the body and 
protein concentration ranged from 10 to 22% (12,13). The results 
are shown in Fig. 2. 

The regression line drawn on the graph is for the two highest 
concentrations of protein 18 and 22% and represents approximately 
the limit to the reduction in fat which can be achieved with this 
genotype. The slope of this line is rather steeper than that of 
the previous example and indicates that about 400 g of lipid is 
inevitably associated with each kg of fat-free body gain at normal 
rates of growth. 

PROTEIN CONCENTRATION IN THE DIET 

For non-ruminants and for young ruminants there is an extensive 
literature showing that as the concentration of protein in the diet 
is increased there is an increase in the proportion of lean tissue 
in each unit of gain until a certain level is reached (14,15). 
After this point, further increments may cause a decline in per­
formance (16). 

The biological implications of this are interesting since the 
animal is prepared to allow a considerable disturbance of its fat 
to lean ratio without attempting to compensate. This was particu­
larly true of the pig experiment mentioned in the previous section 
where a 4% protein diet caused a three-fold increase in fatness. 
Dr. Webster at thi's symposium has suggested that rats may eat to 
maintain a constant rate of growth of the lean tissue and this 
could be true to a certain extent for farm animals attempting to 
maintain a growth timetable to fit the seasonal requirements. The 
fact remains, however, that whatever protein level is given to 
pigs they still choose to lay down a high proportion of fat. As 
discussed earlier, this insurance factor is possibly genetically 
determined and is greater in the female than in the entire male. 
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The teleological reasons ~or this are obvious and a similar case 
has been made out ~or data on human ~atness by Dr. Frisch at this 
symposium. In conceptual terms, it is convenient to describe 
this ~at deposition inevitably associated with normal rates o~ lean 
deposition as the 'target' ~at. It is deposited whatever protein 
level is given and can be eroded only when the ~eeding level 
approaches maintenance. The concept o~ 'target' ~at will be 
re~erred to in the ~ollowing integrating section. 

BIOLOGICAL PRINCIPLES OF GROWTH IN RELATION 
TO NUTRITION 

The adaptations o~ generalized principles to economic situa­
tions is not the purpose o~ this paper. The economic exercise is 
primarily one o~ producing a mathematical model and attempting by 
its use to arrive at economic optima. A number of attempts have 
been made to do this (17,18) with a measure of success. The 
present argument has been concerned with establishing those bio­
logical concepts which may be of value in predicting the response 
of the animal to a wide range o~ circumstances. In Fig. 3 is set 

Direction of 
progressive 
removal during 
under-nutrition 

first 

last 

Variable fat - laid 
down on low protein diet 
or when excess dietary 
energy available 

Target fat - that 
laid down with each 
positive increment of 
nomal lean gain 

Variable lean tissue 

Essential tissue 
including bone, muscle 
internal organs, nervous 
tissue and essential lipid 

Fig. 3. A classi~ication o~ di~~erent components o~ the animal 
body in terms o~ their responsiveness to changes in nutritional 
status. 
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out a basis for categorizing the different parts of the animal in 
relation to their responsiveness to changes in nutrition. The 
divisions between the compartments are not absolute but the main 
blocks can form the basis for discussions about the nature of 
differences between animals of different genotype of sex. 

The most stable component is the essential tissues which 
comprise bone, muscle, nervous tissue, and essential lipid. A 
relatively labile part of the lean tissue which is utilized during 
undernutrition must also be considered and possibly consists of 
parts of the liver and of non-crucial skeletal muscle. Above 
this lies the 'target' fat which is the 'insurance' energy which 
the animal prefers to deposit when it is accreting muscle at a 
normal rate. It will include fat in the subcutaneous depot which 
also has an insulative function. Finally one can consider the 
remaining fat as the variable fat which is deposited during periods 
of growth when protein or critical amino acids are in short supply 
and energy is in excess of the requirement for growth of muscle 
and target fat, or in periods where the level of nutrition is so 
high that there is a surplus of both energy and protein. Changes 
within the essential tissues are difficult to achieve by nutritional 
means but are possible by long term genetic programmes. For 
example, the Pietrain pig which is genetically very different from 
most of our breeds appears to have a relatively low proportion of 
bone to each unit of muscle (19). Changes in the variable lean 
tissue would only occur on sub-maintenance diets and changes in 
target fat only when the level of feed intake fell well below 
conventional production levels. 

It is suggested, therefore, that from the point of view of 
maximising biological efficiency the only practicable means of 
modifying body composition by nutrition is to concentrate on 
reducing variable fat to the point where lean tissue feed conversion 
is maximised. This can be achieved by controlling feed intake and 
by supplying adequate, but not excessive, concentrations of protein 
or essential amino acids in the diet. 

In attempting to improve the efficiency of production of our 
stock we must not lose sight of the fact that the animal has a 
heritage of functional resilience, and cannot be expected to con­
form to generalized formulae unless conditions of genotype, sex, 
environment and disease are also taken into account. Given the 
nutritional opportunity, young animals will quickly store surplus 
energy in their 'bank account' (20) although theory would suggest 
that fat is a late developing tissue. On the other hand, after 
nutritional deprivation animals appear able to break through 
genetic ceilings for lean tissue deposition in order to catch up 
with their 'biological clock'. It is this resilience and 
individuality that should warn us to remember that our livestock 
are not merely an aggregation of predictable chemical reactions 
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but highly developed survival kits with a whole range of inte-
grated and sophisticated systems for resisting environmental 
insults. Our attempts to modify body composition nutritionally 
in a favourable way can only succeed to the extent that we appre­
ciate and understand the limits imposed by the biological constraints 
developed by the animal for the benefit of its own species. 
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CLIMATE AND SEASON 

M. F. Fuller 

Rowett Research Institute 

Bucksburn, Aberdeen AB2 9SB, Scotland 

Although man depends ultimately for his food on the photo­
synthetic activity of green plants, animals are useful inter­
mediates in his food chain for several purposes. These include 
the conversion to high ~uality foods of those plant products which 
are unpalatable or of low nutritive value to him, and those in 
seasonal excess which it is impracticable or uneconomic to store 
for his own future use. 

Man's food re~uirement 1S more or less constant the year 
round, whereas plant growth varies with the seasons. The pro­
duction of food crops by plants is particularly intermittent, with 
only short harvest periods. Man's need has, therefore, always 
been, and will continue to be, to even out a spasmodic food supply 
to meet an unvarying requirement. The intermediate storage of 
nutrients in the tissues of meat animals represents a valuable 
means of doing so. 

Animals also represent in many circumstances the only 
satisfactory means of utilising the products of photosynthesis 
over the large areas of the earth's surface where the cUltivation 
of crop plants for direct human consumption is limited by their 
inaccessibility, by their poor soil or by seasonal insufficiencies 
of water, sunlight or temperature. 

These uses of animals, it may be argued, are supplementary to 
primary food production by crop plants in that they increase the 
sum total of food available to man. They are to be contrasted 
with an expanding industry in which animals are produced to 
satisfy a consumer demand for meat, in which the upgrading of 
food quality is a subsidiary aspect, and in which they compete 
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directly for agricultural resources with primary food crops. 
Arguments about the use of animals for food production should 
preserve this distinction. 

CLIMATIC VARIATION 

The changing seasons are but one of a number of patterns af 
climatic change to which animals are subject: the seasonal 
pattern is important in the present context because it is on a 
time scale of the same order as the major processes of plant and 
animal growth. Animals are subject also to climatic changes on 
time scales measured in minutes and in millennia. In the very 
short term animals respond to changes of climate or weather with 
rapid alterations of their behaviour, insulation and metabolism. 
These homeostatic adjustments are the subject matter of much of 
environmental physiology, which it is not the purpose of this 
paper to discuss in detail. On a longer time scale minute-to­
minute changes in environment are seen to be superimposed on a 
diurnal rhythm which is in turn superimposed on a seasonal pattern 
of climatic change. The word 'climate' usually refers to the 
long-term average pattern measured over a number of years, in 
which seasonal and shorter-term fluctuations are supposed to be 
evened out. However, the variability of a climate is as important 
in characterising that climate as are average meteorological data. 

The main purpose of this paper is to consider in broad terms 
the limitations imposed by climate on the growth and productive 
efficiency of meat producing animals. The most important of 
these limitations concerns energy. Fig. 1 shows in a simplified 
scheme the main ways in which climate may affect the energy budget 
of animals. The direct effects of climate on the animal's energy 
exchanges are shown on the left, the indirect effects. by way of 
its food supply. on the right. There is no doubt that the 
predominant effect of climate on animal production is through the 
growth and maturation of plants. In the humid tropics plant 
growth may. with optimum husbandry. approach rates achieved under 
artificial conditions. and be virtually uninfluenced by season. 
But according to FAO such areas comprise only 9% of the world's 
agricultural land; on the remainder. plant growth is primarily 
limited by temperature (36%). water (31%) or both (24%). The 
direct effects of climate. though of lesser importance in the 
total animal economy, are nevertheless a major determinant of 
animal productivity in many practical situations. 

To this must be added the fact that the season of poorest 
plant growth usually coincides with the greatest direct climatic 
stress. In temperate and subarctic regions. winter combines the 
direct effects of cold with the virtual cessation of plant growth. 
In the wet/dry tropics, lack of rain in the dry season not only 
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Fig. 1. Outline of major pathways by which seasonal change 
affects the growth of domestic animals. Black arrows indicate 
positive relationships, white negative. 

halts plant growth but limits the amount of water available to 
animals for evaporative heat dissipation at a time when their 
heat load is usually at its greatest. 

INDIRECT EFFECTS: PLANT GROWTH 

De Wit (1) calculated the potential net assimilation of a 
closed plant canopy as a function of season in the Netherlands. 
A peak rate of carbyhydrate production in June of 290 kg/ha.d was 
5-6 times the potential rate in December and January. Sibma (2), 
comparing various crop plants during their closed canopy phase, 
concluded that rates of total dry matter production in the 
different species were very similar, about 250 kg/ha.d and that 
differences in crop yield were attributable mainly to differences 
in the percentage of total production harvested and to the length 
of the effective growing season. In these temperate climates, 
because of incomplete crop cover, low temperature and poor nutrient 
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supply, the growth of herbage plants is in practice much lower for 
much of the year, and may fall practically to zero in winter, 
further widening the gap between the maximum and minimum rates of 
production. In addition, crop cover in grassland is often 
incomplete as a result of drought and winter kill (3). Fig. 2 
compares de Wit's (1) estimates of potential net assimilation with 
the growth curve of perennial ryegrass (4). 

Maturation and Nutritive Value 

With increasing temperature many herbage species mature more 
rapidly (5) (even if they grow no faster). A more rapid 
deterioration of forage quality results partly from an increased 
ratio of stem to leaf, partly from changes in the chemical 
composition of the various morphological parts, principally the 
increased replacement of simple carbohydrates by cellulose and 
lignin. These effects may be largely responsible for the poorer 
quality of tropical, as compared with temperate forages (6). 
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Fig. 2. Seasonal variation at latitude 520 N in the potential net 
assimilation of a closed plant canopy (1) and the aerial growth of 
perennial ryegrass (4). 
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As a result of the changing rates of growth and maturation, 
the digestibility of grazed herbage varies considerably through 
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the year, reflecting not only seasonal effects on plant composition, 
but also varying degrees of selection as plant growth exceeds or 
falls behind consumption. Fig. 3 shows the seasonal changes in 
digestibility of three types of grassland. The intensive manage­
ment of grassland, whether by grazing or cutting, attempts to 
equate plant growth and removal to maintain a constant herbage 
quality, as seen in line a. 

A major feature of herbage utilization by ruminants is the 
cascade effect whereby a reduced digestibility of the food results 
in a disproportionately large fall in productivity. As the season 
progresses and herbage digestibility declines, voluntary intake 
falls so that the digestible energy intake is rapidly reduced. 
Furthermore, the efficiency with which the digestible energy is 
used, both for maintenance and to an even greater extent for 
productive functions, is also reduced. To illustrate the magni­
tude of these summated effects for an animal under natural 

a 
b 
c 

INTENSIVE LOWLAND (NETHERLANDS I 
EX TENSIVE UPLAND (CHEVIOT HILLS I 

NATURAL TEMPERATE GRASSLAND 
(SI KILDA I 

........... _----- a 

b 

Nov Dec Jan F.bMar Apr May Jun Jly Aug S.pOcl Nov Dec 

Fig. 3. Seasonal changes in the digestibility of herbage on three 
types of grassland. a. Intensive lowland (Netherlands; 7), 
b. Extensive upland (Cheviot hills; 8), c. Natural temperate grass­
land (St. Kilda; 9). 
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Fig. 4. Estimates of the seasonal changes in the intake and 
retention of energy by feral Soay sheep grazing the natural grass­
land of St. Kilda. Calculated from the estimates of organic 
matter digestibility and intake of Milner and Gwynne (9) and the 
equations of the ARC (10). ME was assumed to be 81% of 
digestible energy; digestible organic matter was assumed to have 
18.5 ID/kg. 

conditions, Fig. 4 shows estimates of the seasonal changes in the 
energy intake and retention of a feral Soay sheep grazing its 
native pasture, which was included in Fig. 3. It would seem that 
for four months of the year such an animal is unable even to meet 
its maintenance requirement of energy. 

In all but the most primitive systems of animal husbandry 
these fluctuations are reduced by various techniques of grassland 
management, crop conservation and the use of specialised crops for 
winter feeding so as to assure the animals a more uniform year­
round intake of nutrients. 
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DIRECT EFFECTS: ANIMAL METABOLISM 

The major routes by which climate directly affects an 
animal's growth are by way of its heat loss, its voluntary food 
intake, and its protein metabolism which determines the partition 
of its retained energy between protein and fat. 

Heat Loss 

The rate at which an animal loses heat to its environment 
depends on its size and shape and on the thermal insulation of its 
tissues and coat. It also depends on its climatic environment 
which comprises air temperature, radiation, both from the sun and 
the environment at large, wind speed, humidity and precipitation. 
The effects of these factors on the heat losses of domestic 
animals have been reviewed recently (11). In indoor environments 
air temperature is the predominant variable, but for animals kept 
outdoors wind, rain and snow, which tend to destroy the insulation 
of their coats, solar radiation and the radiant heat sink of the 
night sky assume major importance. In tropical environments high 
rates of direct solar radiation are often combined with ambient 
temperatures within a few degrees of body temperature. In these 
circumstances, when evaporation becomes the most important route 
of heat loss, humidity becomes a critical factor in the maintenenance 
of thermal balance. 

Food Intake 

The food intake of an animal may be affected by climate and 
season in any of three ways. First, as already mentioned, 
seasonal changes in the digestibility of their food may be the 
overriding factor in determining the food intake of herbivores. 
Second, there appears to be a general response to environmental 
temperature, illustrated in Fig. 5 by results obtained with growing 
chicks, pigs and cattle. The increase in food intake in the cold 
appears to be of a similar magnitude in these three species. In 
all three there is a markedly steeper decline above thermal 
neutrality. Sheep also exhibit this general response to cold (16), 
but show in addition a fall in food intake in autumn which is 
independent of food quality (17). Red deer, especially the stags, 
also show this effect (18); work with simulated lighting regimes 
has shown that the stimulus is provided by shortening day length 
(19) • 

Since heat production varies with food intake, a further 
consequence of reduced voluntary intake is to reduce heat 
production and thereby raise the critical temperature. Herbi­
vorous animals outwintered without supplementary feed are therefore 
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Fig. 5. Environmental temperature and the voluntary food intake 
of growing animals, expressed as metabolizable energy: chicks 
5-12 d (12), chicks 6-15 d (13), pigs 2-10 wks (14), calves 
12-14 mo (15). . 

particularly vulnerable to this combination of the direct and 
indirect stresses of winter. In contrast, sheep and cattle given 
sufficient food for rapid growth are rarely subject to climatic 
stress even in very cold climates and with little shelter (20). 

Energy Retention 

The rate at which an animal retains energy represents the 
balance of its energy budget. Since the various components of 
climate affect both the inputs and outputs of energy, the rate of 
energy retention may be regarded as an integration of the diverse 
effects of climatic variation. In hot environments, above 
thermal neutrality, energy retention is reduced both through a 
decline in food intake and to a lesser extent an increase in heat 
production. Whether or not it is reduced below thermal neutrality 
depends on the extent to which the cold-induced increase in food 
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intake can compensate for the increased heat loss. Evidence with 
growing chicks (13) suggests that moderate cold may elicit an 
overcompensation of food intake so that energy retention may be 
greatest at a temperature below that at which heat production is 
minimal (Table 1). Unfortunately, comparable evidence with larger 
species is lacking. 

Protein Metabolism and Body Composition 

Since protein may be used either for the growth of new tissue 
or as an energy source, the extent of its contribution to thermo­
regulatory heat production largely determines what effect adverse 
environments have on growth and body composition. 

Cold thermogenesis in adult sheep (21,22) and cattle (23) was 
shown not to involve an increase in protein katabolism, but was 
met by an increased oxidation of fat. Nitrogen excretion was, 
however, increased at high temperatures; Graham's results (22) 
suggest that this may apply only to the non-pregnant animal. In 
growing animals on the other hand, with high rates of protein 
accretion accounting for a substantial part of their energy reten­
tion, it might be expected that protein metabolism would be more 
sensitive to changes in energy expenditure, and experiments have 
shown that this is so. Pigs, for example, on a fixed food intake, 
retain less nitrogen in the cold (24,25,26). When growing animals 
are fed ad libitum, however, the possibility arises that they may 

Table 1 

Effects of environmental temperature on chicks 
6-15 days of age. Data of Kleiber & Dougherty (13) 

Temperature (oC) 21 21 32 38 

Food intake (g/d) 15.0 13.3 11.1 8.1 

Energy retention (kcal/d) 6.9 10.4 11.8 8.1 

Protein deposition (g/d) 1.10 1.08 0.91 0.19 

Fat deposition (g/d) 0.06 0.44 0.61 0.44 

Weight gain (g/d) 4.88 4.64 4.39 2.91 

40 

1.9 

6.1 

0.68 

0.30 

2.91 
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compensate for the increased energy expenditure by eating more, as 
already mentioned, and that part at least of the extra protein 
they consume may be used for growth. This has been shown to occur 
with chicks (Table 1) and in rats, especially on a low protein 
diet (27). Indeed, diets very low in protein, which do not 
support the life of animals at thermal neutrality, may do so when 
given to animals in the cold which consume more of them and thereby 
raise their protein intake to the minimum necessary for survival 
(28). Similarly, diets grossly imbalanced in amino acids on 
which rats cannot survive at room temperature, may maintain animals 
kept in the cold, which eat more (29). The increased katabolism 
of amino acids in the cold is in this case necessary to survival. 
Young pigs, given a normal diet ad libitum in the cold ate more, 
at the same body weight, than those in the warm, and utilised the 
dietary protein with the same efficiency (14,30). 

The body composition of a growing animal, in terms of its fat 
and protein contents, is determined by the relative rates of fat 
and protein accretion, virtually all the energy retained being in 

00 2 4 6 8 10 12 14 16 
TOTAL ENERGY RETENTION (k call d ) 

Fig. 6. Relation between the retentions of protein and energy by 
rats growing at different environmental temperatures (31). 
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these forms. If,as suggested above, cold affects fat deposition 
proportionately more than protein, animals raised in the cold 
would have less fat than those in the warm. If food is available 
ad libitum, a reduced rate of fat deposition at high temperatures 
is primarily a consequence of a reduced food intake: in the cold, 
of the failure of voluntary food intake to increase sufficiently 
to match the increased energy expenditure. 

For any growing animal on a given diet there is, irrespective 
of temperature, a characteristic relationship between protein 
accretion and total energy retention; at a very low rate of 
energy retention protein accounts for all the retained energy and 
this proportion falls progressively as total energy retention 
increases. A lower body fat content may therefore arise simply 
from a lower rate of energy retention with a corresponding increase 
in the proportion of the energy retained as protein. In a typical 
experiment with growing rats (31) shown in Fig. 6, though food 
intake was increased in the cold, energy retention was reduced, 
and nitrogen retention with it, though the relation between the 
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Fig. 7. Fat and protein contents of the whole bodies of 90 kg 
pigs kept during their growth from 20 kg at different environmental 
temperatures and given graded quantities of food (26). 
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Fig. 8. Relationships between the retentions of nitrogen and 
energy in pigs growing at 50, 130 and 230 (26,34) and at 250 and 
340 (32,33). 

two appeared to be undisturbed by cold per~. Similarly, in 
experiments with growing pigs (26), body composition was altered 
by the animals' food intake, but not by the temperature at which 
they had been kept during their growth (Fig. 7). There is some 
evidence that high temperatures may produce a different result; 
Holmes' results (32,33) suggest that whereas in a moderately warm 
environment an increased food intake resulted in the expected 
increase in both nitrogen and energy retention, at a high tempera­
ture there was a smaller increase in energy retention, as a result 
of a higher rate of heat production, and no increase in nitrogen 
retention. These results are presented with our own (26,34) in 
Fig. 8 and suggest that whereas cold produces no change in the 
partition of retained energy between protein and fat, high 
temperatures result in a distinctly lower relative rate of 
nitrogen retention. 

Composition of body fat. When animals are raised in the cold 
their body fat is softer, containing more unsaturated long chain 
fatty acids than when they are kept in the warm (35,36,37). It 
has been suggested (35) that the gradient of unsaturation through 
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the subcutaneous fat is a result of the gradient of temperature, 
which is steeper in animals acclimatized to cold. In spite of 
this parallel, the finding (36) that the composition of peri­
nephric fat was affected by external cold to no less an extent 
than subcutaneous fat suggests that the effect must be, at least 
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in part, systemically mediated, though the details of the mechanism 
are as yet unknown. 

ADAPTATIONS TO CLIMATIC AND SEASON CHANGE 

As a result of the seasonal changes in plant growth and 
senesence the energy available to animals may be many times 
greater in summer than in winter - or in the rainy season than in 
the dry. The energy requirements, on the other hand, of an 
animal population with a random seasonal distribution of repro­
duction, tend to be greatest in winter or the dry season. 

The adaptations of animals to seasonal climatic change are 
therefore concerned with means to even out the fluctuations in 
either the supply or the demand for food, so as to match require­
ments more closely to availability. In intensive systems of 
animal husbandry these ends are achieved by protecting animals 
from direct climatic stress, and by various systems of conserva­
tion or the use of specialized crops for winter feeding. 

Under natural conditions, some degree of natural conservation 
occurs when animals do not eat plant material as soon as it is 
produced. Under extensive grazing conditions, the quantity of 
standing herbage shows less seasonal variation than does the rate 
of plant growth. Although of poorer quality than fresh, dead 
herbage may be the only direct source of food for grazing animals 
in winter. But the most important buffer of variations in food 
supply is the animal's ability to store in body tissues nutrients 
in excess of its immediate requirements in time of plenty and to 
mobilize them in times of scarcity. A 70 kg sheep may, in normal 
growth, have 30 kg of body fat, representing 150 times its daily 
resting energy expenditure. 

The growth of animals under natural conditions is therefore 
characterized by the cyclic depletion and replenishment of body 
reserves. The example in Fig. 9 (38) is again provided by the 
Soay sheep of St. Kilda, maintained for the last four decades 
without human interference. The figure charts the growth of 
male and female sheep over their first six years. The character­
istic saw-tooth growth pattern, which McDowell (39) also showed in 
cattle on unimproved tropical grazing, summates the effects of 
plant growth and climatic stress on the energy reserves of the 
animal. The consequence of the greater energy requirement of the 
ewes in pregnancy and particularly in lactation is clearly seen. 
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Fig. 9. Growth of feral Soay sheep on St. Kilda over the first 
five years of life (38). Solid line: rams, dotted line: ewes. 
J indicates January of each year. 

Although body fat is overwhelmingly the animal's most 
important energy reserve, much of the weight loss of sheep, in the 
early stages of undernutrition, consists of protein and water (40, 
41), with the result that animals which have lost weight may 
contain more fat than they did when at the same weight dur-
ing their original growth. An early and rapid loss of unessen­
tial lean body mass may be a significant adaptation to reduce 
energy requirements in undernutrition. In this respect an energy 
deficit resulting from undernutrition apparently differs from that 
resulting from cold. 

Timing of Reproduction 

Apart from cold stress, the major increases ~n energy demand 
are occasioned by pregnancy, and more especially by lactation. 
The synchronization of reproduction with season in species subject 
to large seasonal variations in either food supply or climatic 
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stress, therefore represents an important adaptation to the seasonal 
influence. The proximate stimuli, i.e. the signals which initiate 
reproduction, vary widely according to the chosen optimum season, 
the length of gestation and other factors (42). Brody remarked 
(43) that 'domestication tends to free animals from the seasonal 
influence' . Apart from the question of taming, this might be a 
good definition of domestication, for the provision of food and 
shelter, by relieving animals of the necessity to provide for 
their own survival in times of energy deficit, allows man to select 
for characteristics, such as continuous breeding, which would not 
favour survival in the wild. Thus, the European wild pig is 
reported to have a sharply defined breeding season in mid winter 
(44), but the domestic pig of temperate climates appears to have 
lost even a residual tendency to seasonal breeding. 

Flexibility of the Growth Schedule 

It is so obvious as almost to be forgotten that animals have 
no fixed food requirements for growth. If growth were a process 
rigidly programmed in time, animal populations would require very 
favourable environments to assure their survival. When given 
unlimited access to food, young animals may eat 3 to 4 times as 
much food as they require for their maintenance, but, as the 
experiments of McCance and his colleagues (45) clearly showed, 
young animals can survive for years on very low levels of food 
intake, remaining at infantile weights while their littermates 
have grown up and produced young themselves, yet retain consider­
able capacity to grow when food is at last made available. Thus 
animals born outside the optimum season to which the population 
has adapted, have possibilities of adapting as individuals. 

Adaptations to Reduce Climatic Stress 

Physiological adaptations to reduce the impact of climatic 
stress include changes in behaviour, in thermal insulation, in 
metabolism and in the morphology of growth, as well as the changes 
in food intake which have already been considered. 

Behaviour. Behavioural thermoregulation may in some cases 
be regarded as modifying the animal's local environment, in others 
as altering its external insulation. Huddling, sheltering, nest 
building in the cold, the search for shade or water in which to 
wallow in the heat, are in many cases vital to survival. To some 
extent they are instinctive, though animals learn to regulate 
their environment by conscious action (46,47,48). 

Insulation. In most of the animals which habitually live in 
cold climates the hair coat represents the largest component of 
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thermal insulation. In sheep control of the seasonal growth and 
shedding of the fleece is exercised solely by the daylength, not 
by temperature. There is a direct effect of temperature on the 
hair coat of cattle (20) and even of pigs (14), a species in which 
the hair is of little value for insulation. Low temperatures are 
associated with a reduced rate of hair shedding (20,26). 

It is commonly assumed that subcutaneous fat necessarily con­
tributes to thermal insulation, but in fact the insulation of sub­
cutaneous fat may be all but abolished by increasing peripheral 
blood flow (49). Only by restricting the cutaneous circulation 
so as to allow skin temperature to fall can more of the temperature 
gradient between the deep body and the environment be taken up 
within the tissues. Enhanced tissue insulation implies peripheral 
cooling and the development of an increased toleration of low skin 
temperature. This is particularly important in relatively hair­
less species such as pigs (50), but acclimatization of sheep also 
leads to a greater degree of peripheral cooling (51). From this 
it is clear that although a large amount of tissue insulation 
cannot be expected without subcutaneous fat, the mere presence of 
fat does not imply that it necessarily performs an insulative role. 
It is therefore not surprising that pigs kept in the cold do not 
deposit more of their body fat subcutaneously (14). 

Metabolism. Seasonal changes in basal metabolism are well 
known in small mammals in which they assist in enlarging the limits 
of survival. Large animals are generally said to rely on insula­
tive changes, but measurements made many years ago suggest that 
seasonal changes in metabolism may also occur. Fig. 10 shows the 
seasonal changes in the thermoneutral metabolism of an adult 
wether sheep (52) and an adult sow (53). The measurements with 
the sow were made after an adequate fast, but those with the sheep 
may reflect to some extent concomitant seasonal changes in food 
intake. 

MorphOlogy of growth. Phylogenetically, one may point to 
extreme differences in the conformation of animals which suit them 
to their native climates. Within a domestic species one may 
similarly contrast breeds native to temperate and tropical environ­
ments. Even within the lifetime of the individual there exist 
considerable possibilities for morphological adaptations which 
change the animal's ratio of surface area to mass. These include 
the enlargement of the ears, legs and tail (14,54,55). However, 
since, according to McDowell (56), amputation of the characteristic 
appendages of Zebu cattle did not reduce their heat tolerance, the 
physiological significance of these adaptations may be in doubt. 
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Fig. 10. Seasonal variation in the metabolism of an adult wether 
sheep (52) and of an adult sow (53), measured under fasting condi­
tions in a thermoneutral environment. 

THE USE OF LIVESTOCK IN RELATION TO PAST 
AND FUTURE CLIMATES 

For most of their domesticated history domestic animals have 
been kept primarily for purposes other than the production of lean 
meat: sheep, largely for their wool, cattle for draft or milk. 
Insofar that their meat was valued, it was as an alternative source 
of energy to the starches and oils of plants. Human aversion to 
animal fat is a recent phenomenon of a few advanced Western cul­
tures. Man's need, like that of his animals, has been to buffer 
variations in his food supply resulting from the seasonal nature 
of plant growth and fruition. This is still so in many parts of 
the world today. The propensity of animals to respond to a 
seasonal glut of food by depositing large amounts of body fat was 
favoured not only for their own survival but for man's also. In 
Britain, it was only with the development, in the 18th century, of 
a more effective technology of winter keep, especially the intro­
duction of the turnip crop, that selection for larger and faster 
growing animals was made possible. Lord Ernle (57): 
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'Without the aid of turnips the mere support of livestock had 
been in winter and spring a difficult problem; to fatten sheep 
and cattle for the market was in many districts a practical 
impossibility •••••• The introduction of turnip and clover hus­
bandry doubled the number and weight of the stock which the land 
would carry, and the early maturity of the improved breeds enabled 
farmers to fatten them more expeditiously.' 

Small size, slow growth and large fat reserves favoured survi­
val under these conditions. Only by assuming responsibility for 
the winter survival of his animals could man begin genetic select­
ion for the opposite characteristics: a further stage in domesti­
cation. It seems unlikely that genetic selection for increased 
growth rate and leanness in, for example, hill sheep will be 
successful while natural selection still favours those animals 
which, by virtue of their small size and extensive fat deposits, 
are best fitted for winter survival. 

The future. Agriculture is a marginal business, for man, 
like other animals, tends to push out to his ecological limits. 
Every year, somewhere in the world, there is a savage reminder that 
very small changes in climate, especially as they affect the dis­
tribution of rainfall, can have far-reaching repercussions: in 
recent years, the inundation of Bangladesh, the drought in the 
Sahel, the large scale crop failures of Asia. Whatever the 
future pattern of world climate, it is clear that the first half 
of this century, when so much of modern agricultural technology 
was developed, was a period of unusually good climates for much of 
the world (58), and that we must expect such large scale irregular­
ities to recur, perhaps with increasing frequency over the next 
50 years (59,60). 

Such occurrences bring enormous human tragedy; to avoid 
being overtaken by events requires the intelligent allocation of 
agricultural resources in space and time, with adequate global 
reserves of food, as well as of seed, fertilizer and other inputs 
necessary for rapid recovery of agricultural production. 

Animal production may well face periodic scarcities and 
surpluses of feed grains resulting from the vagaries of climate 
in the principal feed grain growing areas. If such fluctuations 
are expected, there is no reason for them to have the disruptive 
effects that we have seen in the past three years. But to cope 
effectively requires the development of an increased flexibility 
in animal production, to use livestock in the way most appropriate 
to the circumstances. 
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DISCUSSION 

04. Pome40Y wondered to what extent the slower postnatal 
growth of animals born small as a result of maternal undernutrition 
was due to the reduced milk yield of the dam and to the poorer 
sucking ability of the young. In reply to this and to a question 
by Dr. Rerat, 04. W~ddo~on confirmed that pigs and guinea pigs 
which were born smaller than average, remained so throughout life 
even when fostered on to adequately-nourished mothers. P406. 
Ing4am stressed the importance of maternal undernutrition, the 
timing and severity of which could affect both birth size and 
adult size. P406. Luca¢ noted that the growth of the placenta 
could be restricted in undernourished pregnant animals. Dr. 
Widdowson said that her results with runt pigs suggested that the 
growth setback occurred early in pregnancy for the runts had 
fewer body cells at birth than normal foetuses of the same body 
weight. Referring to Dr. Widdowson's results on the limitation 
of foetal growth by calcium and phosphorus, 04. W~on pointed out 
that, in the dairy cow, the flUx of calcium and phosphorus during 
lactation was considerably greater than the requirement of the 
foetus at full term. He thought that in cases such as the Shire x 
Shetland experiment the physical limitation of the body cavity 
must be of importance. 04. W~do~on'~ answer was that, if 
nutrition were not important, one would expect the foetus of the 
Shetland mare to develop rapidly and be born prematurely, whereas 
in fact it grew more slowly than the Shire's foetus and was born 
after the normal gestation period. In reply to Dr. Moody, 04. 
W~ddo~on said that she had no information on the cellularity of 
adipose tissue of the runt pig, either at birth or subsequently. 
It was her impression that both runts and pigs undernourished 
postnatally had, when subsequently well nourished, more fat than 
normally-reared animals. 

04. Rhode6 asked what was the physiological necessity for a 
target fat mass. 04. Fow£..e4 thought that there were examples in 
certain species where survival was favoured by a particular 
pattern of fat deposition during early growth and, in general, 
animals tended to maintain a proportionality between protein and 
fat deposition. In supporting Dr. Fowler's concept of a critical 
fat mass, PM6. Et6,ee.y said that, in normally-growing pigs, the 
ratio of fat to protein deposited rarely fell below 1. 04. Rhode6 
asked if this implied a limit to genetic selection for leanness. 
P406. Et6,ee.y said that perhaps such selection might lead to a 
disturbance of the physiological integrity of the animal, such as 
that seen in PSE meat. PM6. Ing4am wondered whether the pig's 
tendency to l~ down large amounts of body fat indicated that it 
evolved in temperate regions subject to a large seasonal variation 
in food supply. 04. Futte4 replied that pigs were found wild in 
both temperate and tropical regions. He thought it likely that 
the characteristic tendency to deposit fat had been intensified by 
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genetic selection during domestication. The pig had been kept 
primarily for its meat for longer than other species and its 
ability to convert surplus perishable foods to fat had probably 
been considered a valuable character for most of its domesticated 
history. PILOn. Go~~ thought that study of the control of the 
seasonal deposition of fat in hibernating animals might yield 
results of relevance to animal production. 
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THE PHYSIOLOGICAL BASIS OF REPRODUCTIVE EFFICIENCY 

Rose E. Frisch 

Harvard University 
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It is commonly observed that human beings, like other mammals, 
first must "grow up" before becoming capable of reproduction. But 
on what scale is the "growing up" best measured: age, height, 
weight, skeletal age, or some other measure of the body? And how 
is the synchronization of the "grown upness" and reproductive 
ability brought about? (1). 

Recent findings that the onset and maintenance of regular 
menstrual function in the human female are each dependent on the 
maintenance of a minimum weight for height, apparently representing 
a critical fat storage (2), imply that a particular body compo­
sition of fat/lean, or fat/body weight may be an important deter­
minant for female reproductive ability (2,3,4). Undernutrition and 
energy-requiring activities would then be expected to affect 
reproductive ability as has been observed in both animals (5) and 
human beings (3,6). Genetic traits such as those controlling the 
tempo of growth, which affects the rate of deposition of fat (4,7) 
or those causing obesity (8,9) or extreme lack of adiposity (10) 
also would be expected to affect reproductive ability, as has been 
observed (8-10). 

The importance of a particular level of body fatness for 
female reproductive ability calls attention to physiologic indices, 
such as metabolic rate, blood pressure, and body temperature in 
relation to the onset and maintenance of reproductive ability, 
instead of the usually emphasized skeletal age and secondary sex 
characters. 

327 
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CRITICAL WEIGHTS 

The idea that relative fatness is important for female repro­
ductive ability follows from earlier findings that the events of 
the adolescent growth spurt in boys and girls, and particularly 
menarche in girls, are each closely related to a critical body 
weight (11,12). This finding was unexpected for human beings, 
although it was well known for other mammals that sexual maturity 
(defined by vaginal opening, or more precisely by first estrus) is 
weight dependent: e.g., rats (1,13), mice (14,15), pigs (16) and 
cattle (17,18). Dickerson et.al. state that female pigs did not 
ovulate until they were approaching the body weight at which 
ovulation normally occurs (16). Kennedy (19) observed: "Puberty is 
determined by weight rather than age." 

There is also an example from primates: female rhesus monkeys 
treated with androgens gained weight rapidly and had menarche at 
age one year instead of the normal age of two years, but at the 
weight and length characteristic of the two-year-old animals (20). 

The weight findings in relation to sexual maturation in girls 
and boys were first indicated by an analysis of cross-sectional 
body weight data of Asian and Latin American peoples in relation 
to calorie supplies. When the age of fastest growth in weight of 
the adolescent growth spurt (hereafter termed peak weight velocity) 
was studied in relation to calorie intake, it was found that under­
nutrition delayed the age of peak weight velocity, and high levels 
of nutrition advanced the age of this event (21) as had already 
been observed for the adolescent spurt in general (22). 
Unexpectedly, however, peak weight velocity, which normally pre­
cedes menarche, seemed to take place at the same mean weight for a 
particular racial group, regardless of whether the age of the 
event was advanced or delayed in accordance with the calorie 
supplies (21). 

To pursue this interesting finding, each event of the adoles­
cent growth spurt was analyzed using longitudinal growth data of 
three completed, comparable United States studies. A velocity 
curve of height and weight growth from birth to age 18 years (Figs. 
1 and 2) was plotted for each of the 201 girls and 209 boys of the 
three studies. 

We found that the mean weight of girls at the time of initi­
ation of the adolescent growth spurt (30 kg) (23), at the time of 
maximum rate of weight gain (39 kg) (24) and at menarche (47 kg) 
(11,12) did not differ for early and late maturing girls, whereas 
their mean height at each of these events increased significantly 
with age of the event. (Fig. 3). 

These results accounted for the many observations in the 
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Fig. 1. Computer-plotted yearly weight velocity versus age of 
a CRC girl showing initiation of weight spurt at age 10. Menarche 
is at 12.3 years. eRe, and BGS and HSPH (see later Figs.) refer to 
3 studies of ref. (23). (Reprinted with permission from Human Biology.) 

literature (22) that early maturers have more weight for height 
than late maturers at spurt initiation and throughout the adoles­
cent spurt, including menarche. 

Our basic finding was also true for boys, but at different 
ages, weights and heights from the girls (Tables 1 and 2), with 
the exception that the latest maturing boys were slightly but sig­
nificantly heavier at both spurt initiation (23) and at peak 
weight velocity (24). Boys attained each event about two years 
later than the girls, at a mean weight about 6 kg heavier and a 
mean height about 11 cm taller than that of the girls at the 
corresponding event (Table 2). This suggests that "genarche" in 
boys, the ability to reproduce, comparable to menarche in girls, 
may be attained at a mean age of 14.9 years, at a mean weight of 
about 55 kg (121 Ib), and a mean height of about 169 cm (66.5 
inches). 

Based on these findings of an invariant mean weight in girls, 
we proposed that there is a direct relation between critical body 
weight and menarche. The mechanism proposed, adapted from that of 
Kennedy and Mitra (1) assumes that the attainment of the average 
critical weight, which we now know represents a critical level of 
body fatness (2,4,25), attained at varying heights and weights by 
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Fig. 2. Computer-plotted Tea.rlT height velocitT versus age of 
CRC girl no. 124, a late maturer. Age Hi is 11.0 Tears. Age of 
menarche is 14.6 years. (Reprinted with permission from Human 
Biology. ) 

girls within a population, causes a change in metabolic rate per 
unit mass, which in turn affects the hTPothalamus-ovarian feedback 
by decreasing the sensitivity of the hypothalamus to estrogen. 
The feedback is then reset at a level high enough to induce the 
maturation resulting in menarche (12,24). There is evidence for 
such a change of sensitivity of the hTPothalamic "gonadostat" in 
girls and boys (26). 

Whatever the mechanism, the assumption that a critical weight 
is a signal for menarche explained simply many unexplained obser­
vations associated with early or late age of menarche. Observations 
of earlier menarche are associated with attaining the critical 
weight more quickly. The most important example is the secular 
trend to an earlier menarche of about 3 or 4 months per decade in 
Europe in the last one hundred years (27). Our explanation is 
that children now are bigger sooner, and therefore girls, on the 
average, reach 46-47 kg, the mean critical weight of United States 
and English populations, more quickly. According to our hTPothesis 
also, the secular trend should end when the weight of children of 
successive cohorts remains the same because of the attainment of 
maximum nutrition and child care, (11) which now may have happened 
(28) • 
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Fig. 3. Mean height (± standard error) at menarche versus mean age 
of menarche; and mean weight (± standard error) versus mean age of 
menarche, of CRC, BGS and HSPH girls grouped by age of menarche (12). 
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Table 1 

Mean age, height, and weight of girls at initiation of the 
adolescent spurt, peak velocity, menarche, and age IB (60) 

Age of Age of 
height weight 

Weightb Adolescent event event He ight a 
event No. (;:L! ) ~;:L! ) (cm) (kS) 

Initiation IB4 9.6±0.1 9.5±0.1 136.5±0.B4 30.6±0.30 of spurt 

Peak 170 1l.B±0.1 12.1±0.1 146. 5±0. 50 39.3±0.45 velocity 

Menarche IBI 12.9±0.1 15B.5±0.50 47.B±0.51 
Age IB IBI 165.6±0.4Bb 57.1±0.57c 

a Increases significantly (p < 0.01) with increasing age of event. 
b Does not change significantly with increasing age of event. 
c Decreases significantly (p < 0.02) with increasing age of event. 

± = SE. 

Table 2 

Mean age (± SE), height, and weight of boys at initiation of 
the adolescent spurt, peak velocity, and age IB (60) 

Age of Age of 
height weight 

Adolescent event event Height Weight 
event No. ~~~ (~~ (cm~ (klli) 

Initiation 
179 11. 7±0.1 11.6±0.1 147.3±0.49a 36.9±0.36b 

of spurt 

Peak IB9 14.0±0.1 14.l±0.1 15B.3±0.4Bb 47.3±0.52b 
velocity 

Age IB 179 17B.l±0.46c 6B.2±0.69d 

a Increases significantly (p < 0.01) with increasing age of event. 
b Latest maturers slightly but significantly (p < 0.01) heavier 

than earlier age groups 
c Does not change with increasing age of event 
d Decreases significantly with increasing age of event 
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There is evidence to support this explanation of the secular 
trend (Fig. 4). The mean weight at menarche for contemporary 
United States, English, Dutch and Finnish girls is the same as the 
mean weight for girls of three decades ago (29). Historically, 
Boast weight data for California girls in 1895 show that 47 kg 
would be attained at about 14 years, which is consistent with 
menarcheal ages recorded for about 1900 in the United States. And 
Quetelet's growth data of 1835 show that Belgian girls of average 
social class attained a weight of 46 kg at about age 16.5 years, 
which is consistent with the existing data on age of menarche of 
a century and a half ago (6). 

Another example of more rapid attainment of the critical 
weight is the earlier menarche of most obese girls (30,31). 

Conversely, a late menarche is associated with body weight 
growth that is slower prenatally, postnatally, or both, so that 
the critical weight is reached at a later age: malnutrition delays 
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menarche, 6,21) and twins have later menarche than singletons of 
the same population (12). 

In the case of undernourishment, the mean weight at menarche 
of control girls and undernourished Alabama girls did not differ, 
although the mean age of menarche of the underfed girls was two 
years later, and at a significantly taller height than that of 
controls (6). 

For the effects of altitude, the well-nourished upper middle 
class girls of the CRC Denver (altitude 5,280 feet) study attained 
menarche at the same mean weight as the comparable California (BGS) 
sea level subjects, but at a later age; the birth weights of the 
Denver girls were significantly lighter than that of the California 
girls, and the Denver girls grew more slowly up to the time of 
initiation of the adolescent spurt (12,23). 

COMPONENTS OF THE CRITICAL WEIGHT 

The variability of the critical weight at menarche, 47.8 kg, 
was large; the standard deviation is 6.9 kg, (coefficient of 
variability 14.0%) (Fig 5). In order to make the notion of a 
critical weight meaningful for an individual girl we looked at 
components of the weight. 

Weight is considered a reasonably good measure of metabolism 
in the normal child, but total body water (TW) and lean body weight 
(LBW, TW/0.72) (32), are more closely correlated with metabolic 
rate than is body weight, since they represent the metabolic mass, 
as a first approximation (33,34). These components and fat (body 
weight minus LBW) were calculated for each girl at menarche and 
at the initiation of the spurt. Study of the body composition of 
girls,all of whom are at the same stage of the adolescent growth 
spurt, or at menarche, gives more precise data on the changes that 
take place from spurt initiation to menarche. Also, since the 
data were longitudinal, body composition changes could be followed 
in the same girls (4). 

Total body water was calculated for each girl, using the pre­
viously determined height and weight of each girl at menarche and 
at spurt initiation in a regression equation of Mellits and Cheek 
(35) from deuterium oxide measurements. 

Equation (1) TW = -10.313 + 0.252 (wtkg) and 0.154 (Ht ), 
when height> 110.8 cm cm 

and also, for comparison, at menarche, by the equation of Moore 
et ale (36) from deuterium oxide measurements: 

Equation (2) TW = 11.63 + 0.318 (Wtkg ) 
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Fig. 5. Weight at menarche (Wt h) vs. age of menarche (Age h) mc mc 
for CRC, BGS, and HSPH girls. Slope of regression line of wt mch does not differ significantly from zero (P>0.50). 
Reprinted with permission from Archives of Disease in Childhood 
(12) • 

The total water at menarche for all subjects+calculated by 
equations (1) and+(2) were comparable, 26.2 - 0.18 (S.D. 2.4) 
liters, and 26.8 - 0.16 (S.D. 2.2) liters respectively. 

Total water calculated by either equation does not change 
significantly with increasing age of menarche, and the variability 
is 36% less than that of weight at menarche. (Fig. 6). Since lean 
body weight is calculated by TBW/0.72 lean body weight also is 
invariant with increasing age of menarche (4). 

All further results given here were calculated by equation (1), 
which was preferred because the range of ages of the subjects cov­
ered all of the adolescent spurt, and because the use of height 
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Fig. 6. Lean body weight (LBW) vs. age of menarche for eRe, 
EGS, and HSPH girls. Slope of regression line of LBW on Age h 
does not differ significantly from zero. X - eRe; 0 - BGS; mc e 
t:. - HSPH. 

and weight, rather than weight alone, usually gives the lowest 
variance (37). 

+ The mean lean body weight at menarche, 36.3 - 0.3 kg, and 
mean fat at menarche, 11.5 + 0.3 kg, are similar to those obtained 
at ages 12.5 - 13 years fro; 40K counting (38). 

The greatest change in body composition of both early and 
late maturing girls during the adolescent growth spurt is a very 
large increase in fat, from about 5 kg to 11 kg, a 120% increase 
compared to a 44% increase in LBW. There is thus a change in ratio 
of LBW to fat from 5:1 at initiation of the spurt to 3:1 at 
menarche (4). A fall in metabolic rate/kg body weight would be 
expected from this change in body composition, particularly the 
large increase in fat, because the internal organs, which con­
tribute the most heat to the basal metabolism (33,39,40) become a 
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Fig. 7. Fat versus lean body weight (LBW) at menarche for CRC, 
BGS and HSPH girls. The slope of the regression line of fat on 
LBW for early maturers is significantly greater (p<.Ol) than that 
of the late maturers. Reprinted with permission from Human 
Biology (4). --

smaller proportion of the body weight (33,39). In fact, the 
BMR/kg by Talbot's (41) standards is 35kcal/kgper day at the 
mean weight (30 kg) of initiation of the adolescent spurt in girls 
and the BMR/kg is28 kcal/kgper day at the mean weight (47 kg) of 
menarche. This decrease of BMR/kg as body weight and fat content 
increases "has the biological advantage of diminishing heat 
production as the surface to volume ratio decreases" (33). 

An alternative explanation for the fall in metabolic rate/kg 
1S the probability that adipose tissue is heat-producing (42,43). 

Another finding about body fat during the adolescent spurt 
1S of special interest. Fat increases linearly with increasing 
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lean body weight for all subjects at menarche and at spurt 
initiation, but at both events fat increases at a slower rate 
with increasing lean body weight in late maturers than in early 
maturers (Fig. 7). This explains why late maturers have less fat 
on the average at each event than do early maturers, although they 
do not differ in lean body weight. Widdowson and McCance (7) 
observed this difference in fat gain between fast and slow growing 
rats, and it is also found in early and late maturing domestic 
sheep, pigs and cattle (47). 

TOTAL BODY WATER AS PERCENT OF BODY WEIGHT, AN INDEX OF FATNESS 

Total water as percent of body weight (TW/BWt%) is an even 
more important index than the absolute amount of total water 
because it is an index of fatness (37) (Table 3) 

When girls are grouped by height at menarche rather than by 
age at menarche, the shortest, lightest girls and the tallest, 
heaviest girls differ in height by 20 cm and in weight by 12 kg; 
they certainly do not have weight ln common. (Table 4). 

But these two extreme groups have the same relative fatness, 
as shown by their similar percentages of total water/body weight, 
56.3 ~ 0.5 percent, and 55.3 ~ 0.5 percent, respectively. Both 
these values are similar to the mean for all subjects, 55.1 + 0.3 
percent (Fig. 8 and Table 5). -

Further, although the shortest, lightest girls at menarche 

Table 3 

Total Water/Body Weight Percent as an Index of Fatness 

Female Male 
Weight (kg) 65 65 

Total Water (liters) 33 40 

LBW (kg) 46 56 
(TW/0.72) 

Fat (kg) 19 9 

Fat/Bwt % 29 14 

TW/Bwt% 51 62 

Fat/Body wt % = 100 - TW/BWt% 
0.72 
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have a smaller absolute amount of fat, 8.9 + 0.4 kg, compared to 
that of the tallest, heaviest girls, 12.3 ~-0.6 kg, (the mean for 
all su Qj ects is 11. 5 ~ 0.3 kg), both extreme groups have about 
22% of their body weight as fat at menarche, as do all subjects 

(Table 5), and the ratio of lean body weight to fat of both groups 
is in the range of 3:1, as it is in all subjects (4) (Table 5). 

Thus, we found the variability of total body water as 
percent of body weight at menarche is 55% less than that of 
weight at menarche. 

PREDICTION OF MENARCHE 

Quartiles of total water/body weight percent are essentially 
quartiles of fatness. It is especially significant for our hypo­
thesis of a critical metabolic rate/kg, associated with a critical 
body composition as a signal for menarche, that 82% of the 169 
girls who could be followed from spurt initiation to menarche 
remained in the same quartiles of total water/body weight percent 
from initiation to menarche, compared to only 47% remaining in the 
same quartiles of weight, and only 39% remaining in the same 
quartiles of total body water (25). 

This finding gave a method of prediction of age of menarche 
from the height and weight of a premenarcheal girl at ages 9, 10, 
11, 12 and 13 years, and also prediction of age of initiation of 
the adolescent growth spurt from the height and weight of a girl 
at age 8 years (25). 

Regression of age of menarche on height or weight within a 
quartile of total water/body weight percent at each age gave the 
lowest significant standard error of estimate, lower even than 
when all subjects were combined at each age. Classification of 
the subjects by standard height of weight percentiles, or by 
weight for height percentiles, gave either worse standard error 
of estimates than classification by total water/body weight per­
cent, or insignificant results. 

The error of prediction by this method at all ages is less, 
in some quartiles by as much as 65%, than by prediction from stage 
of secondary sex characters, which have a quite variable assoc­
iation with menarche (25). 

Girls having the same predicted age of menarche should be 
more homogeneous physiologically, and endocrinologically, than 
girls classified by chronological age, as Shock (44) actually 
observed for the physiological criteria of oxygen consumption, 
pulse rate and blood pressure. It would be useful, therefore, 
to classify premenarcheal girls by predicted age of menarche in 
studies of the endocrinological and growth changes of adolescence. 
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EXCEPTIONALLY EARLY MATURING GIRLS 

At each age from 9 to 12 years, prediction of age of menarche 
is better for the heavier girls, who are found in the lowest total 
water/body weight ~uartiles, (inversely to the weight ~uartiles) 
than for the lighter weight girls. This is because of an excep­
tional group of early maturing girls (18% of early maturers, 9.5% 
of all subjects), who are very short and light weight at menarche 
(mean height 147.8 + 0.7 cm; mean weight 40.9 + 0.8 kg) (25). 
Normally at menarch~, the short girls have mor~ weight for their 
height than do tall girls, (11,12). These short, light, early 
maturing girls have only about 9 kg of fat at menarche compared to 
the average of 11.5 kg found for all subjects, but their relative 
fatness is the same, about 22% fat/body weight percent. 

The small number of short, light, late maturing girls (9.3% 
of late maturers, 4.4% of all subjects), are also exceptional 
since late maturers at menarche are usually taller than early 
maturers (11,12). These short, late maturers have only about 8 kg 
fat at menarche, but their relative fatness is about 21% of body 
weight at menarche (25). 

These two exceptional groups of girls may represent different 
metabolic or endocrinological patterns (45) since they attain the 
same fat percentage of body weight usually found at menarche, but 
at lower weights for height, or shorter heights for weight than 
are usual for the population at menarche. The data of Osler and 
Crawford (46) on weights at menarche of ambulatory and bed ridden 
patients support this explanation (25). 

Comparison of the growth and body composition of the short, 
light, late girls with wild type breeds of animals suggest that 
these females may represent the "wild type" primeval female. These 
slow-growing, smaller individuals would have greater survival 
ability in times of fluctuating food supply (47). 

The short, light early girls might be the e~uivalent of the 
meat type now being sought by Australian sheep breeders: fast 
growing, early maturers with a small leg joint and not too heavily 
marbled with fat! 

FATNESS AS A DETERMINANT OF MINIMAL WEIGHTS FOR MENSTRUAL CYCLES. 

The total water/body weight percent data of each of the same 
181 girls followed from menarche to the completion of growth at 
ages 16-18 years provided a method of determining a minimal weight 
for height necessary for the onset of menstrual cycles (menarche) 
in primary amenorrhea and for the restoration of menstrual cycles 
in cases of secondary amenorrhea, when the amenorrhea is due to 
undernourishment (2). 



344 R.E. FRISCH 

Percentiles of total water/body weight percent, which are 
percentiles of fatness, were made at menarche and at age 18 years, 
the age at which body composition was stabilized. Each set of 
percentiles was then drawn on a height-weight grid and the 
weights at the cessation and restoration of regular menstrual 
cycles (two or more) of 9 patients with amenorrhea due to weight 
loss, other possible causes having been excluded, and 8 cases 
cited in the literature, were studied in relation to the weights 
indicated by the diagonal percentile lines in Fig. 9 and Fig. 10. 

We found that 56.1 percent of total water/body weight %, the 
10th percentile at age 18 years, which is equivalent to about 22% 
fat of body weight, indicates a minimal weight for height necess­
ary for the restoration and maintenance of menstrual cycles. For 
example, a 20-year-old woman whose height is 160 cm should weigh 
at least 46.3 kg before menstrua+ cycles would be expected to 
resume. 

The weights at which menstrual cycles ceased or resumed in 
post-menarcheal patients ages 16 and older (Fig. 10) are about 10 
percent heavier than the minimal weights for the same height 
observed at menarche (Fig. 9). 

In accord with this finding, the data on body composition 
show that both early and late maturing girls gain an average of 
4.5 kg of fat from menarche to age 18 years. Almost all of this 
gain is achieved by age 16 years, when mean fat is 15.7 + 0.3 kg, 
27 percent of body weight. At age 18 years mean fat is 16.0 + 0.3 
kg, 28 percent of the mean body weight of 57.1 + 0.6 kg. Re-­
flecting this increase in fatness, the total water/body weight 
percent decreases from 55.1 + 0.2 percent at menarche (12.9 + 0.1 
years) to 52.1 ~ 0.2 percent (S.D. 3.0) at age 18 years. -

Because girls are less fat at menarche than when they achieve 
stable reproductive ability, the minimal weight for height for the 
onset of menstrual cycles in cases of primary amenorrhea due to 
undernutrition is indicated by the 10th percentile of fractional 
body water at menarche, 59.8 percent, which is equivalent to about 
17 % of body weight as fat (Fig. 9). The standards of Fig. 9 
would be used also for girls who become amenorrheic as a result of 
weight loss shortly after menarche, as is often found in cases of 
anorexia nervosa in adolescent girls (2,48). 

The absolute and relative increase in fatness from menarche 
to age 16 to 18 years is of special interest because this interval 
coincides with the period of adolescent sterility. During this 
time there is rapid growth of the uterus and the ovaries (2) •. 
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Fig. 9. The minimal weight necessary for a particular height for 
onset of mentrual cycles is indicated on the weight scale by the 
10th percentile diagonal line of total water/body weight percent, 
59.8 percent, as it crosses the vertical height lines. Height 
growth of girls must be completed, or approaching completion. For 
example, a 15-year-old girl whose completed height is 160 cm 
(63 inches) should weight at least 41.4 kg (91 Ib) before menstrual 
cycles can be expected to start. Symbols are the height and weight 
at menarch of each of the 181 girls of the Berkeley Guidance Study, 
0; Child Research Council Study, X; and Harvard School of Public 
Health Study,~. Reprinted with permission from Science (2). 
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Fig. 10. The minimal weight necessary for a particular height for 
restoration of menstrual cycles is indicated on the weight scale 
by the Loth percentile diagonal line of total water/body weight 
percent, 56.1 percent, as it crosses the vertical height line. For 
example, a 20-year-old woman whose height is 160 cm should weigh at 
least 46.3 kg (102 Ib) before menstrual cycles would be expected to 
resume. 01- 9 , Weights while amenorrheic of patients of one of us 
(J . W.M.); «1-9, their weights at resumption of regular cycles. 
When two weights are given for a patient, the lower weight is at 
first resumed cycle. 0, The weights before occurrence of amenor­
rhea of subjects cited by Lundberg et al., and e are their weights 
while amenorrheic. Reprinted with permission from Science (2). 
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REPRODUCTIVE EFFICIENCY 

The weight changes associated with the cessation and restor­
ation of menstrual cycles are in the range of 10 to 15 percent of 
body weight. Weight loss or weight gain ~f this magnitude is 
mainly loss or gain of fat (49). This suggests that a minimum 
level of stored, easily mobilized energy is necessary for ovulation 
and menstrual cycles in the human female (2). 

If a minimum of stored fat is necessary for normal menstrual 
function, one would expect that women who live on marginal diets 
would have irregular cycles, and be less fertile, as had been 
observed, and that poorly nourished lactating women would not 
resume menstrual cycles as early after parturition as well­
nourished women, as also has been observed (2,3). The main 
function of the 16 kg of fat stored on average by early and late 
maturing girls by age 18 years may be to provide easily mobilized 
energy for a pregnancy and for lactation; the 144,000 calories 
would be sufficient for a pregnancy and 3 months' lactation (2). 
The human brain, it should be noted, grows most rapidly during the 
last trimester of pregnancy and the first months after birth (50). 

Irrespective of any causal relationship, the weight dependency 
of menarche in human beings, as in animals (15,19) operates as a 
"compensatory mechanism" for both environmental and genetic 
variation. The result is a reduction in the variability of body 
size at sexual maturity, and therefore, a reduction in the varia­
bility of adult body size. As in many other animals, human body 
size at sexual maturity is close to adult size; weight and height 
at menarche are 85% and 96% of adult weight and height respectively 
(12). The regulation of female body size has obvious selective 
advantages for the species since birth weight is correlated with 
the prepregnancy weight of the mother, and infant survival is 
correlated with birth weight (3,6). 

An example of compensation for poor nutrition is the signifi­
cantly later age of menarche of undernourished girls compared to 
controls (6). An example of compensation for genetic variation is 
the longer time interval of the adolescent growth spurt of normal, 
slow growing late maturers (Fig. 2), compared to the more rapid 
advancement from initiation to menarche of the early maturers (Fig. 
1). Boas noted that the "tempo of growth" was inherited (51). 
Thus the well-established genetic component of variation in age of 
menarche (52) may be in part through the genetic control of growth 
rate. Tanner notes that age of menarche is a very convenient 
measure of "tempo of growth", (52), which is to be expected from 
the association of menarche with a critical weight representing a 
particular body composition of relative fatness (29). 

Different racial groups have different critical weights (21). 
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The inheritance of the absolute value of a critical menarcheal 
weight, independently of tempo of growth, could also be a component 
of the genetic control of age of menarche. We do not know as yet 
whether the different critical weights of different races also 
represent different body compositions (29). 

ENVIRONMENTAL EFFECTS ON REPRODUCTIVE EFFICIENCY 

The findings on minimal weights for heights necessary for the 
onset and maintenance of reproductive ability indicate that 
ordinary environmental factors which affect physical growth, such 
as nutrition and disease, can affect the time of attainment and 
level of function of each reproductive event in the female, thus 
affecting the length of the reproductive span and reproductive 
efficiency. For example, undernourished girls have later menarche: 
a longer period of adolescent sterility, a higher incidence of 
irregular and anovulatory cycles than normal, amenorrhea when 
weight loss is in the range of 10-15% of body weight, higher 
pregnancy wastage; longer lactational amenorrhea, and therefore 
longer birth intervals, and a shorter time to menopause (3) (Fig. 11). 

These findings for the human female are consistent with the 
effects of nutrition on other domestic and wild mammals: subnormal 
nutrition disrupts menstrua cycles in monkeys (53), and suppresses 
oestrus in non-primates (54,55). In these animals, as in the 
human ~emale, a gain in body weight is followed after varying 
periods of time by the resumption of cycles and ovulation (2,53, 
54,55). 

It must be added that, of course, other factors, such as 
emotional stress, affect the maintenance or onset of menstrual 
cycles in human beings. Therefore, menstrual cycles may cease 
without weight loss, and may not resume in some subjects even 
though the minimum required weight is attained (2). 

SIGNIFICANCE OF FLUSHING 

The importance of fatness for the development and maintenance 
of reproductive ability, a late maturing character, in the human 
female, is consistent with Hammond's "growth gradients" in the 
development of domestic animals (56). Some stimulus of fatness 
may also be involved in a positive effect of nutrition on ovu­
lation: flushing in sheep (57) and pigs (58). The increase in the 
rate of twinning with increased caloric intake before mating, even 
if the sheep is already in good condition (57), is a very interest­
ing and suggestive finding to human biologists: it has been shown 
that the rate of human dizygotic twinning, but not monozygotic 
twinning, fell during war-time restrictions in nutrition and the 
rate returned to normal after the return of normal food supply 
(59). Even more suggestive of a direct relation between control 



T
im

e
 

I 
-

' 
.. To

 -
--

--
--

,:
;0

1
..

*
--

--
t-

1
 

W
ei

gh
t 

t 
M

en
ar

ch
e 

kg
 

, +
 

In
fa

n
t 

an
d 

c
h

il
d

h
o

o
d

­
g

ro
w

th
 

F
at

 
16

"1
0 

S
ta

rt
 o

f 
ad

ol
es

ce
nt

 
gr

ow
th

 
sp

ur
t 

M
en

ar
ch

e j l~~
:t' 

j 1
 

C
yc

le
s 

Pe
ak

 
ve

lo
ci

ty
 

ad
ol

es
ce

nt
 

g
ro

w
th

 
sp

u
rt

 

~
 

w
ith

 
C

yc
le

s 
w

ei
gh

t 
lo

ss
 

st
op

 w
ith

 
10

-1
5"

10
 

w
ei

gh
! 

lo
ss

 
10

-1
5"

10
 

or
 

E
ne

rg
y 

dr
ai

n 
of

 
L

a
ct

a
tio

n
 

.m
en

O
D

O
us

e 

\ In
cr

ea
se

s 
w

ith
 g

oo
d 

n
u

tr
it

 io
n 

an
d 

h
e

a
lth

 

"-
--

-I
' 

" 
I 

I 
I 

I 
I 

I 
I
t
-
-
-
-
-

" 
6 

9.
5 

12
.1

 
12

.8
 

16
 

18
 

4
8

-5
0

 

A
ge

 -
ye

ar
s 

F
ig

. 
1

1
. 

E
nv

ir
on

m
en

ta
l 

e
ff

e
c
ts

 o
n 

re
p

ro
d

u
ct

iv
e 

ef
fi

ci
en

cy
. 

!X
I o o -< 8 s:: "t
I o (/
) :::::
j o z » z o s:: m
 

Z
 » :tJ
 

o :I
: m
 

C
o)

 

~
 



350 R.E. FRISCH 

of food intake, caloric control, and ovulation is the finding 
that when gilts were fed lard at approximately 150% of the caloric 
intake of those fed glucose, the ovulation rate exceeded that of 
the control gilts by 4.1 ova, and the glucose and low fat gilts 
by 3.3 and 2.2 ova respectively (58). 

One wonders if the adolescent growth spurt, which is unique 
to primates, may make the sexually mature primate female less 
responsive to such direct ovarian stimulation from high caloric 
intake, as well as protecting her for some time from the harmful 
effects of low caloric intake. 

RELATIVE FATNESS AS A DEl'ERMINANT OF EARLY OR LATE MATURATION 

The difference in fat deposition found between early and late 
maturing girls could be one of the determinants of early or late 
sexual maturation. One possibility is that the storage of estrogen 
in fat depots affects blood levels of estrogen, and/or other 
steroids, or their secretion rates. Brown and Strong (62) found 
differences in estrogen production and metabolism as a function of 
body weight and hence, fat; they suggest that estrogen metabolism 
may be influenced by factors involved in fat metabolism, including 
thyroid hormones. A third possibility, which does not exclude the 
others, is that fat concentration is important in regulating 
energy balance by the hypothalamus ("63,64,65) and thus determines 
the setting of the gonadostat, which determines the output of 
gonadotrophins, and therefore, estrogen. 

If the number of cells of the adipose tissue in human beings 
is determined by early nutritional experiences (66) as it is in 
the rat, (67,68,69), and there is an interaction between adipose 
tissue and gonadal hormones, or metabolic rate, or both, early or 
late maturation might be determined by differences in fat depots 
established very early (60). 
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HORMONAL INFLUENCES ON THE GROWTH, METABOLISM AND BODY COMPOSITION 

OF PIGS 

David Lister 

Meat Research Institute 

Langford, Bristol BS18 7DY, England 

INTRODUCTION 

Pig producers have been aware for some time that as the growth 
rates and leanness of their stock increase the quality of the lean, 
in terms of its paleness and wetness, appears to decline. Over 
the same period of time the scale of operation and rate of through­
put of packing plants have also increased and the view is often 
taken that the decline in meat quality is, in part, attributable 
to this. It is striking, however, that meat quality is not 
necessarily maintained even where technological expertise and 
humanitarian principles are combined optimally in the slaughter 
procedures, and animal scientists have been quick to explore other 
possibilities. 

Ludvigsen (1) was among the first to examine the notion that 
the physiological means whereby the growth of animals was altered 
might also influence the quality of the meat they produced. This 
view is now widely held, but the arguments in its support have 
often been teleological and it is only lately that a coherent 
picture has started to emerge. Its development provides a useful 
model for the role of hormones in a wider context. 

THE CONTROL OF MEAT QUALITY 

Rigor mortis develops within 4-8 hours after slaughter in 
pigs, 8-12 in sheep, and 12-24 in cattle. At this time the muscle 
is fully acidified to about pH 5.5-5.8 and stiff. The rate and 
extent of acidification are largely responsible for determining 
the quality of meat and are themselves altered by the severity and 
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duration of stress of any kind which an animal might suffer prior 
to death (2). If an animal is subjected to prolonged stress prior 
to slaughter the pH of muscle in rigor may be 6.5 or higher and 
the meat will retain a dark appearance, the so-called dark cutting 
or dark, firm and dry (DFD) condition. Some pig carcasses 
will develop full acidity within a few minutes of slaughter and, 
because of the extensive denaturation of muscle proteins which 
results from the interaction of acidity and temperature, the meat 
appears pale, soft in texture and exudes fluid from the cut 
surfaces. This is seen typically as the pale, soft and exudative 
(PSE) condition, and is fre~uently found when animals suffer 
severe stress prior to slaughter. 

The ~uality of the meat of pigs slaughtered under the same 
conditions is apt to vary with the breed of pig. Thus the 
Pietrain breed consistently produces meat of inferior ~uality 
whereas the Large White produces, on the whole, meat of acceptable 
~uality. These differences are reflected in the rate of muscle 
acidification, measured in terms of its pH at 30 or 45 min. after 
slaughter (Fig. 1). But it is also evident from Fig. 1 that pigs 
which have been tested in schemes designed to identify stock with 
superior performance tend to have faster rates of muscle acidifi­
cation than their 'commercial' counterparts. 

The Effects of Muscle Stimulation 

The importance to meat ~uality of an animal's being ~uiet 
and rested at slaughter has long been appreciated by butchers and 
the specific role of neuromuscular stimulation in the control of 
glycolysis and acidification of muscle post mortem has been 
examined empirically (3,4). However, those breeds of pig which 
consistently produce meat of poorer ~uality do not necessarily 
produce better meat even when they are anaesthetised and paralysed 
by the same amounts of neuromuscular blocking drugs which prove 
beneficial in, say, Large Whites (5,6). This is to suggest that 
some pigs will not respond in terms of meat ~uality to the most 
careful and ~uite impracticable handling at slaughter. 

There are at least two explanations for this. Firstly, if 
the same degree of neuromuscular blockade is achieved in all 
animals by a given dose of, for instance, curare, then any observed 
differences in muscle metabolism are likely to result from 
'spontaneous' activity beyond the motor end plate i.e. in the 
muscle fibres themseLves. Such activity is found in various 
clinical disorders in which the flux of sodium, potassium or cal­
cium across membranes is disturbed (7). Secondly, it is possible 
that in pigs which are sensitive to stimulation in the way that 
Pietrains, and some Poland Chinas and Landraces are, there are 
genotypic differences in the characteristics of neuromuscular 



HORMONES AND BODY COMPOSITION 357 

50 

40 

~o of 
Po.alatlan 

30 

20 

10 

0 

< 607. • l.crlall.1 Llan.111 .. 
I 

/\ ~ 
I , 

COMMERCIAL / ~ 
I , 

I , 
I , 

I , 
I , 

, CD ... n:ial:, Ij Landraci I 0 ' 
prDD~lnY L W ~~I~/ I' ,/ \ \../ Proglny 

. ~, -"~B~ : ,/ \/;"" Landrace 

X/'/" ,',.0 .~:~B' .............. ' ' ~ .:;..-"" , X .............. • a ... ,.0 ... x' ·~I - ~ ;~--I----I--- .::::::::'-a 
7·3 6'9 6·7 8·5 6·3 6'1 5'9 5'7 5'5 

pHI 

Fig. 1. The distribution of pHI values (i.e. pH at 45 min. af'ter 
slaughter) in Large White, Landrace and Pietrain pigs. 

transmission. It is thought, for instance, that the motor end­
plate in the muscles of such pigs is more extensive (8) which 
suggests that more transmitter substance is released per stimulus 
and more receptor sites are involved than can perhaps be success­
fully blocked with conventional doses of curare. 

The correction of certain disorders of muscle metabolism in 
human patients suffering from electrolyte imbalances has fre~uently 
been accomplished by treatment of the electrolyte disturbance (9). 
Such findings have prompted investigations, especially of the meta­
bolism of sodium and potassium, in pigs of a stress sensitive type. 
Sodium loading or drug-induced potassium retention lead to some 
alteration of muscle metabolism post mortem and meat ~uality (10, 
11,12) but it seems unlikely that such effects contribute substan­
tially to the control of meat ~uality in untreated animals. 

The ability of the sarcoplasmic reticulum or of the mito­
chondria in muscle to handle calcium have also been considered as 
important post end-plate phenomena which may affect muscle meta­
bolism or the provision of energy (2). Reductions in the calcium 
accumulating ability of these organelles have been observed in PSE 
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muscle, but when care is taken to prevent the extensive denatura­
tion of proteins which would normally occur in potentially PSE 
muscle through the acidity/temperature interactions, the apparent 
loss of function can be explained (13,14,15). 

Investigation of the physiology of the neuromuscular junction 
has received more attention largely because of the widespread 
interest in the condition described as Malignant Hyperthermia (MH) 
which occurs commonly in stress sensitive pigs and uncommonly in 
human patients when they are treated with some anaesthetic. drugs 
(16). The condition, which shows many of the metabolic features 
of a normal response to extreme muscle or physical stimulation 
(174 such as might be encountered during slaughter, has provided a 
useful model for the investigation of the PSE condition of pig 
muscle. 

The two drugs commonly implicated as triggering agents for 
the condition are halothane and suxamethonium which in pigs of the 
Pietrain breed promptly induce the characteristic metabolic 
sequelae, fever and death (18). There is a fall in the Free 
Thyroxine Index (FTI) (19,20) in the serum (21) which occurs simulta­
neously with and may be the result of a SUbstantial (50-100 fold) 
increase in plasma catecholamines of which noradrenaline pre­
dominates (22). Infusion of the pigs with the a-adrenergic 
blocking drug phentolamine will prevent a response; a-blockade 
on the other hand does not prevent the usual fatal outcome. By 
using the same degree of a- and a-blockade of Pietrain pigs prior 
to slaughter, we have now been able to show that the same mechanism 
can be invoked to explain this breed's capacity for producing PSE 
meat (23,24). 

It has been our experience that adequate a adrenergic blockade 
is achieved in Pietrains only by the administration of large 
amounts of phentolamine, and that the block is labile and easily 
reversed. The same, we now know, applies to the neuromuscular 
blockade produced by curare, which may well explain the limited 
effects which this drug had on post mortem change in muscle and 
meat quality of Pietrain and Poland China pigs (5,6). McLoughlin 
(personal communication) has recently observed a significant 
retardation of muscle glycolysis post mortem in Pietrain pigs 
given large doses of curare prior to death. We (25) have recently 
confirmed this and have shown that pancuronium may be the prefer­
able agent to establish neuromuscular blockade in Pietrain-like 
pigs for its hypotensive effects are not so marked as those of 
curare and in consequence large doses may be given with less risk. 

All these results demonstrate the important differences in 
the characteristics of neuromuscular transmission which are to be 
found from one pig to another and, characteristically, from one 
breed to another. A primary feature of the latter is the 
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involvement of catecholamines in the reactions of stress sensitive 
pigs and especially the a effects which are known to contribute to 
the augmentation of transmitter release, the potentiation of the 
action of suxamethonium and anti-curare effects in muscle (26). 

GROWTH AND BODY COMPOSITION OF STRESS SENSITIVE PIGS 

Extreme mesomorphism and leanness of the carcass are the 
characteristics most associated with sensitivity to stress or the 
production of PSE meat in pigs (27). Some authors (28) consider 
that the association is not simply the result of a reduction in 
body fat, but more particularly with the alteration of the ratio 
of muscle to bone. Most of the observations have been in cross­
sectional studies of pig populations where differences in apparent 
leanness may emerge as a result of feeding practices, particularly 
feed restriction, through genotypic differences in ability to 
partition dietary constituents into body protein or fat, or 
reduced capacity to deposit fat. Simple assessment of the carcass 
composition will not identify the route whereby a particular com­
position has been achieved. Associations between body composition 
and meat quality derived from surveys of carcasses in packing 
plants must be viewed with caution for, apart from the wide varia­
tion in the treatment of individual animals at slaughter, it is 
not possible to discriminate between the contributions of genetics 
and environment to body composition. 

We (29,30) have suggested that genotypic differences in ability 
to deposit and mobilise fat may be particularly important in deter­
mining compositional differences between animals which show con­
sistent differences in meat quality. Our conclusions were based 
on experiments in which Large White pigs were pair fed to the 
lower voluntary food intake of Pietrains of the same weight. 
During the same period of time when all the animals had consumed 
the same amount of food, the Pietrains doubled their weight but 
the Large Whites gained even more. Both breeds deposited the 
same amount of muscle during the experiment and the greater gain 
in liveweight of the Large Whites was attributable to the extra 
fat which they had deposited. At 90 kg liveweight, the carcasses 
of Pietrains are leaner than those of Large Whites because of the 
smaller amount of fat which they have retained, not because of a 
superior ability to partition dietary energy and protein into body 
tissues in an energetically efficient way. They are also older 
because of their slower overall growth and in consequence they 
have accumulated more lean, but only that which Large Whites would 
have in a similar period of time. Lean et al. (31) have reported 
similar findings ~n comparisons between Piet;ain and Landrace pigs. 

Thus so far as Pietrains and Large Whites are concerned one 
can conclude that the percentage of lean in a carcass is deter-
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mined primarily by the rate at which fat is deposited and not by 
the rate of lean deposition. Thus since lean deposition is not 
taking place at such a prodigious or different rate, one might 
look more profitably into the reasons for the differences in fat 
metabolism for possible links between the composition of the 
carcass and the quality of the meat. It might also be added that 
the production of the lean Pietrain carcass is energetically 
inefficient for on the same amount of food Large Whites retain at 
least as much protein and more energy as stored fat. 

HORMONAL FUNCTION IN STRESS SENSITIVE PIGS 

The identification of a key role for fat in determining the 
different production characteristics of Pietrain and Large White 
pigs also identifies a potentially useful basis for the interpre­
tation of the information on hormone function which has been 
collected over many years. In the past, investigators have 
looked with limited success for associations between muscle meta­
bolism, meat quality and hormones and have only hinted at associa­
tions with body composition. 

The hormones of the hypothalamic-pituitary-adrenal (H-P-A) 
axis and of the thyroid have long been implicated in the syndrome 
of stress sensitivity. So far as the H-P-A axis is concerned, 
there is evidence (32) that its responsiveness to the usual stimu­
lation procedures is similar in both Pietrain and Large White 
pigs. There are reports, however, that the turnover of some of 
the adrenal corticosteroids is increased (33). This might also 
be the feature of thyroid hormone metabolism which explains the 
conflicting evidence on the role of this hormone in stress sensi­
ti ve animals. 

Many reports on the associations between thyroid status and 
meat quality rely on the measurement of Protein Bound Iodine (PBI) 
in serum collected when pigs are slaughtered. Most investigators 
have found lowered values for PBI (34) and have tended to conclude 
that pigs which show low PBI in slaughter blood are relatively 
hypothyroid. It is, however, a matter of common clinical observa­
tion that hypothyroid individuals tend to be fat, not lean as the 
pigs are, and have low heat production. Both of these character­
istics are in line with the known metabolic properties of the 
hormone. It is established also that the thyroid secretion rates 
of the most sensitive breeds tend to be high (35,36,37). 

If the usual resting levels of hormone in blood are to be 
maintained, then a high rate of secretion will need to be matched 
by a high rate of utilisation of the hormone. The rate of peri­
pheral utilisation of thyroid hormone is increased by a variety of 
stimuli including cold, exercise, excitement and fatigue (38). 
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Our results from studies of MH showed that the extreme muscle 
stimulation induced by the triggering agent caused a fall in the 
circulating levels of thyroid hormone (as measured by the FTI 
of the serum) which again suggests the increased peripheral 
utilisation of the hormone. Moreover a-blockade prevented the 
muscle stimulation and the fall in FTI despite the massive rise 
in catecholamines with which it was simultaneously associated. 
All these characteristics can be observed as part of the response 
of animals to the stress of slaughter and presumably explain the 
low levels of PBI and FTI in blood taken at slaughter and the 
suggestions of hypothyroidism. 

The raised turnover of thyroid hormones in Pietrain pigs can 
be seen also when the thyroid status of resting unrestrained 
animals is assessed by the isotopic labelling technique of Nicoloff 
(39). Iodine (125I) labelled thyroxine and iodine (131I) are 
injected into the subject to label the body's reserves of thyroxine 
and the hormone synthesised by the thyroid gland respectively. 
The daily urinary output of the two isotopes is measured thereafter 
and their pattern of excretion is thought to reflect thyroid status. 
A typical excretion pattern for Large Whites and Pietrains can be 
seen in Fig. 2. There appears to be little difference in overall 

Urinary 

,131 __ cpm 
1125 

4 

3 

2 

• 

D , 
• 

Label 

• Large White 

D Pietrain 

2 4 6 B 10 12 14 

Days 

Fig. 2. The excretion patterns of 1251 and 1311 in the urine of 
Pietrain and Large White pigs. 
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thyroid status of the two breeds of pig but the Pietrains excreted 
approximately 40% more isotope which roughly represents the 
observed difference in thyroid secretion rate between the two 
breeds. Moss (40), however, postulates that the iodine-trapping 
mechanism of the thyroids of Pietrain pigs is impaired and this 
may additionally influence conventional assessments of thyroid 
status. But it seems clear that, like those of the adrenal 
cortex (33), the hormones of the thyroid show a greater turnover 
in stress sensitive pigs. 

Several of the hormones of the pituitary-thyroid-adrenal axis 
are lipolytic (41) and, in animals in which the turnover of hor­
mones is increased, it would not be unreasonable to suppose that 
lipolysis and lipogenesis could be altered. Empirical observa­
tions (42) bear this out. The rates of utilisation of fatty acids 
both during feeding and fasting are higher in Pietrains than in 
Large Whites and fasting plasma insulin levels are lower in 
Pietrains. 

The lipolytic response of pigs to infused noradrenaline (42) 
provides additional evidence of genotypic differences in fat meta­
bolism. Infusion of conscious untrained Pietrains and Large 
Whites reveals only small differences between the breeds in the 
extent to which plasma free fatty acids (FFA) or glucose increase. 
However, anaesthetised Large Whites mobilise FFA to only a limited 
extent but carbohydrate extensively. The anaesthetised Pietrain 
on the other hand continues to mobilise FFA to approximately the 
same extent as the conscious animal (Fig. 3 ). 

Analogy of these results with those from studies on muscle 
metabolism and meat quality is striking. It seems that in 
Pietrains both muscle metabolism and lipolysis are easily if not 
constantly stimulated and are not retarded appreciably by the same 
doses of anaesthetic which readily slow them in Large Whites. In 
short, the threshold of sensitivity to stimulation appears to be 
much lower in Pietrain than in Large White pigs and low resting 
values are achieved only with the greatest difficulty. This 
differential sensitivity might also present serious complications 
in the measurement of resting heat production if the animals are 
not carefully trained and acclimatised to the conditions under 
which measurements are made. 

SOME IMPLICATIONS FOR THE ANIMAL BREEDER AND 
MEAT PRODUCTION 

It is clear from the preceding account that important 
physiological differences can be identified between two breeds of 
pig to which their peculiar developmental and metabolic character­
istics can be attributed. But it is pertinent to ask whether 
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Fig. 3. Plasma concentrations of glucose and FFA during infusions 
of norepinephrine in anaesthetised pigs. 
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such a model is relevant to pig production generally. Is it 
likely, for instance, that extreme leanness can only be attained 
within a breed of pigs in effect by changing their metabolism 
from 'Large White' to 'Pietrain'? If it is, what can we infer in 
relation to the efficiency of meat production? 

There are two series of experiments which support the use of 
the Large White-Pietrain comparison as a model for the effects of 
selection for leanness. Hetzer and his colleagues (43) in the 
U.S.A. selected Duroc and Yorkshire pigs, over 10 or more genera­
tions, for increased or decreased backfat at 80 kg liveweight. 
The results they obtained differed from one breed to the other. 

At 80 kg, Durocs are younger and fatter and have a smaller 
skeletal size than Yorkshires of the same body weight. Selection 
for decreased backfat thickness in Durocs results in an increased 
rate of growth and larger skeletal size. On the other hand 
selection of the same criteria in the already leaner Yorkshire 
induces a slower overall rate of growth and only small increase in 
skeletal size (Table 1). This is to say that selection in the 
fatter Duroc led to faster growth and greater leanness whereas the 
leaner Yorkshire appeared only to curtail further its deposition 
of fat in a manner reminiscent of the Pietrain. Unfortunately 
the experiments were concluded before it became clear whether or 
not Durocs develop the growth pattern of the Yorkshires once their 
body composition reaches that with which the Yorkshires started 
out. In practice, however, it is those pigs with performances 
similar to the Yorkshires which receive most attention from 
breeders and it seems likely that the effects of selection against 
backfat in these animals will ultimately prove similar. 

The anatomical and developmental consequences of the selection 
procedure used by Hetzer and his colleagues suggest that some other 
pig genotypes will curtail their deposition of fat in the same 
manner as the Pietrain. Standal and his co-workers in Norway 
have shown that Norwegian Landrace pigs selected in the same 
manner as the American Yorkshires also modify their fat metabolism 
as they become increasingly lean to one similar to that we have 
described for the Pietrain. Lipid mobilisation from the fatty 
tissue of lean pigs can be induced more readily in vitro (45); 
the fatty acid composition of depot fats is altered-r46), and the 
fasting levels of plasma free fatty acids are increased (47). 

There are additional fundamental issues involved. Sensiti­
vity to stress may not simply be a feature associated with meso­
morphism but a direct cause of it and a regulatory mechanism for 
body form generally. The role of catecholamines and of the 
sympathetic nervous system are of key importance in the more 
bizarre metabolic responses of the Pietrain. The interrelation­
ships of these with thyroid and pancreatic hormones in lipolysis 
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and lipogenesis are well documented (see also Turner & Munday: this 
volume), but there are other associations of importance. Cate­
cholamines play an important part, via the hypothalamus, in the 
control of eating and satiety (48) and tend to be anorexic (49). 
Such effects together with the resultant suppression of insulin 
secretion (50) may collectively be responsible for the small 
appetite of animals of the Pietrain type. We have observed that 
the voluntary food intake of Pietrains is of the order of 100 g 
dry matter/kgO•75 compared with >120g/kgo•75 for Large Whites of 
about 30-50 kg liveweight. Thus the reduced level of fat in 
Pietrains can be explained in part by their lower voluntary food 
intake. 

The discussion so far has emphasised the part played by neuro­
hormonal mechanisms in energy balance but they can also have 
important consequences in connection with protein deposition. It 
is now considered that protein deposition can only occur in the 
presence of adequate circulating levels of insulin which might not 
be found in animals such as the Pietrain or those animals selected 
to develop an exaggerated capacity not to deposit fat. There is 
certain evidence that the fattest Durocs and the leanest Yorkshires 
of Hetzer's experiments responded to energy and protein in the diet 
in different ways; the fat Durocs deposit more protein in response 
to increased dietary protein but not to increased dietary energy 
whereas the reverse applied for the leanest Yorkshires (51,52). 
Thus not only is excessive leanness likely to prove energetically 
inefficient but it may also prejudice the efficiency with which 
protein is deposited. For maximum efficiency of food use it 
appears necessary for the deposition of protein to be combined 
with the deposition of a fixed proportion of fat. It is interest­
ing in this connection that Gregory (53) in our laboratory has 
observed a close correlation (>0:98) between the fasting level of 
plasma insulin of pigs and the quotient obtained by dividing the 
weight of subcutaneous fat by that of the longissimus dorsi muscle 
in the dissected carcass. 

Although it might have been fortuitous that the rates of lean 
deposition which we observed in Pietrain and Large White pigs were 
similar, it was, nevertheless, useful for comparisons of the 
pattern and efficiency of growth that they were. The observed 
differences in the efficiency of food utilisation were almost 
entirely attributable to the differing capacities of the two 
breeds to deposit fat. Further, because the animals were fed 
matched quantities of food, the contributions to the efficiency of 
food use which were attributable to the proportions of deposited 
fat or lean, resting heat production or substrate used for energy 
purposes, could be assessed. The Large Whites deposited more fat 
more efficiently than the Pietrains failed to deposit it and in a 
comparison of the efficiency of food use over a fixed weight range 
this would have led to even greater economy in the rapidly growing 
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Large Whites because of their reduced net daily energy cost of 
maintenance. Reduced net daily energy costs of maintenance may 
also conceal energetic inefficiency in animals with a Pietrain­
like metabolism which grow particularly fast. It is possible 
that some strains of Landrace pigs fall into this category. 
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Thus it is not reasonable to expect that all animals with Pietrain­
like characteristics would automatically be identified during 
performance testing by their inherent energetic inefficiency. 

The evidence that the usual methods employed in selection 
programmes to encourage leanness by reducing fat are more likely 
to discourage fat deposition in animals which already demonstrate 
superiority of performance rather than stimulate the deposition of 
lean is now no longer circumstantial. The physiological mecha­
nisms responsible for the particular fat metabolism induced in 
pigs selected for leanness are demonstrably those employed by the 
Pietrain. Thus we can expect that these mechanisms will ulti­
mately induce, if they have not done so already, the energetic 
inefficiency and stress related problems which are so apparent in 
the Pietrain. 

In our search for the ideal pig we have assumed that leanness 
in a carcass can be equated with efficiency of food use, in the 
belief that all pigs behave like Hetzer's Durocs. Clearly all 
pigs do not! The production of increasingly lean pigs is not, 
perhaps, the objective we should aspire to if, as we have seen, 
overall efficiency and productivity are prejudiced. We need to 
reassess the criteria we use for selection purposes. Do we wish 
to produce meat in the fastest and most efficient way or to custom­
build carcasses for specific purposes? The choice ultimately 
depends on the market requirements and pricing policy for the 
commodity and these are controlled by neither the farmer nor the 
animal scientist. The considerations presented in this paper 
suggest that the most efficient animals will always produce more 
fat than the leanest animals but if the Pietrain/Large White 
comparison holds, the extra fat is a bonus accruing from the 
consumption of the same amount or even less food. The appropriate 
combination of lean and fat in the body should also maintain 
flexibility for increasing the absolute rates of lean deposition 
which are probably brought about via increases in mature lean body 
size (30). The benefits of doing this, however, must be carefully 
weighed,for enormity of size does not of itself lead to efficiency 
especially when the maintenance of the parent stock is taken into 
account. 

There is one overriding feature which emerges from this 
discussion. The identification of future breeding stock to meet 
new production criteria can only be achieved by the use of test 
procedures which make use of the physiOlogical principles governing 
growth, development and metabolism which are now emerging. The 
animal breeders' rule of thumb can no longer suffice. 
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OBSERVATIONS OF THE APPARENT ANTAGONISM BETWEEN MEAT 

PRODUCING CAPACITY AND MEAT QUALITY IN PIGS 

D. Steinhauf, J.H. Weniger, H.-P. Mader 

Institut fur Tierproduktion der Technischen 

Universitat Berlin 

It is a well-known fact that in meat production, especially 
pork production, negative associations exist between meat producing 
capacity or muscularity on the one hand and the traits of meat 
quality on the other. This relationship manifests itself In 
different ways. Negative correlations have been observed between 
muscularity and meat quality in many investigations, and during 
the course of the selection for higher muscularity one can notice 
the deterioration of meat quality. This process can be traced 
back even to the last century (1,2). The increasing frequency of 
pale, soft, exudative (PSE) muscle is not limited to certain 
climatic regions nor continents but pertains, as far as is known, 
to all populations of domestic pigs. It is more pronounced the 
higher the meat productive capacity. 

It is also well established that just as meat quality has 
decreased consistently with the improvement of muscularity, so too 
has adaptability, stress resistance and endurance of the domestic 
pig. This lower adaptability shows itself most distinctly in the 
dramatic increase in the number of pigs dying during transport 
from the farm to the slaughterhouse. During the last 15 years 
this figure has increased in Germany from 0.2% up to 1.5% in some 
regions (3). The growing frequency of cardio-respiratory disor­
ders, increased sensitivity to physically and psychologically 
stressful situations of all kinds and the greater needs for special 
housing and management are further symptoms of impaired adaptability. 
As in the case of meat quality, negative correlations have been cal­
culated between adaptability and meatiness, or muscularity of the 
animal, though the number of investigations into adaptability lS 

far lower than those concerning meat quality(4,5). 

373 
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The view that muscularity and meat producing capacity of the 
animal, meat quality and adaptability are causally associated is 
not new and seems to be beyond doubt. But there is still uncer­
tainty about the nature of this association. The various hypo­
theses suggested may be simply summarized into three groups (6,7, 
8,9) : 

1. hormonal disorders 

2. deficiencies of the circulatory or oxygen-transport systems 

3. disorders of carbohydrate metabolism of the muscle. 

1. It is believed that selection for fast muscular growth 
involves selection for the increased production of anabolic 
hormones and a decreased ability to produce ACTH. There is 
evidence for this in that the adrenal cortex of modern meat type 
pigs in general seems to be less developed than that of more 
primitive types. 

The result of this is the general tendency for increased sensi­
tivity to stress in the better muscled pigs. Thus, even limited 
stress before slaughter can lead to a raised body temperature, 
changes in the amount of glucose, and the acid-base balance of 
the blood and an increased incidence of PSE muscle. 

2. Impaired oxygen transport capacity suggests that, in 
pigs with the best productive performance and desirable carcass 
conformation, the capacity for oxygen supply to the tissues is 
insufficient under stressful conditions. In support of this it 
has been reported that stroke volume,hemoglobin concentration, vis­
cosity,and oxygen tension in blood, systolic time/diastolic time 
and the capillarity of the muscular tissue are inadequate in 
animals with the highest performance, especially in the Landrace 
and Pietrain breeds. 

Consequently meat type pigs develop hypoxia and anaerobic meta­
bolism even under minimal stress such as heat excitement or even 
slight physical effort. If these features develop at slaughter, 
the carcass will become PSE. 

3. Pigs, cattle, chicken or sheep with a rapid growth rate 
and increased muscularity probably achieve this through an 
increased number of muscle fibers,a larger proportion of which are 
of the fast, white, anaerobic type (10,11,12,13). Thus in animals 
with the best productive performance the tendency to anaerobic 
metabolism and acidosis under stress is increased as is the 
tendency to develop PSE muscle. 

Apart from these there are obviously many other potential 



PERFORMANCE AND MEAT QUALITY 375 

causes such as disorders of the sympathetic/parasympathetic system 
and the adrenal medulla, alterations to the permeability of mito­
chondria or muscle fiber membranes and thermoregulatory ability. 
It is obvious, too, that all these are by no means independent of 
each other. They are all closely linked to, or caused by, fast 
growth and high muscularity which means that in the course of 
further selection for leanness and performance an increasing fre­
quency of unsatisfactory meat quality can be expected and, with 
that, decreasing adaptability (see Fig. 1 and Table 1). 

Three questions emerge from the previous discussion: 

1. Is it possible to improve both muscularity and meat 
quality by selection in spite of the obvious causal connexion 
between meatiness and the deterioration of meat quality in pigs? 

2. Which parameters are appropriate for assessing stress 
reactions quantitatively and associations with impaired meat 
quality? 

3. What factors exist which are likely to limit selection 
for meatiness and what is the nature of these factors? 

Meat quality and meatiness are genetically influenced by a 
great number of factors many of which are interrelated. "Simple" 
relationships between these traits expressed as rigid phenotypic 
and genetic correlation-coefficients have not so far been found 
nor does it seem likely that they ever will be. Therefore, 
simultanous selection for both meatiness and meat quality seems 
possible although progress is likely to be slow (see Tables 2 and 
3) • 

Several investigations furnished evidence that there are many 
ways of reliably measuring the reactions of pigs to stress. These 
measurements include meat quality (brightness, pH-value, water­
binding capacity etc.), hormonal status, especially corticosteroids, 
enzyme activities (CPK, LDH, LDH-isoenzymes, ATP, GOT etc.), traits 
of the cardiorespiratory system (respiration rate, heart frequency, 
blood pressure, body temperature etc.), the acid-base, or the 02-
CO2_ status of blood and concentrations of microelements ego Zn, 
in~lood or tis8ues (see Figs. 2 and 3). 

It should also be possible by means of carefully controlled tests 
to determine the degree of adaptability of endurance (see Figs. 3, 
4,5,6,7). The expenditure of money, manpower and time would, 
however, be so high that it seems doubtful whether such a test is 
feasible for routine use In animal production. 

On the other hand it is not so easy to devise tests which 
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Insuffic ient adoptability. 
PSE-muscle, transport-losses 

f 
Hypoxia : 

anaerobic metabolism 

Hormonal 
disorder s 

Fig. 1. Diagrammatic representation of the stress/metabolism/ 
meat quality pathway (after 9). 
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Fig. 3. Effect of stress by 
electric stimulation (cattle 
goad) for 1 min on five parame­
ters of oxygen metabolism in 
venous blood. Mean values of 5 
boars, tested 3 times each 
(after 5). 

identify both potentially poor adaptability and poor meat quality. 
The parameters described above are often seen after only the 
slightest, unavoidable, and often almost imperceptible environ­
mental influences. Therefore, accurate baseline or resting values 
are difficult to obtain. This becomes evident in the low repeat­
ability coefficients of the parameters which undoubtedly can not 
be attributed to the methods of measurement (see Tables 4 and 5). 
Irrespective of the methodological difficulties, the benefit from 
the use of so called "physiological parameters" in selection 
seems to be doubtful, especially if these parameters are enzyme 
or hormone activities, heart frequency, pH-value or others, which 
are elements of closed-loop systems. Even if one succeeds in 
varying such an element by means of selection and breeding, this 
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Table 1 

Summary of the metabolic features associated 
with problems of meat ~uality 

S,rmptoms Insufficient adaptability: 
PSE musculature, transport-losses 

General Acidosis, high lactate concentration in the serum, low 
obser- oxygen saturation in venous blood, tachycardia, hyper­
vations thermia, dyspnea, cyanosis. 

Special 
obser­
vations 

Causes 

Generalized observation: Hypoxia, anaerobic metabolism 

Large muscle 
fibres, shift 
from red to 
int ermediat e 
muscle fibres, 
insufficient 
oxygen diffu­
sion, low 
mitochondrial 
respirat ion 
rates, low 
activities of 
anaerobic 
muscle enzymes, 
elevated serum 
enzyme activi­
ties especially 
after stress; 

Specific dis­
orders in 
the muscular 
metabolism, 
mitochondrial 
defects, 
deficiency in 
mitochondrial 
pacemaker 
enzymes 

Low l7-Keto­
steroid pro­
duction, 
eosinopenia 
hyperglycemia 
and increased 
histaminia 
after stress. 
Disturbed 
oxidation 
of protein 
and fat. 

Low produc­
tion of adap­
tation hor­
mones, endo­
crlne in­
sufficiency, 
shift from 
the produc­
tion of cata­
bolic hormones 
in the 
pituary ant­
erior lobe. 

Low capillarisation 
of musculature, low 
relative heart weight, 
uneconomlC heart action, 
high blood viscosity, 
low blood volume, low 
Hb-values, diameter of 
muscle fibres increased, 
shift from red to 
intermediate muscle 
fibres, insufficient 
oxygen diffusion. 

Defectiveness of the 
circulatory or oxygen 
transport system, 
impaired oxygen supply 
of the musculature. 
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Table 4 

Repeatability coefficients1 ) of some parameters of 
adaptability tested under strict resting conditions 

of the animal (after 15,16) 

(The coefficients refer to 8 measurements per 
day of test and different numbers of days) 

Trait 

in blood 

Base excess 

Buffer base 

stand. Bicarb. 

Act. Bicarb. 

Total CO2 

°2 % 
Hemoglobin 

Po 
2 

Glucose 

Lactate 

Body temperature 

Heart frequency 

" 

" 
" 

" 
" 

" 
" 
" 
" 

" 
" 

= effect of animal 

1 day 

0,27 

0,59 

0,57 

0,47 

0,45 

0,63 

0,62 

0,83 

0,60 

0,26 

0,40 

0,87 

0,70 

0,23 

where:-

2 days 

0,43 

0,75 

0,72 

0,64 

0,62 

0,77 

0,77 

0,91 

0,75 

0,41 

0,57 

0,92 

0,82 

0,37 

= effect of interaction animal x day of test 

= remainder 

t = number of days tested = 1 or 2 or 3 

3 days 

0,53 

0,81 

0,80 

0,73 

0,71 
0,84 

0,84 

0,93 

0,82 

0,51 

0,66 

0,95 

0,87 

0,47 

n = number of measurements per animal and day = 8 
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Table 5 

Repeatability coefficientsl ) of some parameters of 
adaptability tested with slightly disturbed 

animals (after 15,16) 

(The coefficients refer to 11 measurements per 
day of test and different numbers of days) 

Trait 1 day 2 days 

pH in blood 0,35 0,52 

PCO " 0,01 0,11 
2 

Base excess " 0,17 0,29 

Stand. Bicarb " 0,15 0,26 

Act. Bicarb. " 0,09 0,16 

Total CO2 " 0,09 0,13 

O2 % " 0,52 0,68 

Hemoglobin " 0,77 0,87 

Po " 0,45 0,62 
2 

Glucose " 0,43 0,59 

Lactate " 0,56 0,72 

Body temperature 0,54 0,70 

Heart frequency 0,64 0,78 

1) calculated as in Table 4. 

3 days 

0,62 

0,15 

0,38 

0,35 

0,22 

0,19 

0,76 

0,91 

0,71 

0,69 

0,82 

0,78 

0,84 

383 
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variation may be very quickly compensated for by other elements 
and the desired improvement in performance of the animal may not 
materialise. Selection parameters seem to be more useful and 
meaningful if they combine several single components in an index. 

At the present state of knowledge the question of limiting 
factors in selection for performance remains of general interest. 
These limiting factors may pertain to either the physiology of 
the animal or the economy of animal production. Contrary to the 
opinions voiced within the last 10 or 20 years, it is our belief 
that physiological factors such as the existence of an upper limit to 
nitrogen retention will not be important for some time to come. 
It seems, however, that we have to expect a limit to the economy 
of pig production, since with increasing performance either the 
quality of the product will decrease or greater efforts will be 
needed to keep the animals healthy and productive. 

It seems,therefore, to be not so much a question of biology 
but of economics in how to avoid the apparent negative relation­
ships between muscularity and meat quality. One can envisage three 
ways to do this: 

1. By improving techniques of management, housing, transport and 
slaughter by health control, but even these may ultimately be 
limited by economic considerations. 

2. By cross breeding programmes designed to make use of hybrid 
vigour, although this seems unlikely to be as effective in 
relation to meat quality and adaptability as was expected a few 
years ago. 

3. By breeding for both meatiness and meat quality but employing 
selection indices. This is both time consuming and expensive and 
the choice of selection parameters is not as simple as has often 
been claimed. 
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DISCUSSION 

04. TU4ne4 asked about the mechanism which caused the appar­
ent association between body fatness and menarche. He referred to 
the theories of Prof. Hervey on the regulation of feed intake 
which, if accepted, would suggest that Dr. Frisch's observations 
might be explained by the coincidence that both appetite and 
sexual maturity were perhaps controlled by similar steroid 
hormones feeding back on the hypothalamus. In reply, 04. F~ch 
felt that the teleological argument was very clear, and believed 
that a specific mechanism located outside the hypothalamus 
sensed that the body was of an appropriate weight and composition 
for menarche. P406. BU4Ch suggested that a comparison of 
differentially-nourished monozygotic twins might provide a 
critical test of Dr. Frisch's hypothesis. 04. F~ch said that 
such a pair, which were included in her data, did in fact support 
her view. 04. Bicha4d pointed out that selection for increased 
leanness had not necessarily resulted in PSE problems; he 
wondered whether selection for increased muscularity or reduced 
backfat thickness might have different consequences for meat 
quality. 04. stunha.u.6 agreed that body type was probably more 
important than the lean to fat ratio which he had found to have no 
correlation with meat quality. In reply to Dr. Dickerson, 
04. S~unhau.6 said that the most reliable measure of PSE was the 
brightness or reflectance of the cut surface of the meat. In the 
live animal he felt that any single method used as a basis for 
selection was likely to identify only one aspect of a complex 
syndrome. 04. Bkau.de commented that it was possible with highly 
specialized diets to produce extremely fast growing and lean pigs 
with excellent meat quality. 04. stunhau.6 agreed that in certain 
populations this was true, but that in Denmark and the Netherlands 
correlations between meatiness and meat quality of up to -0.3 had 
been found. 04. Li6~e4 pointed out that genetic selection for 
high rate of lean tissue deposition would not of itself result in 
problems of meat quality. If a lower rate of fat deposition is 
to be achieved by genetic, rather than by nutritional, means, 
there appears to be an inevitable association between the a-action 
of catecholamines responsible for fat mobilization and their 
adrenergic action which leads to a higher sensitivity to stress, 
with consequently increased transport deaths and poorer meat 
quality. The Pietrain is the extreme example of this type. The 
Large White represents the opposite extreme. The time has come to 
decide, in our selection programmes, how far we are prepared to 
accept energetic inefficiency a~ the price of producing a carcass 
with reduced fat. 04. Rhode6 observed that in his experience 
Large white boars, though leaner than females and castrates, were 
not subject to PSE meat. 04. steinha.u.6 said that there was a 
significantly higher incidence of PSE meat in boars of the German 
Landrace breed. 04. Web4~e4, in agreeing with the main pro po-
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sit ions of Dr. Lister, suggested that the pig was, in any case, 
peculiarly sensitive to stresses such as those of heat and 
halothane anaesthesia; it developed a malignant hyperpyrexia due 
to its poor capacity for evaporative heat loss. This suscepti­
bility was also seen in the association between transport mortal­
ity and season. V4. Fowt~ questioned the inevitability of the 
association between low fat content and meat quality in boars. 
He asked if Dr. Lister had made any measurements of stress-
induced thyroid metabolism in boars. V4. U.t>-t~ replied that he 
had not, but that he believed that boars would alw~s tend to have 
a thyroid metabolism tending towards the Pietrain type. V4. Futt~ 
noted that much of the carbohydrate fed to pigs is converted to 
fat. This energy is not needed to meet the energy demands of 
maintenance or protein synthesis, but is necessary to obtain 
efficient utilization of dietary protein. Selection of animals 
which utilized dietary protein efficiently with a low intake of 
dietary carbohydrate could give higher rates of lean tissue 
deposition with less food and hence less body fat. 
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INTRODUCTION 

Ruminants produce meat in several systems of animal husbandry. 
In this paper attention will be paid to veal calves and beef cattle 
and occasionally to dairy cattle and lambs. For each of these 
animals the economy of meat production depends on many factors: 
costs of producing the newborn animals, costs of investments, 
housing, feeding and care for the animals until slaughter. 
Important too are the choice of breed, type, feeding regime and 
age at slaughter which affects carcass quality and the quantity of 
meat produced. The complexity of these branches of animal husbandry 
is the greater when meat production is not the single purpose, but 
both milk and meat are being produced. This became clear in my 
country when in a long-term comparison of American Holstein­
Friesians with Dutch Friesians the formers' higher milk yield was 
offset economically by their lower carcass quality. 

Even when there is only one main purpose the complexity of the 
enterprise may be great, e.g. in the case of lamb production where 
the choice of the breeds of the sire and dam can considerably 
influence the number of offspring and the quantity and the quality 
of the meat produced. Multiple births, moreover, may lower the 
growth potential of some of the lambs (1). 

The complexity is increased further by the difficulty of 
predicting by simple means available on the farm the genetic meat 
potential of the individual animal and the feeding regimes it needs 
for optimal feed conversion and the meat quality the consumer 
prefers. Even with advanced techniques available at research 
institutes such predictions are thought far from easy. Partly this 
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is due to the lack of sufficient information on the basic aspects 
of growth and development. For another part the integration of 
available knowledge on the growing animal - its genetics, endocrin­
ology and biochemistry, and on nutrition and meat technology is not 
ideal. Finally, consumer preferences are variable and it is often 
not clear what are the qualities desired in meat. Even if these 
preferences were made clearer, they would, in the rather traditional 
system of meat marketing, be transmitted only slowly to the farmer. 
Special preferences of consumers for meat from young animals some­
times also limit the full development of their growth potential. 

In this paper an attempt will first be made to describe the 
essentials of the process of development of the animal body as far 
as it is important for meat production. Next, attention will be 
paid to nutrition, for feed costs play an important part in the 
economy of meat production. Finally, some remarks will be made on 
technology. 

GROWTH AND DEVELOPMENT OF THE ANIMAL BODY 

Protein and fat synthesis, live weight gain and 
preferred degree of carcass fat content. 

Initially in the growing animal muscle synthesis is quanti­
tatively most important; at a later stage synthesis of fat in the 
tissues may become predominant, especially at high feeding levels 
(2). Muscle synthesis results in considerable live weight gain as 
a great part of muscles consists of water. Fat is mostly laid down 
in the fat cells and there is a partial replacement of water by fat. 
In terms of energy deposition per kg weight gain, the difference 
between these two kinds of synthesis is remarkable. The synthesis 
in muscle of 0.21 g of protein containing 1.2 kcal (5 KJ) is 
usually accompanied by the retention of about 0.78 g water, 
resulting in a total weight gain of 1 g. A fat deposition of 
1.4 g results in some 0.4 g water being replaced by fat in the 
growing animal, resulting again in a weight gain of 1 g and in­
creasing body energy content by 13.3 kcal (56 kJ), 11 times as 
much as in the case of muscle. The data on weight gain are from a 
study (3,4) with veal calves in which live weight gain was regressed 
on protein and fat deposition, and from chemical analysis (5) of 
bulls weighing 150-580 kg; they do not apply to very young or full­
grown animals. 

It will be clear from this that in general it is not profitable 
to allow the animal to deposit more fat than is needed for obtaining 
the desired meat quality. To do so it would be important to have a 
good knowledge of the total quantities of protein and energy which 
have to be produced, so that rations can be fed which suit the 
requirements of the animal. Here problems arise. Non-carcass 
parts of the body have little value, but in ruminating animals may 
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amount to 40 to 50% of their weight. The N content of these non­
carcass parts is not very much below that of the whole body (5): 
their energy content also cannot be neglected; it increases with 
the fatness of the animal. Obviously this involves considerable 
amounts of protein and energy but information on the composition 
of non-carcass parts is scarce. 

Information on the composition of the carcass is less scarce 
although most of it comes from dissection studies and specific 
gravity measurements rather than from direct determinations of 
fat, protein and energy content. The ideal carcass should have a 
high muscle content and a high ratio of muscle to bone. However, 
with regard to its fat content - from the point of view of animal 
nutrition a very important item - preferences in the various 
countries differ. In the continent of Europe leaner meat is 
preferred than in the United Kingdom and the USA; besides this 
there is a general tendency in the world toward leaner carcasses. 
Low fat contents make the meat less tender, especially unappreciated 
in older animals as tenderness of the muscles decreases with age. 
Thus, opinions differ, and are changing, on the desired composition 
of the carcass and information on preferred fat, protein and energy 
contents is far from abundant. 

Measures to reduce maintenance costs 

To improve the animal's gross feed efficiency the growth 
period should usually be as short as possible (less maintenance 
feed). With rising feeding level daily gain will be enhanced, so 
this might serve the purpose. However, since fat synthesis is far 
more susceptible to an increase in feeding level than protein 
synthesis, and in view of the optimal fat content of the carcass 
mentioned above, the improvement cannot be found by increase of 
feeding level. The improvement obviously should be found by using 
animals with a high genetic potential for muscle synthesis. I 
doubt whether extremely high energy levels or protein levels which 
are above protein requirements (provided that the energy supply is 
SUfficient) enhance muscle synthesis. The first tends to produce 
over-fat animals; the impression of a beneficial effect on muscle 
synthesis may be due to the fact that increased fat deposition in 
the muscles has been taken for protein synthesis. 
The second measure may only be effective if during parts of the 
day shortages of limiting amino acids at the cell level may be 
prevented. 

Protein synthesia can also be increased by using anabolic 
agents. With veal calves Berende et al.(6) and van Weerden et ale 
(7) showed that considerable improvement of live weight gain and N 
deposition could be obtained by anabolic agents. However, the 
time of slaughter should not be too remote from the time of 
treatment, otherwise net gain is small. My own measurements (8) 
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on their calves showed that there was no fall in the efficiency of 
utilisation of the energy of the feed. Treatment too early 
resulted in a temporary weight increase followed by a decrease of 
similar magnitude. Moreover, from their figures it appears that 
the increase was greater when the treatment was applied to older 
calves, i.e. when they are in a stage in which protein synthesis 
makes up a decreasing part of total synthesis. Also in view of 
the greater effect of diethylstilboestrol on the growth of steers 
than of bulls (6) it may be postulated that the effect of anabolic 
compounds is a temporary speeding up of protein synthesis which is 
especially effective when the body's own production of anabolic 
hormones is low. Because of the possible presence of undesired 
residues of anabolic substances or their degradation products in 
the meat it seems better to use dehorned bulls rather than steers 
for beef production; this also leads to rapid growth and low 
maintenance costs o However, in view of the world food shortage 
the advantages and the disadvantages of the use of anabolic agents 
in animal husbandry should be very carefully weighed. Human 
health organizations tend to reject this use, often more for 
psychological reasons than because of scientific evidence. FAO 
and WHO intend to organize a conference on this topic; agreement on 
such subjects, of course, should be reached at the international 
level. 

Methods of selection at an early age 

Within-breed variation of genetic potential for muscle 
synthesis is considerable even within single-purpose beef breeds as 
shown by Geay et al (9). The variation is also great in the case 
of dual purpose breeds for which selection for meat production is 
of secondary importance. For such animals it would be very useful 
if at an early age they could be divided in groups with higher and 
lower muscle growth potentials. This would facilitate appropriate 
feeding measures, eog. allowing continuous ad lib. feeding to the 
former group and restricted feeding - especially near slaughter 
time - of the other group, resulting in animals which are not too 
fat. For single purpose beef breeds also the possibility of 
distinguishing promising animals at an early age would greatly 
help selection. 

The cause of the higher daily rate of lean deposition is not 
quite clear. Lister et ale (10) use McCance and Widdowson's (1) 
metabolic clock theory and believe that the lean mass in animals 
with a higher mature weight has to be synthesized in about the 
same time period as the smaller lean mass of animals with a smaller 
mature size. Bergstr8m (11) is of the opinion that the time in 
years needed to reach maturity in cattle is equal to the mature 
weight raised to the 0.3 power. This also makes it necessary for 
the animal which has a higher mature weight to have a higher 
absolute and relative daily synthesis of lean mass although not to 
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such a degree as according to the other theory. Bergstr8m, however, 
also mentions between-breed and within-breed differences in muscle 
to bone ratios. 

It seems not illogical to assume that mature bone size deter­
mines mature age rather than mature lean mass. Regardless of 
which of these theories is correct it would be useful to predict 
the animal's genetic potential for muscle synthesis at an early age. 
One wonders if it would be sufficient for this purpose to follow 
the weight increase and feed intake of the animals over a given age 
or weight interval while on a ration not too low in protein (to 
exclude compensatory growth) 0 Poor feed conversion figures would 
point to a higher proportion of fat being synthesized. The 
preference for group feeding, probably, would interfere with this 
method of testing. Enzyme (12,2) or hormone assays of biopsy 
samples of fatty tissues or blood might give information on fat 
synthesis. Protein turnover studies might give more direct infor­
mation on the genetic potential for protein synthesis but these 
teChniques are very difficult to perform with large animals 
(13) even at a research institute. Similar studies on muscle 
biopsies could be considered o The observation of Jentsch et al 
(14) that high propionic acid levels in the rumen of beef cattle 
are correlated with higher levels of protein synthesis is inter­
estingo This could be an indication of the importance of 
gluconeogenesis in ruminating cattle for protein synthesis so that 
assay of the enzymes involved might be useful. However, the high 
rate of gluconeogenesis might also be due to the high level of fat 
synthesis 0 This possible effect of propionic acid on protein 
synthesis might be related to a similar positive effect of fatty 
acids with a medium chain length in veal calves and pigs, a theme 
of research 1n France. 

Lister et ale (10) suggested that the increasing leanness of 
pigs, with only a small variation in mature weight, might be due to 
selection for low fat synthesis rather than for high protein 
synthesis. In cattle with a high mature weight the high level of 
protein synthesis would automatically mean a low level of fat 
synthesis unless protein synthesis would stimUlate feed intake or 
would lower maintenance needs. High intake and low physical 
activity, however, are usually found in animals which tend to 
fatness. 

ENERGY REQUIREMENTS 

Due to the uniform and highly digestible rations of veal 
calves energy requirements for these animals can be simply expressed 
in metabolisable energy (~) measured with nonruminating calves 
(3,4). The animals ~eed atount 110 kcal ME (460 kJ) per unit of 

metabolic weight (kg4) for maintenance and nearly 70% of the ME 
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present above the amount needed for maintenance is converted into 
energy in fat and protein. The amount of energy lost as methane 
in these animals is very small and can be neglected; urinary energy 
losses increase with age from 2 to 5% of the gross energy. Thus, 
it is clear that digestibility is the main determinant of the ~­
content of the feed. Lower digestibilities are usually met when 
the expensive milk proteins are replaced by plant proteins; the 
presence of partly or completely undigested plant proteins in the 
gut appears to reduce growth rate still more. Exchange of milk 
lactose by cheaper starch products is possible only to a limited 
extent, especially in young calves (15). 

Protein turnover rate is thought to play an important part 
with regard to the feed energy required for protein deposition in 
young calves. Biochemically, linking the amino acids to make a 
protein molecule requires little energy. Measurements with growing 
animals suggest a considerably higher energy requirement (16). 
Hoffmann et ale (17) (quoted by Kielanowski (18)), and Kielanowski 
(18), are of the opinion that all kinds of protein synthesis 
require large amounts of energy. From my own balance data (16) 
on milk and egg protein production I derived a lower energy 
requirement per gram of protein synthesized. This might be due to 
the fact that the body tissues of the mature animals involved had 
a low rate of protein turnover. In the rapidly growing animal 
this rate is thought to be higher (19), resulting in a greater 
energy requirement per g net production of protein. The discrep­
ancy between these views is due to the limited amount of experi­
mental information, to difficulties of interpretation because of 
the lack of precision of estimates of the maintenance needs of 
growing animals, and to the minor contribution of protein to total 
energy deposition. 

A model was made of the relation between live weight, feed 
intake and feed composition and growth rate which for Dutch 
Friesian bull-calves approximately fits the experimental data (3,4). 

Energy utilisation in ruminating beef cattle is considerably 
more complicated due to the fermentation in the forestomachs, the 
higher slaughterweight and the variety of feeding stuffs which may 
be used. Recent investigations by Jentsch et ale (14) have shown 
that information on the ~ content of feeding stuffs used in 
rations for beef production can easily be derived from data on 
their digestibility when fed to sheep near the maintenance feeding 
level. On average, the feeding level of beef cattle seldom 
exceeds twice maintenance; at this level there is a small depression 
of digestibility which, however, is nearly compensated by lower 
energy losses in methane and urine. 

The effect of ration composition, especially the ratio of ~ 
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to gross energy, on the utilisation of ~ for maintenance and for 
production is of considerable importance. Thus, for a correct 
energetic evaluation of the ration, the ratio of maintenance to 
production metabolism should be known (20). This means that the 
same ration or feedstuff may have different net energy values for 
high compared to low daily gains. Obviously, net energy varies 
with the animal production level (21). However, according to a 
proposal to account for it presented by Alderman (22), and slightly 
modified by me, the differences are not very great: at daily live­
weight gains of 0.75 (moderate) and 1.25 kg (high) the computed 
net energy contents for barley, hay with 20, and hay with 40% crude 
fibre in dry matter are 2109 and 2037, 1521 and 1408, 867 and 753 
cal/g dry matter, respectively or, relative to the barley values, 
100 and 100, 72 and 69, 41 and 37. In view of this, instead of 
working with the whole range of net energy contents (= feeding 
values), calculated by computer for each production level, it seems 
sufficient, while accepting a slight inaccuracy, to work with only 
two feeding values, one for high and one for moderate production 
levels. It should be clear that in that case the re~uirements 
should be expressed in the appropriate feeding values. 

PROTEIN REQUIREMENTS 

Experiments (3,23) have shown that in veal calves the protein 
content of the diet may be reduced with increasing liveweight. 
Homb (24) found a similar effect in pigs. It is explained by the 
fact that with advancing body weight, protein deposition becomes 
less important relative to total metabolism. In practice use is 
made of this principle either by a steady increase of a component 
in the diet which is low in protein or by changing to a diet with 
less protein after some weeks. Another method is to use the same 
ration throughout the whole growth period but with a protein 
content which is somewhat low relative to the animal's 
needs in the first weeks and rather high during the final period. 

In this case obviously use is made of compensatory growth. 

Protein or N standards for (ruminating) beef cattle used in 
practice appear to be rather high. Both Jentsch et ale (14) and 
Schulz et ale (5) derived lower N re~uirements in their countries. 
De Boer (25) came to a similar conclusion from results of feeding 
trials performed over several years with Friesian and Meuse-Rhine­
Yssel bulls fed primarily on beet pulp and 1 kg hay daily. He 
considered 7 g protein (N x 6.25) per unit of metabolic weight to 
be about the minimum amount re~uired by these bulls in the weight 
range of 250-500 kg for a satisfactory daily gain. 

The discrepancy between these research results and the 
recommended standards can be only partly explained by the necessary 
safety margins included in the latter figures. It is true that the 
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former are from experiments with dual purpose breeds so that for 
breeds with higher potentials for muscle synthesis the minimum 
requirements may be higher. For ruminant animals the composition 
of the N-free components of the ration is, of course, important 
for the availability of N. 

TECHNOLOGY 

In view of the world food situation and the high prices of 
those feedstuffs which are suitable for monogastrics, forages and 
concentrates with higher levels of cellulose seem most suited for 
ruminant feeding, including beef production. However, the intake 
of bulky feeds with high lignin contents, given as single feeds, 
is often too low to raise the production level enough to make beef 
production economically attractive. Obviously, feeds of higher 
nutritive value should be given along with such forages. Feeds 
like fresh and artificially dried grass, corn silage and beet- and 
citrus-pulp suit the purpose very well. 

Berner (26) recently wrote excellent papers on the production 
of beef by bulls kept at pasture in the northern part of Germany. 
Due attention was given to the quality of the grass as related to 
its digestibility and intake when the pasture was used permanently 
or in a rotation system in the various months of the year. In the 
rotation system digestibilities of organic matter ingested change 
only slightly from April to October (from 80 to 75%, similar to 
values found by me (27) for Dutch grass fed ad lib. to lactating 
cows). Intake was estimated to be 1.8-2.0 kg-dry matter per 100 
kg body weight. In the permanent pasture considerable reductions 
were assumed to occur with regard to digestibility in the course 
of time, as this system involves older grass being eaten. This 
was thought to be accompanied also by some decrease of intake. 
The net energy intakes in April to August in the rotation system 
are sufficient to allow daily gains of about one kg; thereafter, 
and also on permanent pasture, they are lower. Additional 
feeding of appropriate quantities of a low protein concentrate 
(1-3.5 kg per head daily) in this and other such unfavourable 
situations is very beneficial as it restores the rate of growth to 
normal, allowing a weight gain during the pasture season of some 
200 kg. Similar studies at the "Hoorn" institute by Weide are in 
progress with lambs to see if it is necessary, in Dutch circum­
stances and using the rotation system, to feed additional concen­
trates. An attempt is also being made, by total collection of faeces, 
to obtain some information on the replacement of grass by concen­
trates. 

The use of pelleted artificially dried grass for beef pro­
duction is favoured by the high intakes but hampered by their high 
prices when they have a high ~- content. Grass or hay pellets 
with lower ME;contents should te used together with some concen­
trates to assure a sufficient rate of weight gain. As is the case 
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with the rations based on beet- or citrus-pulp some long forage 
should be fed or given as bedding to prevent digestive disturbances. 

Corn silage has come increasingly into use in Europe thanks 
to the development of better corn varieties and of harvesting 
machines which chop to a length of about 6 mm; this favours the 
ensiling process. Very mature corn contains whole grain which 
cattle do not chew to a sufficient degree, resulting in lower 
digestibilities. Similar results have been found (28,29) when 
comparing whole grain with cornmeal in dairy cows. Sheep do chew 
the hard grains so that the digestibility data found with them 
for mature corn silage may be higher than for cattle. The 
development of e~uipment for tractors suited for taking from the 
silo some 500-100 kg ~uantities as a whole facilitates feeding 
and allows storage for a few days without heating. 
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Translated from the French by Kirsten Rerat 

The problems of pig production have been changing in recent 
years because of modifications in agricultural practice and in 
human eating habits. Whilst in the past the main concern of 
farmers was with increased productivity, this is now associated 
with high quality production. 

Productivity depends on the performance of the animals during 
both the rearing and the growing-finishing periods. The annual 
production of piglets per sow is much below the real production 
potential. This is due to very high pre-weaning mortality 
(commonly 20 to 30%), to morbidity, to fertility problems in the 
breeding animals and to deficient farm management. As an example, 
let us mention that prevention of half of the losses of piglets 
would allow the whole stock of sows of the E.E.C. (8 million) to 
be reduced by about 1 million with no change in output, allowing a 
saving of more than 1 million tons of feed. 

As regards growing-finishing animals, the problem does not 
lie in mortality, which is very low during this phase, but in 
errors of feeding (bad adjustment of nutrient supplies to the 
requirements) and hygiene (latent morbidity) bringing about a 
lowering of the growth rate and excessive expenditures for 
maintenance. For instance the feed intake of the 100 million pigs 
slaughtered each year in the E.E.C. being about 35 million tons, 
an improvement of only 10% would lead to a saving of feed 3 times 
greater than that mentioned for the rearing period. From an 
examination of the best and worst herds of our countries, this 
improvement seems to be easy to obtain. 
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The ~uality of the final product constitutes another important 
problem for present day pig production. Two aspects will be 
considered; the first concerns body composition. The carcasses of 
pigs produced according to traditional methods are too fat for 
present taste. It therefore becomes necessary to produce lean 
pigs which re~uires precise control of the methods of production. 
The other aspect is related to the increasing fre~uency of 
exudative myopathies causing so-called "pale soft exudative" meats. 

Confronted with changing human eating habits, new production 
systems have been developed in the last twenty years. Formerly, 
almost all pigs came from small farms with one or two breeding 
animals and their offspring, whereas at present 50 to 90% of 
European pig production is located in semi-industrial units with 
stocks exceeding 100 pigs and 20 sows. These units are character­
ized by specialization ("pig rearers" and "pig feeders") and 
intensification. This results in an increase in the size of units, 
and a more rapid diffusion of new techni~ues. The trends towards 
the disappearance of small farms because of their low profit-earn­
ing capacity, arising from the relatively high investment and labour 
costs, will become more and more marked during the coming years. 

Modification of performance during the different periods of 
the life of the pig re~uires knowledge and control of several 
factors: we shall attempt to consider recent advances in nutrition 
and feeding practice and changes in rearing and breeding methods. 
Problems conc·erning the ~uality of meat will not be considered. 

NUTRITION OF GROWING PIGS 

The advances made in the last few years in the field of both 
nutrition and feeding concern the reduction of feeding costs 
relative to total production costs. The animal re~uired is lean; 
its growth, though not necessarily the most rapid, is the most 
advantageous from an economic point of view, i.e. in terms of feed 
efficiency and carcass ~uality. In most cases feed efficiency and 
the resulting body composition are related. This is clearly shown 
by analysis of the feed conversion ratio which is the ratio of the 
amount of feed, I, eaten by a growing animal during a given period 
to the live weight gain, G, during the same period. As the amount 
of feed eaten is intended to meet the re~uirements for maintenance, 
E, and for production, PG (p being the energy cost per unit of 
gain) the formula can be expressed as follows. 

= ~ + P 
G 

These formulae show that the feed efficiency depends primarily 
on the nutrient content of the diet, but also on the relationship 
between the re~uirement for maintenance and the growth rate as 
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well as on the expenditures for each unit of tissue formed. This 
expenditure is not constant but depends on the composition of the 
tissues formed, eacL type of tissue being synthesized with a 
specific efficiency (2,3,4) and having different energy contents. 
Because of the water content of the muscular tissue (about 80%) 
and the adipose tissue (about 10%), the energy expended in the 
synthesis of unit weight of muscular tissue is only a quarter of 
that used in the synthesis of adipose tissue. The feed conversion 
ratio is therefore lower as the diet is better adapted to the 
requirements, ensuring their satisfaction with the lowest amount 
of feed, and as the fatness of the animals is reduced and their 
growth more rapid. 

Recent reviews (5,6,7,8) have considered the effects of 
various dietary factors amongst which protein and energy are 
especially important. 

Energy 

Many studies have been carried out with a view to controlling 
the energy intake in order to obtain lean carcasses at the lowest 
price. The methods used may be divided into three main groups: 

- variations of the feeding level 
- variations of the energy concentration of the diet 
- feeding methods and physical form of the feeds 

These three points have been analysed in detail in a recent 
review (9); in this paper we are only going to comment briefly upon 
the first. 

General effects of Changing feed intake. When the animal 
receives a feed mixture ad libitum, its dry matter intake depends 
upon the composition of the diet, its energy density, protein amino 
acid, mineral and vitamin contents. As the pig is a gluttonous 
animal, the consumption of a well balanced diet may be excessive, 
in particular the amount of energy. 

On the basis of various experiments, Vanschoubroek (10) has 
studied the influence of feed restriction on the performance of 
the pig, the magnitude of restriction being calculated from an 
ad libitum reference level (between 30 and 90 kg liveweight, an 
average daily intake of 2.7 kg of a diet containing 3,000 
digestible kcal/kg and bringing about a mean daily gain of 750 g 
and a backfat thickness of 37 mm). The results of these calcu­
lations are reported in table 4. 

As the intensity of the restriction increases, the following 
phenomena can be observed: 

- a reduction of the growth rate, the greater as the intensity 
of the restriction increases 
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- a linear decrease in the backfat thickness 
- an improvement of feed conversion ratio, which falls to 

the minimum value with about 25% restriction and increases 
again with greater restriction. 

These variations depend on two phenomena acting in opposite 
directions. On the one hand, the extension of the fattening 
period causes an increase in the part of the total requirement 
for growth which is due to maintenance. On the other, the 
production cost per unit of gain decreases as the animal produces 
less fat. 

From this, it would be tempting to conclude that there is an 
optimum reduction of the feeding level of about 20 to 25% compared 
to ad libitum feeding. Such a restriction, corresponding to a 
mean intake of 2.0 to 2 2 kg of feed between 50 and 90 kg live­
weight, results in a 15 to 20% lowering of the growth rate (i.e. 
to 600-630 g/day), an improvement of the feed conversion ratio by 
about 6% (i.e. a saving of 0.2 kg feed per kg weight gain) and a 
decrease of backfat thickness of about 8% (i.e. about 3 mm). 
Variation in fatness is accompanied by variation in the 
composition of the depot fats; their content of unsaturated fatty 
acids increases as fatness is reduced by feed restriction (11,12, 
13,14). This might be explained by a decrease in the de novo 
synthesis of saturated fatty acids. 

The calculations of (1) do not take into account a certain 
number of variables, each playing its part. The optimum feed 
restriction varies with the type of carcass wanted; it also varies 
with other factors, among which the most important are the genetic 
origin, the sex, and the age of the pigs, as well as the compo­
sition of the diet and the environment (especially the temperature) 
(15). 

Genetic origin. Some strains or breeds are less fat than 
others. For a given carcass quality, the restriction required 
will be smaller for animals which exhibit greater ability to 
produce muscular tissue. This point can be illustrated by an 
example taken from (16). Animals from a lean line, receiving a 
diet according to a relatively liberal feeding level were as lean 
as animals from a fat line receiving the same diet according to a 
feeding level limited by 25%. (Table 1). The use of restricted 
feeding of a diet with a low energy concentration might therefore 
prevent the appearance of the potential differences between 
strains (17,18). 

Sex. The feed intake of the female is lower than that of the 
castrated male (19). Therefore, restriction according to weight 
may mean that the castrated male is really restricted while the 
female receives an amount of feed almost corresponding to its 
voluntary intake (Table 2). 
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Table 1 

Variations in the effects of a feed restriction according to 
the genetic potential of the line in the Yorkshire breed (16) 

Line Fat fat lean lean 
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Feeding level normal restricted Normal restricted 

Mean daily gain (g/d) 604 494 640 542 
Feed conversion ratio 3.79 3.56 3.77 3.51 

carcass weight (kg) 66.7 55.9 68.1 54.1 
lean cuts (kg) 23.7 24.8 30.2 26.6 
Fat cuts (kg) 34.4 22.7 28.2 18.5 

lean cuts % 35.5 44.4 44.3 49.2 
fat cuts % 51.6 40.6 41.4 34.2 

In the female, growth and body composition are only slightly 
modified by this type of restriction, whereas in the castrated 
male it brings about a reduction of the growth rate and a marked 
improvement of body composition (21). 

The castrated male seems to be much less able than the female 
to compensate for the lengthening of its fattening period by 
improvement of feed efficiency. The interaction between feed 
restriction and sex has been emphasized by some authors (14,18,17) 
but others deny its existence (22,23). 

~. It is generally admitted that continuous restriction 
during the whole growth period leads to leaner carcasses and a 
better utilization of the feed than the method of ad libitum 
feeding followed by a feed restriction from 50 kg liveweight (15). 
However, the adaptation of restriction according to age and sex may 
be profitable (21,24). Thus, Walker et ale (25) comparing various 
growth profiles between 20 and 87 kg liveweight, considered that 
the best performance can be obtained with a moderate restriction 
up to 55 kg liveweight followed by liberal feeding. 

Attention must be drawn to the phenomenon of feed intake and 
compensatory growth when the animals have been restricted during 
their growing period (26,27,28). This compensatory growth only 
lasts a short time when the restriction is applied to very young 
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Table 2 

Variations in the effects of food restriction 
according to sex (20) 

Semi ad libitum Feeding scale 

Castrated females Castrated females 
male male 

Daily food 
intake (kg) 2.50 2.12 2.03 2.06 

Mean daily 
gain (g) 686 600 544 602 

Feed conver-
sion ratio 3.18 3.10 3.26 2.98 

Lean cuts % 48.6 50.9 50.0 52.1 

Fat cuts % 22.8 17.7 19.9 18.1 

piglets between the age of 5 and 42 days (27) but lasts longer 
when applied to animals between 23 and 50 kg (26) or more (28). 
The feed efficiency is not improved, which seems to prove that 
compensatory growth reflects only an increased appetite. 

Protein 

Studies have been made on pigs to estimate the protein and 
amino acid re~uirements, and of diets, to determine the best 
combinations of protein sources. Only the aspects concerning the 
animal will be considered here. 

Dietary protein concentration. The influence of dietary 
protein concentration has been the subject of many studies (9). 

These investigations show that when the nitrogen level is low, 
the nitrogen re~uirement for synthesis of the muscular tissue is 
not satisfied; growth rate is reduced and a great portion of the 
energy, in excess relative to the protein, is deposited in the 
form of lipids: the animals are then fatter and the feed conversion 
ratio is higher (19). Before 50 kg liveweight, it is possible to 
increase the growth rate and improve the feed conversion ratio by 
raising the crude protein level up to a plateau of 16-17.5% of the 
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dietary dry matter. The same result can be obtained with a level 
of 13-14.5% between 50 and 90 kg liveweight. The body composition 
is improved even more if the crude protein level reaches 17.5 -
20.5% of the diet (29). 

It may be asked whether performance can be improved by 
increasing the nitrogen level even more : apparently this is not 
possible (30,31). Trials using a very large excess of protein (32), 
appear to be of great interest. The supplementary supply of pro­
tein has an unfavourable action on feed intake and growth, but the 
feed conversion ratio is unchanged. On the other hand, the fatness 
of the animals is greatly reduced when the protein level becomes 
higher (33). This may depend on the decrease of feed intake as 
well as on preferential utilization of the energy from the carbon 
chains of the amino acids in excess for protein synthesis (34). 

Protein Quality. The necessary level of dietary protein 
naturally depends on its essential amino acid content. The mere 
addition of an amino acid to a deficient protein will modify the 
level of this protein necessary in the diet (35,36). 

Introducing a synthetic amino acid into the diet modifies the 
total protein re~uirement. At each protein level, the addition 
of lysine gives diets of greater efficiency than those containing 
more non-supplemented protein. As regards body composition it 
appears that balancing the diet with lysine reduces the fatness of 
the animals (37,38,39), but adding an excess of the limiting 
amino acid brings about less improvement, particularly when the 
nitrogen levels are low (40,41,42,43,44,45). This is associated 
with a decreased feed intake, which can be used to reduce the 
fatness of the carcass (37,46). 

Interaction between protein supply and sex. When the 
nitrogen or amino acid content of the diet varies, the performance 
of castrated males and females is affected in different ways. 
Generally, castrated males, whose feed intake is higher than that 
of the females, adapt themselves much better to low-protein diets, 
their growth is more rapid than that of the females (47, 48,49,50). 
which react better to the addition of the limiting amino acid (51) 
or to an increase in protein (52,53,30). Baker et ale (54) 
consider that the optimum protein levels for growth and feed 
efficiency are 14% for the females and 12% for the castrated males, 
the lowest fatness of the carcasses being obtained with a level of 
16% for the females and 14% for the castrated males. The re~uire­
ment for sulphur amino acids (35) and for lysine (38) are higher 
in the female than in the castrated male. 

Relations between protein and energy. The relations between 
the levels of protein or amino acids and the energy supply are 
different with ad libitum and restricted feeding. 

It is generally admitted that increases in the energy content 
of the diet by addition of lipids reduce the feed intake, whatever 
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the level of protein; this reduction is not sufficient to decrease 
the growth rate as a result of lower protein intake; however, the 
protein/energy imbalance tends to be greater and results in 
greater fatness of the carcasses. Clawson (55) thinks that decrease 
in the feed intake only occurs when the protein supply is insuf­
ficient in quality or quantity. 

Cellulose level also affects the performance of growing pigs, 
in the opposite manner to the lipid level. This phenomenon is 
well illustrated by an experiment (56,57) in which the animals 
were given different proportions of protein and of cellulose. 
Increasing cellulose content of the diet caused an increase in the 
dry matter intake, but that was insufficient to corr~~nsate for the 
decrease in energy value of the diet. The increased protein intake 
(+ 3%) is counterbalanced by the decrease in nitrogen digestibility 
(- 4%) so that growth is a little slower; fatness is reduced 
because of the much lower energy intake (-7%). 

The necessary level of amino acids in the diet increases 
with a higher dietary lipid content because of the accompanying 
reduction in feed intake (58,59). The opposite happens when the 
energy level is reduced by the incorporation of an inert diluent 
into the diet (35,60). 

The relation between feed restriction and the supply of 
necessary crude protein for optimum performance are of great 
importance, but have only been little studied. It may be asked 
whether limiting the feed supply may not lead to an insufficient 
supply of other nutrients necessary for growth. 

From the recommendations of the N.R.C. (61), it appears that 
the suggested protein level of the diets restricted at the end of 
the growing period is maintained relatively high. No experimental 
proof was available to support these recommendations, but recently 
it has been shown (18,62) that during the finishing period, limit­
ing the daily amount of a diet containing 11-12% protein to 5 
pounds brings about an insufficiency in the supply of protein 
leading to poor performance. When the protein level is increased, 
growth is more rapid and the feed conversion ratio as well as the 
body composition are improved. 

When feed restriction is applied to the animals during the 
whole growth period (63), it appears that the supply of protein 
is much less limiting than the supply of energy, which confirms 
results mentioned above. 

In an experiment to study the necessity to make compensatory 
adjustments to the protein supply when restricting feed, it was 
shown (64) that a 20% reduction of the energy supply during the 
growing period results, in all cases, in a decrease of growth rate 
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without significant change in feed efficiency or body composition. 
When the nitrogen supply is partly or totally restored, the 
decrease of growth rate is less pronounced; the feed conversion 
ratio is improved and the fatness reduced as compared to the non 
restricted animals, but the expenditure of protein per kg gain is 
higher. It appears that the protein added to the diet is used 
only partly for protein synthesis. It follows that a reduction 
of feeding from near the ad libitum level must be accompanied by 
an increase in the proportion of protein (and of amino acids) in 
the diet, the amount of this increase being less than that of the 
energy restriction. However, some studies (65) are in contra­
diction to this. 

Method of feeding and protein utilization. The method of 
feeding may also affect the feed intake, and consequently the 
protein required for optimum growth and body composition in the 
pig. It may be asked whether alternate feeding high and low nitrogen 
diets can modify the nitrogen utilization. Menke et ale (67) as 
well as Yeo and Chamberlain (68) showed that when this alternate 
administration took place within a 24 hour cycle, neither the 
growth performance nor the nitrogen retention was modified. This 
phenomenon was recently shown in animals subjected to restricted 
feeding (66) (Table 3). 

According to our results it seems that the hyper-nitrogenous 
diet, offered in the morning or in the evening, efficiently 
supplements the crude protein of the cereals, provided that the 
interval between the meals does not exceed 10-12h. If, on the 
contrary, the protein concentrate is only given every two days, a 
decrease of the growth rate and feed efficiency is observed. On 
the basis of these results, a feeding schedule can be imagined 
according to which the cereals could be offered once a day in 
alternation with the protein supplements, thus saving much labour. 

Diets high or low in nitrogen, alternating during longer 
periods (18-35 days), result in a decreased growth rate but also 
in an improvement of the utilization of nitrogen for growth during 
the depletion periods, followed by a decrease during the repletion 
periods (69). 

Conclusions 

It is now possible to control the growth impulse and the 
fatness of the pig bY'varying the composition of the diet and the 
feed intake. The most striking advances in this field concern 
determination of the requirements for energy and amino acids. 
However, as it has been demonstrated that the requirements differ 
according to the genetic origin and sex of the animals, the 
problems are complex and further studies are required. At the 
present time, it may be concluded that if we want to obtain the 
best productivity with our current breeds, we have to separate 
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Table 3 

Influence of alternating high and low protein diets 
on the performance of growing pigs (66) 

GROUP 1 2 3 4 

Protein level (%) 
sequences 16 16 23 9 9 23 37 9 9 9 

Feeding time M E M E M E M EM E 

Growing Eeriod 
(20-60 kg) 

Mean daily 
gain (g) 540 527 527 483 

Feed conversion 
ratio 2.85 2.99 2.95 3.26 
Finishi~ Eeriod 

(60-90 kg) 
Mean daily 

804 gain (g) 778 750 804 
Feed conversion 
ratio 3.60 3.87 3.53 3.72 

Growing and 
finishi~ Eeriods 

(20-90 kg) 
Mean daily 

gain (g) 620 601 613 573 
Feed conversion 
ratio 3.14 3.28 3.18 3.45 

Body comEosition 
Yield (%) 71.22 71.15 70.77 71.06 
Lean cuts (%) 52.88 52.60 52.29 52.06 
Fat cuts (%) 17.27 17.64 17.25 18.83 
Backfat thickness 

(mean of loin 
and back; mm) 23.7 24.2 24.6 27.1 

castrated males from the females during their growing period and 
supply different diets and amounts of feed. The protein content 
of the diet can be decreased if a better balance of amino acids 
is provided. 
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NUTRITION OF THE BREEDING SOW 

The efficiency of a female breeding pig mainly depends on the 
number and viability of the piglets produced during its life and 
on the amount of feed supplied. In the reproductive life of the 
sow a number of factors are of importance: age at sexual maturity, 
weight and size of the litter at birth and weaning, longevity, 
regularity of the cyles and resistance to diseases. According to 
the data of Legault (70) concerning more than 10,000 litters, the 
heritability of rearing characteristics is very low. Feeding may 
therefore be very important. Yet our knowledge of feeding was 
rather limited until the last few years. Twelve years ago, the 
feeding standards recommended in the different European countries 
for the sow during pregnancy varied considerably (E.A.A.P, 1962). 
It is only recently that very important studies have been made in 
France (71,72,73) Great Britain (74-84) and in the United States 
(44,49, 85-89). These studies have elucidated part of the 
problems concerning the feeding of the sow. 

Feeding during the Oestrus Cycle 

The numerous studies of the last few years have been summar­
ised in recent reviews (90,91). They show that the feeding level 
may affect ovulation rate in the gilts and sometimes the litter 
size in multiparous sows. For the moment the practice of flushing 
the sow does not seem to be justified. 

Nutrition and pregnancy 

The principal characteristics of pregnancy which lasts 114 
days can be divided into two main phenomena, the development of 
the contents of the uterus and the synthesis of maternal tissues 
(which has been neglected for a long time). The uterine contents, 
composed of the concepta and the foetal fluids and membranes have 
been analysed and growth curves of the various components have 
been described. The maternal weight however has long been mis­
taken for that of the concepta; it is only recently that accurate 
date on the anabolism of pregnancy were supplied (73,80). The 
study of the development of all these new tissues (from the 
foetus or the mother) has led to a better determination of the 
nutritional expenditures and consequently to the calculation of 
requirements (29, 92). 

Classical feeding methods lead to weight gains in the pregnant 
sow, followed by losses of the same magnitude during lactation. 
The question is to know if such weight variations are required for 
of maximum reproductive performance. Studies on this subject have 
been reviewed (79,91,93). 

The influence of energy nutrition and in particular of 
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feeding level on liveweight variations and reproductive perform­
ance in the sow is rather important. On the one hand, an excess 
of energy in early pregnancy may lead to an increase in embryonic 
mortality (94,95,96), but this does not seem to be a general rule 
(97,98). If the excess of energy is maintained during the whole 
pregnancy, it may result in slightly heavier piglets (78,86,99). 
On the other hand, an energy deficiency may reduce the weight of 
the piglets at birth as well as the maternal tissue deposition 
(78,100,101,102). According to Lodge et ale (75) the optimum 
gain would be 70 Ib for 3 pregnancies. In addition, it seems that 
a constant feeding level during the whole of pregnancy represents 
a practical solution (74, 83,103,104). 

The specific effect of the nitrogen supply and especially of 
a protein deficiency has only been recently established. As a 
matter of fact, the requirement for protein in the pregnant sow 
was long considered as identical to that of the animal in late 
growth. In fact, the protein metabolism of the pregnant animal is 
not very similar to that of the non pregnant one as the nitrogen 
retention efficiency is increased under the influence of the 
hormonal complex specific to pregnancy (105) especially during 
late pregnancy (73,80). All the recent experiments show that 
quantitative variations in the supply of protein only very slightly 
affect the reproductive performance of the sow (73,106,107,108,109). 
Only a very severe restriction (protein free diet during the whole 
pregnancy) leads to reduction in the weight of the piglets at 
birth without changing the litter size (25,110-112). Amino acid 
deficiency seems to have the same effect as a drastic protein 
restriction (113). 

Quantitative and qualitative modifications of the protein 
supply markedly affect pregnancy anabolism, the weight gain of the 
sow being lower as the amounts of crude protein supplied are 
reduced in quantity and quality (87,88,89,114,115) and this is 
clearly shown by the nitrogen balance (73,116). 

As a consequence, it is possible in practice to decrease the 
protein supply during pregnancy within certain limits, so as to 
reduce the weight gain of the sow to a minimum. A protein level 
of 10 to 12% can be recommended during pregnancy. 

Nutrition and lactation 

Under natural conditions lactation in the sow lasts between 
57 and 77 d~s. In practice, piglets have for a long time been 
weaned after 8 weeks of lactation. For about ten years, through 
more precise knowledge of the physiology of the piglet, the length 
of the suckling period was reduced for economic reasons first to 
5 weeks and then to 3 weeks. At present, frequent and successful 
attempts have been made to wean the piglets 6 to 10 d~s after 
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birth. It is therefore necessary to reconsider the problems of 
nutritional requirements in lactation according to the shortening 
of the suckling period. Since catabolism of tissue gained in 
pregnancy meets part of the expenditures for lactation (73), it is 
obvious that these requirements - which are imprecisely known -
have to be considered according to nutrition during pregnancy. 

Studies concerning the relations between lactation and 
nutrition have been reported in various reviews (9,79,93). These 
studies show that very large variations in the supply of nutrients 
result in lesser but still important variations in the quantity and 
quality of milk. Thus, reduction of the feeding level during 
lactation brings about a decrease of the milk yield (73,117), the 
relation between the two being linear (77). Likewise, raising the 
dietary protein level from 10 to 14% increases the amount of milk 
produced (118), but over 14% has no further effect (72,118,119). 
Variations in the dietary supply of energy do not cause any signi­
ficant alteration of either the number of piglets or their weight 
at weaning (84,120). On the other hand, increasing the dietary 
protein level of the lactating sow leads to an acceleration of the 
growth of the piglets during the first weeks of their life (89, 
118,121), but this benefit is not increased by a further rise of 
the protein level (122). This difference in the effects of 
protein and energy supply on the performance of the piglets may 
be explained either by the compensatory intake of dry feed by the 
young SUCkling animals (74,117,120), or by the influence of the 
protein level in the diet of the sow on the composition of its 
milk (72,118,122). The large variations in the weight of the 
lactating sow, directly related to the variations in the dietary 
supply of protein and energy (73,74,84,117,120) have also to be 
taken into account. A reduced supply of nutrients, a decreased 
protein level (122,123,124), and use of protein with a low bio­
logical value (71,12$) all bring about increased weight losses 
during lactation. 

It may be concluded that variations in milk production are 
relatively small because of the very large contribution of the 
maternal tissues when the dietary supply of nutrients is insuf­
ficient. It is at this level that nutrition in pregnancy and 
lactation interact. 

Thus, the lower the feed intake during pregnancy, the higher 
the voluntary feed intake during lactation (73,126). 

Also the higher the weight gain during pregnancy, the greater 
the weight loss during lactation. The reserves deposited during 
pregnancy appear to be easily mobilized afterwards (81,82). 

When considering both the milk production and the variations 
in the weight of the mother, the feed efficiency becomes optimum 
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when a severe feed restriction during pregnancy is followed by 
free access to food during lactation (73,127). Feed restriction 
during pregnancy does not cause any unfavourable long term effects 
on reproduction or nutritional status of the sow (128) except if the 
the animal is subjected to severe environmental conditions (81). 

Conclusion 

It can be concluded that protein and energy may be greatly 
reduced during pregnancy-without affecting very much the repro­
ductive performance of the sow. Only a very low energy or protein 
supply may cause reduction of the weight of the piglets at birth, 
without altering their number. Conversely, the levels of protein 
and energy alloted affect pregnancy anabolism and the appetite of 
the sow during subsequent lactation. In this way, the feeding 
level during pregnancy indirectly affects milk production and the 
magnitude of the weight losses during lactation. However, the 
feeding level during lactation is the main factor affecting the 
milk production and the weight change of the sow during 
lactation. 

In terms of feed efficiency, the L-H feeding sequence (low 
during pregnancy, high during lactation) is the most efficient one 
(73). In this way, a noticeable sparing of feed can be obtained 
as compared to the traditional method (61). This sparing is around 
20% (i.e. 100 kg feed) for energy and may reach 25% for protein 
(i.e. 25 kg protein). It will probably be possible to increase 
this saving further when the requirements for protein, and 
especially for amino acids, are more accurately defined. 

IMPROVEMENT OF REPRODUCTIVE EFFICIENCY 

As regards the female breeding pig, the age at first mating, 
the length of lactation or the induction of a new pregnancy during 
lactation have been the subject of many recent studies. In the 
case of the growing pig, the practice of castrating the males is 
contested. Each of these techniques has a noticeable influence on 
pig production efficiency, and their modification may lead to 
important advances. 

The efforts made in this field aim at reducing the length of 
the unproductive periods of life of the female (shortening the 
growing period to puberty, and the interval from weaning to oestrus, 
the rapid culling of infertile sows) and by shortening the interval 
between two successive farrowings (early weaning, induction of 
pregnancy during lactation) or by stimulating ovulation. 

Early weaning 

The use of early or very early weaning presents two very 
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important aspects: the rearing and feeding of the very early 
weaned piglets and the reproductive rhythm of the sow. 

Environment and feeding of the piglet before early weaning 

417 

The development of very early weaning methods has long been 
hindered by insufficient knowledge of the nutrition of the young 
animal. Research on digestion has classified the chronology of 
appearance of the digestive enzymes (129,130) as well as the 
great faculty of adaptation of the young animal (131,132). In 
addition, the palatability of feeds and their feeding value are 
better known. It is now possible to prepare diets for early 
weaning. Some authors recommended liquid diets for the very 
young animals (133,134,135) as was proposed twenty years ago in 
the United States, as well as automatic feeding systems (136,137, 
138). Other authors developed dry weaning diets and studied in 
particular various protein sources including whole egg (139), 
skim-milk (140,141,142), soybean and compound feeds (135,143,144, 
145). However, it must be mentioned that these diets were mainly 
experimental, as they were intended for very young animals. It 
is only from the studies carried out recently (146,147) that 
one may expect development of a method for the weaning of animals 
at the age of ten days. 

Beside the "natural" weaning at 56 days, various weaning 
teChniques are now available for the pig producer : very early 
weaning (7-15 days) using artificial milk offered in liquid or 
dry form, or early weaning (15-35 days) based on the use of a 
pre-starter feed of a composition similar to that of the sow's 
milk followed by that of a feed more rich in cereals. 

Aumaitre (148) gives examples of the diets used in the 
various types of weaning. These diets permit satisfactory growth, 
though the weight at 8 weeks is higher in the case of weaning at 
21 or 35 days (Table 4). In addition the mortality of the piglets 
to 8 weeks is slightly lower in the case of weaning at 21 days 
(149) • 

As regards environmental conditions, temperature, in 
particular, has been the subject of systematic investigations (150). 
It is well established that because of its small energy reserves at 
birth and its poor thermal insulation, the piglet is particularly 
susceptible to coldo Keeping the young animals in a cold environ­
ment leads to early and high mortality, due to hypoglycemia (151), 
or to crushing by their mother when they try to get warm. Those 
that survive grow slowly. The feed conversion ratio is poor 
because of the large energy expenditure for thermogenesis and the 
morbodity is high, mainly because of digestive disturbance. Thus, 
very low temperatures are disastrous for the piglet, but very high 
temperatures are not to be advised either as they lead to reduced 
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Table 4 

Effects of weaning three successive litters 
at different ages (149) 

Weaning age (d) 

Number of litters 

PIGLETS 
Mean weight at 8 

weeks (kg) 

Mortality 0-8 weeks 
% 

Mean number in the 
litter 

born alive 
still born 

10 

113 

15.2 

20 

9.13 
0.87 

21 

95 

17.0 

17 

9.75 
0.95 

35 

162 

16.8 

21 

9.26 
0.79 

A.RERAT 

feed intake and a consequently lower growth rate (152). The room 
temperature must be about 250 C (146) between birth and three 
weeks of age and the relative humidity must be about 50-60%. 
Thus, very early weaning is technically possible for a great 
number of pig rearers. 

Ear weani of the i let and re roductive of 
the sow. Regarding the dam, two types of problem exist 153). 
What is the influence of shortening the lactation period on the 
interval between farrowings? What is its influence on the size of 
the subsequent litter? According to many authors the interval 
from weaning to oestrus increases when the length of lactation 
decreases, and the inverse relation between these two variables 
appears to be very significant (154,155). This lengthening of the 
weaning-oestrus period is particularly striking when weaning takes 
place before 10 days (148,156,157). 

However, same authors (158,159) do not find any significant 
differences between the mean values recorded in very early and 
late weaning. In fact, this discordance may be attributed to the 
period when the study is made: there is actually a different 
chronological distribution of heats for these two types of weaning 
(159) 0 

Analysis of the data shows that a larger number of sows 
exhibit oestrus 8-9 days after weaning at 7 d and 5-6 days after 
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late weaning (42 d). This was verified in practice by Aumaitre 
et ale (160). Even though a tendency towards earlier onset of a 
post-weaning oestrus exists when weaning takes place at 35 days 
(Table 5), the percentage of sows having exhibited oestrus is the 
same, 10 days, after early (13 d) or late (35 d) weaning. 
Analogous facts were found with respect to the weaning - conception 
interval (Table 6). 

The percentage of non-fertilized sows within the two months 
following weaning also appears to be higher in the case of very 
early weaning than after late weaning (Table 7). 

The prolificacy of the sow seems to be reduced by early 
weaning (149,156,158,159,161). The number of piglets per litter 
is reduced by 0.7 piglets per litter when changing from weaning at 
35 d~s to weaning at 13 days (160); this difference in the number 
of piglets born is still found two months later and persists during 
the course of successive farrowings. This decrease due to early 
weaning is however negligible and very largely compensated by the 
acceleration of the reproductive cycle. 

According to the observations of Aumaitre et ale (160) the 
prolificacy of the sow is higher, the less is the age at weaning, 
(Table 8), however there seem not to be great differences when 
lactation varies between 13 and 21 days. As the mean weight of 
the piglets at the age of 2 months is slightly lower in the case 
of early weaning (13 d), the total 63-day weight of the piglets 
produced per year under these conditions is only slightly higher 
(about 10 kg ) than that obtained after later weaning. This might 
be corrected by more sophisticated feeding. 

Table 5 

Percentage of sows returning to oestrus 
within 5, 10 or 15 days of weaning 

at different ages (160) 

Interval (d) between 
weaning and oestrus <5 <10 <15 

Weaning at 13 days 5 71.8 85.6 

Weaning at 35 days 17.0 71.5 81.1 

Significance of the 
differences p<0.05 NS NS 
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However that may be, the increased prolificacy of the sow 
spreads the costs of the breeding herd over a greater number of 
offspring, as well as reducing the food eaten by the sow, and by 
its piglets in the two months after birth. 
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Induction of Pregnancy during lactation. An acceleration of 
the reproductive cycle of the sow can also be obtained if con­
ception takes place before late weaning. It is known that the 
oestrus cycles of the sow are interrupted by lactation, the ovary 
being then inactive (162,163). The onset of ovarian activity, 
leading to oestrus accompanied by ovulation, can be induced by 
means of intramuscular injection of 2000 I.U. of P.M.S.G. 
(Pregnant mare serum gonadotrophin) in 72% (164) to 82% (165) of 
the females treated. However, the percentage of induced preg­
nancies followed by farrowings is lower the shorter the time 
between farrowing and injection, and the greater the litter size 
(166). It is not significantly changed if, in addition, the mother 
is separated from the piglets for 12 h over three successive days 
(169). The size of the litters obtained in this way is not 
significantly altered. Thus, it appears that the treatment results 
in satisfactory reproductive performance provided it is applied 
during the 4th week of lactation (169). However, the very large 
delay in the onset of post-weaning oestrus in the case of 
unsuccessful treatment has to be noted : 3 out of 4 of the sows 
in which the treatment did not succeed exhibited their post­
weaning oestrus more than 10 days after the end of lactation (166). 
At present, this represents one of the main disadvantages of the 
method. On account of the failures of the P.M.S.G. treatment, 
even when applied at 4 weeks, the interval between farrowings is 
154-157 days (169) whereas in the case of weaning at 13 d it is 
reduced to 147 days (160). However, this treatment offers the 
advantage of ensuring regularity in the onset of oestrus, allowing 
insemination 4 to 5 days after the injection. 

Table 7 

Effect of weaning at 10, 21 & 35 days on 
return to oestrus and on fertility of sow (149) 

Age at weaning 
(d) 10 21 35 

Number of sows 194 178 74 

Sows returning 
to oestrus (%) 15.5 9.6 10.8 

Sows not pregnant 
within 2 months (%) 10-14 5-8 2-3.3 
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T~le 8 

Productivity of the sow according to the time 
of weaning (149, 16) 

~e~ weaning (d) 10 13 ~ 35 

Theoretical Eroduction 
Number of litters (1) 2.80 2.72 2.55 2.32 
Number of piglets born 

alive (2) 28.0 27.2 25.5 23.2 

Observed Eroduction 
Number of litters 2.65 2.49 2.52 2.22 
Number of piglets born 

alive 26.4 24.6 25.7 23.1 

A.RERAT 

39 

2.28 

22.8 

2.10 

21.8 

(1) Assuming an interval of 7 d from weaning to conception. 
(2) Assuming 10 piglets born alive per litter. 

154-157 days (169) whereas in the case of weaning at 13 d it is 
reduced to 147 days (160). However, this treatment offers the 
advantage of ensuring regularity in the onset of oestrus, allowing 
insemination 4 to 5 d~s after the injection. 

Reduction of the Length of Unproductive 
periods during the life of the female 

Unproductive periods include the duration of pre-pubertal 
growth in the gilt, the intervals between weaning and oestrus in 
the sow, and lastly the time necessary to diagnose reproductive 
inadequacy and cull sows which have become unfit for further 
breeding. 

Age at Euberty. The age at puberty determines the age at 
first farrowing. According to a retrospective analysis by 
Legault and Dagoornof 8500 sows, the prolificacy of the sows 
decreases by 0.2-0.3 piglets per year of their presence in the 
herd when first farrowing is delayed by 10 days; the age at 
culling is delayed by 15 days and the interval between generations 
is increased by 12 d~s. On the oth~r hand, the prolificacy of 
the sow throughout its active life is not modified by its age at 
first farrowing. ~e at puberty generally varies both from one 
herd to another, and within the same herd (172). Various factors 
seem to be involved in determining the appearance of puberty and 
the age at first farrowing, especially the housing conditions 
(173), the feeding during growth and during the pre-oestrus period 
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(174) and the transport of the animals (172). However, the action 
of these various factors has to be defined more accurately. 

In the late maturing sow oestrus can be induced by injection 
of P.M.S.G. However, this possibility is of only limited 
application since it cannot be used in the immature sow far from 
sexual maturity. Generally, this treatment cannot induce an 
oestrus cycle; although it sometimes leads to ovulation and 
fertilization, pregnancy is interrupted (172) since the corpora 
lutea regress probably because of a deficient endogenous hypophy­
seal support (175). 

The most promising solution seems to be in selection or 
crossbreeding. Sexual precocity appears to vary according to 
breed; sows of the Pietrain breed for instance exhibit earlier 
maturity than those of the Belgian Landrace (176). The high 
heritability (0.46) of the age at puberty is a very promising 
factor in the selection of young females. Furthermore, young 
crossbred Large White x Landrace gilts gain almost one month in 
sexual precocity as compared to purebred animals because of a 
large effect of heterosis (177); this is seen in Table 9. 

Shortening the mean interval between weaning and conception; 
Synchronization of heat. From an analysis of 100,000 litters 
Legault (153) found that the interval between weaning and concep­
tion varies between 20 and 25 days according to the season. The 
causes of this very long delay appears to depend on variations in 
the interval from weaning to oestrus and on a high rate of return 
to heat. 

The interval from weaning to oestrus lS itself very variable. 

Table 9 

Effect of crossbreeding on age and weight at puberty, 
ovulation rate and number of embryos (177) 

Weight at Age at Number of Number of 
Breed puberty puberty corpora embryos 

(kg) (d) lutea alive 

Large White + 108.5_18.2 + 208.3_29.1 + 
13.93_1.97 

+ 
9.15_3.25 

Large White 
X + + Landrace 98.1~7.1 182.0_21.4 + 13.69_2 .09 + 9.69_2.94 

Landrace + 86.8_15.5 
+ 

194 .7_28.1 + 12.53_2.34 + 8.78_3.02 
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The onset of oestrus more than 10 days after weaning leads to a 
lower farrowing rate (178) and consequently to an increase in the 
returns to heat. Early oestrus is therefore particularly desir­
able. According to Martinat et al. (179) this may be achieved 
by treatment with gonadotrophic hormone (2000 I.U. of P.M.S.G.): 
91% of the sows treated exhibit oestrus within five days after 
weaning and 2/3 of these sows become pregnant after insemin­
ation. However, the percentage of sows pregnant one month after 
such treatment is no greater than when no treatment is applied. 
In addition, the non-pregnant sows, after treatment and insemin­
ation, show a great irregularity in their returns to heat, and 
the mean interval between weaning and conception is greater in 
the treated so"s than in the controls. However, the hormonal 
treatment, as well as the grouping of weaning, allows synchron­
ization of heat between the 3rd and the 5th day in the majority 
of the sows and consequently permits grouping of matings and 
farrowings with all its advantages. The use of methallibure to 
synchronize heats in cycling gilts (180,181) is very efficient, 
but has now been prohibited because of the malformations it may 
cause in the young piglets (182). 

Finally, the decrease in the percentage of returns to heat 
depends on the use of a highly fertile boar and on a precise 
detection of oestrus allowing artificial insemination or mating 
at the most favourable moment. This is 22-23 h after the 
beginning of heats which according to Boender (183) is 10 to 20 h 
before ovulation. The results of artificial insemination are 
improved when using crossbred sows because of a large effect of 
heterosis (18%). The increased fertility of these animals ranges 
between 0.1 and 0.5 piglets per year (184); this can be added to 
the effect of heterosis on fertility (see below). 

Early diagnosis of sows for culling. A certain percentage 
of both nulliparous gilts and multiparous sows may be classified 
provisionally or definitely unsuitable for reproduction. These 
animals may significantly affect the total production costs; it 
is therefore important to detect and eliminate them as soon as 
possible. The early elimination of non-pregnant sows can be 
achieved through early diagnosis of pregnancy by means of 
vaginal biopsies (185). Unfortunately, at the present time, no 
test is available to forecast the reproductive value of gilts 
before puberty. 

Increased prolificacy 

Apart from increasing the number of litters during the life 
of the sow, an increase in the number of piglets per litter also 
improves prolificacy. It is well established that this character­
istic is very variable and this fact is clearly shown by the 
statistical analyses made by Legault (186) of 16,000 litters of 
Large White pigs tested in France. Some effects seem to be 
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unchangeable, the litter size for example increases until a 
plateau reached at the 3rd litter at about 2 years. Winter 
litters are generally larger at birth and smaller at weaning than 
summer litters (153). 

In the sow, it is easy to obtain superovulation by means of 
exogenous gonadotrophins. Thus, Hunter showed (187) that ovu­
lation rate is directly related to the level of P.M.S.G. used 
(1.89 corpora lutea for 100 I.U. P.M.S.G.), the optimum period for 
the treatment being around days 15 and 16 of the oestrus cycle. 
However, there is no corresponding increase in the number of 
surviving embryos. Thus according to Anderson and Melampy (188), 
injections of 500 to 1500 I.U. of P.M.S.G. in 13 different trials 
led to 4.8 additional ovulations, but only one embryo after 30 
days of pregnancy. Furthermore, the survival rate of the embryos 
may be very slightly increased by treatment with progestagens and 
oestrogens in very early pregnancy. Lastly, the transfer of 
young embryos into an already gravid uterus (189,190) even though 
it is followed by the survival of some of the embryos up to the 
25th day of pregnancy, does not lead to a systematic increase in 
the number of foetuses alive after the 105th day of pregnancy. In 
the present state of knowledge, all these physiological techniques 
seem to be too hazardous to be currently applied to improving 
prolificacy. 

The heritability of prolificacy in the female is low. 
According to Legault (70) on the basis of the bibliographical data 
available at that time it amounts to 0.23 for the litter size at 
birth and 0.12 for the same characteristic at weaning. In further 
studies Legault (177) reported that the heritability of ovulation 
rate is 0.10, that of the number of embryos alive 0.09. This 
implies that selection will lead to a real, but slow improvement 
of reproductive performance in the sow. If the pig producer 
chooses his breeding animals from the best half of sows classified 
according to their prolificacy, the expected improvement may 
represent 0.05 piglets per litter per year. On the basis of a 
generation interval of 2 years, 20 years of selection will be 
necessary to increase the litter size by one piglet. If selection 
for this character is practised simultaneously on the breeding 
animals of both sexes, a more marked improvement can be obtained. 
Thus, Ollivier (191) recorded an annual genetic change of 0.15 
piglet per litter over five generations of selection. JUdicious 
use of crossbreeding would probably lead to a more rapid genetic 
change (192). 

Sellier (192) has given mean values of the improvement obtain­
able by cross-breeding in the principal criteria of economic 
interest. The increase of prolificacy is very important and 
especially for crossings of 3 breeds: 8% in the case of piglets 
born alive, 16% in the case of weaned piglets, this improvement 
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being in particular related to a decrease of 8% in embryonic mortality 
and of 5 to 8% in the mortality between birth and weaning. 
According to Legault (70) an increase of one pig per litter can 
thus be obtained within 2 generations by means of crossbreeding 
compared with 10 generations of selection. However, the efficiency 
of crossbreeding in the improvement of prolificacy must not 
exclude the selection. If intense selection is not practised 
within the lines and pure breeds, the spectacular effect of cross­
breeding will only be temporary. Long term improvement of the 
productivity of the sows therefore dependsonthe simultaneous 
application of both methods. 

It is known that when used in artificial insemination the 
boar has a significant effect on the size of the litter (193); 
this effect has not been noted in the case of natural mating (70), 
probably because of the much greater number (20 to 30 times) of 
spermatozoa involved. Thus, the direct effect of the boar is 
responsible for almost 5% of the variation of the litter size at 
birth in the case of artificial insemination (193) compared with 
only 1% for natural mating (70). In artificial insemination, the 
direct influence of the boar on the size of th~ litter is 
noticeably greater than the genetic influence of the father of the 
sow which has produced the litter. It has to b~ note~ with 
respect to artificial insemination, that prolif~cacy and number of 
spermatozoa per ejaculate are moderately heritable characteristics 
in the boar (0.35) which can therefore be imp~ved by selection. 
Because of the high correlation (0.52) between fertility and pro­
lificacy in the boar, selection for fertility practised in the 
Artificial Insemination Centres automatically leads to improve­
ment of prolificacy (194). In an in~uiry by Ollivier and Legault 
(193) including more than 1000 litters from 30 boars, the 
difference between the boar with the highest and the boar the 
lowest prolificacy represented 5.10 piglets at birth and 2.92 at 
weaning. As each boar was able, in these conditions. to produce 
500 litters per year, it is clear that the boar may have a 
considerable effect on prolificacy. 

MEAT PRODUCTION BY THE ENTIRE MALE PIG 

Traditionally, the male pig used in meat production is 
castrated in order to avoid the problems of "boar taint". This 
was probably justified at a time when the animals grew more slowly 
and reached sexual maturity at a low weight as can still be 
noticed in some breeds, in particular the Corsican breed. But 
since the breeding value of the animals has considerably increased 
and since the age at slaughter is generally less than that of 
sexual maturity, is castration still necessary? Many studies have 
been carried out in recent years not only in order to measure such 
factors as feed intake, growth and body composition, but also to 
determine the conditions of appearance of disagreeable odours in 
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the tissues. These studies were reported ~n several reviews (195, 
196,197,198,l99,200). 

The entire male certainly presents a number of advantages as 
compared to the castrate male and the female. Its growth rate is 
generally higher, its fatness lower and its feed conversion ratio 
better than in the castrate (201,202). However, it appears that 
these differences depend on the genetic or~g~n. In the Duroc 
breed no difference can be recorded between the two categories 
(203). In the Pietrain, there is no difference in N retention 
before 60 kg liveweight and the difference of 18% is only reached 
at 80 kg (204). The proportion of edible tissues is higher in the 
male than in the female, and higher in the female than in the 
castrated male (205). The daily nitrogen retention of these 
animals, which were of Landrace origin, decreased in the same 
order: between 30 and 110 kg liveweight, it was 21.4 g in the 
boar, 18.4 g in the female and 16.5 g in the castrated male. 
Unlike the other categories of animals, the nitrogen retention of 
the boar is not uniform between 30 and 110 kg liveweight, and its 
advantage is principally apparent at the end of the growing period 
(206). These facts concerning nitrogen retention were confirmed 
recently by Desmoulin et ale (207) (Table 10). 

Thus, the capacity of muscular synthesis in boars is 
undeniably higher than that of the castrated males. This leads 
both to increased requirements for protein and to a better response 
to feed restriction. The response of boars to increasing protein 
level is better than that of the castrated males (208) or of 
females (53). According to Hays et al. (209) the most rapid 
growth can be obtained in the entire male with a dietary protein 
content of 18% between 22 and 57 kg liveweight and 16% between 
57 kg and slaughter; the best body composition was obtained with a 
20-18 sequence. These conclusions have been confirmed by Walstra 
(210), Fowler et ale (211), Newell and Bowland (212) and by 
Desmoulin et ale (213), even though some of the levels indicated 
by these authors are slightly lower than those determined by Hays 
et ale (209) and do not exceed 14-16% during the finishing 
period (210,213). Such variations in the required level of 
protein may correspond to variation in the composition of the 
dietary proteins used. With respect to protein quality, the re­
quirement of the boar is also higher and the response to the 
addition of the limiting factor is more marked in the boar than in 
the castrate (53). 

Furthermore, these higher anabolic abilities are particularly 
marked in feed restriction. Under these conditions, the growth 
difference between entire and castrated males is increased (210) 
and the feed efficiency is excellent in spite of the growth 
reduction. This is clearly shown by the results of Desmoulin 
(196); (Table 11) during which male or female pigs, castrated or 
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Table 10 

Influence of castration on nitrogen retention (207) 

Weight range (kg) 30 - 33 64 - 71 

Sex Male Castrated Male 1 Castrated 
male male 

Apparent digestibility 
of N (%) 85.6 88.6 86.3 96.9 

N retention (% of N 
ingested) 49.3 49.9 44.5 34.7 

N retention (% of N 
app. digested) 57.6 56.3 51.6 39.9 

Protein deposited 
(g/d) 118 ll9 136 119 

not, were fed according to two restriction schedules (semi ad 
libitum and 25% reduction). 

In pigs of the Large White breed subjected to relatively 
severe feed restriction, the growth rate of the boar is 15% 
higher than that of the castrated male, and the feed efficiency 
is 10% better. At slaughter, 60% of the male carcasses and 80% 
of the female carcasses had a specific gravity above 1.050 and 
90% of the carcasses of the castrates a specific gravity below 
1.050. This corresponds to a 25-30% greater amount of lean 
tissue in the male. Desmoulin (196) consider that the fatness of 
the castrated male slaughtered at 100 kg is equivalent to that of 
the boar slaughtered at 140 kg. However, it must be noted that 
the dressing percentage of the carcass (carcass weight as % of 
liveweight) is 2 to 3% units lower in the male, this fact being 
related to a higher weight of the viscera and to the presence of 
testicles (204,214). In addition, the distribution of lean mass 
is slightly different since in the boar the weight of the shoulder 
is increased by 5-6% units, whereas that of the ham is unchanged 
(214). In spite of these disadvantages, the boar is definitely 
superior to the castrated animal. 

Unfortunately, the carcasses produced may have more or less 
marked defects. One of these defects,which is relatively minor, 
concerns the composition of body lipids. The percentage of 
unsaturated fatty acids is higher in the boar than in the 
castrated male (215). From a technological point of view, this 
leads to a higher susceptibility to oxidation and to insufficient 



ADVANCES IN PIG TECHNOLOGY 429 

Table 11 

Influence of sex and feed intake on growth and feed 
efficiency (T = control; R = 25% restriction) (196) 

Sex Males Castrated Females Castrated 
males Females 

Feeding level T R T R T R T R 

Mean daily feed 
intake (kg) 2.22:1. 77 2.30:1.80 2.12:1.68 2.13:1.67 

Total feed intake 
(kg) 254a:252a 295b:308b 280b:297b 297b:327c 

Growth rate (g/d) 682a: 555b 627a:470c 610 :440c 568b:408c 

Fattening length 
(d) 115 :143 129 :171 132 :176 137 :196 

Feed conversion 
ratio 3.26:3.18 3.69:3.84 3.49:3.85 3.74:4.19 

(kg feed/kg gain) a a b b ab b b c 

Values with the same subscript are not significantly different. 

firmness of the meat. In addition, boar meat in certain conditions 
has a disagreeable odour (196,216), for which androsterone is 
supposed to be partly responsible (217). This "sexual" odour, 
mainly located in the fats of the male, generally does not appear 
before 60 kg liveweight in the different breeds studied (217). 
From 90 kg onwards the proportion of animals with a marked sexual 
odour increases with age, but it is not possible to establish a 
relation between the age of the animal and the risks of odours 
(218). In a large proportion of young males of 90 kg, which have 
reached sexual maturity, the intensity of the odour from their 
meat after cooking does not distinguish them from the castrated 
animals (76,219). This fact was confirmed by Desmoulin et ale 
(213); under their experimental conditions the risk of unpleasant 
meat odours involves 10% of the Large White males slaughtered at 
80 kg (155 days of age) and 15% of the males slaughtered at 100 
kg (175 days of age). This relatively low percentage cannot, 
however, be considered applicable to all breeds and all production 
conditions. It is increased when feed is restricted (78). It is 
also noticeably higher in the Landrace pig (218), this being 
connected with a presumed difference in sexual maturation. 
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According to Jonsson and Wismer-Pedersen (220), the heritability 
of this trait seems to be rather high (0.54); selection to 
eliminate this defect can therefore be imagined. The risk of 
supplying consumers with poorly edible meats can be reduced by 
detection at the slaughterhouse of meat with boar taint. Such 
meat can be used in the meat processing industry, as it seems not 
to be possible to distinguish it from the other meats when used 
in this w~. However, for some products it seems to be necessary 
not to exceed a certain level of incorporation (221). Sorting of 
meat according to its odour requires a rapid olfactory test such 
as the "soldering iron" technique proposed by Jarmoluck et al. 
(222). In these conditions, it should be possible to detect the 
70-75% of pigs with no defects. Doubtful carcasses (25%) should 
be subjected to supplementary tests in the laboratory, but the 
disadvantage of the latter is that they are long and laborious. 

IMPROVEMENT OF HEALTH 

The economic losses related to pathology include the losses 
due to mortality, morbidity, and therapeutic expenses, whether 
preventative or curative,and the condemnations at the slaughter­
house. The loss arising from mortality is the easiest to define 
in current animal production. It is very high and varies between 
15 and 25% (223). The estimation of the loss due to morbidity is 
much more difficult; it corresponds to the delay in growth and 
consequently to the increased maintenance of the animal for the 
same production and to the cost of veterinary interventions. It 
has been the subject of theoretical calculations by Labouche (223). 
The cost of infectious swine pneumonia in Great Britain is very 
great (225). 

One piglet in four does not reach weaning. Mortality, even 
at birth, represents 6-8% (226,227); almost all these losses can 
be attributed to anoxia during farrowing (228). 

The causes of mortality after birth have also been analysed 
(226,229) and change with age (230). 

During the first week of life, more than half the mortality 
can be attributed to physical or developmental failures. Thus, 
more than 10% of piglets die during this period. The loss of 
animals is greater when their weight at birth is lower (231) and 
the litter larger (232). 

Accordingly, the resistance of young animals has to be 
increased by genetic techniques, especially crossbreeding. 
Accidents during the first d~s must be eliminated. This can be 
achieved by controlling the environment of the piglets (tem­
perature, and in particular the housing conditions) (232,233). 
Bacterial and viral infections must be prevented. The use of 
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specific pathogen free (S.P.F.) animals in herds, maintained in 
isolation represents an excellent means of achieving this aim. 

431 

What is the effect of protection from specific diseases on 
production efficiency? Before answering this question, it must be 
noted that, in most cases, the comparisons between S.P.F. and 
conventional animals are not strictly rigorous particularly 
because of accompanying genetic differences. With this reservation, 
and provided that no reinfection occurs, the disappearance of 
specific diseases leads to decreased mortality and improved 
performance (234,235,236,237,238). 

Inoculation of a group of pigs with a suspension of lungs 
presenting infectious pneumonia leads to irregular growth and a 25% 
increase in feed conversion ratio. The savings in this case are of 
the same magnitude as the estimates of Betts and Beveridge (225) 
of the influence of respiratory diseases on feed conversion ratio. 

All these results show that, by reducing mortality and 
improving performance, the S.P.F. technique is of great economic 
interest. However, it has to be emphazised that this improvement 
can only be maintained by rigorous precautions to prevent further 
infection. 
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THE CHOICE OF SELECTION OBJECTIVES IN MEAT PRODUCING ANIMALS 

Gordon E. Dickerson 
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U.S. Department of Agriculture 

INTRODUCTION 

In the breeding of animals used for meat production, the 
choice of biological objectives presumably should be guided 
primarily by their expected contributions to efficiency (E) in 
terms of lower total production cost per unit of animal product, 
c/u. Cost per unit seems more realistic than profit per breeding 
female per year, (U'V-C)/YI, because selling prices (V) for 
products tend toward a fluctuating margin above production costs, 
so that lower costs benefit consumers more than producers. The 
cost and the profit definitions of efficiency lead to the same 
performance rankings when product price (V) is constant, but 
selection programs deal with future reductions in relative cost 
per unit product when price per unit may decline correspondingly. 
Also note that discounting the value of future gains in efficiency 
for cumulative interest charges on capital used in breeding pro­
grams is justified only for the excess of interest rates over 
(steady) rates of currency inflation, since rates of inflation 
affect scales of both the interest and the future cost savings 
from improved efficiency. 

The cost per unit of animal products depends largely upon the 
efficiency of three basic biological functions: (1) reproduction, 
(2) female production and (3) growth of the young. Total costs can 
be separated into thoae for (1) maintaining the female population 
and (2) growing progeny to market size. Volume of animal product 
also arises from these same two sources: (1) directly from the 
breeding females, e.g., as milk, wool or eggs and (2) from progeny, 
e.g., as meat. Net or life-cycle economic efficiency is the ratio 
of total costs to total animal product (in economic e~uivalent 
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units) from breeding females and their progeny over a representa­
tive period of time. 

A difficult problem for animal breeders is to determine 
which biological components offer greatest opportunity for 
genetic improvement in net efficiency of production. Too often, 
in the history of animal breeding, objectives have been matters 
of fashion or ease of producing genetic change, without suffi­
cient examination of net effects on life-cycle economic efficiency 
of production. This has led to fads and cyles, particularly in 
size and conformation. Even in pilot selection experiments with 
laboratory species, effects on life-cycle efficiency of meat 
production have not been examined. Our present purpose is to re­
examine a rationale (1) for choice of selection objectives in meat 
producing animals and to propose some tentative choices. 

RATIONALE FOR BREEDING OBJECTIVES 

What kinds of biological and economic information are needed 
to choose the combination of breeding objectives most likely to 
improve net efficiency of meat production? Because maximum 
~rov:ment in.breed~ng valu~ for n~t-ef~iciency.(GE) is the 
obJectl.ve, ultJ.mate l.nformatl.on desl.red l.S rel.atl.ve "scorecard" 
importance of each potential objective (P.) in predicting 
genetic differences (GE) in efficiency (t~chnically, the standard 
partial regressions of GE on the P.; see Figure 1). Of course, 
actual choice of selection criterit would need to consider also 
relative costs of measuring and using each objective in selection. 
Several kinds of information are required for such eValuation of 
relative importance of components (P.) in predicting GE, i.e., in 
choosing meaningful selection objectives. 

Economic Importance 

Basic information from production accounting analysis is the 
direct effect on efficiency (E=C/U) per unit of change in each 
component, when other components remain unchanged (bEP ). These 
are partial regressions and permit definition of effl.ciency in 
terms of its components as -

k 
E = 1: (bEF • 

1 l. 
P.) + Constant l. 

These same economic weightings apply in defining breeding 
value for efficiency as -

• G.) + Constant l. 
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n 
E (bEP .• G.) 
1 l. l. 

I \ . 
I R l. 

r I I 
n 

(
G1 :' \ 1 P1~8EP 
G Rij \: g2 P • E = 

(2 \\\ r {2 1 E (bEP .• P.) 
1 l. l. 

' P .. 'R l.J 

g~ 
G ----------lOto P n n 

Figure 1. Path coefficient diagram of associations among 
phenotypes (P.) and genotypes (G.) for several (n) components 
of phenotype tEl and genotype (G~) for productive efficiency. 

Even for components which have curvilinear effects on efficiency 
(e.g., size of litters reared), the linear weightings appropriate 
for the population mean can be used and adjusted as the mean 
changes. 

Variation 

The direct and indirect importance of phenotypic variation 
in any component (P.) in predicting phenotypic efficiency (E) is 
proportional to thel.product of its standard deviation and its 
unit economic effect on efficiency, ap. bEP • Similarly, 
importance of genotypic variation in each component in predicting 
breeding val~e ~or effici:ncy (GE) is proportional to the genotypic 
standard devl.atl.on and unl.t effect, aGo • bEP . = gi • aPi • bEP .• 

l. l. l. 
The latter is certainly a major consideration in choosing selection 
objectives but the ratio of genetic to phenotypic variation 
(g. = a G / p.) also directly affects the breeding value importance l. . l. 
of phenot~ic variation in each component, g .• aG • b = l. . EP. l. 1. 

g~ • ap. • bEp • This applies rigorously only for components l. 1. • 

which are unco~related. It says that usefulness of phenotypic 
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biological components of efficiency in breeding programs is 
proportional to the product of variability ( p.), heritability 

l. 

(gi) and unit economic importance (bEP .). Potential usefulness 
l. 

of physiological and biochemical indicators of efficiency compon­
ents or of genotypes for blood groups, proteins or enzymes can be 
quantitatively and dispassionately evaluated in this manner. 

Correlation 

Correlation among phenotypes (rp .. ) and genotypes (rG .. ) of 
l.J l.J 

different components of efficiency can modify not only the optimum 
weighting of the components but also the over-all effectiveness of 
selection for efficiency. Genetic antagonisms between major 
components of efficiency (e.g., negative rG .. of growth rate with 

l.J 
maintenance cost of breeding females) can sharply limit the 
genetic variation in net efficiency and hence the opportunity for 
significant improvement. Positive genetic correlation among 
components indicates some degree of duplicating or joint effect on 
efficiency and hence leads to appropriately reduced independent 
emphasis on each (i.e., proportional to aG P ). 

E· i 

Environment s 

Environments include differences among production and market­
ing regimes as they influence relative economic importance of 
components (bEPi) and the variation in and correlations among 
components of efficiency. Examples would include climate, housing, 
feed resources, early weaning of young, market preferences. 

Breeding Systems 

Selection operates between breeds or breed crosses as well 
as among individuals or families within such populations. In 
selection among means for different breeds or breed crosses, 
accuracy of selection can be much higher than among individuals 

within breeds (i. e., ~ »g2 ) and the relative attention to 
-P Pi 

different components will be determined automatically by magnitude 
of breed differences in each component (a _ ) and their economic 

weightings (bEPi). 
economic weig ings 
(E) may be the best 

Pi 
Here the primary concern is having correct 
and direct comparison of economic efficiency 
alternatiVe. 

Commercial breeding systems can have a marked effect on 
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choice of selection objectives. In breeds used primarily to 
supply males for terminal-sire crossing, from which all progeny 
are slaughtered, much less attention to reproductive and maternal 
components is warranted than in breeds used to produce commercial 
crossbred females. However, in existing or new breeds to be used 
primarily as purebreds or in sire-breed rotation cross-breeding, 
a balanced combination of individual and maternal components of 
efficiency is desired since the same genotype will be represented 
in both breeders and market animals. 

Cost of Information 

Alternative measures of efficiency components may differ 
greatly in cost or in the intensity of selection permitted as 
well as in accuracy for prediction of breeding value for effi­
ciency. For example, carcass yield or meat ~uality information 
may be more accurate than live animal indicators but re~uires 
slaughter of animals, reduces intensity of selection and can only 
be used in family or progeny test selection. Such alternatives 
can be compared in terms of expected genetic change in efficiency 
per unit of time. 

Usefulness of endocrine, other biochemical or immunological 
indicators can also be examined in terms of additional economic 
progress expected in efficiency relative to added costs for 
indicator information. 

TENTATIVE CHOICES 

Much of the information necessary to make effective choices 
of selection Objectives for improving efficiency of meat produc­
tion is still incomplete. This is especially true concerning the 
extent of (1) genetic antagonisms among components of efficiency 
and of (2) genetic variation in maintenance re~uirements per unit 
of metabolic size and in nutrient utilization for synthesis of fat 
and protein tissues. However, rough initial definition of 
selection objectives for meat producing animals may stimulate 
their refinement. 

Bio-Economic Model 

A much oversimplified model (1) will be used as a starting 
point (Formula 1). The items of cost and of product represented 
in this formula illustrate how cost per unit of product value 
(Efficiency, E) is influenced by each variable. The partial 
regression of such a measure of efficiency on each component 
indi:ates its.direct linear effect on efficiency (bEP .), as 
outl~ned earl~er. ~ 
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For breeding female For her progeny 

Expense/year 

Product year 

(A/Y)+(Id+Bd.F d+Fpd)+N D(I +B.F +F )+8 = m _ oomopo 0 

Pd·Vd + N.Po·Vo 

Where: 

A/Y 

Id 

Bd 

Fmd 

Fpd 
N 

D 

I o 
B o 

F mo 
F po 
8 o 
Pd 

Vd 
P o 
V o 

= (Cost, young female - value, old female)/years in production. 

= Yearly fixed costs/female, for labor, housing, etc. 

= Metabolic body size of females~elative to population mean. 

= Average maintenance feed costs/female/year for population. 

= Feed cost above maintenance/female/year. 

= Number progeny reared/female/year. 

= Days from weaning to market weight for individual. 

= Average fixed costs/animal-day. 

= Average postweaning metabolic body size for individual, 
relative to population mean. 

= Average maintenance feed cost/animal-day for population. 

= Average feed costs above maintenance/day for individual. 

= Fixed costs/animal for slaughter, marketing, vaccines, etc. 

= Yearly volume of product/female. 

= Value per unit of female product. 

= Live weight of meat animal when marketed. 

= Value per unit of live weight. 

Reproductive rate. Increasing the number of progeny reared 
per female per year (N) reduces curvilinearly all breeding female 
costs per offspring marketed or kept for replacement in proportion 
to lIN, except as it increases female feed costs above maintenance 
(Fpd) for gestation and suckling and lengthens the postweaning 
feeding period (D) due to smailer size at weaning. The relative 
economic gain in changing N from 1 to 2 in cattle or sheep is 7 
or 8 times greater than in changing N from 14 to 15 in pigs and 
nearly 40 times greater than in changing N from 79 to 80 in meat 
chickens. There is no doubt of the potential economic gains from 
increasing reproductive rate, particularly in cattle and sheep. 
The difficulties are in the limited initial genetic variation in 
cattle plus the low heritability of variation and the dependence 
upon improved nutrition and protection for mother and young in 
both species. In swine and poultry variability in reproductive 
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rate is no problem, but heritability of litter size is low in 
swine unless there is adjustment for varying competition (litter 
size) effects on development of breeding females. 

Growth of young. Efficiency of growth to market weight (p ) 
in meat animals is represented by days fed for fixed per day 0 

costs (D • I ) plus total feed required for maintenance 
D (B • F )oand weight gain D • F ,divided by market weight 
adju~ted f8r composition or value ~~r unit (p • V). The 
market weight (p ) used presumably should be ~n th~ optimum 
range where furtHer increase in weight reduces carcass value 
(V ) and hurts feed conversion D (B F + F )/p more than it o omo po 0 

reduces initial parent female costs per unit of weight marketed 
(l/P). Thus, faster growth also will mean heavier optimum o 
market weight (p ) and larger mean metabolic body size (B ) 
shifting the ben~fit of faster gain largely to reduced fegale 
costs per unit of weight marketed. However, to the extent that 
faster growth also means larger adult female metabolic body size 
(Bd), female maintenance feed per offspring will increase and 
op~imum market weight will increase again, diminishing the net 
gain in efficiency even further. The desired Objectives (Figure 2) 
are more efficient growth to market weight (p ), and higher meat 
values (V), accompanied by earlier sexual ma~urity to reduce 
replacemegt costs (A) and lengthen productive life (Y) and minimum 
increase in size of breeding females (Bd ). 

The adverse effect of strong positive association between 
growth rate and size of breeding females is much more serious 
when reproductive rate (N) is low, as in cattle, because initial 
breeding female costs are such a large part of total cost per 
market animal. This limitation on the net gain in efficiency 
from increasing growth rate can be partially avoided in commercial 
production by mating males of rapidly growing, large breeds with 
females of smaller maternal breeds, the limitation being increased 
dystocia, calf mortality and delayed rebreeding. Another possible 
approach is "bending" the growth curve to achieve more efficient 
growth to market weight and earlier sexual maturity with minimum 
increase in size of breeding females. The earlier sexual maturity 
and first reproduction is necessary in order to avoid increasing 
total feed requirements to first reproduction. How much net 
increase in efficiency can be accomplished, including reduced 
fatness (i.e., improved meat value, V ) of market animals? o 

others (e.g., 2,3) have recently reviewed evidence from 
laboratory mammals concerning genetic variation in rate and com­
position of growth and associations with age at puberty and 
mature size. Some relevant conclusions are: 

1. Age increase in total cell number (DNA) is essentially linear 
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Figure 2. Desired changes in growth curve of cattle affecting 
optimum market weight (M), age at 1st calving (Cl ) and mature 
size relative to probable change from 1/3 increase in yearling 
weight. 
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during last 1/3 of gestation, then asymptotes towards 
plateau after puberty (4). 

2. Mean cell size increases at an ever decreasing rate, 
beginning 2/3 through gestation and asymptoting toward 
near maximum size at puberty (4). 

3. Fat replaces water in body tissues with advancing age, 
especially after puberty (2). 
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4. Genetic fraction of variance in body weight increases some­
what during late preweaning period (2 to 3 weeks of age) but 
nearly doubles from weaning to pre-puberty (3 to 7 weeks of 
age). (See 5). 

5. Maternal environment is the major source of variance in body 
weight before weaning (2/3) but its influence declines 
towards a negligible fraction of total variance at and after 
puberty (1/10 to 1/30). (See 5). 

6. After puberty, an increasing fraction of weight gain and of 
genetic variance in gain is in fat deposition (2,6). 

7. Selection for increased rate of pre-puberal gain (7,8,9) in 
body weight is effective but leads to a proportional increase 
in mature size and weight at puberty, to little change in 
age at puberty, to less increase in relative growth or 
gross food conversion to a constant age than to a constant 
weight and to little change in the intrinsic efficiency of 
tissue synthesis. Correlated increases in fat content of 
gain are greater when growth is measured to post-puberal 
ages (6). 

These results from laboratory mammals indicate that selection 
intended to increase rate of lean tissue growth is likely to be 
most effective when rate of growth is measured to late pre­
puberal age or weight. Increased pre-puberal rate of lean growth 
of course involves increased food intake or appetite, which would 
mean increased fat deposition after puberty if the elevated 
appetite continues under ad lib. feeding after puberty. In meat­
producing animals, food intake of breeding females is usually 
restricted after puberty or earlier, and the market animals are 
slaughtered when desired degree of. fatness is reached. The major 
limitation of selection for rate of pre-puberal growth then is its 
correlated effect on metabolic size of adult breeding females (Bd ), 
which limits the net gain in life-cycle efficiency of meat 
production, especially in cattle and sheep in which maternal costs 
are such a large part of total costs per meat animal marketed. 

A constantly recurring question is whether feed consumption 
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records are necessary in selecting for efficiency of growth in 
meat animals. Possible answers are visualized more easily in 
terms of growth during a fixed interval of weight rather than 
age so that the effect of more rapid growth on feed per unit of 
gain or on relative growth is not diminished by the corresponding 
increase in mean maintenance body weight (B ) to a given age 
endpoint. For a constant weight interval (0 P ), e.g., post­
weaning to near optimum market weight, individftal costs (C ) per 
unit of individual gain in meat value (t.P • V ) are reprgsented 
in Formula 2 as: 0 0 

Where: 

t = Proportion of non-fat tissue in live weight gain. 

(l-t) = Proportion of fat tissue in live weight gain. 

(2) 

bL = Feed cost over maintenance per unit weight of non-fat gain. 

bF = Feed cost over maintenance per unit weight of fat gain. 

Other symbols are as in Formula 1. 

Primary variables are days fed (D) and proportion of non-fat 
gain (t) except as both metabolic weight (B ) and value per unit o 
of gain (V ) are similarly affected by t. other quantities are o 
either fixed (t.P and I ) or assumed to be nearly constant (bL o 0 

and bF). All costs are for feed intake except those for fixed 

non-feed costs per animal-day (I). If this model is nearly o 
correct, rate of growth ( t. P iD) and proportion of non-fat gain 

(t) would account for most of the variation in efficiency of post­
weaning growth, primarily in feed for maintenance (D • B • F ), o mo 
but secondarily from variation in lean content of gain to the 
extent that feed cost for synthesis of fat tissue exceeds that of 
lean, i.e.,t.Po {t.bL+(l-l)bF} =t.P {bF-l(bF-bL)}. 

Measurement of feed consumption would be justified only to the 
extent that appreciable genetic differences do occur in basal 
metabolism and activity (F ) or in efficiency of fat and lean 
synthesis (bF and bL). I~ncreased growth rate Ct. P ID) and 
lean content of gain (t) are considered adequate andoare used in 
selecting for efficiency of postweaning growth to market weight, 
the emphasis on higher lean content of gain (t) would be expected 
to increase mature size (Bd ) and delay puberty of females even 
more than selecting for ra~e of gain alone. 
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If genetic variation in Fmo ' bF and bL are important enough 

to justify selecting directly for lower total feed consumption 
(D • F ) and fewer days (D • I ) during a specified body weight 

o 0 

interval, response in rate of growth and lean content of gain 
could be quite different from selecting solely for rate of 
gain and lean content - more efficient meat producers without 
much change in body size, perhaps? Except in pigs, most direct 
selection for better food conversion has used a constant age, 
rather than weight, interval, a procedure which is self-defeating 
because of the confounding of faster gains with heavier mean 
weights on test (i.e., with higher maintenance feed required). 

Production rate of females. Higher inherited rate of female 
production (p .V ), e.g., of milk or wool, directly reduces 
costs per uni% o~ product for female replacements (A/Y), fixed 
"per-head" items (Id ) and also for body maintenance feed (Fmd ), 

except as metabolic size (Bd ) is changed. The ratio of feed costs 

above maintenance to production F d/Pd,Vd) is less likely to 
change in composition of product ~Iters value per unit (Vd ) or 

Fpd/Pd • Unless increasing production will also increase female 

fixed and feed costs (Id + Fd ) more than value of product, i.e., 

(Id+Fd ) > Pd.Vd , a valid economic Objective is increasing total 

product value per female with minimum increase in body size and 
fixed non-feed costs. In suckling herd management of meat 
animals, increased milk production has its value in reducing 
post-weaning feed costs for offspring, N • D • F without 
incurring the fixed female costs (Id) required ig market milk 
production. 

Application 

Development of specific criteria for selecting among or 
within breeds of each species to improve performance of general 
purpose or specialized maternal or paternal crossing stocks under 
differing management-marketing situations is a major undertaking 
and beyond the scope of this paper. However, some of the prin­
ciples outlined above will be briefly illustrated for beef 
(suckler management) cattle populations being selected to improve 
purebred or rotation-cross performance. 

Selection within breeds. The relative importance of only 
two traits will be considered: frequency (%) of twin births (T) 
and yearling weight of calves (Y). Using economic values from an 
earlier analysis (10) and assuming 80% fertility and 20% annual 
replacement of cows, relative importance(R) of Y and T for genetic 
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improvement of net returns per cow-year would be roughly as 
follows for several levels of twinning: 

Trait (P.) ap. 2 
bEP . = R x gpo X 

l. 
__ l. 

l. __ l. 

Y (kg) 36 0.4 $0.23 $3.31 

T (P=2%) 14 0.2/2 1.8(0.88)(0.8)/2 1.12 

(p=4%) 20 0.2/2 0.64 1.28 

(p=6%) 24 0.2/2 0.64 1.54 

The R for Y is (.80-.20) x $5.50 = $3.31, where $5.50 represents 
net gain considering correlated effects on birth2weight, calf 
losses and cow size (10). The R for T assumes ~ = .20, divided 
by 2 because selection is for performance of the selected animals' 
dam. Also, it vas assumed that an increase of 1% in twin births 
will increase net returns per cow-year by 1% of 180 kg of calf 
weaned worth $a.88/kg for 80% of all cows maintained but that 
about one-half of this increase will be offset by higher costs 
for cow and calves to reach 180 kg weight at weaning and possible 
delayed rebreeding. This rough approach suggests that selection 
for twinning deserves consideration, especially if the initial 
frequency of twinning is 4 to 6% or higher. 

In maternal breeds or strains intended primarily for pro­
duction of crossbred heifer replacements, the emphasis on yearling 
weight (Y) could justifiably be reduced by about one-half relative 
to twinning (T). In paternal or terminal-sire breeds, little 
attention to twinning would be justified. 

Selection among breeds or crosses. If mean performance of 
breeds or c20sses is characterized rather accurately, heritability 
of means (~.) will be much higher than for individuals within 

breeds. Alsa, the range (fl P.) among breeds compared may be 
l. 

substituted for ap. in eValuating relative importance of traits 
l. 

in selection. For example, the range among cattle breeds in 
yearling weight may be very large relative to the range in mean 
twinning %: 

Trait flP. 
2 

bEP . R x ~ x = 
l. 

l. 

Y (kg) 150 009 $0.23 $31.05 
T (%) 2 0.8 0.64 1.02 

4 0.8 0.64 2004 
6 0.8 0.64 3.07 
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Again, emphasis on Y would be less in maternal breeds and 
more in paternal breeds, relative to To However, the small range 
in mean twinning rate among existing breeds would make twinning 
rate a definitely secondary consideration in selecting among 
breeds or crosses, unless the net economic advantage of rapid 
growth to yearling age is much less than estimated (10). 

The examples given above ignore possible phenotypic and 
genetic association among traits and omit consideration of other 
potentially important components of efficiencyo Comprehensive 
consideration of selection objectives would include such asso­
ciations for all traits affecting efficiency and relative 
importance would need to be measured by the respective standard 
partial regressions ( BG oP.) of breeding value for efficiency on 

E ~. d . phenotypes for component tra~ts. Under a~ry management, of 
course, higher milk production is a major objective. 

Species differences. Sheep differ from beef cattle primarily 
in the much greater existing variability in frequency of multiple 
births both within and among breeds (e.g. 11), which justifies 
much greater attention to reproductive rate in attempting to 
improve efficiency of meat production in sheep. Earlier sexual 
maturity, longer breeding season, carcass composition, rapid lean 
growth to heavier weights and wool yield also merit consideration 
(12) • 

In swine and meat birds, mean reproduction rate is so much 
higher than in cattle or sheep that economic gain from a further 
increase is smaller relative to that from increasing efficiency 
of individual lean growth (13,14), but still merits attention in 
maternal crossing stocks. 

SUMMARY 

Selection objectives in meat producing animals can be chosen 
to maximize expected improvement in the net efficiency of meat 
production. Net efficiency is defined in terms of cost per unit 
of product, as affected by efficiency in reproduction, in female 
production and in growth of young market animals. The criterion 
for relative emphasis in selection is the standard partial 
regression of breeding value for net efficiency on each potential 
phenotypic component of performance. For independent components, 
relative emphasis on each trait reduces to the product of 
variability x heritabi+ity x partial regression of net efficiency 
on phenotype. Relative emphasis on components may differ con­
siderably with management, marketing and breeding systems. Major 
biological objectives for reducing production costs per unit of 
animal product are (1) more efficient lean growth to market 
weight and earlier sexual maturity, with minimum increase in 
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birth weight or mature size, especially in cattle, (2) higher 
rate of reproduction, especially in cattle, (2) higher rate of 
reproduction, especially in cattle and sheep and (3) higher rate 
of female production (e.g., milk, wool, eggs) relative to 
metabolic body size. 
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10 L. Mason 

Food and Agriculture Organization of the 
United Nations 

Rome 

The work of FAO is concerned largely with the developing 
countries. For many people in many of these countries the 
consumption of animal protein is below the desirable physiological 
~n~um. The consumption figures in Fig. 1 tell their own story. 
The FAO recommended minima are based on an average daily intake of 
12.5 MJ and on the premise that protein should supply at least 10 
percent of the energy intake and 30 percent of the protein should 
be of animal origin. "Other animal protein", of course, includes 
fish and dairy products. In studying this diagram remember that 
Mauritius stands for most of the other countries of Africa, India 
for all the countries of southern Asia, and Mexico for most of the 
other countries of Latin America (with the notable exceptions of 
Argentina and Peru). Bear in mind also that these figures are 
averages so that some people are eating much less and some much 
more than indicated here. 

This diagram also shows clearly that many people (especially 
in Europe, North America and the Southwest Pacific), eat much more 
meat than is physiologically necessary. I am frankly not interested 
in using the world's genetic resources to increase a consumption 
which is already excessive. Therefore this paper will concentrate 
on the situation in the developing countries. Indeed I would go 
so far as to say that the consumption in the rich countries should 
be reduced if that can help to increase consumption in the deficient 
countries. 

I notice that Mr. Peart, the U.K. Minister of Agriculture, 
does not agree with me; he wants people to eat more meat in 
Britain. This is excellent if it is the undernourished (rather 
than the already over-fed) who are enabled to do so. In Norway, 
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Fig. 1. Protein contents of the food supplies available per 
caput per day in selected countries (1,2). 

on the other hand, it is now government policy to reduce excessive 
meat consumption, not merely for idealistic reasons, but in terms 
of enlightened self-interest - in order to reduce the load of 
diseases such as obesity, heart disease and atherosclerosis. 

Possibly the "mountain of beef" which accumulated in Europe in 
1974 indicates that consumers are beginning to realize that they 
have been pressurized into over-consumption and, now that the 
price is so high, they are realizing that they have been keeping 
up with the Jones' rather than meeting a physiological need or 
achieving a "unique gustatory experience". Perhaps consumers in 
the over-privileged countries ~ now be led to realize that the 
exciting cuisines of China, Italy, Britain, and even France, were 
designed to make a little meat go a long way. 

ALTERNATIVE LIVESTOCK 

This conference has naturally discussed chiefly cattle and 
sheep, pigs and poultry. I would like to draw attention to other 
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animals which are important sources of meat in some countries. 
The figures in Table 1 show that the very low levels of protein 
intake, and particularly meat protein, apply not only to the 
countries illustrated in Fig. 1, but to very large areas of the 
globe. They also show that up to 24% of the meat consumed in some 
areas comes from animals not included in the "big four". If it 
were possible to obtain figures separately for town and country, 
the importance of "other animals" would be even more striking 
since it is the sUbsistence farmer or the farmer producing beef 
for sale who consumes most of the game and rodents, as well as 
the poultry and goats. 

There are also great differences between countries. For 
France, Italy, Argentina, Brazil and Mongolia the "other animals" 
are largely horses. In Somalia and Sudan camels figure predomin­
antly. In Peru 4% of meat comes from lamas and alpacas and 5% 
from guinea pigs. In the Amazon countries large rodents are 
exploited such as the capybara. 

Table 1 

Relative importance of different kinds of meat in 
the supply of meat protein. Other meat includes 

camel, horse, rabbit, game, reindeer, edible offal (3). 

% supplied by 

Region Meat protein Beef Sheep Pig Poultry Other 
per caput and and meat meat meat 

g/day veal goat 

Far East 3.3 22 7 45 15 11 

Africa 5.5 50 16 3 7 24 

Near East 5.7 36 42 0 4 18 

Latin America 12.9 64 4 13 6 13 

Europe 18.3 39 6 34 9 12 

North America 36.4 50 2 22 20 6 

World 42 5 29 13 11 
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In West Africa and parts of Southern Africa the most important 
"other" animal is game. The list in Table 2 shows the incredible 
list of species which has been recorded from markets in Ghana. In 
some parts of the country as much as 78% of local meat may come 
from wild animals, particularly cane rats or grass cutters. Like­
wise, in the northern Ivory Coast people eat more bush meat than 
meat from domestic livestock (4). 

This is a genetic resource which is urgently in need of 
conservation. Indeed all the large game animals have already been 
exterminated in West Africa. The variety of the list is due partly 
to taste (like ours for pheasant or venison) but also to economic 
necessity. While human population control is the only way to 
alleviate this pressure on animals who have just as much right to 
live on the earth as we have, our immediate job is to try to 
increase the local production of meat from small domestic animals. 

In Eastern and Southern Africa game control is more effective 
so that some big game remains and the traditional hunting of the 
local people must be categorized as "poaching"o In some countries 
in Southern Africa, game is an extremely important item - in 
Botswana and Zaire, for instance, it accounts for about two-thirds 
of the total meat consumed (see Table 3). Elsewhere the current 
tendency is to replace hunting by the controlled cropping of game 
in natural reserves or on ranches. On many ranches antelope are 
now kept under control and some are on the way to domestication. 
Certainly they have many advantages over cattle in semi-arid or 
tsetse areas o They are more resistant to water shortage and to 
trypanosomiasis and other diseases and they eat a much wider range 
of plants so that overgrazing does not become a problem so quickly. 
Furthermore, their carcasses have a lower fat content. Antelope 
can have a higher reproductive rate and a higher dressing out 
percentage than the local cattle, and a higher growth rate than 
domestic ruminants of comparable adult size. In Southern Africa 
eland, springbok, blesbok, kudu and impala are now being exploited 

Table 2 

Some wild animals eaten in Ghana (4) 

Rodents - hares, rats, porcupines, mice, squirrels 
Antelopes - duikers, bushbuck, royal antelope 
Bats - fruit bats 
Anteaters - pangolins and aardvark 
Carnivores - civet and domestic cats, mongoose 
Primates - all monkeys and chimpanzees, bush baby 
other mammals - hyrax, bush pig 
Birds - including birds of prey, sunbirds, herons and egrets 
Reptiles - tortoises, turtles, lizards, snakes 
Invertebrates - ants, beetle larvae, giant snails 
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for meat. These species number over 1 million head on farms, 
national parks and nature reserves in South Africa and Namib1a, 
and their numbers are increasing (6). 
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Clearly this is a resource which must be conserved and 
exploited not only in Africa but also throughout the world. For 
instance, in Scotland the productivity of red deer is being compared 
with that of sheep. Even the Australians after years of sacri­
ficing their interesting feral animals for the benefit of the 
Merino and the Shorthorn, are now beginning to explore and exploit 
them rationally. The buffalo and the banteng of the Northern 
Territory are being retamed and used for meat. As for kangaroos, 
if it is necessary to continue to kill them at all, I hope their 
carcasses also can be used as food instead of being left to rot 
by the roadside. 

However, care must be taken in any domestication programme. 
Control will lead to the possibility ef artificial selection. If 
this is applied solely to growth rate and carcass quality under 
improved conditions of feeding and management, the wild animals 
may well lose the advantages in hardiness and disease resistance 
which now make them interesting. The need for fencing, housing, 
feeding, and disease control will eventually render them much less 
economic than our present cattle and sheep. 

Goats 

The minor species of livestock are neglected because they lack 
prestige - they have no religious or ritual value and they do 

Table 3 

Rural and urban meat consumption in six southern 
African countries and the importance of game meat (5) 

Consumption (kg /head/year) of 

Domesticated mamma]s Game animals 
Country Urban Rural 

Botswana 19.5 8.0 13.8 
Malawi 9.3 3.9 
Swaziland 44.4 19.7 
Tanzania 23.0 8.9 3.4 
Zaire 7.7 1.8 8.7 
Zambia 21.2 5.2 2.2 
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not get into the western textbooks. I shall discuss only two 
species - goat and buffalo. The importance of goat meat in 
particular is concealed by the statistics which lump it with 
mutton (of Table 1). In fact it is often much more important 
especially in North and West Africa and in southern Asia (see 
Table 4). 

Goat meat is disparaged because of the smell of entire males 
and because it lacks fat. This latter characteristic should be 
an advantage. Indeed French (11) writes: "Provided young kids 
are well fed, the meat produced can be delicious, palatable, 
tender and attractive". Certainly goat meat is highly prized in 
Sudan, Pakistan, Malaysia, Fiji and Ceylon to mention only a few 
countries. In none of these areas has there been a systematic 
selection for improvement in meat production (12). 

Such programmes are overdue. However, they must not sacrifice 
the features of the goat which make its meat the only one within 
economic reach of so many consumers, namely its hardiness, 
catholicity of taste in food, prolificacy and independence. Of 
particular importance are its resistance to drought and its 
ability to thrive on sparse vegetation. 

Even in its unimproved state the goat is important economically, 
French (11) writes: "Recent studies in the Peleponnesus hillside 
villages have demonstrated that the proportionate monetary return 
per year from goats, sheep and cattle respectively gave the 
following ratios: 122:100:72. Similarly, data from Pakistan and 

Table 4 

The contribution of goats to meat consumption 
in some tropical and subtropical countries 

Country Meat from Reference 
goats (%) 

Libya 36 7,8 
India 35 7,9 
Niger 35 10 
Nigeria 22 3 
Morocco 16 7,8 
Turkey 16 7,8 
Cyprus 14 7,8 
Iraq 12 7,8 
Indonesia 11 7,8 
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and Lebanon showed the revenue from goats to be higher than that 
from sheep. In Venezuela, the policy of goat elimination, intro­
duced approximately 20 years ago, has had to be revised and relaxed 
and the Government is now studying goat productivity under more 
controlled conditions." Of course these goats would be producing 
milk as well as meat. 

I am pleased to say that FAO has active projects for stimu­
lating goat production in Kenya, Fiji, Argentina and Brazil; 
projects for Fiji and West Africa are in the planning stage. In 
addition, we are advising several countries (currently, for 
instance, Thailand and Malaysia) on planning goat improvement and 
production programmes. 

Buffalo 

By buffalo, I mean, of course, the water buffalo of southern 
Asia where they number nearly half as many as the cattle. Indeed, 
in several countries of southeast Asia, as well as in Egypt, 
buffaloes outnumber cattle. However, just as goat meat is con­
founded with mutton so the statistics conceal buffalo meat under 
the heading "beef". Nor is it easy for the consumer to distinguish 
between the two. Nevertheless, in India he can be fairly sure he 
is eating buffalo beef; and a visit to the docks and slaughterhouses 
in Hong Kong immediately indicates their importance there. 

Table 5 

Comparison of young male buffaloes and local (Jenubi) 
cattle in Iraq; the former were about 12 and the 
latter about 15 months old. They were fed for 
4 months on alfalfa and wheat straw ad libitum plus 
34% of the feed intake as concentrate fed 
according to body weight. 

Number 
Initial weight (kg) 
Daily gain (g) 
Feed utilization (kg TDN/kg gain) 
Carcass weight (kg) 
Dressing percentage 
Hide as % live weight 
% lean meat In 3-rib sample 
% fat in " " " 

Cattle 

10 
122 
889 

4.60 
117 

51.2 
7.8 

61.9 
17.2 

Buffalo 

10 
200 

1163 
4.32 

162 
48.4 
10.8 
52.9 
24.5 
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The buffalo is ideally suited for meat production in hot humid 
climates whether as an adjunct to milk production (e.g. in India) 
or to traction (e.g. in south-east Asia). Some figures comparing 
their productivity with that of cattle are given in Tables 5-7. 
They are not very satisfactory since they are based on small 
numbers: also they appear to be contradictory - the results depend 
on whether the buffaloes were compared with a larger or a smaller 
cattle breed. However, I think one could safely conclude that 
buffaloes are not inferior in weight gain, food utilization, or 
carcass quality to the local cattle living in a similar climate. 

The extent of this unexploited resource is indicated by the 
estimate that in Bombay alone some 10,000 buffalo calves die of 
starvation each year. This figure is taken from an encyclopaedic 
book (16) on "The Health and Husbandry of the Domestic BuffalO" 
just published by FAO. The chapter on meat production concludes 
"An expansion of buffalo meat production and consumption would 
make a notable contribution to human welfare and the internal 
economy of many countries, including India, Indonesia, Pakistan, 
the Philippines and, indeed, wherever water buffaloes are part of 
the agricultural scene. When they are reared for meat production 
and the carcass is properly handled and dressed, the resulting 
product is palatable, nutritious and highly acceptable. It 
compares favourably with the meat of other domestic animals, 
whether fresh, chilled, frozen or as a constituent of manufactured 
products." 

CATTLE 

I am not trying to pretend that all our meat requirements can 
be met by the alternative livestock species discussed above. What 
I am stressing is their vital importance in many developing 
countries where their full exploitation has been neglected -
particularly by advice and assistance coming from countries which 

Table 6 
Weight gains of buffaloes and cattle in Trinidad (14) 

Initial Daily wei~ ht gain (g) 
weight 1st 10 weeks 2nd 10 weeks 

n (kg) (poor pasture) moderate pasture 

Brahman 6 140 0 295 
Jamaica 

Red 6 190 0 477 
Buffalo 6 184 213 617 
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Table 7 

Carcass composition of 18-22 month old Swamp buffalo and 
and grade Brahman bulls dissected in Australia, 

but not reared together (15) 

Number 
Carcass weight (kg) 
Dressing percentage 
% lean meat 
% fat 
% muscle in "expensive" 

muscle groups 

Buffalo 

3 
129 

52.3 
71.3 
4.9 

56.4 

Brahman 

3 
181 

5207 
68.5 
8.1 

56.1 
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lack these species or, at least, lack knowledge of their importance 
and of their possibilities. 

Cattle are still the most numerous species of farm mammal 
and produce the majority of the world's meat. For the wisest and 
most profitable exploitation of this resource I want to emphasize 
two points: 1. Choice of the most appropriate breed, and 2. The 
place of crossbreedingo 

Choice of Breed 

A just balance must be kept between on the one hand the 
conservatism which advises clinging to the traditional, locally 
adapted breed and on the other so-called progress which is always 
looking for something different and, hopefully, better. Caution 
and the pressure of vested interest confined British beef breeding 
to the local breeds until the introduction of the. Charolais in 1961. 
Good salesmanship based on their beautiful appearance and fat 
carcasses had enabled the Hereford, Shorthorn and Aberdeen-Angus to 
nearly eliminate the other beef breeds in Britain. Now there is a 
flood of large breeds from the continent of Europe to Britain and 
America and they are being carefully evaluated. Fig. 2 shows 
recent results from the Meat and Livestock Commission's recording 
of growth rate in crossbreds o The reason for the rising popularity 
of the Continental breeds is clear. The reason for the earlier 
rise of the Hereford and Angus (compared with other British breeds) 
is not. Certainly in a pure breed other characters besides growth 
rate are important (e.g. fertility) but this would not apply to 
crossbreds. Food utilization and carcass quality are also 
important and Table 8 shows that the Continental breeds are as good 
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as, if not better than the British breeds in these respects. The 
Limousin in particular demonstrates, as in previous trials, a high 
lean/bone ratio and a large eye-muscle area. 

While these and other trials have demonstrated the large size 
and growth rate of the Charolais and Simmental, the Chianina and 
Maine-Anjou have the reputation of being even better in these 
respects. Preliminary results from USA are given in Table 9. They 
should be compared with previous results using Charolais bulls,viz. 
calving difficulty of 24.1 percent and 200 day weight ratio of 
106.3. The Chianina seems to deserve its reputation. Results 
from small numbers of Chianina steers at Minnesota Agricultural 
Experiment Station also show a higher growth rate than the Charolais 
and no inferiority in carcass quality (17). 

As for the Maine-Anjou,the U.S. trial indicates that it is no 
bigger than the Charolais. On the other hand a small-scale trial 
in Canada indicl1tes that it may exhibit superiority on a high-energy 
ration (See Table 10). 
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Fig. 2. Weights of crossbred calves by various breeds of bull 
compared with the weights of Hereford cross calves in the same 
herds at the same time, recorded by the Meat and Livestock 
Commission during 1972+74. A total of 5704 cal~es were weighed 
at birth, 13528 at 20~9 days and 10158 at 300-49 days. (Based 
on figures in Deeble (18)). 
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Table 8 

Comparison of carcasses of Friesian steers with crossbred by 
beef bulls, born in 1972, fed ad libitum on a complete diet at 
four Experimental Husbandry Farms in England and at the Norfolk 
Agricultural Station, and slaughtered serially at four ages 
between 375 and 487 days. The German and Swiss Simmentals were 
very similar and their results have been combined (19). 

Friesian Hereford 
cross 

Number 26 31 

Overall breed averages: 
Growth rate (kg/day) 0.39 0.90 
% high-priced cuts 45.7 45.9 
Lean/bone ratio 3.7 3.8 

Breed values adjusted to 20% fat in carcass: 
Cold carcass weight 

(kg) 
Dressing % 
% lean in carcass 
% bone " " 2 
Eye muscle area (cm ) 
Food consumption per 

unit weight lean 
Weight of lean (kg) 

237 
52.8 
61.9 
16.6 
58.8 

20.8 
147 

300 
51.2 
62.3 
16.0 
52.6 

17.6 
124 

Limousin 

36 

0.89 
46.8 
4.3 

233 
55.0 
64.0 
14.6 
69.8 

18.0 
149 

Simmental 

49 

0.95 
45.8 
3.9 

245 
52.7 
62.5 
16.0 
64.6 

19.6 
154 

These breed comparisons, provided they are based on all the 
important economic characters, and not only on growth rate, are 
essential in order to choose the most profitable breed to use in 
temperate areas with developed farming systems. However, the same 
breed may not be appropriate for use on poor pasture in the topics. 
Breeds must be tested under the conditions in which they are going 
to be used. This is well demonstrated by results from Zambia 
where bulls of local zebu breeds and Herefords were tested under 
uniform conditions which alternated between feedlot and pasture. 
On pasture the zebu breeds grew more quickly; on feedlot the 
Hereford (see Fig. 3). 

A similar example of breed x environment interaction is 
provided by the FAO feedlot project in Kenya. The crossbreds 
between European breeds and the local zebu (Boran) were no better 
than improved Borans on the low concentrate ration but they grew 
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Table 9 

Calving difficulty and 20o-day weight of crossbred calves born in 
1973 from Hereford and Angus 4-8 year old cows at U.S. Meat 

Animal Research Center, Nebraska (20) 

Breed of sire No. of calves Calving 200-day weight 
weaned difficulty ratio 

(%) 

Hereford and Angus 92 8.1 100.0 
Red Poll 88 3.5 100.5 
Brown Swiss 95 9.2 105.6 
German Yellow 95 11.8 107.5 
Maine-Anjou 80 21.7 106.1 
Chianina 80 14.3 110.0 

Fig. 3. Liveweight gains of the same bulls of four breeds 
during performance tests alternating between feedlot (pen) and 
pasture (veld) (each lasting 105-120 days) during 1967-69 at the 
Central Research Station, Mazabuka, Zambia (22). 
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Table 10 

Comparison of crossbred bull calves out of Hereford cows 
at a Canadian feedlot. Group 1 were heavier than group 
2 and were initially fed a higher energy ration; a 
similar difference applied to groups 2 and 3 (21). 

Average daily gain (kg) 

Feedlot group 1 2 3 

Breed of sire 
South Devon 1.16 1.24 1.13 
Simmental 1.39 1.31 1.08 
Maine-Anj ou 1. 71 1.36 1.19 
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10% faster on the high concentrate ration (see Table 11). In a 
later test the unimproved and local Borans were similar and again 
the crossbreds by large beef breeds had no advantage on the low 
energy ration but they grew 30 percent more quickly than the 

Table 11 

Breed x ration interaction in the Kenya feed lot 1971 trial. 
The high concentrate ration contained 33% roughage and the 
low concentrate ration 67%. The feed cost item is defined 
as "Daily added value minus daily feed and non feed costs 
including interest and mortality)" (23). 

Unimproved Improved Friesian Hereford 
Boran Boran cross cross 

High concentrate ration 
Average daily gain (kg) 0.99 1.26 1.39 1.38 
kg feed per kg gain 8.7 7.4 7.1 7.2 
Feed cost (US cents/kg 

gain 34 28 26 30 

Low concentrate ration: 
Average daily gain (kg) 0.88 1.10 1.06 1.05 
kg feed per kg gain 9.5 7.9 7.9 9.1 
Feed cost (US cents/kg) 

gain 31 26 26 30 
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Fig. 4. Crisscrossing compared with pure breeding at the 
Agricultural Research and Education Centre, Belle Glade, Florida. 
(After (25». 

Borans on the high concentrate ration which caused the Borans to 
develop laminitis (24). 

Crossbreeding 

The last table leads naturally to a discussion of cross­
breeding. This has long been the traditional method of producing 

Table 12 

Weight at 18 months Weight relative 
Breed no. kg to Polled 

Sinu (%) 

Polled Sinu 241 226 100 
Brahman 72 270 119 
sinu 0' x Brahman ~ 36 312 138 
Brahman O'x Sinu ~ 84 307 136 
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Fig. 5. Body weights of Boran (zebu) and Red Poll (European) 
calves and their reciprocal crosses on unsupplemented pasture at 
Ruhengere Field Station in southwest Uganda during 1967/68 (27). 

beef in Britain. The cows not needed for breeding replacements 
for dairy herds or for herds on the hills and marginal land are 
mated to beef bulls. Often a second cross is used, e.g. the Blue 
Grey cows from the Whitebred Shorthorn x Galloway cross are mated 
to bulls of the large beef breeds. 

Presumably hybrid vigour is involved in the Blue Grey cross 
but I know of no experiment designed to prove it. Such hybrid 
vigour has been demonstrated in crosses between British beef breeds 
in U.S.A. and is sufficient to justify crossbreeding for this 
reason alone. Although the amount of hybrid vigour shown by 
individual traits may be small, e.g. about 5% for calf crop, 
weaning weight and post-weaning gain, these items are cumulative 
and give a total economic advantage of crossbreds over purebreds 
of the order of 20%. 

This diagram refers to one character, one area and one cross­
breeding system. However, the results are typical. Table 12 and 
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Table 13 

Superiority of various crossbreds over purebreds 
for beef production in America (28) 

EuroEean breed crosses 
Fl progeny 

Progeny of Fl dams 

Rotation crossbreds 

EuroEean x zebu crosses 
Fl progeny 

Progeny of Fl dams 

Rotation crossbreds 
F (= crossbred x 2 crossbred) 

% advantage of crossbreds over purebreds 

Weaning Weaning Production Daily gain 
rate weight per cow in feedlot 

1.7 3.3 

4.4 6.2 

3.3 8.4 

5.1 10.8 

19.4 22.6 

9.6 25.1 

11.7 13.4 

1.7 

12.5 

16.9 

12.1 

46.3 

30.9 
, 

26.6 

4.6 

2.3 

6.1 

13.3 

2.2 

0.7 

-1.8 

Fig. 5 give some results from Colombia and Uganda. Table 13 
summarizes the results of all the experiments reported at the 
Twentieth Annual Beef Cattle Short course at the University of 
Florida, 1971. The greatest amount of heterosis is obtained by 
breeding from Fl dams, especially if a third breed of bull is 
used. However, this system of breeding needs a ~omewhat sophisti­
cated organization. It involves keeping a purebred herd to breed 
Fl replacement cows or else buying in replacements from outside 
tne herd; also bulls of three breeds are required. The criss­
crossing has the advantage that the relacement cows arise from the 
same matings that produce the calves for slaughter. It can, of 
course, be made more complicated by using a terminal crossing sire 
of a different breed on the criss-cross cows. Or it may be turned 
into a rotational crossing system by using three or four breeds in 
succession. 

CONCLUSION 

I have confined this paper to ruminants and I have concen­
trated on those which have the reputation of living on poor 
pastures and high roughage fodders. Ruminants were the first 
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animals to be domesticated and they were probably chosen because 
they did not compete with man for food. Domesticated non-ruminants 
started as scavengers. I think that in the future we shall be 
forced more and more to exploit this invaluable characteristic. I 
am a pessimist. I see the Sahel drought not as a passing 
phenomenon but as a southward spread of the Sahara. For me the 
fuel crisis and the fertilizer shortage are signs that we are 
over-exploiting the mineral resources of the globe. The lesson 
is that we must more and more rely on renewable resources and so 
use our animal heritage that its exploitation needs the minimum of 
grain feeding and, therefore, the minimum of oil, of fertilizer 
and of water. 
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DISCUSSION 

In reply to Mr. Mason on the leanness of red deer, 04. Futte4 
mentioned the comparison of lambs and deer made by Miss Ann 
Pollock at the Rowett Institute. Given the same food intake, deer 
retained less energy, but with the same rate of energy retention 
more of their retained energy was protein. 04. Web~te4 added that 
this difference was similar to that between Pietrain and Large 
White pigs discussed by Dr. Lister. 

04. F~eh felt that part of the genetic component of 
appetite l~ in the control of milk yield since, in her view, 
early food intake set the pattern of appetite in later life. 
04. Tunne4 thought that the partition of retained energy between 
protein and fat might be controlled by the same hormonal system 
which regulated appetite. 
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VEGETABLE PROTEIN AS A HUMAN FOOD -

BACKGROUND AND PRESENT SITUATION 
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INTRODUCTION 

In recent years there has been growing concern that production 
has been unable to keep pace with the increase in world population. 
In particular, crop production and fish catching have been locally 
very poor because of the sporadic incidence of unusually dry or 
cold weather which has led to acute and dramatic shortages of food. 
But it is evident that the consumption of feed crops including 
wheat, corn, milo and soybean is rapidly increasing in many 
countries to provide for the increased requirement of animal foods. 

Human foods of animal origin require animals to be fed 7-10 
times more calories than their own value, in the form of crops and 
grass. In other words, in countries where animal foods are more 
popular crops are used less efficiently for food than where animal 
foods are rarely consumed. Fig. 1 shows that the total consumption 
(i.e. both direct and indirect) of crops in the U.S. per capita per 
year is 10 times greater than in Brazil, although the direct 
consumption of crops as food in the U.S. per capita per year is 
less than that in Brazil. Fig. 2 compares the calorie intakes of 
several countries using the notion of 'original' calories, which 
are calories derived from crops plus the calorie cost of producing 
the animal, i.e. animal calories x 8. The original calorie intake 
by the U.S. people is 3 times their usual calorie intake, whereas 
that of the people of India is only 20% greater. Thus chronically 
low yields and poor harvests anywhere in the world influence prices 
for meat and meat products even in such countries as the U.S. and 
Japan. 

As demand for animal foods in the world will continue to 
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Fig. 1. Consumption of total and food crops per capita per year 
in several countries. 

increase as indicated in Table 1, it is urgently necessary to 
increase production from crops for animal use, and to search for 
and develop new feed resources. Single-cell and leaf protein 
and oil cakes are now being discussed in this connection. At 
the same time the possibility should be considered of using soy­
bean meal, wheat flour and peanut for human food. Soybean and 
wheat have been used traditionally as foods in the Orient as 
recorded by Watanabe (1) and contribute to the protein nutrition 
of the people there as shown in Table 2. The following are 

1 

1 
Cal 

U.S.A. JAPAN 

Original Calorie 

Non-animal Calorie Animal 

INDIA 

Fig. 2. Calorie supply per capita per day. 
explanation see text.) 

(For detailed 



VEGETABLE PROTEIN AS HUMAN FOOD 

Table 1 

Supply of animal (incl. fish) protein (g) 
per capita per day in several countries 

1960/62 1963/65 1966/68 

United States 65.1 66.4 68.7 
Australia 59.7 61.3 65.4 
United Kingdom 56.0 56.3 56.3 
France 55.8 58.7 62.7 
Spain 24.8 28.6 32.4 
Japan 22.6 25.5 28.4 
India 6.1 6.0 5.5 
Argentine 52.4 50.7 60.0 

* 1970/71 
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1969/70 

71.5 
68.2 
53.4* 
64.0 
34.6 
30.8 
5.6 

62.3* 

suggested as the reasons why these foods were and are still so 
popular in the Orient. One is that the people have known for 
many years technology about the use of microorganisms as enzyme 
sources to convert starch, protein and fat to the low molecular 
compounds which may play a role in the development of the flavour 
and digestibility of products, such as miso, soysauce and tempeh. 
Another is that they developed methods of modifying the proteins 

Table 2 

Protein supply (g) from various food items 
in Japan per capita per day 

1960 1968 1970 1972 

Grains 28.8 26.7 25.6 25.3 
Soybeans, miso, soysauce 10.8 9.9 9.9 10.2 
Other legumes 2.8 2.7 2.6 2.5 
Fruits and vegetables 4.3 5.6 5.1 5.4 
Animal foods 6.6 13.2 15.7 17.1 
Fish 14.6 16.1 15.8 16.6 
Others 1.6 1.3 1.5 1.3 
Total 69.5 75.5 76.2 78.4 
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of soybean and wheat to make them more acceptable in texture and 
eating characteristics generally. Soybean milk is a liquid con­
taining oil and protein and is similar to cow's milk. Tofu is 
calcium gel prepared from heat-denatured protein. Aburage is 
deep-fried tofu swollen to a sponge-like condition during heating. 
Dried fu is prepared by baking a mixture of fresh gluten and rice 
or wheat flour. 

These foods provide examples of the different ways that the 
chemical or physical properties of vegetable protein can be modi­
fied to fit consumer preferences, just as margarine can be prepared 
as a sUbstitute for butter. Vegetable proteins have also been 
used as substitutes for or extenders of meat or chicken products 
in China and Japan. There is, for instance, a traditional Chinese 
dish which is made from wet gluten seasoned by soy or other sauces 
which has a very similar texture to meat. Another dish is made 
by pressing out films of soybean protein, sticking them to each 
other and adding seasoning. The films used are those formed on 
the surface of soybean milk during heating. In Japan, tofu, the 
calcium gel of soybean protein, can be ground, moulded and deep 
fried to make gammodoki, the texture of which resembles chicken. 
The name literally means wild goose meat analogue. 

Several foods have been prepared in the U.S. from soybean 
and wheat protein products; these include soybean milk, soybean 
cheese and gluten meat. They are mainly consumed as vegetarian 
foods and in diets for allergic patients. In the last ten years 
these foods have also been evaluated as dietic foods in the pre­
vention of cardiovascular disease. Other uses of vegetable 
protein as food are as ingredients of traditional foods such as 
bread, sausage and cake. Vegetable proteins can be used to retard 
the deterioration of starch in bread, promote the emulsification of 
fat in sausage and prevent oil penetration in doughnuts. The 
amount used is usually less than 3% in the final products. 

NEW FOODS FROM VEGETABLE PROTEIN PRODUCTS 

The significance of vegetable proteins in the world food 
supply has greatly increased in recent times. To use these 
protein sources more effectively, soybean and wheat protein products 
are now industrially processed into such food materials as textured 
vegetable protein, spun protein and gel protein. These particular 
materials are easily prepared on account of the inherent character­
istics of soy and wheat protein. They are mainly used as extender 
of meat and meat products but some of them are processed to meat 
analogue. 

I will now describe briefly the chemical and physical 
characteristics of vegetable protein and the present situation 
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regarding their industrial processing for food. 
development in these fields will be described in 
by Saio. 

Research and 
the next chapter 

Soybean and its Derived Products 

Soybean contains 30-40% of protein and 20% of oil. It is 
one of the most important vegetable oil resources in the world. 
After the removal of oil by hexan-extraction, the resulting soy­
bean meal contains 45-50% of protein and is mainly used as feed. 
90% of protein in the meal can be extracted with water, if the 
meal is produced without heating. Protein becomes more or less 
insoluble, possibly through denaturation, when the meal is heated 
during or after defatting. This might be for heat denaturation 
of protein. Protein extracted from the meal with water can be 
precipitated with acid at its isolectric point, pH 4.5 and the 
remaining low molecular nitrogen compounds, sugar and other minor 
components are retained in the whey. The precipitated protein is 
separated, washed and dried to make so-called isolated soy protein, 
the yield of which is about 30-35% of the meal. It is now 
industrially manufactured in various co~tries such as the U.S., 
Japan, European countries and perhaps in China. Acid-precipitated 
protein is neutralized, if necessary, and spray-dried. 

If the meal is treated with alcohol or dilute acid, low 
molecular nitrogen compounds, sugar and other minor components are 
eluted as whey; the main protein components remaining in the meal. 
The meal produced contains 70% protein on a dry basis and is called 
70% soybean meal or soybean protein concentrates. It is rich in 
protein and has a less 'beany' flavour. Protein concentrates can 
also be made by heating meal to make the protein insoluble and 
repeatedly washing with water. 

Other products derived form the meal are powdered soybean 
milk which is a spray-dried product of cold or hot water extract of 
meal or whole soybean. Although a beany flavour is still retained 
in this product, it is more nutritious because of its high digesti­
bility, which results when the insoluble, fibrous components are 
removed by filtration. 

Residues in the extraction water used in the production of 
isolated soy protein have no economical use other than for feeds. 
Almost all whey is now discarded and is responsible for much of 
the pollution of rivers and the sea. Concentration by ultra­
filtration or reverse osmosis may provide alternative applications. 
It has also been used in growth media for microorganisms such as 
yeast. 

There ~s some confusion concerning the use of the term 
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'vegetable protein' or 'soybean protein'. Strictly speaking, 
vegetable protein is isolated protein, such as acid-precipitated 
protein of soybean or gluten from wheat flour. But conventionally 
soybean meal, soybean protein concentrates and dried soy milk are 
all called soybean protein, because they contain 50% or more protein 
on a dry basis. The soybean protein products considered in this 
paper include the various products which contain more than 50% 
protein including textured vegetable protein and spun protein 
mentioned below. 

Soybean and Wheat Protein Products as 
Meat Extender or Meat Substitute 

Before vegetable protein products are used as extenders or 
meat or meat product substitutes, it is necessary to give them the 
desirable texture for manufacture and eating. Fig. 3 shows 
briefly a flowsheet of production of various soybean protein pro­
ducts from defatted soybean meal. These processes have been 
reviewed by Smith and Circle (2). 

Isolated soy protein. Neutralized isolated soybean protein, 
after mixing with the same amount or more of water, is converted 
to elastic hard gel by heating. It is used as an extender in 
sausage, meat loaf, fish sausage and fish paste products. This 
property can be employed to some extent in flour, concentrates and 
soybean milk powder. Circle et al. (3) reported gel-forming 
property of isolated soy protein. The isolated protein is the 

\ . 
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Fig. 3. Flowsheet of production of soybean protein products. 
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material used for spun protein mentioned later. The price of 
isolated soy protein is about 90i/kg, compared with 16i/kg for soy­
bean meal or flour. 

Textured vegetable protein (TVP) from soybean meal. Textured 
vegetable protein from soybean meal is perhaps the most popular 
material in use as meat extender or sUbstitute. It is made from 
soybean meal or soybean protein concentrates and sometimes mixed 
with isolated soy protein. They are mixed with water and ingre­
dients, if necessary, and treated with cooking extruder to apply 
when the thermoplastic extrusion technique is to be used (4). 
In the course of this somewhat drastic, physical treatment, the 
protein denatures which results in its stretching and twisting. 
The reduction in solubility of protein plus these changes make the 
denatured proteins capable of reorientation into the desired 
'muscle' structure. The size and shape of the products can be 
controlled by modification of the design of the dies used and 
speed of the cutting knife. As extruded materials are usually 
moist, they are dried and cooled before packing. In the case of 
products made from soybean meal, the beany flavour can be removed 
by washing. TVP is superior as meat extender not only for its 
eating character but also for its ability to retain the natural 
juices and flavours that ordinarily would be lost during cooking. 
Furthermore, TVP can reduce the shrink loss which is observed 
during the cooking of meat. The use of TVP as meat extender 
requires its hydration at the rate of two parts water to one part 
product by weight and adding this blend to the total product mix 
at the rate of 20-30%. Hydration with more than two parts water 
is not desirable from the point of acceptability, nutrition and 
reduction of cooking shrink. The price of TVP is about 75i/kg 
or more dry, and 30i/kg when hydrated. 

According to Cumming et al. (5), the physical properties of 
TVP such as its shear characteristics (Kramer Shear Press) are 
markedly affected by process temperature and indicate that maximum 
texturization may occur under their experimental conditions between 
175-1920 C. Hashida et al. (6) measured the texture change of TVP 
induced by heating for canning with texturometer. They found 
decrease in hardness and chewiness after heating and differences 
in the texture of the reconstituted uncooked and cooked materials 
which depended on the temperature and pH of the water used. They 
also showed that the heat induced decrease in hardness and chewiness 
could be prevented by reconstituting with dilute CaC12 solution. 

Yoshioka et al. (7) examined the texture of TVP using 
Tensilon and Texturometer, as it was affected by the pH of water 
used for reconstitution, which influences water holding capacity 
and hardness, and by precooking. 

There are different types of TVP other than that produced by 
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the thermoplastic extrusion techni~ue. Structural protein is a 
TVP made from isolated protein by a patented method. 

Spun protein from soybean. Spun protein is made from isolated 
soy protein by Boyer's method. Proteins are dissolved in alkaline 
at pH 11-13 as a spinning dope. This is extruded through a fine 
spinneret into an acetic acid bath containing NaCl. Fibre protein 
molecules are stretch oriented by rolling. The tenderness and 
diameter of the fibres can be adjusted by concentration of the 
protein and alkalinity of the dope, diameter of spinnerets and also 
by stretching (4). When the fibres are used for producing meat 
substitute, they are treated with flavouring solution, colouring 
and seasoning substances, mixed with coagulating agent such as egg 
white and heated in a bath for moulding. They are then cut, 
dried or frozen for marketing as ground beef, beef bits, analogues 
or other commodities. Spun proteins are sometimes used as 
extender in meat products, being prepared in a chosen length and 
strength. The price of spun protein is about 130-140i/kg of 
dried product, which is about twice that of TVP. It is said, 
however, that spun protein can be used in meat products at a higher 
rate than TVP and thus it may not necessarily be uneconomic. 

Using the Instron Universal Testing Machine, Stanley (8) 
examined the physical properties of fibre protein and meat in 
terms, for instance, of its breaking strength and break elongation 
and found distinct differences between the two. 

Wheat gluten. Wheat flour contains 10-15% protein. Flour 
from hard wheat contains more protein than that from soft wheat 
and low grade flour contains more protein than high grade flour. 

Gluten is obtained by kneading flour with water, washing out 
soluble substances and starch repeatedly until only an elastic soft 
mass remains. This material, so-called wet gluten, which contains 
80% protein on dry basis, can be coagulated by heating to a soft 
gel which is chewy. This is why wet gluten is used as an extender 
of fish sausage and some fish paste products in Japan. Wet gluten 
can be air-dried after cutting into pieces or spray-dried after 
dissolving in acetic acid. TVP from gluten is now produced on a 
commercial scale in Japan by a 'shearing' process which gives the 
product a fibrous texture. This texture can be formed also by 
coagualting dissolved gluten under special conditions. Gluten 
based TVP is mainly used as an extender of meat and meat products. 

Nutritive Value of Vegetable Protein Products 

Although the sulphur amino acid content of soybean protein 1S 

less than that of animal protein, its nutritive value is high. 
The Protein Efficiency Ratio (PER) of soybean protein is estimated 
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as 2.5, or about 80% that of milk casein. But TVP and spun pro­
tein may have lower nutritive value as a consequence of the 
destruction of some amino acids, if the processing conditions are 
not satisfactory. The PER of TVP is 1.8-2.0, or 20-25% lower than 
the original soybean protein. 

Constance et al. (9) discussed the nutritional value of TVP 
and methionine-fortified TVP. Both meet the requirements of 
adult men when fed at the 8 g nitrogen intake level. At the 4 g 
nitrogen intake level, beef was found to be superior to a TVP 
product as a source of protein, but this superiority could partially 
be overcome with 1% fortification of the TVP product with DL­
methionine. 

According to Shirata et al. (10) rats fed a 1:1 mixture of 
meat and TVP showed no differe;ces in body weight gain, feed 
efficiency and other characteristics from rats fed meat alone. 

Fujita (11) found some destruction of the basic amino acids 
in fibre protein which was possibly attributable to the alkaline 
treatment of the dope. This may result in a decrease of nutritive 
value of this product relative to the original isolated soy protein. 
Animals and children fed spun protein (12) accepted it readily and 
the results of the tests suggested that the protein was equivalent 
to 80% cow's milk. 

Wheat gluten is distinctly low in lysine, but if it is used 
as meat extender, this is not serious. Combinations of wheat 
gluten with soy protein are preferable because lysine and methionine 
supplement each other. Lysine fortification should also be con­
sidered. 

Soybean meal or flour causes flatulence when fed in large 
amounts. It is thought that oligosaccharides such as raffinose 
and stachyose are the constituents responsible. Protein con­
centrate and isolate do not cause such troubles, because they 
contain little oligosaccharides. TVP produced from protein con­
centrates is even more desirable from this viewpoint. Rachis (13) 
has reviewed the literature pertaining to these problems. 

The Flavouring of Vegetable Protein Products 
Used for Meat Substitutes 

The beany flavour is undesirable when soybean is used as a 
basis for meat extender and meat substitute. It is removed from 
soybean by making protein concentrate or isolated protein. Care­
ful and repeated treatments such as steaming are necessary if they 
are to be effective. 
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If meat sUbstitutes derived from vegetable protein are to 
taste and look like meat or meat products, flavouring and colouring 
must be added. 

Flavouring substances need to be absorbed on the surface of 
the protein of the cell structure. They need not be too strongly 
bound, because they are not then easily eluted in the process of 
chewing. 

Beef steak or roast beef flavours are created by the inter­
action of amino acids and reducing sugars which exist in the meat 
as precursors. Cystine or cysteine and fat are important for 
developing such flavours. The essential campounds are commercially 
available as flavouring SUbstances. Soaking the protein products 
in a mixture of protein hydrolyzate, salt, sugar and seasonings at 
600 c is effective in conferring flavour on the product (14). In 
the case of TVP, flavouring substances may be dissolved in water 
together with the heat coagulant agent. They are fixed in the 
structure of TVP by heating. 

LABELLING AND SPECIFICATION OF NEW FOODS 
FROM VEGETABLE PROTEINS PRODUCTS 

The amount of vegetable protein used as meat extender and 
meat SUbstitute is increasing in Japan and in the U.S.A. especially 
since the U.S. Government authorized the use of TVP in the schools 
lunch programmes (15). 

TVP, fortified by minerals and vitamins, can be used in com­
bination with meat. The ratio of hydrated protein to cooked meat, 
poultry or fish should not exceed 30 parts to 70 parts on the basis 
of weight. The USDA lower limit in the PER of TVP is 1.8 and that 
of combined mixture of TVP and meat, 2.5. TVP must meet the 
composition requirements shown in Table 3. All values are 
expressed on dry basis and are applicable to dry or hydrated forms. 
The moisture content of the hydrated form shall not exceed 65% nor 
be less than 60%. 

In Japan, the Government approval of processed foods is 
indicated by the 'JAS' mark on the products, and various processed 
meat products such as pressed ham and mixed ham are allowed to 
include vegetable protein products to the extent of 3 or 5% 
including starch in the total product (Table 4). As this system 
is not compulsory, there are meat products available which do not 
bear the 'JAS' mark, in which vegetable protein is added in excess 
of 3-5%. There are now no restrictions controlling the quality 
and quantity of vegetable protein used in meat products. The 
only requirement is for the material used in the processed food to 
be indicated. 
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Table 3 

Composition requirement ror TVP 

Minimum Maximum 

Protein (Nx 6.25) % 50.6 
Fat % 30.0 
Magnesium mg% 70.0 
Iron mg% 10.0 
Thiamin mg% 0.30 
Riboflavin mg% 0.60 
Niacin mg% 16.0 
Vitamin B6 mg% 1.4 
Vitamin B12 mg% 5.7 
Pantothenic acid mg% 2.0 

In many European countries, food laws prohibit the use of 
vegetable protein in meat and meat products on the basis of 
definition of the commodity. It is natural that those traditional 
foods should be made from their original material, but several 
countries are now discussing the possible use of vegetable protein 
in meat products as a consequence of recent trends in the world 
food situation. However, until the technology to produce 
independent foods exclusively from vegetable protein is developed, 
vegetable protein will be used to decrease or overcome some of the 
inherent disadvantages or physiological problems associated with 
meat and meat products. 

Detection of Vegetable Protein in Meat Products 

Sometimes it is necessary to check for the presence and 
amounts of vegetable protein in meat products. The methods con­
sidered for this purpose are 1) comparison of the amino acid con­
tent of the product relative to pure meat products, and 2) immuno­
chemical methods ror identifying the pure protein components. 
The former method is not applicable when the amount of vegetable 
protein used is small, because it is difficult to differentiate 
between the constituent acids. The latter needs some experience 
and special expertise and training before reproducible results can 
be obtained. Recent reports show the effectiveness of acrylamide 
gel-electrophoresis, which differentiate vegetable protein as 
independent peaks from those of meat protein components (16,17). 
In these methods, extracts or meat products are made with urea 
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Table 4 

JAS specification on the use of soybean protein 
in ham, fish ham, fish sausage and kamaboko 

Product 

Pressed ham 

Mixed ham 

Special 
High class 
Standard 

Fish ham and fish 
sausage 

Casing kamaboko 

Limitation 

below 3% 
below 5% 
below 5%* 

below 5%* 

no limitation 

Binder 

starch, wheat, flour, 
corn meal, vegetable 
protein or skim milk 

starch, egg white, 
vegetable protein, 
casein, gluten 
egg white, starch, 
vegetable protein 

* Below 3% in the case of starch, wheat flour or corn meal 

solution at room temperature or 1000C before sUbjecting them to 
gel electrophoresis. 

PRESENT SITUATION AND FUTURE PROSPECT 

According to studies at Cornell University, the use of meat 
extenders and analogues, from vegetable protein sources, may reach 
the equivalent of 10% of all U.S. meat consumption by 1985 and 
certainly by the year 2000. This growth would carry the use of 
protein ingredients in the meat industry from their present level 
of 65,000 tons to approximately 1,100,000 tons in 15 years, which 
represents an annual growth rate of 19.3%. 

In Japan, the production of vegetable proteins for meat 
extender is increasing (Table 5). TVP from soybean meal and 
wheat gluten is most popular and is used in hamburger, sausage and 
Chinese foods which are mainly distributed as frozen foods. As 
soybean and wheat gluten have been popular as traditional foods in 
Japan, those materials are easily accepted by the Japanese people. 
Unlike Europe, there is no tradition in Japan for eating animal 
foods, and it is likely that vegetable proteins will be used 
primarily as meat extenders or meat SUbstitutes. 
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Table 5 

Production (tonnes) of vegetable protein foods 
in Japan 

Total Textured and Powder From 
spun (frozen) Soybean Wheat 

1971 27.309 9.591 17.718 15.895 11.414 (8.200) 

1972 28.016 10.637 17.379 14.485 13.531 (9.016) 

1973 35.593 
18.668 

17.925 12.878 22.810 (13.819) 

CONCLUSION 

The world situation of the supply and demand for human food 
and animal feeds is very serious. The future increase in the 
consumption of animal foods with increases in national incomes in 
many countries will make the situation even worse. 

With the need to identify and develop new feed sources, the 
promotion of vegetable protein sources, which are now mainly used 
as animal feed, for human use is urgently necessary from the view­
point of the economy of resources. 
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VEGETABLE PROTEIN AS A HUMAN FOOD -

RESEARCH AND DEVELOPMENT IN THE NATIONAL FOOD RESEARCH INSTITUTE 

Kyoko Saio 

National Food Research Institute 

Ministry of Agriculture and Forestry, Tokyo, Japan 

INTRODUCTION 

Beside the traditional use of soybean, a wide variety of soy­
bean proteins have emerged as new food materials in Japan. The 
change of eating habits of the Japanese people towards increased 
meat consumption has particularly encouraged industrialists to 
produce meat-like materials from vegetable proteins. 

Our research activities at the National Food Research Insti­
tute (Tokyo, Japan) are concerned with developing new protein food 
technology based upon our research results on the traditional soy­
bean foods, which became a major research topic after World 
War II. 

Here, we will introduce briefly our recent researches on the 
utilization of soybean protein, and we will outline the funda­
mental data which let us arrive at these experimental products. 

RESEARCHES 

Sponge-like Protein Materials from Soybean 

In the processing of Kori-tofu 
aging process is important in order 
case-hardening it and to obtain the 
texture. 

(frozen, dried Tofu), the 
to dry the fresh Tofu without 
characteristic sponge-like 

The sponge-like protein materials recently developed by our 
Institute are products made by following the basic procedure for 
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Kori-tofU. The material is prepared from isolated soybean pro­
tein solution by freezing, for instance, at -50 C for 24 hrs. with 
a small amount of calcium chloride and then aging for several days. 
After thawing, almost all the protein forms a tight network which 
can be easily squeezed out. The density of the network depends 
on the temperature of freezing and the rate of freezing. The 
binding force of this network is highly related to the formation 
of S-S linkages during concentration of protein solution by 
freezing and successive aging. The resulting materials are 
successfUlly used as ingredients to supplement meat or fish sau­
sage and other products. 

Practical Separation of 7S and 11S Components 
of Soybean Protein 

In the course of our investigation on Tofu-making, it has 
been recognized that the ratio of 7S to 11S among Japanese soy­
bean varieties differed significantly and the ratio was related 
to the physical properties of final products. 7S and 11S form 
the main components of glycinin, the soybean reserve protein. 
Using partly purified 7S and 11S components, it has been found 
that 11S forms a harder and more elastic calcium-gel or heat­
induced gel than the 7S component. 

We proposed, therefore, a method to fractionate 7S and 11S 
components, based on their different precipitation behaviour with 
calcium salt as shown in Fig. 1. Separated fractions were 
designated 7SPRF (the 7S Protein Rich Fraction) and 11SPRF (the 
11S Protein Rich Fraction). 

Differences in the physical properties between the two can 
be seen in calcium-gel, heat-induced gel, giving cheese- and jelly­
like products respectively. In the detailed investigations on 
heat-induced gels prepared by kneading 7SPRF or 11SPRF with water 
and heating at 600 c to lOOoC, the gel containing 11SPRF showed 
higher tensile strain, tensile stress and shear strength than that 
of 7SPRF and SPI (Soybean Protein Isolate). Water retention was 
remarkably higher in 11SPRF than in 7SPRF. 

These results suggest that a trial to find effective ways of 
utilizing them for food use might be profitable. 

High Temperature Expansion Gel 

In the course of our researches on the production of Aburage 
(deep-fried Tofu), it has been recognized that the expansion ratio 
and textural changes caused by moisture flashing were influenced 
by various conditions of preparation. The expansion characteris-
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Extracted with 10 roM CaC1 2 for 2-3 hr 
(meal:solvent is 1:10) 

Centrifuged with Sharples centrifuge 
.-----------~~--------------. 

Residue 

Residue 

Suspended in water 
(40oC, residue:water 

is 1:10) 
Adjusted pH to 8-8.5 

Centrifuged with Sharples 
centrifuge 

Extract 

Adjusted pH to 7 
Spray dried 

llS protein rich fraction 
(l1S PRF) 

Extract 

Adjusted pH to 4.5 

Whey Precipitate 

Suspended ln water 
Adjusted pH to 7 

Spray dried 

7S protein rich fraction 
(7S PRF) 

Fig. 1. Flow sheet of fractional extraction of 7S and llS protein 
rich fractions. 

tics in Aburage, in our opinion, might be essentially similar to 
those shown in Textured Vegetable Protein extruded at high 
temperature. 

High temperature expanded gel is a product made by following 
the procedure for Aburage. The material is prepared from calcium­
gel of soybean protein by autoclaving in dilute alkaline buffer 
solutions, the most acceptable of which were ammonium citrate or 
phosphate buffer. 

The expansion characteristics of the porous forms of the gels 
could be introduced by autoclaving without deepfrying in oil. 
The relationships between the temperature of autoclaving and 
changes in characteristics of the protein are summarised ln 
Table I. 



T
ab

le
 I

. 
p

ro
te

in
. 

R
el

at
io

n
 b

et
w

ee
n 

te
m

p
er

at
u

re
s 

o
f 

au
to

cl
av

in
g

 a
nd

 c
ha

ng
es

 
in

 c
h

a
ra

c
te

ri
st

ic
s 

o
f 

T
em

p
er

at
u

re
 o

f 
au

to
cl

av
in

g
 

(o
e)

 
10

0 
10

5 
n

o
 

12
0 

13
0 

14
0 

15
0 

16
0 

17
0 

g
ro

ss
-s

tr
u

c
tu

re
 

in
ta

c
t 

li
tt

le
 

-+
-

o
f 

su
b

u
n

it
s 

d
eg

ra
d

at
ed

 
d

eg
ra

d
at

ed
 

so
lu

b
il

it
y

 
r
r
a
p

id
 
+ 

" 
I 

ra
p

id
 

d 
sl

ow
 l

n
cr

ea
se

 
in

cr
ea

se
 

ec
re

as
e 

b
in

d
in

g
 f

o
rc

e 
~r

aP
id

 
+

 
I 

ra
p

id
 

(d
eg

re
e 

o
f 

" 
sl

ow
 d

ec
re

as
e 

d
ec

re
as

e 
ag

g
re

g
at

es
) 

ln
cr

ea
se

 

ex
p

an
si

o
n

 
in

cr
ea

se
 

ra
p

id
 d

ec
re

as
e 

p
ro

p
er

ty
 

h
a

rd
 

----
t---

-
. 

li
k

e
 
so

l 
te

x
tu

re
 

I-
- f

 
"1

 
so

ft
 
e
la

st
lc

 
ra

g
l 

e 

g; t-
.)

 

A
 en
 » 5 



SOY-BEAN PROTEIN 

REFERENCES 

1. Hashizume, K., Kakinchi, K., Koyama, E. and Watanabe, T. 
(1971). Agr. Bio1. Chem. 35, 449. 

503 

2. Hashizume, K., Kosaka, K., Koyama, E. and Watanabe, T. (1974). 
Nippon Shokuhin Koggo Gakkaishi 21, 136. 

3. Hashizume, K., Nakamura, N. and Watanabe, T. (1974). Nippon 
Shokuhin Koggo Gakkaishi 21, 141. 

4. Saio, K., Kaji, M. and Watanabe, T. (1973). J. Food Sci. 38, 
1139. 

5. Saio, K., Sato, I. and Watanabe, T. (1974). J. Food Sci. 39, 
777. 

6. Saio, K., Sato, I. and Watanabe, T. (1974). Nippon Shokuhin 
Koggo Gakkaishi 21, 234. 

7. Saio, K. , Terashima, M. and Watanabe, T. (1975). J. Food 
Sci. - ln the press. 

8. Saio, K. , Terashima, M. and Watanabe, T. (1975). J. Food 
Sci. - in the press. 



SINGLE CELL PROTEIN AS A FEEDSTUFF 

T. Walker 

BP Proteins Limited, London 

INTRODUCTION 

The products which form the basis of this paper have, in 
recent years, come to be referred to as Single-cell Protein (SCP), 
a term coined at a Symposium held in Massachusetts (1). The term 
embraces such micro-organisms as bacteria, fungi (including yeasts) 
and algae, and whilst the term is not strictly accurate, in all 
cases its meaning is now generally understood in the context of 
protein production. The so-called SCP are not new in themselves 
and their novelty lies in the projected large scale production and 
in their use as major contributors of protein in the diets of 
animals. 

The production of algae appears to hold very little immediate 
promise in the context of feed protein supplies and it will not be 
considered in this paper. Much more imminent is the impact that 
will be made by the processes currently being developed for the 
production of yeast and bacteria. These microbes will grow on a 
wide variety of substrates and there seem to be very few organic 
substrates which will not support the growth of one type or other. 
Developments in this field have been rapid and in this paper some 
examples of SCP processes which appear to hold potential as 
suppliers of feed protein in the next decade or so are discussed. 

EXAMPLES OF SCP PRODUCTION PROCESSES 

Carbohydrate Substrates 

Carbohydrates for microbial culture are available from a 
variety of sources. The oldest established process ~s that for the 
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production of baker's yeast (SaccharosYces cerevisiae) which is 
grown on molasses with the addition of ammonium hydroxide or sul­
phate as the nitrogen source. Other commercial processes are the 
production of food yeast (Candida (Torula) utilis) and SaccharosYces 
fragilis. Food yeast has the advantage over baker's yeast in that 
it is able to utilise pentose sugars and can utilise a wider range 
of substrates. Waste sulphite liquor (from paper pulp manufacture) 
is used in Russia and Czechoslovakia; molasses in Taiwan, South 
Africa, Cuba and the Philippines. A few small units produce 
S. fragilis, which can utilise lactose, using cheese whey as the 
substrate. 

Despite the apparent variety and availability of substrates, 
SCP production from carbohydrates appears to be restricted to a few 
thousand tonnes per annum (2). Carbohydrates are frequently present 
in waste products from such activities as cheese and wood pulp pro­
duction, brewing, distilling, and the industrial preparation of 
vegetables and fruits. More stringent attitudes towards the dis­
posal of such industrial and farm wastes have recently stimulated 
developments in the utilisation of these materials as SCP sub­
strates. Possibly the most advanced of the new processes in this 
field is the Pekilo process which has been developed by a number of 
companies at the Finnish Pulp and Paper Research Institute (3). In 
this process sulphite spent-liquor, available in substantial 
quantities from the Finnish wood-pulping industry, is the substrate. 
The process involves the continuous culture of filamentous micro­
fungi of the classes Asco~cetes and Fungi Imperfecti. Mono and 
polysaccharides, pentose sugars and acetic acid are removed from 
the liquor. Control of river pollution is acknowledged as an 
important factor in this development. The Pekilo procese has an 
important "innovation" compared with the conventional SCP processes 
based on carbohydrates. The microbe used is filamentous and simple 
filtration replaces centrifugation as the method of separating the 
product from the spent culture medium; this reduces the cost of the 
process. This type of process appears most likely to be applied in 
countries with substantial wood pulping industries. The con­
struction of a Pekilo unit of 10,000 t.p.a. capacity has recently 
been announced in Finland, and there have been reports of similar 
developments in Norway. The lack of any published estimate of the 
world wide availability of substrates of this type makes an assess­
ment of the potential of these processes impossible. 

HYdrocarbon Substrates 

The Preferred Hydrocarbonso Knowledge of hydrocarbon micro­
biology has improved substantially in the past decade and it is now 
apparent that yeasts or bacteria could be found to utilise almost 
any hydrocarbon. In practice those utilising methane (CHh ) and 
CIa to C20 n-paraffins show the greatest potential for industrial 
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development. According to Evans (4) n-paraffins of C2 to CIO are 
less interesting on account of their being less liable to ~crobial 
attack and also because substrate specificity is marked in this 
range; n-paraffins of C20 and higher are acceptable from a purely 
microbiological aspect out since they are solids at normal fermen­
tation temperatures they cannot be used directly. Microbial 
growth on aromatic, alicyclic and branched chained hydrocarbons 
appears to be much less common than on the aliphatic n-paraffins. 

The Supply of Hydrocarbons. Estimates of the supply and 
reserves of hydrocarbon substrates vary, but all indicate very 
large 'luanti ties of apparently suitable materials. Laine (5') has 
estimated that, on average, crude oil contains about 2% wt./wt. of 
the appropriate n-paraffins. With world production of crude oil 
exceeding 2,300 million tonnes in 1970 the current annual avail­
ability of n-paraffin substrate appears to be about 50 million 
tonnes. Assuming a conversion of n-paraffin to protein of 50 per 
cent (4) the potential production 0'£ protein from n-paraffins alone 
exceeds 20 million tonnes per annum. Moreover, with proved crude 
oil reserves at the end of 1970 exceeding 84,000 million tonnes the 
supply of n-paraffin substrates seems assured for several decades. 

The supply of methane is more difficult to define. The methane 
content of natural gas varies from less than 50 per cent (Kapuri 
field, New Zealand) to more than 95 per cent (West Sole field, 
North Sea). Vast, unmeasured 'luantities of natural gas are 
currently wasted in locations where they could not be utilised 
economically in the past. Total utilisation of natural gas in 
Western Europe, North America, Japan and Australasia amounted to 
over 600 million tonnes of crude oil e'luivalent in 1970. World 
reserves of natural gas were estimated to be e'luivalent to about 
28,000 million tonnes of crude oil in 1970. Assuming a conversion 
of methane to protein of 50 per cent and a methane content of 75 
per cent in natural gas, the potential production of protein from 
methane appears to be many times greater than that from the li'luid 
n-paraffins. 

It is the enormous potential supply of hydrocarbon substrates 
which has attracted so much attention and which attaches special 
significance to the development of hydrocarbon-based processes. 

a) Processes Using Methane. The principal attractions of 
methane as a substrate are that it is plentiful and in some 
locations comparatively inexpensive. All the methane utilising 
microbes identified so far have been bacteria (6) but, until 
recently, a barrier to the industrial development of methane­
based SCP processes has been the poor productivity of methane 
cultures. However, there is evidence of recent progress in this 
respect; Sheehan and Johnson (7) reported a mixed, methane-util~ 
ising, bacterial culture of high productivity and the chemical 
composition of their mixture showed considerable improvement over 
that of the early methane utilisers. Wilkinson and co-workers in 
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Table 1 

Some chemical characteristics of three samples 
of methane-utilising bacteria compared with soya bean meal 

Methane-utilising bacteria 

Constituent Soya bean 
meal 

Ribbons (9) Sheehan and D'Mello (8 
Johnson (7) 

Crude Protein 
(N x 6.25) % 45 52 76 62 

Selected amino acids SLIOOS dry matter 

Lysine 3.0 2.6 3.2 3.7 

Methionine 0.7 0.8 2.3 1.5 

Cystine 0.7 not stated 0.2 0.5 

Arginine 3.5 2.6 3.8 3.5 

Threonine 1.8 2.2 3.7 3.7 

Tryptophane 0.7 not stated 2.0 3.8 

the University of Edinburgh have isolated many methane-utilising 
bacteria and the best look promising from a nutritional point of 
view (8)0 Table 1 compares the early (9) and more recent methane­
utilising bacteria with soya bean meal. Those strains reported 
recently contain substantially more lysine and "s" amino acids and 
it seems likely that further improvements will be made. 

The Shell Petroleum Company (10) have very recently announced 
the construction of a pilot plant facility and the industrial 
development of processes using methane seems likely during the 
next decade. 

b) Processes Using Liquid n-paraffins. A group from the 
Societe Francaise des Petroles BP were the first to describe an 
industrial process for cultivating a micro-organism on n-paraffins. 
Since then the development by British Petroleum (BP) and its 
associated French company, of two processes, both producing yeasts, 
has been widely disclosed and the reports by Champagnat, Vernet, 
Laine and Filosa (11) and Evans (4) describe the processes in 
detail. 

Fig. 1, taken from the paper by Evans, shows the principal 
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stages in the two processes. The first process uses a substrate of 
high-purity n-paraffins and these are almost completely consumed 
during fermentation. The second process uses standard heavy gas­
oil (i.e. C. 30o-380°C TBP) from which the n-paraffins are prefer­
entially consumed. In this case only about 10% of the substrate 
is utilised and the remainder is recovered for re-use as a compon­
ent of a range of petroleum products. The gas-oil process involves 
a solvent extraction step which removes all traces of gas-oil 
trapped in the yeast cells. 

Production units for each of the two BP processes have been 
built and are in operation. The earliest unit using pure n-paraffins 
is at Grangemouth, Scotland, and has a capacity of 4,000 t.p.a. 
The second unit using gas-oil as substrate is at Lavera, near 
Marseilles, France, and that was built to produce 16,000 t.p.a. of 
dried yeast. Currently BP and an Italian Company A.N.I.C. S.p.A. 
are building a plant, using a n-paraffins, to produce 100,000 t.p.a. 
of dried yeast, and this plant will be commissioned late in 1975. 
Further investment in the two BP processes can be anticipated in 
the near future. 

other companies known to have developed processes, all using 
liquid n-paraffins, include:-

Kanegafuchi Chemical Industry Company Limited of Japan 

This process has been licensed to Liquichimica Biosintesi 
S.p.A. who are currently constructing a plant to produce 100,000 
t.p.a. of dried yeast at Saline di Montebello, Italy. This plant 
will also probably commission in 1975. Some features of this 
process have been described in the publications 12,13, and 14. 

Gulf Oil Company (15. 16) of the U.S.A. 

This company have constructed a large pilot plant at Wasco, 
California, but no plans for commercialisation have been announced. 

Dainippon Ink and Chemical Company of Japan. 

This company is involved in a venture in Rumania for the 
construction of a plant to produce 60,000 t.p.a. of yeast. The 
plant is scheduled for completion by the end of 1976. 

Groupement Francaise des Proteines (17) 

The Institute Franc;aise du Petrole (IFF) has been conducting 
research on SCP for many years. Recently, in an association with 
the state owned oil companies, Cie. Frangaise de Raffinage and 
Erap, known as the Groupement Fran~aise des Proteines, the devel­
opment of an SCF process using pure n-paraffins has been disclosed. 
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A novel feature of this process appears to be that cultivation is 
at 40oC, which confers certain advantages over the other processes 
in this category which appear to operate at 3Q-350 C. 

c) Processes Using Hydrocarbon Derivatives. In view of the 
early difficulties with methane fermentation it is not surprising 
that there have been reports of possible SCP processes using simple 
petro-chemicals produced from methane or other hydrocarbons. 
Acetic acid, methanol and ethanol have all been suggested as 
substrates and the process using methanol being developed by 
Imperial Chemical Industries (ICI) in this country is probably as 
advanced as any of this type. Details of the ICI process have 
been reported by Maclennan, Gow and Stringer (18) and by Stringer 
and Litchfield (19). After an extensive screening programme this 
group selected a bacterium, in fact a strain of Pseudomonas. 

Other groups working with methanol include Kanegafuchi (yeast), 
Northern Illinois Gas Company (bacterium) and the Mitsubishi Gas 
and Chemical Company (yeast and bacterium). 

Processes using ethanol have also been disclosed but these 
are believed to be inherently more expensive than those using 
either methanol or simple hydrocarbons and generally aimed at 
human food applications rather than animal feed. 

DISTINCTIVE FEATURES OF THE SCP PROCESSES 

The essential difference between hydrocarbon and carbohydrate 
substrates is that the latter furnish some of the elements 
essential to cell growth, carbon (C), hydrogen (H) and oxygen (0) 
in a soluble form, whereas a hydrocarbon supplies only carbon and 
hydrogen in a form which is virtually insoluble in water. Oxygen 
must then be supplied in greatly increased quantities, and in 
practice this is likely to be from air blown into the fermentor. 
Other nutrients essential to both substrates are the cations:-

+ + 2+ 2+ 2+ . 2- 3-
NH4 ' K ,Mg ,Fe ,Zn and the a~ons S04 and P04 • 

Specific growth factors may also be needed to achieve maximum 
performance. The overall conversion of hydrocarbons to yeast cells 
~ be expressed as follows (in kg. mOles):-

+ 2nCH2 + 2n02 + 0.19n NH4 + other essential elements 

(p, K, S, etc.) 

+ nC02 + 1.5n H20 + 200,000n kcals. 

This may be compared with a similar equation for a carbohydrate 
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substrate using the same empirical formula for the cells:­

+ 1.8nCH20 + 0.8n02 + Ool9nNH4 + other essential elements 

(p, K, S, etc.) 

+ 1.3n H20 + 80,OOOn kcals. 

Theseheat releases correspond to about 7.600 and 3,000 kcals. 
respectively per kgo cell dry weight. 

Thus the use of n-paraffins instead of carbohydrates involves 
the supply of about 2.5 times as much oxygen and the removal of 
about 2.5 times as much heat. Also, because the two liquid 
reaction phases are virtually immiscible, sufficient agitation 
must be provided to dispense the smaller volume hydrocarbon phase 
thoroughly into the larger volume aqueous phase in order to ensure 
efficient hydrocarbon mass transfer. The transfer mechanism of the 
hydrocarbon to the cell has been the subject of much study and 
speculation. Evans(4) indicated, from a knowledge of the produc­
tivity of liquid hydrocarbon fermentation systems, that a combin­
ation of intermediate solution of the hydrocarbon in water, and of 
direct contact between the droplet of hydrocarbon and the cell was 
responsible. In practice, according to Bennett and Knights (20), 
oxygen transfer is more likely to be the first limiting step in 
productivity. 

The use of methanol requires less oxygen than does growth on 
n-paraffins and the process is less exothermic; MacLennan et ale 
(18) produced the following equation to describe the ICI methanol 
process. 

+ 1.72nCH30H + 0.23n NH4 + 1.5ln02 + other essential elements 

(p, K, S, etc.) 

+ 0.72nC02 + 2.94n H20 + l85,000n kcals. 

THE TOXICOLOGY OF SCP 

When the toxicological programme for the BP yeasts was 
started in 1964 there was no precedent for it. Since that time 
the SCP Working Group of the FAO/WHO/UNICEF Protein Advisory Group 
(PAG) has published a Guideline for the toxicological testing of 
novel protein sources intended for human food (20) and, more 
recently, one for the testing of novel proteins for animal feeding 
(21) • 
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The PAG Guidelines do not, of course, have the force of law. 
However, in the absence of specific legislation, it is anticipated 
that many Governments will adopt them as the basis of their indiv­
idual requirements for demonstrating the safety of SCP. 

The methods of eValuation now recommended are based on those 
developed for the testing of drugs and other additives. It has 
been necessary to adapt the classical toxicological approach to 
take account of the practical situation, which is that the SCP 
materials will be used as major components of animal feeds rather 
than as additives included at a level of a few - or even a few 
hundred - parts per million. Basically this involves the measure­
ment of the effects of short-, medium- and long-term administration 
of graded doses of the product under examination to a variety of 
animals and the comparison of these effects with those produced by 
materials regarded as safe and acceptable. 

The programme adopted for the BP yeasts has been described in 
detail by Shacklady (22) and Engel (23) and the various experiments 
are listed as an example of what will be required of each SCP as a 
demonstration of safety in use. 

Initially six separate tests were applied to yeast grown on 
both gas-oil and n-paraffins:-

1) Acute toxicity tests of six weeks' duration using 40% 
yeast in diets of rats. 

2) Sub-chronic toxicity tests of 90 days' duration using 10, 
20 and 30% yeast in diets of rats. 

3) Chronic toxicity tests of 2 years' duration using 10, 20 
and 30% yeast in diets of rats. 

4) Carcinogenicity test of 2 years' duration using 10, 20 
and 30% yeast in diets of rats. 

5) Carcinogenicity test of 18 months' duration using 10, 20 
and 30% yeast in diets of mice. 

6) Reproduction test up to the F3 generation of rats using 
10, 20 and 30% yeast in the diets. 

This series of tests was completed by 1970 and detailed 
results have been published in the scientific literature by Engel 
(23) and by de Groot, Til and Feron (24, 25 and 26). Multiple 
generation tests with rats and quail have continued and, so far, 15 
successive generations of rats and more than 20 generations of 
quail have been produced on diets containing up to 30% of yeast 
with no evidence of deleterious effects. Specific tests for 
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teratogenicity and mutagenicity have also been completed, again 
with no adverse effects from the yeasts. 

515 

The programme of toxicological examination of the two BP 
yeasts was carried out at the Central Institute for Nutrition and 
Food Research (C.I.V.O.) at Zeist in Holland. 

THE NUTRITIVE VALUE OF SCP 

Chemical Composition 

There are substantial differences between the various SCP in 
their chemical composition, and in Table 2 I have attempted to 
demonstrate both the variety and the principal differences between 
yeasts and bacteria by selecting examples from the literature and 
from the products already mentioned in this paper. From the data 
in the table it appears that nitrogen concentrations are higher ~n 
bacteria than in yeasts. Non-protein nitrogen in the form of 
nucleic acids also appears to be higher in bacteria, although 
nucleic acid levels vary with culture conditions and comparisons of 
cultures of unknown origin are not necessarily valid. The Palmer 
and Smith collection was of SCP grown on hydrocarbons or hydro­
carbon derivatives and the lysine levels in both the yeast and the 
bacteria of that series are somewhat higher than those of either 
the Pekilo product or the fodder yeast. The exceptions seem to be 
the sample of Sheehan and Johnson and the other methane utilisers 
shown in Table 1 which had lower lysine contents. Both yeasts and 
bacteria are generally poor in the sulphur amino acids, with 
bacteria having an advantage by virtue of their higher nitrogen 
contents. Deficiencies of methionine are less serious than those 
of lysine because chemically synthesised DL-methionine is widely 
available and comparatively inexpensive. 

Animal Feeding Experiments 

There are now numerous pUblications describing feeding trials 
in which SCP has replaced conventional proteins in the diets of 
farm animals. The majority of the experiments have involved the 
two BP yeasts and these are again taken as the example in this 
section. 

Breeding Animals. In 1970 Shacklady (22) reported the early 
results of long-term experiments in which BP yeast was given to 
breeding pigs and poultrY. These experiments have continued and 
more recent information is shown in Table 3 (pigs) and Table 4 
(poultry). The experiments are being continued and with detailed 
systematic examination of the tissues and products they represent 
an important additional demonstration of the safety of the yeasts. 

Growing and Fattening Animals a)Pigs. Clausen (27) and 
Nielsen, Sriwaranard, Danielsen and Eggum (28) have published the 
results of experiments in which the two BP yeasts were used as the 
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Table 3 

The effect of feeding diets containing BP yeast on the 
reproductive and subsequent performance of pigs 

over three generations 

Control diet Experimental diet 
(Fishmeal + soya) (10% yeast grown on 

gas-oil) 

Number of litters 133 119 

Mean number of 
live piglets 
per litter 10.2 10.2 

Mean live piglet 
1244 birth weight (g) 1315 

Control creep feed Experimental creep feed 
(Fishmeal + soya) (15% yeast grown on 

gas-oil) 

Daily liveweight 
gain of piglets 
during suckling 

361 (g) 370 

sale supplementary source of protein in the diets of early-weaned 
piglets from 3 to 10 weeks of age. The performance of the pigs 
receiving the diets containing yeast was indistinguishable from 
that of the controls. These experiments included diets containing 
up to 29% of yeast grown on pure n-paraffins and even at this high 
level there appeared to be no palatability problems. The authors 
concluded that the yeast could supply virtually all the supple­
mentary protein in the diets of early weaned pigs. Henry, Pion 
and Rerat (29) also considered BP yeast grown on gas-oil to be 
suitable for piglets as a SUbstitute for milk and fish proteins. 

There are many published reports of experiments in which SCP 
has successfully replaced soya bean meal and/or fishmeal in the 
diets of growing pigs. In experiments with several yeasts and the 
ICI bacterium Oslage and Schulz (30) found mixtures of barley and 
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Table 4 

Egg production over 6 generations on a diet based 
on fishmeal and soya and a diet containing 10% BP yeast 

10% yeast 

Generation Control 
Actual % of control 

P 59.9 61.7 103 

Fl 60.1 56.7 94 

F2 57.5 59.8 104 

F3 56.4 55.9 99 

F4 57.3 59.6 104 

F5 58.8 61.0 104 

Mean 58.3 59.1 101 

517 

SCP gave the same results as barley plus fishmeal. Bergonzini and 
Fabbri (31) replaced soya bean meal with BP yeast, grown on pure 
n-paraffins, in semi-synthetic diets. There were no statistically­
significant differences in performance but the feed conversion was 
better and the carcasses less fat when yeast was used. Russo, 
Catalano, Mariani and Delmonte (32) reported satisfactory per­
formance with yeast produced by the Liquichimica process. One of 
the most interesting experiments so far published was that by 
Barber, Braude, Mitchell and Myres (33): they replaced white fish­
meal with BP yeast, grown on n-paraffins, at two protein levels in 
the diets of growing pigs. The results are summarised in Table 6. 
At both protein levels the yeast marginally improved both the rate 
and the economy of liveweight gain. Similar results with yeast 
grown on gas-oil were reported by van der Wal, Shacklady and van 
Weerden (34). 

b) Poultry. Stringer and Litchfield (19) reported good per­
formance in broiler chickens given diets containing 5 or 10% of the 
ICI bacterium. Waldroup and Payne (35) found 5 or 10% of another 
bacterium grown on methanol to be satisfactory in pelleted diets 
for broiler chickens, but higher levels gave poor results, and in 
diets fed as mash even 5% of the bacterium depressed performance. 



518 T. WALKER 

Table 5 

A summary of an experiment with early-weaned pigs given 
diets containing a mixture of conventional proteins, or 
BP yeast grown on n-paraffin (from Nielsen et al (28» 

Treatment 1 2 3 4 5 6 

Cereals 1 1 1 0 0 0 

Tapioca 0 0 0 1 1 1 

Conventional 
protein 1 0.5 0 1 0.5 0 

BP yeast 0 0.5 1 0 0.5 1 

Mean daily 
liveweight 
gain (g) 359 348 326 358 376 360 

Feed conversion 
kg. feed/ 
kg. gain 2.4 2.3 2.5 2.3 2.3 2.2 

Note: There was a significant difference in feed 
conversion between cereals and tapioca (P<O.Ol). 

Shannon and McNab (36) replaced herring meal and a mixture of 
herring meal and soya bean meal with BP yeast, grown on n-paraffins, 
in the diets of broiler chickens. These diets were also fed as 
mash and the results are summarised in Table 7. More than 10% 
yeast depressed performance on the starter feeds but up to 20% was 
satisfactory in the finisher feeds. Similarly van Weerden, 
Shacklady and van der Wal (37) detected some depression in chick 
growth with 15% of BP yeast grown on gas-oil, again in diets fed 
as mash. 

Thus some reports indicate that there could be factors 
associated with SCP which limit their inclusion in the diets of 
young chickens. In the case of the two BP yeasts an examination of 
the many experiments made with young chickens has indicated that 
sub-optimal intakes of selenium and arginine could be implicated, 
as could reduced feed intake on diets containing high levels of 
yeast and fed as mash. 
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In recent experiments with either cereal-based or semi­
synthetic diets, the yeasts have been used as the sole source of 
supplementary or of dietary protein. In pelleted diets containing 
adequate selenium, and equal concentrations of lysine, methionine 
plus cystine, and arginine, performance OD yeast diets was indis­
tinguishable from that with a mixture of soya-bean meal and fish­
meal (38). Feed intake tended to be reduced in mash feeds con­
taining yeast, but this appears to be of no practical significance 
because almost all commercially-produced feed for broiler chickens 
is pelletedo 

Similarly, the two BP yeasts have been used as the sole 
supplementary protein source in the diets of laying hens (39)0 
The complete replacement of a combination of soya bean meal, fish­
meal and meat meal had no effect on egg numbers or egg weight. 

No data were found in the literature describing the use of 
bacteria in the diets of laying hens. 

c) Other Species. Though less intensive than the work 
already mentioned, the use of the two BP yeasts has been investi­
gated in the diets of pre-ruminant calves and lambs, rabbits, dogs, 
cats, mink and various species of fish. Similar studies with 

Table 1 

The performance of broiler chickens given diets 
containing BP yeast grown on pure n-paraffins 

% yeast 

0 5 10 

Liveweight gain (g) 

0-4 weeks 119 140 123 
4-8 weeks 1043 1019 1043 

Feed conversion efficiency* 

0-4 weeks 0.64 0.64 0.62 
4-8 weeks 0.31 0.31 0.39 

*g liveweight gain per g feed consumedo 

20 

594 
1081 

0.55 
0.41 
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other SCP are known to be in progress in laboratories throughout 
the world. 

CONCLUSIONS 

521 

In this paper I have attempted to indicate the very consider­
able efforts being made to develop processes for the production of 
single cell proteins which are both nutritious and safe in use. 

Known current world production of yeasts from carbohydrate 
substrates is probably about 330,000 tonnes per annum, although 
probably more than half is fed directly to human beings (40). The 
development of new processes such as the Finnish Pekilo process 
~ make this route more attractive and public concern about the 
methods of disposal of industrial wastes containing carbohydrates 
may also influence investment in such processes. 

The use of hydrocarbon or petro-chemical substrates is 
currently on a much more limited scale. The only two facilities 
known to be operational use liquid n-paraffins and have a combined 
production capacity of 20,000 tonnes per annum. Additional manu­
facturing units with a combined capacity of 200,000 tonnes per 
annum are due for completion in Italy within one year and a unit 
of 60,000 tonnes per annum is apparently under construction in 
Rumania. Considerable extension of such facilities is generally 
anticipated and it seems likely that processes using methane and 
methanol will be seriously considered within the decade which I 
originally set as the time scale for this paper. Thus capital 
expenditure sufficient to produce an additional 260,000 tonnes 
per annum is already committed. The ultimate extent of investment 
in SCP production is quite impossible to predict. The supply of 
hydrocarbon substrates does not appear to be a limiting factor. 
It is certain, however, that investment on a hitherto unprecedented 
scale will be necessary if SCP is to become significant source of 
feed protein. 

Those products which have been subjected to the most prolonged 
toxicological testing, namely the two BP yeasts, appear to be per­
fectly safe and also to be useful components of animal feeds. It 
seems likely that given time other products will similarly prove 
themselves. Exploitation will ultimately depend on whether invest­
ment in these processes will yield a satisfactory return. Few 
people would deny that additional feed protein will be required 
and it seems probabl~ that substantial exploitation of several 
routes to SCP will eventually occur. 
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IlISCUSSIO:;r 

In reply to questions, VIL. Wa..tk.eJt said that the nitrogen 
source used for fermentation was the cleapest available, which was 
generally ammonium sulphate. The n-pa~affins were normally avail­
able in larger quantities than were reluired for other uses. 
Applying to a question by Dr. WiddowSOl on the possible contamin­
ation of the product, VIL. Wal~eJt repli~d that the known toxic 
compounds of crude oil were eliminated in the preparation of the 
feedstuff. Replying to Dr. van Es, VIL. Wal~eIL said that the 
harvesting costs of bacteria and yeast were not greatly different. 
PILOn. InglLam asked whether Dr. Walker's optimistic view for the 
prospects for hydrocarbon grown protein took account of the rising 
costs of oil. VIL. Wal~eJt replied that the economics of a 
particular investment are specific to that investment; economic 
viability depends, not only on commodity prices, but on related 
political decisions. VIL. FuU.eJt asked v{hether lignified residues 
available in the tropics, such as bagasE.e and forestry by-products, 
could be used as substrates for industrial fermentations. 
VIt. Wal~eIL thought that this was possible. He did not know the 
details of any such process, but foresavr that separation of the 
microorganism from the residual substrate might present diffi­
culties. VIL. TUJtneJt commented that there were not only negative, 
especially toxicological considerations in the use of microbial 
protein, but also possible positive qualities, such as hypochol­
esterolaemic factors. VIL. Rhode.o referred to his comparison of 
the organoleptic properties of meat from pigs given diets con­
taining single-cell protein or fish meal. The only adverse 
comments related to the pigs given fish meal. 
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Summary of the Conclusions of the Final Joint Working Session 

The need to make more effective use of resources may require 
that we modify our view of what constitutes an acceptable carcass. 

The proposition, derived mainly from work with small animals, 
that nutrition in utero and in early life affects subsequent 
appetite, growth and mature size, if applicab1e to large species, 
has important implications for animal production and should be 
investigated. 

More information is needed on the time course of absorption 
of food and the uptake by tissues of the products of digestion and 
their interactions. 

At present, growing animals typically retain only about 30% 
of their dietary protein. A greater understanding of the 
mechanisms controlling amino acid incorporation is necessary if 
this efficiency is to be improved. 

There is dissatisfaction with systems of feed evaluation which 
take no account of the contribution of protein synthesis to the 
energy cost of growth. It appears that such a refinement can 
be applied in the case of information collected for the pig, but 
not for ruminants. 

Better methods are needed for the assessment of the nutritive 
value of high-fibre forages and by-products both alone and in 
mixed diets. The amounts that can be consumed need to be known 
if the greater utilisation of such materials is to be achieved. 

There are examples of changes occurring in the roles of 
hormones as animals grow. We need to know more about the changes 
in neuro-humoral function which appear to be involved in growth 
and development. 
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For genetic selection, better models are needed of the inter­
relationships between appetite and the utilisation of nutrients 
for protein and fat production. These models would be simplified 
if it could be shown that, for practical purposes, the unitary 
energy costs of maintenance and of fat and protein accretion could 
be regarded as constant. 

Immediate improvements in the efficiency of meat production 
by pigs are likely to be achieved by the increased use of boars 
for meat, by early weaning and by the elimination of specific 
pathogens. 

In ruminants, the major emphasis should be on improving the 
reproductive rate, especially by multiple pregnancy. 

Genetic differences in the rate of fat deposition may be 
related to differences in the efficiency of food conversion, in 
sensitivity to stress and, hence, the commercial quality of meat. 

A minimum level of fatness may be necessary for the initiation 
of reproduction; more information on such a necessity should be 
sought. 

Alternative non-genetic means should be sought of improving 
the efficiency of food utilisation for lean tissue production by 
reducing variable fat deposition and, perhaps, protein turnover. 

It is necessary to develop a capability to adapt systems of 
animal production so that they can accommodate acute and chronic 
variations in the production of forage and feed grains associated 
with changes of weather and climate. 

We have a clear picture of the factors affecting the efficiency 
of the various components of meat production but more work is 
needed on their integration into complete models which identify 
the critical resources and their optimal use. 
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Rumen, N transformations in, 74 
Ruminant, digestion in, 74-9 

INDEX 

Sarcomere (see Muscle) 
Satellite cells (see Muscle) 
Scale of production, 58,68 
Season, 

effect on energy balance, 308-9 
effect on nutrient supply, 302-5 

Selection, genetic, 362,384,387-8, 
425,449 et .6eq 
Season, 169,188,301-22,323-4 (see 
also Temperature) 
Sex, 16,293,406,409,426-30 (see 
also Boars, Bulls) 

and composition of fatty acids, 
186-7 

Sheep, 
digestion studies with, 74 
energy metabolism of, 92,306, 
314,317 
meat, 465 
number of offspring, 47-50 
productivity, 47-50 

Single cell protein, 505 et .6eq 
from n-paraffins, 506-8 
nutritive value of, 515 
organisms used, 506 
'Pekil0 " 506 
for pigs, 516,518-9 
for poultry, 517,520 
substrates for, 505-8 
toxicology of, 512-3,525 
yeasts, 506 

Somatomedins (see Hormones) 
Somatotrophin (see Hormones, 
growth hormone) 
Soybean, 489 et .6eq,499 et .6eq 

milk, 489 
protein, 490-2 
Tofu, 499 et .6eq 

Species comparisons, 43 et .6eq,99, 
115,123-4,184,187,464-7 
Starch equivalent, system of, 91 
Starvation, 226-7,312-3 
Stress, 

and hormonal function, 360 
and meat quality, 356 et .6eq, 
373 et .6eq 
and genotype, 356 et .6eq,373 et 
.6eq 



INDEX 

Stress syndrome, simulation of, 
by, 

electrical stimulation, 376 
halothane anaesthaesia, 358, 
388 
heat, 375 et ~eq,388 
suxamethonium, 358 

'Support' energy, 38-9 
Suxamethonium (see Stress syn­
drome, simulation by) 
Systems of meat production, 29-
38,57 et ~eq ,67 

Target tissue, 260 (see also Fat, 
target) 
Taste panels, 14 
Temperature, environmental, 

adaptation to, 313-7 
and appetite, 307-8 
and composition of body, 310-1 
and composition of fat, 169, 
188,312-3 
effect on energy retention, 
308-9 
effect on protein metabolism, 
309-10 

Tenderness (see Meat quality) 
Tendon, 

elasticity, 155 

541 

tensile strength, 154 
Thyroid hormone (see Hormones) 
Tissue-Coding Factor (TCF), 262 
Triglycerides (see Fat) 

Undernutrition, 276-8,287-91,306, 
314 

Vegetable proteins, 485 et ~eq 
(see also E:o 

flavour of, 494 
future of, 497 
usage of" 494-6 

Volatile Fatty Acids (VFA), 74 
Voluntary feed intake (see Appe­
tite) 

Wheat gluten, 492 
Wild animals for meat, 464-7 

Zucker rat (see Obese rats) 
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