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SUMMARY
The roles of selection experiments in laboratory animals for genetic
studies of growth and its components are reviewed.
Results are given for an experiment in which replicate lines of mice were
selected 20 generations high and low for one of three criteria: lean weight, or
fat percentage, or food intake corrected for body weight. Substantial
responses were obtained on each criterion. By recording food intake over
growth to maturity and by calorimetry, it was shown that metabolic rate was
little affected in the lines selected for lean gain, was a function of lean
weight but not total body weight in the fat percentage lines, and was higher
in the high than low appetite lines. The high appetite lines were somewhat
leaner than the lows, although not sufficiently as to explain the metabolic
rate difference; this correlated response was considered due to the higher
energy cost of maintaining lean than fat.
These lines are a resource for further analyses at the physiological and
more basic genetic level.
INTRODUCTION
The Use of Laboratory Animals
The value of an animal for meat production is determined by its rate of
growth, efficiency of food utilization for growth and the quality of meat it
produces (largely a function of carcass fatness and composition), and
knowledge of the genetic control and inter-relationships of these traits is
necessary before effective selection or crossbreeding schemes can be
undertaken to genetically improve such animals. Using domestic animals for the
experiments necessary to obtain such knowledge is expensive, laborious and
time-consuming, however, so laboratory animals, especially mice, are often
used to study the genetic control of these traits.
Laboratory animals have several advantages over domestic animals for
genetic experiments. Firstly they have a very short generation interval, 4 or
so generations per year for mice vs 1 to 2 years per generation, making it
feasible to conduct selection experiments. These selection experiments allow
genetic parameters to be estimated, but perhaps more importantly they make it
possible to quickly and easily obtain lines of animals differing greatly in
any desired characteristic. As well as being useful for simple studies of the
relationships between e.g. growth, carcass composition and food utilization,
lines such as these are invaluable for studies at a more fundamental
physiological or molecular level. Secondly, as laboratory animals are smaller
and hence reach maturity more quickly than domestic animals they are useful
for the study of the genetic control of such important "adult" characteristics
as maternal effects, reproductive performance and lifetime productivity.
Thirdly, a particular feature of laboratory animals such as mice is their
"inefficiency" of growth postweaning; their maintenance requirement is high
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in relation to total food intake. Whilst this has some disadvantage in terms
of using than to model growth, it makes them useful models for studying such
factors as the genetic control of maintenance requirements. This is an area
which has not received much attention previously, so special emphasis will be
placed on it in this paper.
Previous Work Using Laboratory Animals
Growth rate, i.e. body weight at a given age or weight gain over a given
age period, has been selected for many times with mice or rats, and a
comprehensive summary of published direct responses to selection is given by
McCarthy (1982). In summary, growth rate always appears to respond to
selection with realised heritabilities ranging from 0.15 to 0.50, usually 0.25
to 0.30. The questions of interest are how this genetic variation for growth
manifests itself in terms of variation in the growth of the lean and fat
components of the carcass and hence carcass composition, the efficiency of
food utilization for these growth processes, and the absolute and relative
rates of growth, i.e. the shape of the growth curve.
Mice selected for increased body size or growth rate always appear to
have increased absolute intake and efficiency (e.g. Roberts, 1981; Stephenson
and Malik, 1984). They nearly always show "undesirable" changes in carcass
composition, and they show only small changes in their relative maintenance
requirements (e.g. Ahmed, 1982; Stephenson and Malik, 1984) and their relative
growth rates (e.g. Eisen, 1976).
In carcass composition, mice selected for growth appear to be leaner than
their controls prior to the age of selection, but they subsequently become
much fatter (e.g. Biondini et_al., 1968; Clarke, 1969; Hayes and McCarthy,
1976). In addition, Hayes and McCarthy (1976) showed that the younger the age
at selection the greater the subsequent increase in fatness. They suggested
that selection for body weight acts by increasing the rate of food consumption
and altering the partition of energy towards lean deposition. At young ages
the selected mice will be leaner, but as the rate of lean growth slows the
excess of energy available for growth will be deposited as fat. The younger
the age at selection, the less the opportunity to partition energy away from
fat deposition, and hence the greater the subsequent increase in fatness.
Whilst selection for growth increases growth rate and efficiency it also
increases mature size and thus the cost of maintaining adult stock. For this
reason, selection to increase growth rate relative to mature size may be more
beneficial in applied situations. Selection to increase the relative rate of
growth, i.e. to bend the growth curve, in mice has been reported by McCarthy
and Doolittle (1977) and Wilson (1973), but only very small changes were
observed, indicating that it is difficult to bend the mouse growth curve
simply by selecting for body weight or a combination of weights. There would
be substantial benefits if the shape of the growth curve could be changed by
selection on young animals but including a predictor of maturity. A possible
criterion is testis size, for Land et al. (1980) found that by selecting
sheep for increased testis size in relation to body weight, mature weight was
reduced. In conjunction with R.B. Land a selection experiment with mice has
been conducted in our laboratory to test this hypothesis. Selection was
practised at five weeks of age high and low for body weight and testis weight
alone and combined in indices. There is seme indication that growth curves up
to 17 weeks of age have been altered (Williams, 1984; P.J. Cook, in
preparation), but the effects are small, perhaps not surprising in view of the
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high genetic correlations between weights at different ages.
As carcass composition largely defines meat quality, the amenability of
the actual carcass components to direct selection is also of interest.
Surprisingly there has been very little work approaching this problem, and
only lines of rats selected for rate and efficiency of protein gain have been
reported in detail (Notter et al., 1976; Wang et al., 1980). These traits
showed genetic correlations of nearly unity with overall gain and efficiency.
Clearly there is a need for more detailed studies of the overall effects of
altering carcass composition.
The genetic control of food intake, like that of carcass composition, is
also an area which has received limited attention with laboratory animals.
Only Sutherland et al. (1970) have reported the effects of genetically
increasing voluntary food intake. Their selected mice, which had previously
been selected for growth, continued to show the same progress in terms of
growth rate as contemporary mice selected for gain, but they showed a larger
correlated response in fatness (Biondini et al., 1968). These mice
continued to show a small increase in efficiency and the realised heritability
for intake was 0.2. It is not clear from these results how much changes in
maintenance requirements have contributed to the changes in intake.
In contrast to carcass composition and food intake, the genetic control
of the utilization of food for growth, i.e. the efficiency of growth, has been
studied in several experiments. Efficiency usually responds to selection, with
realised heritabilities being around 0.2. The surprising correlated response
of an increase in fatness, rather than a decrease, is often observed (e.g.
McPhee et al., 1980), however, and changes in maintenance requirements
associated with the change in composition have to be invoked to explain this
phenomenon. Unfortunately, knowledge of the genetic control of intake,
carcass composition and maintenance requirements is not sufficient to fully
understand the responses to selection for efficiency.
In sumnary, whilst the effects of selection for growth are well
documented, knowledge of the genetic control of important aspects of growth,
viz relative growth rate, carcass composition, food intake, maintenance
requirements and efficiency, is sparse in laboratory animals.
Research Objectives
A selection experiment has been undertaken in our laboratory with the
specific aim of providing information to help fill some of these deficiencies.
Lines of mice were selected for food intake corrected for body weight, or
estimated lean mass, or estimated fat percentage, to study the genetic
variation apparent for these three aspects of intake and growth. The secondary
aims of this experiment were to produce mice differing greatly in the selected
traits so that investigations could be undertaken on (i) the genetic
relationships between intake, maintenance requirements, carcass composition
and efficiency, (ii) the genetic changes in underlying metabolic processes
such as rates of protein and fat synthesis and degradation, and (iii) the
control of these traits at the hormonal and molecular genetic level.
DESIGN AND BASIC RESULTS OF EDINBURGH EXPERIMENT
Mice were selected for one of three criteria from a base population formed
from a 3-way cross of one outbred and two inbred lines:
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A : appetite, measured as 4-6 week food intake, corrected by phenotypic
regression for 4-week body weight,
P : total lean mass, using a phenotypic index, BW - 8 X GFPW, of body weight
(BW) and gonadal fat pad weight (GFPW) in 10-week-old males,
F : fat percentage, using the ratio of gonadal fat pad weight to body
weight in 10-week-old males.
For each selection criterion there were three contemporary lines, one
selected for high (H) performance, one for low (L) performance and one
unselected control (C). Each was replicated three times, so there were 27
lines in all: 3 selection criteria x 3 directions x 3, non-contemporaneous,
replicates. Sixteen pair matings were made in each line up to generation 8,
subsequently 8 pair matings were used. Selection was practised within
families, on both males and females in the A lines and on males only in F and
P. An account of the origins of the lines and the results of the first 11
generations of selection is given by Sharp et al. (1984).
The means over replicates of the traits under selection are shown in
Figure 1 for the first 20 generations (after which some lines were crossed and
in others selection discontinued). There were substantial responses in each
direction of each replicate of each selection criterion, although there was
variation among replicates (Table 1). There was asymmetry of response in the
F lines associated with changes in variance accompanying the change in mean,
and also in the P lines, for less obvious reasons. The realized heritabilities
as regressions of response on within family selection differential over the
first 11 generations were 15% in A, 54% in P and 45% in F.
There were also substantial changes in litter size, mostly through its
component ovulation rate, which are reported elsewhere (Brien et al., 1984).
Litter size has changed in the direction of selection in A and P lines, but
there has been little change in the F lines. Whilst the correlated response in
the P lines could be accounted for by a phenotypic regression on body weight,
the change in the appetite lines could not.
We shall concentrate on the responses and inter-relations of growth,
composition and energy utilisation.
GROWTH, CARCASS COMPOSITION, CATABOLISM AND EFFICIENCY
In generation fourteen, 432 mice, comprising 2 males and 2 females from
each of 4 full sib families from each of the 27 lines, were weighed weekly
from birth until 17 weeks of age, whereupon they were slaughtered for carcass
analyses. In addition, food intake was measured on 108 pairs of these mice
from weaning at 3 weeks onwards.
Estimates of maintenance requirements (catabolism) were obtained as
metabolisable energy (ME) intake less the energy costs of depositing protein
and fat tissue (52.9 and 53.4 kj/g, respectively - Pullar and Webster, 1977).
The rates of protein and fat accretion for each direction of selection were
obtained from the 17 week carcass composition data and data from previous
determinations performed on generation 7 mice at 10 weeks of age (Sharp et
al., 1984) and generation, 11, 12 and 13 mice at 26 and 44 days of age (M.K.
Nielsen, unpublished). Linear corrections for generation of selection were
applied to these previously collected data sets.
Complete results are given by Bishop and Hill (1985); the more important
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are summarized here. Figure 2 shows weight plotted against age for all 9
directions of selection. The P lines show large H-L divergences at all ages,
the A and F line divergences are smaller. Carcass composition at each age is
shown in Table 2. The F lines show large and consistent changes in all
components, and it can be shown from these results that the FH, FC and FL
lines all have similar lean (non-fat) masses at all ages. The AH lines have
become leaner than the AL lines; changes in the P lines are generally small.
For food intake (Figure 3) the A and P lines show equally large
divergences at all ages, whereas the F lines only show a divergence during the
rapid period of growth, y^he A lines show large divergences in catabolism in
relation to body weight*
(Figure 41 and slightly smaller divergences in
catabolism in relation to lean mass*
(Figure 5), whereas the P lines
show no divergences for either. The_,catabo1ism differences which exist in the
F lines when scaled by body weight*0 , w^|h the leaner lines having the
higher values, disappear when lean mass*
is used as the scaling factor.
For cumulative efficiency (total gain/total food) the A lines are all equally
efficient, the PH lines are more efficient than the PL lines, and the FL lines
are less efficient than the FH lines (Figure 6).
Increasing intake (A lines) appears to have increased both maintenance
requirements and intake in excess of maintenance proportionately, as overall
efficiency is unchanged. The surprising result of a reduced fatness is
observed, and this contradicts the results of Sutherland et al. (1970). This
phenomenon may be explained by the restriction based on 4 week weight in the
selection criterion, however, as the carcass composition differences are large
and apparent by 26 days of age. The results for the F lines suggest that
maintenance is proportional to lean mass, so it is probable that by selecting
mice with a larger intake and hence maintenance requirement in relation to
body weight, high A line selected mice have a higher proportion of lean.
Changing lean mass (P lines) merely appears to change body size and hence
efficiency, having little effect on carcass composition, relative intake and
maintenance requirements after the rapid period of growth.
The F lines demonstrate that maintenance requirements may vary more
closely with lean mass than with body weight, and they also show that it is
possible to vary fat content without changing lean mass. Because lean mass has
not changed, the fatter mice are actually more efficient than the leaner mice.
FASTING HEAT PRODUCTION
The estimates of maintenance (catabolism) described above were estimated
somewhat indirectly so it was necessary to obtain an independent verification
of the results. This was done by measuring the fasting or basal heat
production on pairs of fasted mice from all H and L lines at 5 and 17 weeks of
age using an indirect respiration calorimeter (Bishop, 1985). All 256
measurements were made at 29°C.
The H-L divergences in heat production and catabolism computed as
previously are given in Table 3. The two estimates of divergence in
maintenance requirements of the selected lines are very similar. More
confidence can therefore be placed in the conclusions from the study of growth
and food intake that there is genetic variation in maintenance requirements
and that much of this variation is associated with lean mass.
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Brown Adipose Tissue and Temperature Adaptation Effects in the A lines
Unlike the P and F lines, the A lines appear to show genetic variation in
maintenance requirements over and above that accounted for by body weight or
lean mass, and brown adipose tissue (BAT) and temperature adaptation effects
were studied as possible explanations for this phenomenon.
The inter-scapular depot of BAT was dissected out and the fat free dry
matter (assumed to be the active component) extracted from a total of 385 AH,
AC and AL mice at 4 and 13 weeks of age. No H-L divergences were apparent for
the active component expressed in relation to body weight or body
weight'
at either age, however.
The temperature adaptation hypothesis proposed that since selection was
undertaken at a relatively cool temperature (22°C), selection for appetite
had acted in part by selecting mice either well or poorly adapted to this
tanperature. To test this proposal, 254 heat production measurements were made
on pairs of AH, AC and AL mice at 25°C or 33°C, at 5 and 17 weeks of
age. Although both direction of selection and temperature affected heat
production, there were no direction by tanperature interactions, and thus
adaptation effects are probably not important.
To sum up, the changes in the maintenance requirements of the A lines
were not found to be related in part to either BAT changes or temperature
adaptation effects, and an explanation still has to be found for the observed
differences. We plan to estimate rates of protein synthesis and degradation in
these and the other lines, to check whether there is an increased rate of
turnover in the A lines and whether the response in growth rate of the P lines
is due to changes in rates of synthesis or degradation. As fat turnover is a
more efficient process, the dependence of maintenance requirements in the F
lines solely on amount of lean can thereby be explained.
DISCUSSION
By selection in the laboratory mouse we have obtained lines differing
widely in a number of traits and have been able to confirm many previous
results and conjectures, for example, that there is genetic variation in
metabolic rate both through its association with protein content and
independent of it. We have also shown, by use of replication, that such
conclusions are repeatable.
The results described here are, in many senses, preliminary. We have
operated at the level of measurements of simple, albeit "commercial", traits
such as growth rate, food consumption and fatness with some excursion into
general measures such as metabolic rate. The work is being extended to attempt
to understand what are the physiological and genetic processes underlying the
difference in gross phenotype. For example, is increased growth rate a
consequence of increased rates of protein synthesis, reduced rates of
degradation, or both? The high and low A, P and F lines all differ in their
food intakes, yet the A's differ largely in metabolic rate, the P's only in
lean growth rate, and the F's only in fat deposition. We need to know what is
the nature of the genetic control of energy intake and partition. By
measurements of synthesis rates, hormone levels and enzyme activities it may
be possible to get closer to an understanding of the critical pathways, but we
recognize that the interconnections in the system mean that a single primary
genetic change can lead to a range of alterations in the pathways to the final
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phenotype.
With the advent of transgenic techniques molecular biologists will need
to know what genes other than growth hormone to transfer. There are two
possible approaches. One is to work down through even more basic physiological
processes, as described above, in order to get nearer to the original genetic
difference, for example enzyme levels may be associated directly with
differences at a structural locus. An alternative is to use a direct approach
and attempt to identify protein differences between selected lines using twodimensional gel electrophoresis (Bulfield, 1985).
The laboratory animal provides a useful model of the larger animal and
enables differences to be produced more quickly by selection. It has now
another potential, if somewhat futuristic, role. If useful genes could be
identified in the mouse and cloned, they could then be transferred to
coirmercial animals. Perhaps the mouse may eventually make a direct
contribution to animal improvement by this means!
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TABLE 1

Mean of selected traits for each replicate at generation 20
Control

High

Replicate

Divergence(%)

Low

4-6-week food intake corrected for 6-week body weight (g)
32
59.9
81.4
67.6
60.4
22
74.8
66.7
30
56.3
76.5
67.1
28
58.8
67.2
77.5

Appetite (A) lines:
1
2
3
Mean
1
2
3
Mean

Lean mass (P) lines: BW - 8x GFPW+ (g)
23.4
27.4
39.6
22.2
36.2
27.4
23.6
27.7
38.5
27.5
23.1
38.1

59
51
54
55

1
2
3
Mean

Fat content (F) lines: GFPW/BW+ (mg/g)
7.2
28.2
13.7
13.5
6.0
31.4
6.9
14.2
23.9
13.8
6.7
27.8

153
189
120
153

* (H-L)/C + BW, GFPW are body weight and gonadal fat pad weight in 10 week males.
TABLE 2 Carcass composition, linearly corrected to generation 14
Fat %
10W

26d

8.53
11.85
13.97

12.19
14.71
13.37

16.50
16.50
16.69

17.98
17.67
18.01

19.77
19.80
18.77

18.73
18.08
18.42

9.24
9.06
10.24

11.82
11.69
13.26

10.60
15.21
14.52

16.65
17.07
17.00

18.10
18.66
18.48

19.04
19.61
19.24

18.37
18.02
19.11

12.01
8.15
6.88

16.60
11.66
6.70

19.41
14.59
8.95

16.33
16.81
16.84

17.62
18.15
18.56

18.89
19.24
19.79

17.50
17.94
19.38

26d

44d

A H
C
L

6.48
8.28
7.85

8.58
10.95
10.58

P H
C
L

6.93
7.01
7.23

F H
C
L

8.78
7.11
6.51

TABLE 3

Protein %
44d
10W

17w

Age

17w

Divergence, expressed as 2(H-L)/(H#,) %, in fasting heat production
and catabolism at two ages (kJAg* /day)

Scaled by

Age:

Body weight'7^ A
P
F
Lean mass"7^

F

Fasting heat production*
17w
5w

Catabolism+
5w
17w

13.6
-3.7
-2.6

0.3
-4.3
-13.9

11 to 14
0 to -7
-5 to 5

3 to 13
-6 to -7
-9 to -12

2.4

2.2

-1 to 9

0 to 3

* Mean = 4.33 kJAg body weight ”75/fiay.
,
,.
+ approximate range given in period of one week surrounding time of measurement.
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