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INTRODUCTION
How mouse research is relevant to problems in animal breeding has been dis
cussed by Chapman (1961), Roberts (1965) and Falconer (1967). They have sugg
ested that, testing the validity of genetic theory, or elucidating the
genetic control of a biological system or exploring unknown relationships
between characters are appropriate objectives of relevant experiments. But the
relevance of mouse experimentation is also determined by the practical useful
ness of the subject of research. As selection is the major source of improve
ment at the disposal of breeders I have chosen to focus on the impact of
selection for production characters in mice in this review. There are now^
several long-term selection experiments involving body weight and litter size
which allow generalisations to be drawn about the direct and indirect effects
of selection in mice. These in turn allow attempts at extrapolation to other
species in which the improvement of those traits is desired. This review is
intended to up-date previous attempts at such generalisation and extrapolation
by, in particular, Eisen (1974) and Roberts (1974, 1979).
I.

Results of selection for increase in growth rate and body size.

(i)

Selection responses

The early literature has been reviewed comprehensively by Roberts (1965)
who examined the early unorthodox but highly effective selection of Goodhale
(1938, 1941) and MacArthur (1944, 1949) as well as the now-conventional
experiments of Falconer (1953, 1955) and Rahnefeld et a I. (1963). His main
conclusion was " .... much of the variation in the body weight of the
mouse has an additive genetic base". Eisen (1974) reviewed the reports of
later experiments by several authors, some of whom are referred to in Tables
I and 2. These list medium-term and long-term selection experiments for in
creased body weight or growth rate. Eisen agreed that body weight is highly
heritable. The realised heritability estimates obtained in several more recent
selection experiments consolidate that view (Table I and 2). However, it is
necessary to modify one conclusion drawn by Eisen regarding tbe repeatability
of response. Based on the results of Hanrahan et a I. (1973) he stated
" .... for effective population sizes about 20 or more, the repeatability of
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TABLE 1.

SUMMARY OF EXPERIMENTS WITH SEVERAL GENERATIONS OF SELECTION
FOR INCREASED GAIN____________________________________

Population
Size ♦

Reference

Duration
(gens)

•Weight
gain

Realised
h2*

3 to 6

0.18(M)

30

17

Rahnefeld et al. (1963)

3 to 6

0.30(W)

24

13

Falconer (1960)

3 to 6

0.20(M)

48

24

Bradford (1971)
Hanrahan et al. (1973)

3 to 6

0.35(W)

2 X 62

14

3 to 6

0.25(M)

2 X 74

8

3 to 6

0.24(M)

4 X 60

12

La Salle et al_. (1974)

4 to H

0.24(M)

15

21

Sutherland et al. (1970)

Wilson (1973)

* Average estimate based on mass (M) or within-family (W) selection.
+ Number X = No. of replicates

TABLE 2.

Weight
at
week

Realised
h^*

SUMMARY OF EXPERIMENTS WITH SEVERAL GENERATIONS OF SELECTION FOR
INCREASED WEIGHT

Population
Size ♦

Duration
(gens)

Reference

3

0.17(W)

3 X 30

14

Frahm and Brown (1975)

5

0.39(W)

64

15

McCarthy and Doolittle (1977)

6

0.22(W)

32

11

Falconer (1953)

6

0.25 (M)

2 X 26

7

6

0.40(W)

6 X 32

10

Falconer (1973)

6

0.13(M)

2 X 30

14

Cheung & Parker (1974)

6

0.55(M)

49

12

Eisen (1978)

6

0.42 (M)

184

12

Nagai et al. (1978)

8

0.28(M)

32

14

Bakker (1974)

10

0.32(W)

64

15

McCarthy and Doolittle (1977)

Rutledge et_ al_. (1973)

* Average estimate based on mass (M) or within-family (W) selection
+

Number X = No. of replicates.
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response is fairly good". The results of replicated experiments are summarised
in Table 3. Were it not for the results of Falconer (.1973) one would not
quibble with Etsen's statement about population size and the repeatability of
response. Falconer's essential findings were:
(1)

Replicated sets of lines selected for high and low six-week weight res
ponded to selection but became differentiated in mean.

(2)

The differentiation between the replicate lines was not due to differences
in the selection differentiaI,and

(3)

Replicated unselected control lines showed as much differentiation if not
more, than either the high or low sets.

Falconer concluded that the differentiation within sets of replicates was the
product of random drift in gene frequencies at the founding of the lines and
at the breeding of each generation. He spelt out the corollary: "... single
selection experiments on the scale of one of these replicates (!.e . of effective
size 32) can be very misleading about the rate of response". Roberts (1981a)
has reported that doubling the effective population size of Falconer's control
lines to 64 resulted in the apparent suppression of further differentiation.
There was very close agreement between realised heritability estimates in re
plicate populations of similar size to, or smaller size than, Falconer's
(i.e. Sutherland et aj_. 1970; Hanrahan et a_l_. 1973; Rutledge, et aj_. 1973 and
Frahm and Brown, 1975). However, because of the larger number of replicates
involved in Falconer's case I would suggest that Eisen's upper limit of pop
ulation size for "good" repeatability be Increased to at least 60. But as
population size Is usually much larger than this in farm animal breeding it is
not the repeatability of response that is of practical interest but the average
rate of response. That, of course, is the product of the selection different
ial and the realised heritability. Now the selection differential is determined
by the logistics of population turnover. But, the heritability is determined
by the frequencies of the genes segregating in a particular population. Why
was there such variation between the estimates of the heritability of body size
and growth rate shown in Tables I and 2? Well, it undoubtedly arose because of
differences in the frequencies of size genes generated before and during the
founding of the base population and because of drift during selection.
However, it is impossible to quantify the effects of these sources of genetic
variation between experiments. From the experience of mouse selection all we
can say is in a variety of populations, based on crosses'of inbred lines and
outbred stocks, long-term selection for body weight, with a few exceptions,
yields responses consistent with a reasonably high heritability.
But there are limits to the progress of selection for increased body size.
In theory, gene fixation resulting from selection should cause exhaustion of
genetic variation as selection progresses until a limit Is reached. The
evidence from a small number of Large lines reviewed by Al-Murrani (.1974) and
Roberts (1974) agreed with that theory. But limits in a Small line, in con
trast, occurred at a stage when there was considerable additive genetic
variance remaining. A recent study of Barria and Bradford (1981 a) indicates
that Large lines do not plateau exclusively because of a lack of genetic var
iance. They selected a line for rapid gain until it reached a limit after 33
generations. At that point it was subjected to (a) continued selection,
(b) reversed selection, and (c) relaxed selection. Although no further
response occurred on upward selection a response consistent with a reatised
heritability of 0.24 was obtained on reverse selection and the mean of the
relaxed line regressed towards the base population. They found a negative
association between gain and fertility in these lines indicating that the limit
was the balancing point between artificial selection for, and natural selection
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against, large body size. This situation is analogous to that described for a
Small line by Roberts (1966) except, of course, in that instance natural select
ion operated against small size. Another case of a negative association between
extremely large size and fertility was encountered by Roberts (1967). He
crossed four lines already selected to upward limits of 6 week-weight and then
tried to outstrip the level of this new population by upward selection in two
lines. Selection was moderately successful but in each case infertility de
cimated these Large lines. However, the nature of infertility in one of these
lines was different from that described by Barria and Bradford (1981b). In
the latter case decreased embryonic viability in large mothers and reduced
fertility in large males caused a reduced reproductive rate. In Roberts' lines
over-fatness of large females appeared to inhibit mating. These correlated
responses will be considered in more detail below in the context of some sideeffects of selection.
However, it is obvious that one must be careful in generalising about the
potential cause of limits to selection for high growth rate. Roberts (1974) in
his summary stated: "Experimental evidence from mice suggests that the limit to
selection for high growth rate will be determined largely by the fixation of
genes ...". I would substitute "sometimes" for "largely” . That qualification
is prompted by the experience of Barria and Bradford whose reverse selection
linearly reduced the mean gain of their apparently plateaued high line for 10
generations at which point two-thirds of the original response to the previous
upward selection was undone. In fairness to Roberts (1974) it should be
pointed out that when he came to extrapolate from mouse data to other species
in the body of his paper he stated: "... fertility problems may well arise in
farm animals long before we need become concerned with the genetic nature of
the limit to artificial selection". Certainly that prediction is accurate in
the case of meat-type poultry (for review, see McCarthy and Siegel, 1982).
Now, if infertility is a likely cause of limits in other farm animals it behovep
us to consider any evidence in mouse studies which helps understand the nature
of limits imposed by infertility and provides clues as to how to cope with
them. This will come later in the context of correlated responses in fertility
and associated traits.
To complete this section let us revert briefly to evidence regarding genet
ically determined limits, in order to update the record regarding the trans
cendence of such a limit in a uniquely superior strain. In their reviews of
selection limits Al-Murrani and Roberts both distinguish what they call the
"one-strain" problem, tn that situation outcrossing the line at the limit to
lines of equal or almost equal performance is not an option. They (Al-Murrani
and Roberts, 1974) described an unsuccessful attempt to break through a limit
for body weight using a method devised and successfully tried by Falconer
(1971) for a line plateaued for litter size. The method involved deriving inbred
lines from the plateaued line and then intercrossing the survivors. Its ration
ale is the screening out of deleterious recessives during the inbreeding phase.
Barria and Bradford (l98la)also tried that method in the plateaued line
selected for growth rate. They observed little heterosis tn gain on crossing
the surviving inbred lines, all of which were inferior to the original parent
line at its limit. Clearly the nature of genetic variation in body size and
weight gain at selection limits is different from that of litter size. In that
latter case many deleterious recessives still remain segregating. The evidence
regarding long-term response to selection for litter size to be discussed later
will advert to this point again.
How large can long-term selection make mice? Taking the cases discussed
above and using weight at about 6 weeks as the criterion of size, we find that
selection increased that weight relative to unselected controls only by 50 - 10%
in various experiments. This, as Falconer (1981) reminds us, is not impressive
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by comparison with long-term responses achieved in other species. That is be
cause selection in mice is carried out with relatively small and closed popul
ations. The possible effects of population size on the genetic constitution
of a population and thereby on its potential to go on responding to selection
will be referred to later in the context of selection for litter size.
(ii)

Correlated responses.

(a)

Food consumption and conversion.

If selection produces a line of mice which grows faster or reaches a
higher weight at a particular age while on ad Iibiturn feeding it follows that
these mice must eat more and/or convert their food more efficiently into weight
gain during the appropriate period of growth. The most comprehensive analysis
of changes in appetite and efficiency has been conducted by Roberts (1981b)
with three replicates of Falconer’s (1973) lines described above. These were
lines selected for high (and low) six-week weight.
In the three Large lines
there were simultaneous correlated responses in both the rate of food intake and
in the efficiency of food conversion although in one the increase in food intake
vas trivial by comparison with the increase in efficiency. Once again in these
lines the effects of drift were evident, this time on correlated responses.
The physiological nature of these correlated responses in Large lines has
recently been studied. Roberts (1981b) monitored the energy Intake of Large
mice when fed ad lib., and when given water or glucose (5? solution) to drink.
They exhibited preference for the glucose solution and drank more of it than
water. But they ate less when drinking glucose so that their daily energy
intake remained near-constant when offered water or glucose to drink. Roberts
concluded that the correlated increase in appetite was mediated, in the short
term at least, through a satiety mechanism related to total energetic require
ment. And Large mice, of course, have a greater requirement and thus a greater
appetite. Petersen and McCarthy (1981) observed the temporal pattern of feeding
behaviour in various lines and found evidence consistent with the conclusion of
Roberts. Selection increased the average size of meals but not the number of
meals in their Large lines. And this increase in meal size was very character
istic. It involved an increase in the number of feeding bouts but not in their
length. This is the sort of change observed in all mice during periods of
increased energy demand, for instance during lactation when there is an in
creased metabolic demand for energy. The mediation of feeding behaviour and
thereby of appetite via metabolic mechanisms was confirmed further by testing
various lines at different temperatures. By changing the ambient temperature
and thereby the demand for thermoregulatory energy, Petersen and McCarthy made
the temporal pattern of feeding and food intake identical in lines of different
si ze.

How do Large lines convert their food more efficiently? A proper undei
standing of the physiological basis of this increased efficiency demands a clear
understanding of the energy requirements of growth and maintenance. This has
not been wholly achieved but there are some good pointers to the probable nature
of the difference. McCarthy (1981) explained how he repeatedly found that mice
from Large lines eat relatively less food (i.e. per unit weight). Roberts (1981b)
reported a similar result. Both agree that this shows that large mice have a
relatively lower maintenance cost than unselected mice of the same age. Both
authors agree that this reduced maintenance cost reflects the energy saving
large mice make in the cost of thermoregulation, by having a relatively smaller
surface area from which to lose heat from their warm bodies to a colder environ
ment. Although they disagree about the possible role of other components of
maintenance they also agree that the increased efficiency of large mice at
fixed ages results from the fact that they eat more relative to their mainten-
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ance cost and thus have a relatively greater amount of energy for gain. Roberts
also examined differences in efficiency at the same body weight. Large mice
were more efficient at the same weight. And they eat more at the same weight.
As suggested by McCarthy (1981) on reviewing the work of Timon and Eisen (1970),
Large line mice are more efficient than other mice of the same weight simply
because they have a higher intake and a similar maintenance. Yuksel (1981)
has recently reviewed the genetic relationship between gain and efficiency in
farm and laboratory animals. It would appear from existing data that there is
a desirable genetic correlation between gain and efficiency in other species
too. In poultry the evidence from a much smaller number of selection expel—
iments suggests that the correlation between gain and efficiency may be weaker
in that species (McCarthy and Siegel, 1982). Not only are the correlated res
ponses in efficiency less impressive but there appears to be a different set of
behavioural changes in the eating behaviour of selected animals from that
described above for mice.
In other words, variation in gain in poultry may be
more highly associated with differences in appetite than with differences in
efficiency.
Why indulge in tedious measurement of food intake while selecting for
efficiency if one can select indirectly for efficiency by selection for gain?
There have been very few experiments that help to make any general statements
on that question. Only two cases of selection for increased efficiency
(i.e. gain/feed, on ad lib.) have been reported. The first by Sutherland et
3 1• (1970, 1974) was initiated from a line previously selected for increased
gain for 9 generations and it was not replicated. Unexpectedly, despite a
relatively low value of 0.17 for the realised heritability of efficiency from
4 to 11 weeks of age during 12 generations of selection, the correlated response
in gain was actually greater than the direct response in gain obtained with a
contemporary line selected for gain. As expected the efficiency line showed
a marked increase in intake and it was considerably more efficient than the
line selected for gain. Yuksel £f aj_. (1981) obtained quite contradictory
results. They selected two pairs of replicate lines for increased efficiency
on ad lib, feeding during two different periods for 7 generations. The
realised heritability for efficiency averaged only 13? and the improvement in
efficiency was small. And this small improvement was accompanied by no in
crease in food intake. They concluded on the basis of this experience and
estimates of genetic parameters in their lines that selection for gain would
be much more effective in altering efficiency than selection for efficiency
per se. This conclusion would, of course, be much more certain in the case
of efficiency measured to a fixed weight. In that case large savings in
maintenance energy accrue from cutting down the duration of growth. This, of
course, is the rationale of broiler breeders whose main production goal is to
minimise cost to slaughter weight. The ease with which such a goal can be
achieved in mice was illustrated by Gunsett et a|_. (1981) who obtained a
realised estimate of 0.7 for the heritability of decreased feed intake for a
fixed amount of weight gain. This is not equivalent to selection for gain
in a fixed-time interval as in conventional selection experiments but it is
correlated with it as selection for decreased intake during a fixed gain
involved selection for increased gain during shorter and shorter periods.
This section would not be complete without mentioning, slightly out of
context, some novel experiments designed to increase the correlated response
in feed efficiency by selecting for gain while attempting to damp down
correlated increases in appetite. Eisen (1977) used an index designed to
restrict change in intake which maximising change in post-weaning gain.
While the index worked perfectly for 3 generations the expected response dis
played during the next seven generations was deviant i.e. gain and intake
increased simultaneously although the latter only to a slight degree. The
heritability of the index was 0.18. This is probably a reasonable estimate
of the heritability of efficiency in that population and agrees with the
result of Yuksel et aj_. quoted earlier.
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By fixing the amount of food available to pre-determined level during
selection for gain one can indirectly select for efficiency of gain on ad^
lib. From earlier work of Falconer (1960a) it had been implied that selection
on restricted feeding might yield lines which remained leaner and more effic
ient when fed ad _Mb_. without sacrificing responses in rate of gain. The
recent results of such selection by McPhee et a I■ (1977), Yuksel et a_l_. (1977)
and Hetzel (1978) are disappointing in that regard. Where comparisons can be
made on ad lib, with lines selected on ad _Mb_* the mice selected on fixed
levels were less or no more efficient and they were fatter than unselected
controls in two of the three experiments.
(b)

Growth and body composition

The impact of selection for weight at a single age on the growth curve has
been studied by Roberts (1961), Timon and Eisen (1969) and McCarthy and Bakker
(1979). Because of the high positive genetic correlations between weights at
successive ages the trajectory of the growth curve changes in a characteristic
way, so that the proportional difference in weight between large and unselected
lines remains constant.throughout life. Put another way, while large lines may
have a much greater adult size they may differ little from unselected one in
maturing rate (McCarthy and Bakker, 1979). However, It is possible to make
Independent changes in the ratio of these two growth parameters and thereby
change the shape of the growth curve. McCarthy and Bakker (1979) showed how
selection using indexes designed to alter weight at one age while restr cting
it by another achieved this objective. They also discussed the feasibility ot
such selection in poultry.
When selection changes body weight at a particular age it also changes the
size of body components at that age and may also result in a change in their
proportions. Rutledge et al. (1974) have described positive correlated
responses in vertebral length and femur weight and length in lines selected for
high six-week weight. Hooper (1977) found positive correIated_responses In the
length and diameter of four limb bones of lines selected for high and low tenweek weight. Muscle weights also exhibit large correlated changes n se ected
lines (Byrne et al. 1973). The weights of other organs such as brain,_11ver,
kidney, lung, heart and spleen are similarly changed on selection (Robinson
and Bradford, 1969 and Fa Iconer et aj_. 1978). Since these organs grew at
different relative rates it was not surprising that mice selected for large
size had altered proportions of various tissues (FaIconer et £]_. 1978). Bu
this disproportions!ity was not apparent at fixed weights.
There have been many studies of the effect of selection for body size on
the weiqht of adipose tissue and the topic has been the, subject of several
recent reviews (eg. Roberts, 1979 and McCarthy, 1979, 1981). For that reason
just the general conclusions regarding the effects of selection on fatness are
summarised here. When compared with mice from unselected or Small lines in
nearly all cases adult mice from Large lines show an increase in percentage
fat. But they show relatively little change in percentage fat when compared
at the age of selection. And many show a reduction in percentage fat when
compared at young ages. They also exhibit large differences In the distrib
ution of fat among depots at later ages. Hayes and McCarthy (1976) explained
these correlated responses in terms of genetic covariation between weight gam,
the energy cost of gain and the proportions of fat and lean in the gain up to
the age at selection. McCarthy (1982) has elaborated on this idea in Terms
of the nature of genetic variation in growth rate. Allen and McCarthy (1980)
have explained the changes in the distribution of fat resulting from selection
in terms of the relative rates of fat deposition in different depots.
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The practical significance of changes in carcase composition on long-term
selection for body weight on ad.Iib. feeding, in particular the increased
fatness of adults, is dramatically IIlustrated in the case of broilers
(McCarthy and Siegel, 1982). And the results may be applicable to cattle and
sheep (Barlow, 1978). However, in those species selection is more complicated,
often involving independent culling for conformation which may affect
the proportion and distribution of fat.
(c)

Cell size and number
As explained earlier, when the body weight of a line is increased at a

TABLE 3.

Trait.

1. Weight at
3 weeks
6 weeks

SUMMARY OF REPLICATED SELECTION FOR INCREASED WEIGHT OR
GAIN

2
Realised h

Population
size

Reference

0.15, 0.16, 0.19.

30

Frahm and Brown, (1975)

0.25, 0.38, 0.39
0.43, 0.44, 0.45

32

Falconer (1973)

0.24, 0.27, 0.30.

30

Frahm and Brown-, (1975)

0.22, 0.24
0.26, 0.28.

60

La Salle et a U 1974

0.22, 0.24, 0.24

15

Sutherland et al. (1970)

2. Gain
3 to 6
weeks
do

4 to 11
weeks

TABLE 4.

Realised

*

SUMMARY OF EXPERIMENTS WITH SEVERAL GENERATIONS OF SELECTION
FOR INCREASED LITTER SIZE

Population
size

Duration
(gens)

Reference

0.08 (W)

40

20

Falconer (1955)

0.22 (M)

48

11

Bradford (1968)

0.16 (M)

48

15

Eklund and Bradford (1977)

0.13 (M)

77

30

BakkeretaJ_. (1978)

0.19 (M)

60

12

Eisen (1978)

0.18 (M)

90

15

Joakimsen and Baker (1978)

Average estimate based on mass (M) or within-family (W) selection
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particular age by selection the weights of its parts are also increased at
that age. A few studies have been conducted with selected lines to charactei
ise the cellular nature of such changes. Although not wholly consistent the
results tend to suggest that mice from a Large line go through cellular dev
elopment faster so that at a particular age their cells are both more numerous
and larger than those of unselected mice. Two studies of lines selected from
the same base population showed that selection for body weight produced
positive correlated responses in the number and size of cells from lung, liver,
spleen, and kidney (Fa Iconer et aj_. 1978) and from several different muscles
(Byrne et al. 1973). Both groups concluded that increases in cell number and
cell size contributed substantially to the increased weights of tissues in
large mice. But in mice of the same weight from contrasting lines their ob
servations did not agree. Fa Iconer et a\_. found no evidence that cell mass
and cell number were different in mice of the same weight from Large, Control
and Small lines. But Hooper and McCarthy (1976) found that muscles of young
mice In a Large line had a greater number of smaller fibres than muscles of
mice of similar weight from a Small line. This would suggest that selection
not only increased the rate of cell division but possibly also increased the
contribution of cell number to growth at young ages in large lines.
Two groups of workers have studied the cellular changes In adipose tissue
of lines selected for growth rate and their results also show that development
in these tissues was accelerated in the large lines so that fat cells were
both more numerous and larger (Eisen et £]_. 1978 and Martin et £j_. 1979).
(d)

Fertility and its component traits

Correlated changes in fertility were discussed above in the context of
limits to selection for large size and rapid-growth rate. Instances were given
in which large lines reached apparent limits as a result of infertility. But
the interpretation of the relationship between an increase in body size and
change in fertility is complicated for several reasons discussed by Roberts
(1979 and 1981a). Now, fertility is a compound trait dependent on (I) the
percentage of fertile matings and (2) litter size. Looking at each component
separately one can find different types of correlated responses among replicate
lines selected from the same population and among lines selected from different
populations. For instance. Falconer (1973) found that the proportion of In
fertile matings ranged from 6% to 31$ among his six large lines. La Salle
et a k (1974) found a significant linear increase in that trait in two re
plicates but not in two others. However, those replicates showed irregular
fluctuations with a high incidence of infertility in later generations. While
the latter authors encountered increases in the incidence of infertile matings
right from the beginning of their selection Bradford (1971) recorded no such
change for 10 generations. After that he found an erratic deterioration in
that component of fertility. Although several experimenters have shown an
increase in litter size on selection for increased gain or size (e.g. Falconer,
1953; Rahnefeld et £l_. 1966) others have found differences among replicate
lines in the size of the correlated response (e.g. La Salle et a_k 1974) or
no correlated response at all (Bradford, 1971). However, in one case litter
size increased for 5 generations and then decreased (Falconer, 1973). That
decline was explained as the counteracting effect of inbreeding consistent with
the expected degree of inbreeding depression in litter size. The similar and
undesirable effects of inbreeding and selection for weight on ferti iity tiave
been separately observed during selection in populations of similar origin
but different sizes by Eisen et^l_. (1973). In small populations with one or
two pair-matings extinction due to infertile mating was the norm. However, in
populations with 16 pair-matings inbreeding depression was not evident in un
selected control lines. But when selection for gain was exercised in lines of
similar effective size severe infertility problems were encountered after 10
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generations? Eisen et £j_. postulated that this sudden dramatic increase in
infertility resulted from a departure from an "optimum" body weight associated
with an "optimum" degree of fatness. Barria and Bradford (1981b) whose
observations have been referred to earlier in the context of limits favoured
a more explicit explanation of the high incidence of infertile matings in a
selected line. They suggested that pleiotropic genes with opposite effects on
gain and fertility (presumably at a low frequency initially) become important
after prolonged selection. But as pointed out by Roberts (1967) there are
aspects of the relationship between body size and fertility which are even
more puzzling. For example, he found that crossing Large lines generated
significant increases in litter size without any evidence of heterosis in body
weight. This will be referred to below in discussion of the effects of sel
ection for litter size.
3.

Results of selection for high litter size

(i)

Selection responses

Roberts (1965, 1981a) has reviewed the results of selection experiments
for litter size in mice with one exception (Joakimsen and Baker, 1977). His
general summary was: "The results of experiments, on balance, indicate that
additive (genetic) variance for litter size- is usually present, though in
variable amounts, and that the trait usually responds to selection". The
realised heritability values obtained in various experiments are shown in
Table 4 along with details of experimental design and duration. It is obvious
that although the average value is less than those obtained for gain and body
weights that long-term selection does work. As stated earlier, in regard to
selection for body weight the actual rate of response will also depend on the
logistics of population turnover which can be manipulated to predictable
effect by breeders. But the heritability in a particular population is the
product of its genetic history. As with estimates of heritability in
Tables I and 2 it is not possible to say how much of the variation between
estimates of the realised heritability of litter size arose from events which
occurred before and during the founding of the populations.
Joakimsen and Baker (1977) have discussed long-term effects of selection
in these experiments. They quote the impressive increases in litter size, as
large as 50? of the base level after 10 to 15 generations in the case of some
(e.g. Bakker e^f aj? 1978). But other experiments of longer duration yielded
much smaller increases (e.g. Falconer, 1955). An apparent selection limit
for litter size was encountered by Falconer (1960b) after 20 generations of
selection. In contrast, Bakker et aj_. (1978) observed cumulative linear
increases in litter size until they ceased selection after 30 generations.
These authors attributed the prolonged response to their method of founding
their selection line i.e. they started initially by selecting the 24 largest
litters from about 1000 matings of a random-bred strain. This they claimed
avoided the normal loss by sampling of favourable (presumably relatively rare)
genes at the foundation of the selection line. Their relatively large popul
ation size during selection probably also helped to prolong response.
The work of Falconer (1971) in transcending the apparent selection limit
has already been referred to above and has been reviewed at length by Roberts
(1974) and Yuksel (1974). In brief Falconer's conclusion regarding the nature
of the genetic control of litter size from his experience in that work and in
previous studies of the effects of inbreeding on litter size was: Fertility
is determined by (I) mainly additive genes affecting ovulation rate, and (2)
recessive genes which affect embryonic mortality. Selection for high litter
size fixes genes of type (I) but not type (2) which are responsible for non
additive genetic variation at the limit. How general this situation will be
in other lines at their limit remains to be seen.

(ii)

Correlated responses

In the cases in which evidence was sought regarding the changes in com
ponents of litter size it was found that selection for increased litter size
also increased ovulation rate. And the increase in ovulation rate accounted
for most or all of the response in litter size (Bakker et al. 1978; Bateman,
1966; Eklund and Bradford, 1977; Falconer, I960; Joakinisen- and Baker, 1978).
However, the deduction of a strong genetic correlation between litter
size and ovulation rate is denied by the trivial changes in litter size ob
served on selection for increased ovulation rate by Bradford (1969) and Land
and Falconer (1969). But what of the genetical relationship between litter
size and body weight?
Earlier we discussed the effect of selection for increased body weight on
litter size pointing out that in a majority of cases there were parallel
increases in both traits. Even in the case reported by Bradford (1971) in
which no increase in litter size was found on long-term selection for rapid
gain, the ovulation rate did increase. But that correlated increase was masked
by increased embryonic mortality. Now it also seems that selection for ovul
ation rate (e.g. Bradford, 1969) results in a positive correlated response in
body weight. So it i
'ion for litter size would affect
body weight through
Joakimsen and Baker (1977)
put forward that interpretation of their realised value of +0.6 for the genetic
correlation between litter size and six-week weight. But Bakker _et_aj.. (1978)
recorded such small changes in body weight that their estimate of that genetic
correlation was not significantly different from zero. However, as pointed out
by Joakimsen and Baker that result was complicated by the fact that litter
size was not standardised and, therefore, a correlated response in body weight
could have been obscured by a negative phenotypic effect of litter size on
maternal weight. Taking these few data from litter size experiments in con
junction with the information reviewed earlier regarding the effects on litter
size of selecting for body weight one is driven to the conclusion that the
genetic correlation between litter size and body weight is usually positive
through the connection with ovulation rate. But much variation in each trait
is independent of differencies in the other. For example, differences in litter
size due to embryonic mortality may not be correlated or may be negatively cori—
elated with differences in body weight. And this may explain some of the obsei—
vations referred to earlier in which changes in fertility were observed in the
absence of changes in body weight,
•
GENERAL DISCUSSION
To what extent do results obtained with mice provide a framework for under
standing the possible changes that might occur on prolonged selection for body
weight and fertility in cattle, sheep, pigs, and poultry?
The answer will
depend in each case on (I) how similar these species are to mice in regard to
the nature of genetic variation in these traits and (2) how comparable they are
in the way component traits interrelate in physiological terms. Body weight
(or gain) and litter size in mice are quoted often as examples of traitswhich
are widely different in regard to their relationship with fitness and, therefore,
which contrast in genetic constitution. But is this clear distinction warranted?
Both respond to selection, albeit with heritabiIities in different ranges, for
long periods and reach limits at levels almost 100$ above the mean in the base
population. Both Falconer (1981) and Roberts (1981a) have considered the select
ion forces that moulded the genetic architecture of both traits. Falconer re
gards body size in mice as a trait with an intermediate optimum determined by
"spurious" stabilising selection via correlated characters. Large mice he
supposes to be more vulnerable to predation in the wild and there would, there
fore, be natural selection against larger mice. But small size would also be
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selected against since smaller mice would have a lower litter size and would
therefore, be less fit. Consequently intermediate body size would be optimal.
Roberts (1981a) agrees with this view of the genet!cal moulding of body weight
but suggests that factors other than predation such as sterility associated
with fatness may be involved in stabilising selection against large body size.
So what of the formative selection in the case of litter size? Roberts (1981a)
has discussed at length the possibility that stabilising selection of a much
milder kind may have operated against high litter size. That is extremely
large litters may suffer increased mortality particularly if there are waves of
plenty and famine in food supply. But the genetical evidence,specifically the
presence of recessive genes clearly indicates that there has been strong and
consistent natural selection for increased fertility.
Now it is obvious from the degree of surmise in the above passage that we
really know little about the formative genetic history in mice. We know less in
other species. But is it not reasonable to suppose that similar sorts of forces
operated too in those species? Certainly artificial selection for size in
poultry, the species one might at first sight regard as the least comparable
with mice, has some results that appear similar to those described above i.e.
expansive response associated with increased feed efficiency and over-fatness
in adulthood. The leg-weakness problem that is associated with increased size
in broilers is not something seen in mice. But then mice are selected at a
much later degree of maturity.
Finally, turning to broad strategy in animal breeding one has got to ask
if mice are a valid model why, if there is a fairly strong positive genetic
correlation between gain and litter size, is there not more serious efforts to
select for both simultaneously.
In practice, breeders partition their selection
effort in sire and dam lines, capitalising on non-additive variation in fert
ility on crossing,
in mice Doolittle et aj_. (1972) have shown, for the mediumterm at least, that simultaneous increases in gain and litter size were readily
obtainable by tandem, independent culling and index selection. And Eisen (1981a)
on examining the outcome of simultaneous selection for litter size and body
weight (Eisen, 1978) concluded that index selection for increased weight and
increased litter size is the most effective way of increasing the efficiency
of litter gain up to weaning. He also explored the optimal way of selecting
for increased litter weight in a companion paper (Eisen, 1981b). The best
way, he found, was selection for litter size! But the other reason why breeders
have diversified their selection in specialised lines is because of the pract
ical difficulty of obtaining a sufficient intensity of selection.
I would
suspect that if selection pressure of the intensity involved in mouse work
could be achieved in other species, particularly in the pig, that significant
lifts of litter size could be achieved.
Indeed the existence of supei— fertile
Chinese races of pig evidences past selection, probably part natural and part
artificial, for litter size.
The possibility of selecting traits in the male correlated with litter
size in females for example testis size in sheep, has only been explored once
in mice. Although testis weight responded readily to selection there was no
correlated response in litter size (Islam et £l_. 1976). But selection for
testis weight resulted in significant positive correlated responses in ovul
ation rate. The authors argue that this result does not mean that similar
selection in sheep and cattle would be useless in improving litter size - a case
where the mouse is not a good model because the components of litter size in
teract differently in the different species. On that note of caution this re
view concludes.
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SUMMARY
long+erm selection for increased growth rate or body weight is capable of
almost doubling body size in mice. But before that selection limits
are encountered. In the majority of cases limits arise because-of in
fertility, the causes of which are not clear, though they seem to be associated
with over-fatness. Large line mice eat more food and convert it more effic
iently because their maintenance costs are smaller relative to intake. They
exhibit an increased rate of cellular development in their organs and an
Increased proportion of fat in adulthood. Initial studies of direct selection
for food conversion suggest that indirect selection via gain may be more
effective. Longterm selection for litter size yields more variable responses
but can in some cases almost double the number in the litter. In some cases
large responses in body weight and litter size do not evidence the commonly
found positive genetic correlation between the two traits. The similarity
of results in mice with some in poultry are discussed and the possible implic
ations of responses for other species referred to.

ZUSAMMENFASSUNG

Langfristige Selektion auf Gewichtszuwachs und Korpergewicht kann die Korpergrosse von Mausen fast verdoppein. Aber man stosst auf Selektionsgrenzen.
In den meisten Fallen entstehen Grenzen durch Unfruchtbarkeit, deren Ursache
nicht klar ist, obwohl sie mit Ubergewicht in Zusammenhang zu stehen scheint.
Grosse Mause nehmen mehr Nahrung zu sich und setzen sie wirksamer urn, weiI
ihre Unterhaltungskosten im Vergleich zur Nahrungsaufnahme relativ geringer
sind. Sie zeigen einen Zuwachs in der Zellentwicklung ihrer Organe und
einen grosseren TeiI von Fett bei den erwachsenen Tieren. Anfangsuntersuchungen
direkter Selektion auf Nahrungsumsatz schlagen vor, dass indirekte Selektion
durch Gewichtzunahme wirksamer sein konnte. Langfristige Selektion auf Wurfgrosse bringt unterschiedlichere Ergebnisse, aber kann in einigen Fallen die
Anzahl im Wurf fast verdoppein. In einigen Fallen beweisen grosse Gewichtszunahme und Wurfgrosse nicht die normal festgestelIte positive Korrelation
zwischen den beiden Charakteren. Die Ahnlichkeit der Ergebnisse bei Mausen mit
denen von Gefiugel werden diskutiert und die moglichen Folgerungen der
Ergebnisse bei anderen Arten werden angedeutet.
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