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ABSTRACT 

The experimental design was a complete diallel between the 

different sizes of the 20,2  stock (Falconer, 73), with an incomplete 

diallel among the lines within the sizes. The objectives of this 

experiment were: (i) to estimate heterosis for the analogue of growth 

and fertility characters; (ii) to observe any change in the pattern of 

growth between crossbreds and purebreds; (iii) to compare the heterosis 

observed when crossing lines from different size groups and within 

sizes. 

Results show that the body weight expresses significant heterosis 

(0.684 grams) at or around six weeks of age. The crosses are found to 

gain more up to five weeks of age, whereas the purebreds gain more from 

five to seven weeks, which resulted in a heterosis x age interaction for 

body weight and rate of gain. This effect may be due to a faster rate 

of maturity in the crossbreds, which was investigated by observing the 

heterosis for food consumption, feed conversion efficiency, carcass 

quality at different ages and observing also various developmental 

events. The results suggested differential maturation rates, but were 

inconclusive. 

The effect of crossbreeding on fertility was examined, when the 

litter alone was crossbred, and also when both the mother and litter 

were crossbred. Crossing in the litter was found to increase litter 

size at birth (o.L2) and number weaned (0.51). 	Crossbreeding the 

mother increases litter size considerably more, by increasing the number 

of ova shed and reducing early post-implantational mortality. 

Generally, heterosis was found for most of the characters, when 

crossing replicate lines within size groups. On balance, the amount 

of heterosis was not greater when the crossing was between size groups, 

despite any additional genetic variation. 



INTRODUCTION 

Permanent improvement of livestock can be brought about by 

changing their genetic constitution. A genetic change may be 

achieved by selective breeding or, more quickly, by intducing 

new genes from better breeds by crossbreeding. In most species of 

domestic livestock, crossbreeding has some desirable consequences: 

heterosis, the opportunity to incorporate desirable genetic material 

quickly, and the chance to combine several profitable traits into a 

market animal. 

The practice of crossbreeding is not new. Plant hybrids have 

been studied since 1760ts  (Koger, 1971). 	In India, crossbreeding 

of exotic animals with Zebu is known to have begun in the 18th 

century (Katpatal, 1977;  Mason, 1974). Romney Marsh rams were 

crossed with Merino ewes as early as 1866 in New Zealand (Rae, 1952). 

In this century, hybrid corn had virtually replaced the open pollinated 

varieties by 1940. Crossbreeding of poultry, pig and sheep had 

become widespread in the United States by 1950 (Koger, 1971). .An 

account of the theory of crossbreeding and its application now 

follows. 

1. Theory of Crossbreeding 

A comprehensive model by Dickerson (1973) explored various 

methods of utilising genetic diversity among breeds. The model 

incorporates (a) breed differences in individual, maternal and 

paternal performance of purebreds (b) heterosis for individual, 

maternal and paternal performance (c) recombination effect in 

gametes produced by crossbred parents. We shall examine these 

components individually. 



2. 

Breed difference 

The phenotypic value of an individual can be partitioned into 

the direct effect influenced by its own genotypic value, maternal 

effect influenced by the genotypic value of the dam and a paternal 

effect influenced by the genotypic value of the sire. Each of 

these phenotypic values can be partitioned into additive, dominance and 

environmental components, with the assumption that there is no 

interaction between the effects included in the model. Therefore 

the means of two breeds, assuming environmental effects to be the 

same, differ as a function of gene frequency differences. The 

differences exists in two parts: the additive effect of the gene 

and the dominance deviation. The gene frequency difference is 

involved in the additive part while the square of the gene frequency 

difference is involved in the dominance part (William, 1970). 

Hetero sis 

Crossbreeding is the opposite of inbreeding. Inbreeding 

increases the production of homozygous gene pairs, and if the 

genes are deleterious recessives, increased inbreeding increases 

the total effect of such individual unfavourable effects. Thus 

crossbreeding breaks up such inbreeding and leads to heterosis. 

The dominance theory of heterosis relies on reducing the proportion 

of loci with homozygous recessive gene pairs. Heterosis therefore, 

is the genetic gain obtained due to crossbreeding. The best 

scientific measure of heterosis is the deviation of the cross from 

midparent, and much of the theory is framed in these terms. In 

most animal breeding work, the relevant practical comparison is 

with the midparent, though the indigenous parent may be more 
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appropriate for developing countries. In the present study, 

heterosis is defined as the difference between the mean of the 

reciprocal crosses and the average of the parents. 

Heterosis depends on the degree of dominance and the squared 

difference in gene frequency between the breeds. When either of 

these is zero, there is no heterosis. 	Therefore to maximise 

heterosis, the breeds should differ in gene frequency as much as 

possible and the favourable genes must exhibit some degree of 

dominance. This genetic divergence may be carried too far, but 

if the breeds are too divergent, deterioration of adaptive epistatic 

combinations may occur (Wiliham, 1970). 

Dickerson (1973)  partitioned heterosis into individual, 

maternal and paternal components which can be defined as follows: 

Individual heterosis is the mean deviation in the performance of 

two breed crosses from the average performance of pure breeds due, 

to increased interaction between purebred paternal gametes. 

Maternal heterosis is a measure of the average dominance interaction 

deviations in maternal effects of F1  dams relative to that of 

parental dam. In the same way paternal heterosis can be defined. 

It is analogous to maternal heterosis but for indirect paternal 

effect. Direct maternal and paternal heterosis in a cross can be 

utilised when both the parents are crossbreds. 

Recombination effects 

These could be detected in a wide cross (Falconer, 1960) due 

to the breakdown of favourable epistatic co-adapted gene complexes 

that have been built up in purebred population (Nitter, 1978). 

pistatic recombination loss would account for non-linear 
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relationship between heterosis and the degree of heterozygosity. 

Epistatic recombination loss has been demonstrated in Drosophila 

(Wallace and Vetukhiv, 1955) and in poultry (Sheridan and Randall, 

1977), but its importance in livestock breeding apparently has not 

yet been estimated experimentally. 

Grand maternal effect 

Dickerson (1969)  also included grand maternal effects in his 

model for crossbred parameters. This is a pernanent effect on the 

maternal properties of the dam from influences of her own mother 

other than those of direct genetic transmission. This effect was 

illustrated by Falconer (1955)  in mice. A large mother tends to 

produce a large litter so that the individual weights of her 

daughters are low. These daughters reflect this handicap when 

they, in turn, produce smaller litters, as a consequence of being 

themselves reared in large litters. The net effect would thus be 

a negative regression of litter size on the size of the litter in 

which the mother was born. Grand maternal effect may thus play a 

role in the litter bearing species. 

Complementarity 

In addition to heterosis, crossbreeding is also used to obtain 

complementarity. Cartwright (1970) defined complementarity as 

"the advantage of a cross over another cross or a purebred resulting 

from the manner in which two or more characters combine or complement 

each other". The genetic basis of complementarity is primarily the 

difference in maternal effects between breeds. Evidence of such 

differences in post weaning productive traits is provided by 

significant differences observed between reciprocal crosses in many 

of the experiments. Sellier (1976) found that the practical im-

portance of complementarity is better appreciated when dealing with 
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reproductive traits, e.g. litter size, and in treating them as traits 

of the generation yielding the final product of the cross. Then, 

most of the variation in litter size between crosses is due to 

"maternal effect" differences between breeding groups used as dam 

lines. Morris and Wilton (1977)  reported smaller F1  cows bred to 

larger bulls produced the largest farm gross margins when terminal 

crosses were used to exploit complementarity for body size. 

2 Utilization of crossbreeding in animal production 

Crossbreeding makes a systematic use of heterosis possible, and 

is the main reason for crossbreeding in plants, where considerable 

-inbreeding is possible. In the case of farm animals, except 

perhaps poultry, a high degree of inbreeding for crossing purposes 

is not feasible. Heterosis is more likely in those characters 

closely connected with reproductive fitness and maternal performance. 

But even in the case of meat production, heterosis may well have a 

role in the performance of the final commercial animal. 

The benefits of crossbreeding in developing countries comes 

mainly from incorporating genes from exotic breeds into the Zebu 

population. For example the average lactation yield of milch Zebu 

varies from 1,500kg to 2,250kg. Even with an optimistic prediction 

of a yearly progress of 2 percent by selection, it would take a 

minimum period of twenty years to increase the milk yield from 

1,500 to 2,250kg (endel, 1972). 	On the other hand yield can be 

increased to 2,500kg by one generation of crossbreeding with 

temperate dairy breeds. Compared to the zebu, milk yield of crosses 

excel by 1,000kg. Whether this is regarded as heterosis or not is 

partly a matter of outlook, and the definition of the phenotype of 
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interest. 

In addition to these effects, complementarity (Cartwright, 

1970) gives rise to increase of performance due to crossbreeding. 

lvIoav (1966a,b,c) has emphasised the economic importance of these 

effects. Using specialised sire and dam lines, there is the 

advantage that each can be developed for different aspects of 

performance, to be combined in the crossbred. Smith (1964) showed 

that the separation of sire and dam lines leads to more efficient 

selection because of the smaller number of performance traits to 

be included in each. The advantage is greater when there are 

negative correlations between production and reproductive 

performance. 

In some instances, crossing of the breeds is utilised to suit 

local economic needs. For example, in the crossing of dairy and 

beef breeds in the United Kingdom, heterosis is not necessarily the 

only factor involved: the mating of a beef bull to Friesian heifers 

avoids calving difficulties, the crossbred calf fetches more income, 

since the commercial beef producer is willing to pay higher prices 

(Nr'rB report, 1978/9). The higher prices may be due to a difference 

in input/output ratio between dairying and beef production from dairy 

heifers (Cunningham, 1977).  Therefore crossbreeding in this 

situation would be carried out whether or not there is an increase 

of growth rate over the mean of the parents. 

In other cases crossbreeding is a consequence of land use, as 

with hill sheep in Scotland. Purebred Scottish Blackface ewes, 

towards the end of their life, are moved to better land, where they 

are mated to Border Leicester rams. The ewe progeny of these 

matings are then sold to arable farms where they are mated to a 
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Down breed for the production of a market lamb. Thus by the use of 

this technique, named "stratified system of sheep production", farmers 

are able to obtain production from three separate terrains. 

3. Review of literature 

In me&c production, since the customer seeks leanness, the 

producer must aim for an animal which will weigh more but less in 

fat content. In this situation the meat. animal breeder will be 

interested in body weight, rate of gain, feed efficiency, food 

consumption, body composition and fertility of animals. With this 

in mind, this review examines the changes that occur in the above 

characters due to crossbreeding in the following species: cattle, 

pigs and mice. 

10 

Cattle 

Growth 

This section examines preweaning and postweaning growth. 

Birth weight, weaning weight and the gain between them are the 

usual measurements made to characterise the preweaning growth. Baker 

and uesenberry (1944) in their observation on Hereford and Hereford x 

Shorthorn heifers found the crossbreds to be significantly superior to 

purebreds in birth weight, weaning weight and gain from birth to 

weaning. The crossbreds were three, seven and four pounds heavier 

than the purebreds for these characters respectively. Mason (1966) 

reviewed the various crossbreeding experiments on beef production 

and concluded that most characters of size, growth and carcass, 

generally exhibit small but consistent amount of hybrid vigour 

ranging from one to ten percent depending on the character, breed 

and experiment involved. Later, Warwick (1968) and Cundiff (1970) 



reviewed the crossbreeding experimental results. They observed 

weaning weight to show positive heterosis in 12 out of 15 experiments 

involving breeds of British origin (Hereford, Angus and Shorthorn). 

The weighted average advantage for this character was 4.9 percent. 

As expected, the percent heterosis varied with the breeds involved. 

The crosses of Hereford and Angus with Oharolais produced heterosis 

ranging from +1.6 to +3.7 percent for birth weight and +1.7 to +4.7 

percent for 205 day body weight (Cundiff, 1970). Maximum heterosis 

for weaning weight (15.95/6)  was seen in the Hereford x Brahman crosses 

(Cartwright et al., 1964). 	The superiority of the crossbreds were 

confirmed in the later studies as well. The breeds involved were: 

(i) Hereford, Angus (Long and Gregory, 1974)9  (ii) Criollo, Brahman 

(Plasse et al., 1974),  (iii) Angus, Hereford, Holstein-Friesian and 

Brown-Swiss (Wiliham, 1975). Heterosis (positive) in these studies 

range from 3 to  5 percent (except 19.92% by Plasse at .) for birth 

weight, 3 to  9 percent for weaning weight and 5 to  7 percent for 

preweaning gain. In  a diallel cross experiment among Red Poll, 

Brown-Swiss, Hereford and Angus breeds, Gregory 	. (1978) 

observed crossbred progeny to be significantly heavier by 0.9kg  at 

birth and 7.3kg  at weaning. Significant heterosis effect for the 

gain between birth to 120 day weight and 120 to 210 day weight were 

reported among the crosses of Angus and milking Shorthorn by 

Drewry et al. (1978). In general preweaning growth tends to show 

positive heterosis. 

The growth after weaning is discussed here as postweaning gain 

and postweaning weight for age. Warwick (1968) reviewed the 

experimental results on heterosis for postweaning growth. 
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Variations in age at final weight, feeding, ma.nagemental procedure 

and sex made an overall summary difficult. Heterosis for post-

weaning growth among Hereford, Angus and Shorthorn crosses were 

reported in nine experiments. All of them except one favour 

crossbreds and suggest an overall advantage of two to four percent. 

From the experiments reviewed, Cwidiff (1970)  concluded that 

Charo1ais-Angus and Charolais-Hereford crosses exhibit less heterosis 

than Hereford-Angus crosses for postweaning growth (they also 

exhibited less heterosis for preweaning growth). But postweaning 

gain in Brahman-British crosses, although somewhat lower than the 

preweaning gain, is quite high. Cartwright et al. (1964) reported 

it to be eleven percent in Hereford-Brahman crosses. As described 

above, there seems to be general agreement that postweaning gain 

shows positive heterosis in various breed combinations (Pabnish 

et al., 1971; Doroszewski, 1972; Gregory 	., 1978; Long et j2j., 

1979a). 

With regard to the postweaning weight for age, heterotic effects 

on growth rate were found to decrease with age by Gregory 

(1966b) in a study involving Hereford, Angus, Shorthorn and their 

reciprocal crosses. They concluded that heterosis is related to age. 

This was confirmed by Cund.iff (1970),  Pabnish et al. (1971), 

Gregory It al. (1978)  and Long et gj. (1979b). The effect observed 

may be due to a higher ability of the crossbreds to withstand stress 

immediately after weaning compared to the purebreds, and therefore 

the purebreds showing compensatory growth after a certain period. 

Alternatively, or in addition, there could be a relationship between 

heterosis and rate of maturity. Smith et al. (1976a) studied the 
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maturing patterns of Hereford, Angus and Shorthorn cattle and their 

reciprocal crosses, and put forward the hypothesis that "a primary 

effect of heterosis is to speed up the maturing process". If the 

hypothesis is true that crossbreds possess the potential to mature 

more rapidly than purebred animals, then it logically follows that 

higher nutritional level would permit the crossbreds to achieve these= 

higher potential maturing rates. This hypothesis was tested by 

Long It al. (1979b) who observed lower heterosis on a lower plane of 

nutrition, confirming the previous work (Cundiff, 1970; Jain et  

1971; Long and Gregory, 1975a). These results concerning the 

influence of nutrition on heterosis and the decrease in heterosis 

with age, indicate that the heterosis phenomenon may be related to 

the rate of maturity. 

Further, Gregory 	. (1978) reported that there exists a sex 

x heterosis interaction. The heterosis in growth traits was 

expressed at an older age in females than their half-sib steers, for 

which no plausible explanation could be given. 

Feed efficiency and food consumption 

There are not many reports on this subject and even the few 

existing do not give a clear picture of the role of heterosis. 

In an experiment involving all possible reciprocal crosses between 

Hereford, Angus and Shorthorn breeds, heterosis could not be detected 

to be significant between different measures of feed efficiency 

(Gregory et al., 1966b; Ellersieck et al., 1977). 	Warwick (1968) 

and Cundiff (1970)  reported heterosis for feed efficiency to be small 

(0.70/6) over age-constant interval. 	Smith et al. (1976b) observed 

in crosses between Hereford and Angus breeds, heterosis for feed 
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efficiency to be -2.8, 3.8 and 0.9 percent for age, weight and 

longissimus fat constant intervals. 

With regard to food consumption, crossbreds were observed to 

consume less food than purebreds by Doroszewski (1972).  On the 

contrary, Hargrove et al. (1959) and Gregory_ 	. (1966b) found 

crossbreds to consume more food than purebreds. 

Carcass quality 

Most of the observations are made on the animals slaughtered 

at constant age. The crossbreds showed increased fatness at the 

same age (Gregory e, 1966c;  Klosterman et al., 1968). 	But 

Gregory et al. found that when the carcass traits were adjusted for 

weight effects, the crossbreds and purebreds were remarkably similar. 

The lack of heterosis effect on weight-adjusted carcass traits 

indicate that, if the steers had been slaughtered at the same weight 

rather than at the same age, there would have been no difference in 

carcass composition. Thus the heterosis effects on an age-constant 

basis are through heterosis effects on weight at a constant age. 

However, Long and Gregory (1975b),  after adjusting for hot carcass 

weight, found appreciable heterosis for conformation score, fat 

thickness and area of longissimus muscle. In this context, the 

summary statement by Cundiff (1970) that heterosis effects are large 

for carcass traits associated with growth but small for most other carcass 

characters appears to be true, with minor exceptions. 

Age at puberty 

This is usually defined as the date of first observed standing 

oestru.s, usually confimed by rectal palpation of the ovary to detect 

the corpus luteum. In some cases it is also confirmed by a 
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subsequent observation of oestrus within a fixed period, usually 

within 30 or 40 days. Laster et al. (1976) in a study of post-

weaning growth and puberty in heifers observed heterosis effects to 

be large for percentage reaching puberty between 300 and. 510 days of 

age. By 510 days of age, 100 percent of the Hereford-Angus crosses 

had reached puberty compared to 92 percent of the Hereford and Angus 

purebreds. Heterosis effects on percentage reaching puberty at the 

different days of age were: 300, 9 percent; 330, 11 percent; 

360, 13 percent; 390, 20 percent, 420, 6 percent; 450, 14 percent; 

480, 12 percent and 510, 8 percent. In general significant negative 

heterosis is seen to exist for age at puberty (Plasse et al., 1965; 

WiltbanZ1966; Plasse et al., 1968; and Gregory It .21., 1978). 

In summary, the literature on cattle show that: 

i) Heterotic effect on birth weight are consistently positive. 

ii)Preweaning gain and weaning weight respond well to crossbreeding. 

iii).Among the postweaning traits gain to slaughter or weight for 

age are the most responsive ones to heterosis. 

iv)The decrease in weight in the crossbreds during the later part 

of the growth, larger heterotic effects in carcass characters 

associated with growth, and earlier sexual maturity, support the 

hypothesis that a primary effect of heterosis may be to speed up 

the maturing process. 

Pigs 

Growth 

Heterosis for growth in pigs is examined by looking at the 

body weight at various ages and also postweaning gain. 
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Body weight is expressed in most of the experiments as individual 

weight and sometimes as total litter weight at weaning. Evans 

e-t al. (1960) compared Essex x Large White and Welsh x Large White 

reciprocal first crosses with their purebred contemporaries and 

concluded that there was a tendency for growth rate to be higher in 

the crossbreds than in the purebreds. In an experiment involving 

crosses of Swedish Landrace and Large White pigs, Skarman (1965) 

observed that crossbreeding increased litter weight at twenty weeks 

by approximately 45kg. Cupin and Picuzkina (1966) found the crosses 

between Large White and Large Black to exceed both the parents at 

two months of age. The same was found to be true in other breed 

combinations: at two months of age by Kopytova (1968) and Eskov 

et al. (1977), at birth and weaning by kigelov (1971),  and at weaning 

by Ladan et al. (1963). Of the comparisons made on total litter 

weight, crosses between Large White and Landrace breeds were found 

to exceed the purebreds in litter weight at 30 days, at weaning and 

in average daily gain (Vangelov and Zelev, 1968). Pas Vande & Buiting (1973) 

observed that matings between Dutch Yorkshire and Dutch Land.race 

increased the litter weight at birth and at six weeks. The increase 

in weight in a similar kind of experiment with the same breeds was 

also confirmed by Buiting, and Pas Vande (1974). In general, 

crossbreds seem to be higher in body weight at the ages referred 

to here. 

Postweaning gain is ivally examined by observing the animals 

between fixed initial and final weights. Kossakowski et al. (1963) 

observed the average daily gain of the crossbreds to be more than 

the purebreds between 40 to 90kg body weight. In a study involving 
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all possible combinations of Duroc, Hampshire and Yorkshire breeds, 

estimates of heterosis were found to be significant for average daily 

gain and age at 2201b (Young 	, 1975). In general the crossbreds 

gain more rapidly than purebreds, since the experiments done in various 

breeds distinctly show that crosses reach 100kg live weight earlier 

than contemporary purebreds (Skurupii, 1964; Cerkasskaja, 1966; Birjuk 

and Gerasimov, 1969; Louion, 1975; Johnson et al., 1978). 

Feed efficiency 

Although in the majority of the literature crossbreds are 

found to be superior, there are some which make it difficult to come 

to any conclusion. Skarman (1961) in his study found the crossbreds 

to consume less food units per kilogram gain. This was confirmed in 

the experiments conducted with several other breeds (Kopytova, 1968; 

Radzivil, 1969; Youngtt 	1976; Eskovl977). However, 

Meisner (1967) could not detect any heterosis for feed conversion 

efficiency. 

Carcass quaJity 

In general, appreciable differences between purebreds and 

crossbreds could not be detected in carcass quality (Skarman, 1959; 

Kopytova, 1968; Rgdzivil, 1969; Hetzer and Peters, 1969; Glodek, 

1970; Johnson, Omtvedt and Walters, 1973; Omtvedt et al., 1973; 

Buiting, and Pas Vande, 1974; Minkema eta., 1974; Omtvedt, 1974). 

However contrary to the above reports, Bereskin, Shelby and Hazel 

(1971) in their study with Duroc, Yorkshire and their crosses 

observed that the crossbreds average 0.2cm more backfat, 0.40 percent 

less ham and 0.28 percent less ham plus loin than the purebred groups. 

Vangelov and Zelev (1968) reported that crossbreds produced more 
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meat, less fat and thinner back fat than the purebreds. 

Fertility 

Fertility is usually measured by litter size at birth. Litter 

size is a composite character determined by the number of ova shed, 

fertilisation rate and pre and post-implantational embryonic mortality. 

Therefore in addition to litter size, measurements of fertility 

characters obtained by slaughtering the animals on the 30th day of 

gestation are also examined here, as measures of fertility. 

Crossbreeding is generally found to increase the litter size at 

birth. There is a huge amount of literature to support this claim. 

Increase in litter size is a regular feature in two-way crossbreeding 

(Skarman, 1965; Cerkasskaja, 1966; Kopytova, 1968; Tokarev and 

Cernyl, 1970; Angelov, 1971; Pas Vande and Buiting, 1973; Legault, 

Dagorn and Tastu, 1975). Positive heterosis in three-way crosses 

is also usually observed (Georgiev and Angelov, 1967; Gorin, 1970). 

To investigate why there should be an increase in litter size by 

crossbreeding, slaughter techniques to examine the reproductive 

organs are t4sually employed at fixed ages during gestation. 

Johnson et al. (1972) and Omtvedt et al. (1973) compared purebred gilts 

carrying pure or crossbred litters by slaughtering them approximately 

thirty days after mating, and found that the guts with crossbred 

litters consistently had more normal embryos because of lower losses 

than gilts with purebred embryos. In another study Johnson 

(1973) examined reproductive performance of the purebred guts with 

two-breed cross litters to crossbred gilts having three-breed cross 

litters, by dissecting them on the 30th day of pregnancy. Although 

the differences were not large, ovulation rate tended to be higher in 
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purebred guts. However, crossbred guts had seven percent more of 

the corpora lutea represented as viable embryos at the end of the 

first month of pregnancy, and had 0.55  more embryos. Ina similar 

experiment, crossbred guts were found to have 0.71 ± 0.38 more 

embryos per gilt at 30 days of pregnancy (Johnson et al.,  1978) 

Thus slaughter results show that crossbreeding might increase the 

litter size at birth mostly by reducing the pre-implantational 

mortality. 

Average values of heterosis effects for the various performance 

traits discussed under this species are summarized below, which is an 

extract from the review article by Sellier (1976). 

Individual 	Maternal 
Trait 	 Heterosis 	Heterosis 

(a) 	(b) 	(a) 	(b) 

Litter size at birth 	 + 0.30 3 	+0.75 	8 

Litter size at weaning 	 + 0.45 6 	+0.85 	11 

Individual weight at weaning 
in kg (six week) 	 + 0.50 5 	0 	0 

Litter weight at weaning in kg + 9.00 12 +8 10 

Post-weaning daily gain (kg/day) + 0.04 6 o(?) o(?) 

Age at slaughter (days) -10.00 5 o(?) o(?) 

Food conversion (kg feed/kg gain) - 0.08 3 0(?) o(?) 

Body composition and meat quality 
traits 0.00 0 0 0 

in physical units of the trait in question 

in percent of the parental mean 
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The main conclusions from the pig experiments are: 

There is a tendency for the crossbreds to be higher in body 

weight. 

Crossbreds gain faster and reach the final weight earlier. 

Literature on feed efficiency suggest that crossbreds may have 

some advantage over purebreds. 

Crossbreds do not differ in carcass quality from midparental 

value. 

Increase in littersize due to crossbreeding may be mostly due 

to a reduction in pre-implantational mortality. 

Mice 

There are not many reports in this species on heterosis for 

feed efficiency, food consumption and carcass quality, but what is 

available on these subjects is discussed here, as well as the findings 

on heterosis for growth and fertility. 

Growth 

Body weight at various ages and the weight gain between these 

periods are examined first. The experiments conducted to find 

heterosis at specific ages are numerous, inbred lines as well as 

selected populations being used for these experiments. 

Studies with inbred lines 

Among the crosses of highly inbred lines McCarthy (1965) reported 

heterosis for birth weight. In the same experiment he also observed 

heterosis for foetal weight at 17.5 days after post-coitum to range 

from 13 to 16 percent. McClaren (1967) in a similar experiment, 

confirmed the observation of heterosis on foetal weight on the 18th 

day of gestation. 
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At later ages, among the crosses of inbred parental strains 

hybrids were found to be heavier at 45 days (Eaton, 1953), at 21 days 

(+1.39 grams) and at 45 days (+2.64 grains) by Carmon (1963). 

Kidwell and Howard (1969) made a complete diallel cross among 

four inbred lines of mice, and measured body weight from birth 

to ten weeks of age at weekly intervals. They compared the mean of 

all hybrids with the mean of all inbreds, and found heterosis to be 

significant at all ages. The heterosis expressed as a percent of 

the overall mean at each age is presented below: 

Heterosis relative to the overall mean percent 

Age inweeks 	0 1 2 3 4 5 6  7 8 9 10 

Heterosis 
in 	 3.7 percent 14.2 12.0 22.3 26.0 21.6 18.3 16.8 14.5 14.1 13.8 

In an experiment to observe heterosis for litter weight from 

birth to 45 days of age, four inbred strains of mice in all possible 

combinations, producing inbred and F1  hybrid litters contemporaneously, 

were set up by Nagai (1971). He divided each litter into two groups 

by sex, and recorded the total litter weight in each group (group 

weight) and the number of individuals within group (group size) at 

birth and at 12, 25 and 45 days. In group weight crosses were found 

to be greater than inbreds. Heterosis was significant at 0 and 12 

days and was highly significant at 25 and 45 days. Crosses were 

found to be heavier in group weight by 14,  13, 24 and 20 percent at 0, 

12, 25 and 45 days respectively. Working with inbred lines of mice, 

produced by twelve generations of full-sib matings (F = 920/6), White, 
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Jamison and Vinson (1975) observed heterosis to be generally 

significant for 42, 56 day individual weights and 21-42 day weight 

gain, but not for 12 day or 21 day weights. When all the crossbreds 

were compared with all the purebreds, the percent heterosis was 

observed to be -1.23, 0.98, 5.78, 4.24 and 10.51 for 12 day, 21 day, 

42 day, 56day weights and 21-42 day weight gains respectively. 

Jamison et al. (1975) in similar populations recorded body weight 

at 12, 21, 42, 56 days of age and also the respective weight gain 

between these ages. They observed heterosis to be significant for 

all the traits except 21 day weight. Compared to the purebreds 

the crossbreds were slightly higher (-4-0.1 gram) at weaning but were 

considerably heavier at 42 days (1.4 grain) and at 56 days (1.1 gram). 

Further crossbreds showed positive heterosis for rate of gain between 

12-21 days (0.2 gram), 21-42 days (1.3 gram) and negative heterosis 

between 42-56 days (-0.2 gram). 

Studies with selected populations 

Falconer and. King (1952) in an experiment designed to investigate 

the cause of selection limits, produced crosses between Goodale and 

MacArthur strains of mice. The heterosis observed on crossing the 

two parental strains amounted to five percent of the mean parental 

weights. In an experiment with similar objectives, heterosis for 

body weight between selected lines was found to range from eight to 

thirty two percent by Roberts (1967). 

Among the crosses between control lines, and selected 

populations, White, Eisen and Legates (1970) observed heterosis 

to be significant for 42 and 56 day weight and gain from 21 to 

42 days and 42 to 56 days in high x control and high x low sets. 

In another experiment with a similar population, Bakker, Nagai and 

Eisen (1976) recorded three week, six week body weights and 3-6 week 
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weight gain. They reported direct heterotic effects to be 

significant for three and six week body weights, which accounts for 

about 5 percent of the midparental value. They also observed that 

sex and population x sex interactions were significant for three week, 

six week body weights and the gain between these periods. Further, 

group size and population x group size interaction were observed to be 

significant for body weight at six week and post weaning gain. 

Females caged in groups of four had a higher six week body weight than 

single caged mice. 

Although heterosis in strain crosses is common, it is not an 

invariable feature of the data. Butler (1952) crossed MacArthurs 

large and small strains with two other inbred strains. In all cases, 

he found the crosses to be intermediate between the parents. Results 

essentially similar to Butlers were reported by Warwick and Lewis 

(1954) and Chai. (1956). 	In contradiction to their previous reports 

Eisen, Bakker and Nagai (1977) could not detect positive direct 

heterosis for body weight or gain in one of their experiments. On 

the other hand Franks et al. (1962) observed negative heterosis in one 

of their crosses. 

To generalise, it can be said that heterosis for body weight, 

though not entirely consistent, seems to be found for later ages 

(around 42 days of age). The lack of heterosis in early ages may be 

due to the fact that up to the age of weaning, the influence of maternal 

effect is greater than the direct genetic effect. 

ileterosis for body weight x age relationship 

As was reported in the cattle and pig sections, there is evidence 

for interaction in this species as well. Roberts (1961) studied the 
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lifetime production of mice selected for six week body weight. The 

population consisted of ten pair matings of two large strains, a 

large x small strain and a control strain. Examination of the growth 

showed a conspicuous difference between the heavy stock and the others. 

The heavy stock showed a decline in weight immediately after reaching 

maximum weight which continued until death. The others in contrast 

showed no decline in weight and retained the maximum weight. The 

crossbreds showed no evidence of heterosis with respect to mature 

weight. It did. however maintain this weight and eventually exceeded 

the level of the heavier parental strain. He concluded. that "weight 

as a heterotic character depends on the age at which the character 

is measured". Roberts examined the heterosis x age relationship in 

the later part of the growth curve. There are some other experiments 

which examine this relationship before ten weeks of age. In a 

complete d.ia.11el cross among four inbred lines of mice, Kidwell and 

Howard (1969) observed that heterosis tends to increase between birth 

to four weeks of age but to decrease steadily thereafter. White, 

Eisen and Legates (1970) observed crosses between the different sizes 

(high, low and control) and reported that the gain between 42 and 56 days 

of age was greater in purebreds than in crosses. They said that this 

may be due either to the trapid fat deposition in their large linest 

or to 'heterosis for the rate of maturityt, crossbreds reaching 

maturity at an earlier age and hence growing at a slower rate from 

42 to 56 days. 	If the second hypothesis is true, the crossbreds 

should be fatter than the purebreds at an earlier age, a suggestion to 

be seen in the report of Eisen et al. (1977). 	Further, as already 

explained in the previous section, the reports of Nagai (1971), 'White 
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Jamison and. Vinson (1975) and Jamison et al. (1975) support the view 

that there exists an age x heterosis relationship for body weight and 

rate of gain. 

Feed efficiency and food consumption 

Gross efficiency (gain/feed) over a constant age interval 

generally shows a positive relationship with body weight or gain 

(Rabnefeld et al., 1965; Lang and Legates, 1969; Sutherland et a]., 

1970; Timon and Eisen, 1970; Stanier and. Mount, 1972; Yuksel, 1979). 

In spite of this correlation, no genetic d.idfference in net energetic 

efficiency of tissue growth has been demonstrated. (Fowler, 1962; 

Timon and. Eisen, 1970; Stanier and. Mount, 1972). 	It would seem 

therefore that changes in gross efficiency are the result of an 

increased capacity to consume digestible nutrients. Because the 

gross efficiency of feed utilization is increased., the concomitant 

increase in feed consumption above that needed for protein synthesis 

and maintenance must result in a greater fat deposition. This 

situation was summarized by Roberts (1979) as "the more efficient 

animals are also the fatter ones". 

Body composition 

McLellan and. Prabni (1973) selected both ways for hindleg muscle 

weight, and found that selection was effective in both increasing and 

decreasing muscle weight. However, selection was more effective in 

the down line. Byrne, Hooper and McCarthy (1973), and. Hanrahan, 

Hooper and McCarthy (1973) examined the indirect effects of long 

term selection for high and low body weight on fibre diameter and 

fibre number in different muscles. At fixed ages, each of seven 

different muscles exhibited positive correlated responses in the case 

of diameter i.e. high body weight lines had broader fibres, while 
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the low lines had narrower ones. The magnitude of the difference 

between the high and low lines in diameter was 10 to 60 percent of 

the control values. Crosses between these stock exhibited heterosis 

in mean fibre diameter in the biceps brachii and anterior tibialis 

muscle (McCarthy, Byrne and Hooper, 1973). However, NcCarthy and 

Shiel (1975)  could not get any response for direct selection for muscle 

fibre diameter. 

The age at which carcass analysis is done affects the interpre-

tation critically (Roberts, 1979). There are not many mouse studies 

that have measured body composition over a range of ages. Hull (1960) 

selected mice for large body weight at 3, 4 and 6 weeks of age. He 

measured fatness in all cases at six weeks of age, and found, contrary 

to his expectation, his three week lines to be fatter. 	Clarke (1969) 

found the large strain of mice to be relatively leaner prior to the 

age of selection and fatter at later ages. McPhee and Neil (1976) 

confirm the results of Clarke (1969). Hayes and McCarthy (1976) 

selected their mouse lines for growth at five and ten weeks of age, 

respectively. The large lines selected at five weeks was fatter by 

ten weeks, and fatter still by 21 weeks. The effect of selection for 

body weight on fatness has been similar in many experiments. High 

lines of mice were fatter than unselected ones at or around the age 

of selection, as shown by Fowler (1958), Timon et. (1970), 

Sutherland et al. (1974) and by Eisen and Bandy (1977).  Robinson and 

Bradford (1969) and Bakker (1974) showed the lines to be already fatter 

by the age of selection and more so at later ages, whereas Lang and 

Legates (1969) found no increase. But despite some variation, the 

general picture seems to be that animals selected for rapid gain become 
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fat after the age of selection and especially as they grow older. 

Fertility 

Fertility is mainly measured by litter size. Fertility can be 

defined operationally as "the size of the litter when it is first 

examined" (Roberts, 1965b). This comprehensive measurement is 

determined sequentially by ovulation rate, fertilisation, zygotic 

survival, implantation, embryonic viability, parturition and neonatal 

survival of the young. Litter size can therefore be variously affected 

by the genotype of the darn and of the litter itself, or indeed even 

by the genotype of the sire. In addition, environmental sources 

can also modify this character. 

Increase in litter size due to crossbreeding is well known. 

Castle (1926) was aware of this effect. Fertility of the crossbred 

mice were found to be higher by Gruneberg (1939). Eaton (1953) 

involved nine inbred strains and made crosses to test their fertility. 

In general F1  exceeded either parental strain, although some were 

even inferior. He also observed that using a hybrid dam gave a 

greater increase in litter size. The conclusion from this experiment 

is that genotype of both the dam and the litter may affect litter size, 

but that the former may be of greater relative importance. However, 

importance of genotype of the litter is obvious from the following 

experiments: Forsthoefel (1954) took litters of the highly inbred. 

BALB/c strain, and divided them into two halves. The females of one 

half were mated to their fuilsib brothers. The other half was out 

crossed. The effect of this crossbreeding resulted in an increase 

of litter size from 4.8 to 6.8. Nagai (1971) did a diallel experiment 

with four inbred lines of mice. Each litter was divided into two 
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groups by sex. The number of individuals in each group (group size) 

was recorded. Heterosis was measured by the difference between 

least square means of the inbreds and crosses. Positive but small 

heterosis was observed for the group size. The heterosis seen in 

both these experiments is due to the genotype of the litter. 

Nevertheless, Butler (1958) had reported that crossbreeding in the 

dam had a greater and more uniform effect in increasing fertility 

than crossbreeding in litter, thereby showing that the genotype of 

the dam is more important in the determination of the litter size. 

So far, the influence of the male on the litter size, other than 

through the effect on the genotype of the litter is neglected. 

There does not seem to be any effect of male on the litter size, 

however evidence on this point is slightly controversial. Both 

Falconer (1955)  and Bateman (1966) found that the males had no direct 

influence on litter size when mated to group of dams. McCarthy 

(1965) observed that the strain of male parent did not influence the 

size of crossbred litters. On the other hand, Finn (1964)  found a 

statistically significant effect. Finn, however noted that embryonic 

mortality may probably contribute to the effect. However, it may be 

also possible that males may occasionally have a low fertilising 

capacity, as Roberts (1965b) points out in his review on this subject. 

Since it is now known that crossbreeding increases litter size, 

other experiments involving strain crosses concentrated on examining 

components of litter size to find out how this character exhibits 

heterosis. Lyon (1959)  crossed three inbred strains in all possible 

combinations. She found that the post-implantational mortality in 

the crossbred progeny was, on an average 9.6 percent less than in the 

purebreds. Lyon suggested that some of the mortality within inbred 
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strains was due to recessive lethals arising by mutation in these 

strains. McCarthy (1965) did a diallel cross with four inbred lines 

namely CBA, 057, Iflhl and JU strains. With the exception of JTT all 

the other strains showed increased litter size on crossing. He then 

assessed the effect of crossing on litter size at different stage 

of development by dissecting pregnant females from within-strain and 

between-strain matings. For this part of the experiment CBA and 057 

strains were crossed reciprocally and the Rlll and .TtJ strains were 

crossed reciprocally. Pregnant females were dissected on the 17th 

day of gestation, to record the number of corpora lutea, number of 

live embryo and dead implants. He observed the increase in litter 

size due to a reduction of early post-implantational mortality. 

He interpreted the results as evidence for heterosis in embryonic 

viability. Martin et al. (1963)  employed four strains in a complete 

diallel (the designations of the strains are not given). They 

compared embryonic mortality (ova shed minus litter size) in the 

purebred litter, two-way crossbred litter and three-way crossbred 

litter. The percentage of embryonic loss were 26.9 and 25.9 for 

purebred and two-way crossbred litter. They were 19.8 and. 29.0 for 

three-way crossbred and purebred litter. Meyer (1978)  determined the 

number of corpora lutea, implantation sites, number of live foetuses 

and intra uterine survival rate 18 to 20 days after mating, and found 

that crossbreds are superior to purebreds. Unfortunately, as the 

report exists in an abstract forn, the details of the crossbred 

superiority could not be assessed. 

However, crossing does not always result in increased fertility. 

Mason et al. (1960) made diallel crosses among four inbred lines that 
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had been maintained for many generations as closed colonies. They 

observed in four of the twelve possible crosses negative heterosis, 

in five crosses no heterosis and only in three crosses positive 

heterosis. The authors interpret these results in terms of endocrine 

function and also say that it may be due to the inability of the 

purebred mother to provide the higher specific vitamin requirements 

of the crossbreds. Pranks, Fecliheimer and Cohen (1962)  crossed an 

inbred strain with five others. In four of the crosses, heterosis 

for litter size was observed. The remaining cross, however, had a 

litter size inferior to that of either parent. Boman (1962) did 

an experiment to exploit non-additive genetic variance in litter size 

by means of recurrent selection. .Among the crosses of Jil inbred 

and JC outbred mice he observed negative heterosis for litter size. 

Caon (1963) was unable to detect significant heterosis for this 

character in his study involving four inbred lines of mice. 

It can be summarized that "crossbreeding in mice usually, though 

not always, causes an increase in litter size. This increase is 

usually, though again not always associated to greater extent with 

crossbreeding in the dam rather than crossbreeding in the litter" 

(Roberts, 1965b). Further, it seems that crossbreeding increases 

litter size maybe by reducing post-implantationaJ. mortality. 

In summary, it seems that in mice: 

ileterosis for body weight in strain crosses is a common but not 

not an invariable feature of the data. 

There is a suggestion that the rate of gain after a certain age 

decreases in crosses compared to the purebreds. Therefore there 

seems to be an age x heterosis interaction effect on body weight. 
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The changes in feed conversion efficiency and carcass composition 

due to crossbreeding do not seem to be of major importance, 

Litter size is heterotic. Heterosis seen in this character 

may be due to a reduction of early post-implantational mortality. 

4. General Conclusions 

The results of the various experiments reviewed suggest that 

heterosis for body weight may vary with age. This effect could be 

due to a difference in the rate of gain between crossbreds and 

purebreds over a particular age range. Purther, if there is a 

relationship between age and heterosis, the carcass quality results 

may be distorted because most of these are done at fixed ages. 

Heterosis estimates for food conversion efficiency are inconsistent. 

The literature on the fertility makes it clear that litter size and 

other characters contributing to the fertility are heterotic. 

Therefore the present knowledge of heterosis still leaves some 

questions. 

Is there a heterosis x age relationship for body weight? 

How does this relationship, if it exists, affect the rate of 

gain, food consumption and carcass quality over different age 

ranges? 

If there is an age x heterosis interaction is it due to a 

difference in the rate of maturity in crossbred and purebred 

populations? 

How heterosis is exhibited in crosses between strains of 

similar weights and those of different weights? 
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Against this background, the present experiment employs the 

mouse to investigate analogous of various characters concerned with 

meat production in farn animals. Although results from laboratory 

mice cannot be directly applied to domestic species, they can 

certainly serve as models to identify appropriate areas of research. 

The many advantages of doing research with laboratory mouse for the 

benefit of livestock improvement have been reviewed in detail by 

Roberts (1965a,b, and. 1979) and Eisen (1974, 1976). 	The objectives 

of this experiment are: 

To estimate heerosis for the analogous of various production and 

maternal characters concerned with meat production. 

To observe whether there is any change in the growth pattern of 

the crosses relative to the purebreds, and if so, what are the 

reasons for this. 

To examine the heterosis in crosses between strains differing 

in body size, compared to crosses between strains of similar 

size. 
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CHAPTER II 

MATERIALS AND METHODS 

Introduction 

The mice used for this experiment were samples of the Q. lines 

described by Falconer (1973).  This was a replicated selection 

experiment for six week body weight, comprising six high lines, six 

low lines and six unselected controls. The six replicates within 

each size are designated A to P. 

The experimental design was a complete 3 x  3 diallel between the 

different sizes, with an incomplete d.iallel of lines within sizes. 

Figure 1 shows the actual crosses set up. As there is a time gap 

of one week between the pairs of replicates (LB, CD, HF) and also 

to accommodate the experiment within the space available, any set of 

crosses had matings spread out over a three week period. The number 

of mice per cell ranged from three to ten, depending on the animals 

available. 

The experimental procedure and the statistical techniques applied 

to analyse the data are dealt with under separate headings. 

1, Experimental procedure 

The characters studied were examined sequentially in different 

phases (I to v) of the experiment. The various phases were designed 

to examine differences in various aspects of performance in purebred 

and crossbred mice. A summary of what was done in each phase is shown 

in Table 1, and a detailed explanation of each phase follows. 
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Phase 1 

The characters examined in this phase were three and six week 

body weight, weight gain and the fertility of the purebred and cross—

bred mothers. These characters were observed over two cycles, the 

second cycle being to measure the fertility of the offspring from 

first. 

Mice from the 59th generation were used as parents for this 

phase. They were randomly chosen from the base population and mated 

in pairs. The feeding and other laboratory routines were the same as 

described by Falconer (1973). From the 20th day the cages were 

checked daily for births. The total number born alive, their sex 

were recorded. Any found dead at birth were also noted. The young 

were weaned on the 21st day, individually weighed and placed in cages 

to a maximum of six. On the 42nd day they were again weighed 

individually. This completes the first cycle. 

The second cycle of this phase was designed to determine the 

crossbred female fertility. Fertility was determined sequentially by 

(i) the number of eggs ovulated, (ii) the proportion of eggs fertilised, 

(iii) the number of eggs implanted, (iv) the proportion of eggs 

surviving to term. As it is of applied interest to increase the 

number of pups born, this part of the experiment investigated the 

maternal heterosis utilised in a three way cross. Randomly chosen 

purebred females from the 60th generation of the Q, stock and the 

crossbred females derived from the 1st cycle of this phase were pair 

mated with 057 males. The females were observed for copulatory 

plugs. They were dissected on the 17th day of gestation to observe 

the following: (a) the number of corpora lutea as a measure of the 
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number of eggs ovulated, (b) number of live embryo, (c) resorptions 

and males representing post-iniplantational mortality. From these 

observations pre-implaiitational mortality is arrived, at, which is the 

difference between (a) and the total number of implants which is the 

sum of (b) and. (c). 

Phase 2 

This was a repetition of the first phase, except that in the 2nd 

cycle of this phase only 50% of the animals were dissected and the rest 

were left to give birth. Random samples from the 61st and 62nd 

generation of the Q., stock were used as parents for this part of the 

experiment. 

Phase 3 

This phase was desigmed to extend the growth records up to seven 

weeks of age, one week later than the age for which the Q. stock was 

selected.. Measurements were taken of voluntary food intake and some 

aspects of carcass composition. Parents were derived. from 62nd 

generation of the Q. stock. 

From this phase till the end of the experiment two to five 

females were mated to one male in harems as in the design shown in 

Figure 1, with two harems per cell. From the 18th day after mating 

the animals were observed for visible signs of pregnancy, and those 

identified were separated and kept in cages individually. When the 

litter was born, the litter size and growth were recorded until six 

weeks of age as described. earlier. 

When the animals reached six weeks of age they were selected at 

random and placed in individual cages to record the food consumption 

between six and seven weeks of age. For want of experimental space 
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this trial was restricted to one week. On the day the animals 

reached seven weeks of age they were weighed and slaughtered to 

evaluate carcass quality. A simulated"butcher's cut" of the hind 

quarters (Pig. 2) as a measure of lean and gonadal fat as an 

indicator of total body fat were dissected and. weighed. 

The following is the description of the dissection technique. 

The animals were killed by dislocation of the occipital joint. They 

were placed on their back and an incision was made to expose the 

abdominal cavity. The fat attached to the gonads was dissected and 

weighed.. Then the animals were turned on their stomach and a 

horizontal skin incision was made at the luinbo-sacral region and the 

skin was pulled back so that the entire hindquarters was skinned. 

The subcutaneous fat generally adhered to the hide during skinning and 

fat remaining on the hindquarters was removed by scraping with a 

scalpel. The cut separating the hindquarters from the rest of the 

body is made approximately at the luinbo-sacral joint which is the 

anterior extremity of the dissected piece. The posterior mark being 

1st or 2nd coccigial vertebra. The feet were removed at the tibio-

tarsal joint and the entire hindquarters was weighed. 

Phase 4 

In continuation of the previous phase, this phase was designed to 

sztend the growth observations up to the age of eight weeks. The 

measurements of voluntary food intake and carcass composition were 

also recorded at two different ages. Mice belonging to the 63rd 

generation of the Q, stock were used as parents. 

The matings were set up in harems. Females which are visibly 

pregnant were placed immediately in individual cages until their 

litter was weaned.. Litter size at birth, food consumption of the 
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Figure 2: Hindquarters dissected piece 
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mother from the day it gave birth to 12 days later, total litter 

weight on the 12th day and individual body weight at weaning were 

recorded. One animal per litter was selected at weaning and placed 

in individual cage up to the age of six weeks to determine the feed 

efficiency, with roughly equal numbers for the two sexes. The 

remaining animals in the litter were kept in groups to a maximum 

of six per cage and their weekly body weight was recorded up to the 

age of eight weeks. 

The animals on individual feeding were slaughtered to determine 

carcass quality at six weeks of age. For every animal slaughtered, 

a group-housed litter-mate was also dissected to observe the effect 

of rearing environment on carcass composition. 

The next part of the experiment was a repetition of Phase 3 

from the group-housed mice, one animal per litter was chosen at 

random and its food intake was measured from six to seven weeks of 

age; it was slaughtered at seven weeks to provide information as 

described in the previous phase. 

This phase of the experiment thus provided the following 

information: 

i) Feed efficiency of the mother in producing total biomass on 

the 12th day after birth. 

Peed conversion efficiency and food consumption of the 

individual from three to six weeks of age. 

Individual food consumption from six to seven weeks of age. 

Carcass quality at six and seven weeks of age. 

 Body weight and weight gain from three to eight weeks of age. 

 Effectiveness of rearing environment on carcass measurements. 
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Phase 5 

This phase of the experiment was designed to explore possible 

differences in age of maturity, if any, between crossbred and purebred 

animals, by recording the following well-defined developmental events; 

Age and weight at which external ear erupts. 

Age and weight at which both the lower incisor teeth erupt. 

Age and weight at which the cornea is visible in both the eyes. 

Age and weight at which the vagina opens in females. 

Mice belonging to the 64th  generation of the Q. stock were used 

as parents for this part of the experiment. The matings were set up 

in harems. The animals with visible signs of pregnancy were 

separated on the 18th day after mating as described previously. The 

births were recorded and from the 2nd day the litters were observed 

daily for ear eruption; when this event occurred, the individuals 

showing it, were identified by toe clip and their weight was recorded. 

The same procedure was repeated for other traits: from day seven for 

lower incisor teeth eruption, from day ten for cornea], visibility, 

and after weaning for vaginal opening. The animals were kept up to. 

six weeks of age and their weights were recorded. 

2. Statistical Analyses 

The following analyses were done on each trait within crossbred 

or purebred breeding types. 

Heterogeneity of variance 

Variances within each mating type were tested for heterogeneity 

in respect of each trait using Bartlettts chi-square test as outlined 

by Snedecor and Cochran (1972). 
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Test of normality 

Two kinds of departure from normality, namely skewness and 

kurtosis were tested for all the traits. .Among the traits tested, 

transformation of body weight at all ages into logarithms was found 

to reduce the heterogeneity of variance and bring the distribution 

closer to normality. Therefore analyses of body weight data were 

conducted on a log scale and others on a linear scale. 

Statistical model 

Different constants were included to analyse crossbred and 

purebred data. Therefore, for ease of fitting the constants it 

was decided to analyse them separately. As the design of the 

experiment, is itself complicated, the expectations of mean squares 

in analysis of variance could be arrived at, confidently, only by 

working with a balanced data. Therefore it was decided to do the 

analysis of variance on cell means. But for some traits, even the 

cell means were missing; in these cases analysis of variance was 

omitted and only the means were reported. 

In the analyses of means, the error contribution to the variance 

	

of a cell mean X ij 
 is equal to 	ij where cr is the within cell 

error variance and n. .13 
 is the number of observations in the cell. 

Consequently, if there are k rows and. 1 columns, the average variance 

of a cell mean is 

(..L. + _L + •.•.. 	= cr/nh 

	

n11  n12 	11k1 

Where nh is the harmonic mean of the n. 13 
.. Thus the within cell error 

is entered in the analysis of variance as 52/nh. The S is the error 

variance of the family means or individual observations as the case 
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may be. Family means are used as basic data for all traits except 

food consumption and carcass quality, where individual observations 

were used. ifarveyts (1972)  least square programme was used to compute 

the S2, with the following model: 

	

Y.. = 	a. + e.. 
13 	1 	3_3 

where, 

= jth family mean or individual observation in the 

ith sire line x dam line combination. 

= overall mean 

a. = sire line x dam line combination 1 

e 13  . . = random error 

A preliminary analysis was carried out by including all the 

effects that could possibly cause variation. As the data were 

collected from five different phases, the effect of the phase (Pt) is 

included in the model, as an overall time effect. There was a time 

gap of one week between the replicates, AB, CD and EF (called tsetst 

	

here) in the tQ!  stock. 	Therefore the effect of the sets (t.) is also 

included. A lack of significant phase x set interaction will suggest 

that the time effects are not important in this experiment. Then, if 

the main effect phase is not significant it can be omitted from further 

analyses. If it is significant but its interaction with any other 

effect is not significant, the data can be corrected for this effect. 

Because the lines are assumed to be random, the other main effect 2sets 2  

if found to be non-significant, can also be omitted from further 

analyses. With this background, preliminary analysis of variance was 
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carried out on the characters which do not have any of their cell 

means missing. The models used for crossbred and purebred data are 

given below: 

Model for the crossbreds 

Y.. 	= p+ P i 	. + T + A, + B + (PT).. ijklmno 	 .tc 	1 	ij 

+ 	ik + (PB).1 + (TA)k + (TB)1 + (AB kl 

+ (PTA)lk + (PTB) 1  + (P.&B)1  + (TAB) jkl 

+ (PTLB).. ijkl 	m(jk) 	"(i') 
+ C 	+ D 	+ (Pc). 

+ (BC)lm( jk) BC),(jk) + (PD). (3') + (AD) (3') + 

Where, 

= oth observation in the ith phase jth set produced 

by the mating of kth sire size and ith dam size, in which mth sire line 

and nth darn line are nested, respectively. 

P = fixed effect of the ith phase (i = l...5) 
= fixed effect of the jth set (j = 

Ak  = fixed effect of the kth sire size (k = l...3) 
B1  = fixed effect of the ith dam size (i = l...3) 

(PT)ij. ., (PA). , (PB).1, (TA) .k, (TB)ill 

(AB) k,, (PTA) ij
. .
k  , 	1 (PTB)..31  , 

(TAB)., (PTAB)..k, are relevant 2-way, 3-way 

and 4-way interactions. 
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C 	= random effect of the mth sire line nested 
Iflh. 

within jth set and kth sire size. 

D 	= random effect of the nth darn line nested 
n(a

.  
l) 

within jth set and ith darn size. 

(Pa). 
'In, 	

= interaction effect of the ith phase with 

mth sire line nested within jth set and kth sire 

size. 

(BC) (jk) = interaction effect of the ith dam size with 

mth sire line nested within jth set and kth 

sire size. 

(PD) ijl)  = interaction effect of the ith phase with the 
n, 

nth darn line nested within jth set and lth 

darn size. 

(AD) (ii) = interaction effect of the kth sire size 

with the nth darn line nested within jth 

set and ith dam size. 

e ijklinno = random error 

Model for the purebreds 

ijk1nT 
=ji  
 + 	

+ T. + 	+ (PT)1 + 	ik + 

(n). + (PTY)i.k  + 1 	+ (Pz). '1(jk) 

+ 
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Where, 

Y.. i,jkim 
 =nth observation in the ith phase, jth set, 

kth size and ith line. 

= overall mean 

= fixed effect of the ith phase (i = l...5) 
T. 	= fixed effect of the jth set (j = l...3) 

= fixed effect of the kth size (k = l...3) 
(PT).. 9 ()ik' 	a 	ijk are respective 

2-way and 3-way interactions. 
Z 1(jk) = random effect of the lth line nested 

within jth set and kth size. 

(Pz).1 (jk) = interaction effect of the ith phase with 

ith line nested within jth set and kth size. 

e. 1jklm = random error 

Apart from these constants, sex as a main effect with respective 

interactions were also fitted wherever applicable, to test its 

significance. The "Genstat" (Rothamsted experimental station) 

programme was used to analyse the data by applying these models. 

Further, in the crossbred model, the sire line and dam line are non-

orthogonal. Therefore, they are obtained by two separate computer 

runs. In the first run the dam line and their interactions were 

omitted, and only sire line and their interactions with all other 

effects were fitted. In the second run sire and dam were interchanged. 

Even though the sire line and dam line variances are computed in this 

way, a certain amount of confounding in these calculated values is 

expected. 
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Results from this analyses showed that sets and their interaction 

with any other effect were not significant. Therefore the sets were 

not included in further analyses. 	The effect of phases was found to 

be significant but their interaction with other effects was not found 

to be significant. 	It was decided to correct for this effect, by 

adding or subtracting the least square constant estimate obtained for 

this variate. The correction was made to the individual observations 

within litter. The effect of sexes was found to be significant for 

all the characters for which it is applicable except three week and 

four week body weights. The interactions of this effect with any other 

effect was not found to be significant. Therefore the sexes were 

removed from further analyses by working with the average of the 

sexes for all the characters, except for food consumption and carcass 

quality. As individual measurements were used to analyse these 

characters, correction for the effect of the sex was applied as was 

done before for the phases. 

Removal of the phase, set and sex from the original model, left 

a much simpler model. The separate models used for crossbreds and 

purebreds are shown below: 

Model for the Crossbreds 

Y 	= 	+ A. + B. + (AB).. + 0k 	
+ D .. kJ.m 	1 	j 

	

(i) 	'(a) 

+ (AD).1l(.) 	jk 
+ (BC). 	+ e.. 

,i) 	
l3klm 

Where Y.. 	= mth observation produced by the mating of ith sire size 

and jth dam size, in which kth sire line and ith dam line are nested, 

respectively. 



46, 

ji = population mean 

= fixed effect of the ith sire size (i = l...3) 

= fixed effect of the jth dam size (j = 1...3) 

(AB).. = interaction effect of the ith sire size with jth darn size 

= random effect of the kth sire line nested within ith sire 
(i) 

size (k = i...6) 

D 	= random effect of the lth darn line nested within jth dam 

size (i = i...6) 

(A.D).
1Ci) 

 = interaction effect of the ith sire size with ith 

darn line nested within jth dam size. 

(BC). 	= interaction effect of the jth darn size with kth 

sire line nested within ith sire size. 

e..k] = random error 
The expectations of mean squares with balanced data will be the following: 

SOURCE M.S. E.M.S. 

sire size A 
2 2 	2 

+ 	+3/2-9 o 2 +3a CCD 	i i 

darn size B 2 	2 
Cr+3 D+ D+3/2c C+9B.2  

sire size x darn size AB CI 
2  +a 2 +3/2 	3/2c C+6ZZAB D+ 	 i.1 2 e 	CD 	 1.-I 

sire line/sire size C d 
2 
+3 
 2 

+O 
 22 	2 
+CD+O e 

darn line/dam size D 2 	2 	22 	2  a e 
2 	2 	22 	2 	2 

 cells Cell C e 

remainder 	 e 

22, 
Note 1: e = / e nh where nh is the harmonic mean 

coefficient 3/2 in. the E.N.S. involve interactions 

of fixed x random effects. Therefore it is somewhat 

arbitrary. 

Cells include lines plus their respective interactions 

with size. 
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From these expectations of mean squares synthetic errors were 

constructed to test the various effects included in the model as 

shown below: 

Effect to be tested 	
How synthetic 	 E.M.S. for the 

error constructed 	synthetic error 

sire size x dam size 	-C4D+2 Cell 	 d+oCD+3/2cY4J)+3/2crBC  

sire size 	 C4D-1-- Cell 	 C  
2 2 2 	2 

dam size 	 -C+D-j- Cell 

The remainder was used to test the other effects in the model. The 

degrees of freedom computation for this analysis is complicated. Since 

the sire line and dam line variances are non-orthogonal, there is no 

exact test nor any proper degrees of freedom. In this situation as a 

basis the lower degrees of freedom (15) of lines is taken for testing. 

Therefore this analysis is an approximate method. 

Model for the purebreds: 

Y.. =i 	 j +Y.+Z. 	+e i 
ijk 	1 	(i) 	

k 

Where 

Y.. ijk = kth observation in the ith size and jth line 

Y. 	= fixed effect of the ith size (i = l...3) 

Z. 	= random effect of the jth line nested within 
(i) 

ith size (j = l...6) 

e. 	=random error 
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Assumed variance components and the expectations of mean squares 

for the model (with balanced data) are given below: 

SOURCE 	 N.S. 	 E.N.S. 

size 	 Y 	 2+2+62 
e 	Y 
22 

lines within size 	 Z 

2 
error 

	

	 e 	 Cr e 

= c/rth where nh is the harmonic mean 

Harvey's (1972) least square programme was used to analyse the 

data by these models. In both the models, apart from these effects, 

regressions were also included wherever necessary. For example, when 

the data pertaining to body weight was analysed, a linear regression of 

this dependent variable on litter size was included as a constant in 

the model. Before fitting it, partial regressions of the effect 

over all darn sizes, and within each darn size (within size groups) 

was included to examine whether separate regression factors have to be 

used for different sizes. It is found that after fitting overall 

regression, individual class regressions were not significant. 

Therefore regression over all sizes were only fitted. The various 

regressions included for different traits are explained in the chapter 

on results, wherever applicable. 

The same models were used on family means or individual obser-

vations (food and carcass characters) to get the least square means 

for these traits. Also, the standard errors were obtained from the 

output of Harveys programme. 
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Heterosis in this experiment is defined as the difference 

between the mean of the reciprocal crosses and the average of the 

parents. Further, heterosis in this study is classified into general 

heterosis which is the difference between the pooled means over all the 

crossbreds and purebreds, and specific heterosis which refers to the 

particular type of mating. 

The significance of the heterosis is tested by developing linear 

contrasts between the respective least square means. 

error of the contrast is obtained by the formula: 

JV(Aii = j 
Coefficient of the 

= ithAcontrast (i = l...4) 

The standard 

= number of observations in the 

ith group (i = 1.. .4) 

The error variance to be utilised in the above formula was obtained by 

fitting the model as before, 

Y.. 
1J = 
	3. a. 	1J + e.. 

but now, on pooled data (both crossbreds and purebreds together) of 

family means or individual observations. The staxidaxd error of the 

contrast is used to test the significance of the observed heterosis 

by students ±' test. 

Further, it should be noted that the body weight data are analysed 

on a log scale, but the expression of the results of these characters 

will be more understandable on a linear scale. Therefore the least 

square means and heterosis for body weight data axe computed in both 

log and linear scale. 
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CHAPTER III 

RESULTS 

1. Body weight and rate of gain 

Body weight was recorded at three and six weeks of age in all the 

phases, including the phase where weight was recorded from three to 

eight weeks of age at weekly intervals. 

a) 
	 and rate ofgain between 

The means of family means for three week, six week body weight 

and rate of gain between them are presented in Tables 2, 3 and L 

respectively. These are presented as diallel tables. A histogram 

showing the three week body weight, six week body weight and rate 

of gain between them is given in Figure 3. The heterosis observed 

in these characters is shown in Table 5. Although crossbreds and 

purebreds do not differ significantly in three week body weight, 

significant general heterosis for six week body weight and -three to 

six week rate of gain could be detected. 

Since the log scale was chosen for statistical analyses to give 

homogeneity of variance, and since it may help in the interpretation 

of interactions, the heterosis observed in this scale is presented in 

Table 6. Heterosis seen on both the scales generally agree, except 

for the between size crosses involving large size x small size 

animals. This is expected, if the interactions involved are 

multiplicative. In the main, these results support the heterosis 

observed on the linear scale. 

The analysis of variance was done by fitting the same model to 

the logs of cell means for these characters. The mean squares for the 



N-' 
N\0 
N-'—' 

H' 
CO  

tr\c'J 
00 

N-'—' 

0'- ' 

N-C'J 
1-0 

H's 
HC'J 
C"c'J 

co 
.0\ 

C'-' 

0-' 
co 
N-- M.- 

H'—' 
H 

C\j 
coo 
.'.0 

0"—' 
H 

0 t-- 	co 
HH4 ci) 

ddd • 
II 	II 

a) 

Hci) a)  -H 
HH 
0H 
0 
P, 

ai 
a) cci 1 

-H 	cii 	cli a) a) 4-4 
a) rd) 

rdrdrd 
a)a)a)-1 p1(D 
HHHU) 0 
000 H 000-1-' H 
P.P-I40 

-4-,  0 
a) ci) 0 
0 

0 

cc 
H 0 
0 

C\j 

0 
II 	II 

C" 

LTh H H H C' 
r C I 	0 	I .0 	, • 

H N- cc o- 	I '.0 C'J I 

H 	Cl) 
rxyrqTT rrrfl.T.Tgr rrrrwlr.TO rrvrrrr 0 . JLLLLUU.J)J )..LVILa? .L_ISJU. pq 0 a) 

-p 
ci) 

cci 
1k 1k 1k rd 0 

ci) Cd 
F4 p 

 
-H 

01 1 

0 

r jI 
cii H H t H 

C'J C'J 	O 	I rJ • 	• H 
I 	•H 'O 	I 

'i°° 

000 Cl) 
''-'  

-4-' 
0 
H0 0 0 

C) 

Cl) -P -P -P - 

51., 

VTI 'IO&TNOO TIVWS =OOCI  

1k 	 1k 	1k 
Is' 



52. 

0 

r\ 0 
.4' 

0 

0 
II 	II 

cJ 

a)  
a) 

rd 
H(.) 

+' 
P.10 

0

Id 
a) .. 4) 
a) 

a) C) - 
0) 

01 
.9 

1i 
0 

N- 
d H 

H . 	. 	. 000 a) 

4)  
C) 

co 10 C'1 0 0 0 
0 H 'N- 
... 
000 

liii 	II a) 

.' r- 
HW H H 

0 d 
a) 

P,
Ei  

Q 	U) a) 
a) cl-I 

-ri 	cu a) 0 
Ea)d0) c 
ddrdE 41 
a)a)a)-4 r 
HHHO) H 
00041 H 
000+' '1 Z 

P-IP-IP-40 .. 

a) 
-d a) 

0 z 
a) 
a) 
0 
0 

- 

N-GIN 0 0 0 0 .rC\ 
co -' 

 
0'---  -'--' -i c- J 
C'J H C'— 

aDtVTi lioumoo 'ITVWS CITIOOCT  

1k 1k 1k 1k 

C'J -  Hre\ C\iH 
0• -  0\ 
O ir

• 
 C'J C'JH 

P-i C'J '- ('J '-' H - Ci - 

- H 
co LC\ 0 N\ M

. 
 C'J CO 

N- C 

I 

0 H ('J 
E-i CIN OC'J 
Z .N- O' N- 
o C\J C'J 
O (J C\1 H 

OD 

ol 

av'i 'ioaoa TIYWS c'iooa 

1k 1k 1k 1k 



aorv1i 'iouoo Tivws caTiooa 

I 	Iki  

53. 

N-- 

0 
N 0 
.4' 

0 

0 
II 

N 
1-1  

0] 
a) 

a) 

N 

H  

a) '-.- 

¼0 
co CrN 00 NO E 

Id N- - NPC\ 
N N C]) 	l 

Ha) 
o,c 
0+' 
P40 

rv'I lioumoo qTm aa'iooaId m 

I 

Id 

 
Id 

HC\JLC\ 
("I 	s CJ ' 0 's  a) '- -P • 	. 
LC\ 0 0 	i-I Cl) 000 H 

.0 a) 
Lr\ N C\ H 0 N N \.Q H 0 0 0 C) 

- 4-D 4)4' 
0 

Go ON- 
HH\ 

C]) 
000 - 

II 	II 	II 	II 
Cl] 

"' H 	a) rd (I) 
a) N N ".0 H LC\ ".0 	C 

"10a)9 
a) H 

a) "i- . CO  H H H 
0,—.,  a) '-' 0 N '—' E 	(I) 0 

0 
r 

a) 	Cl] P4 

).dcC 0] 
oda) (D 4..1 

E CI] 0 
drdrd 

, 
HHr-1 (D P4 a) 
000 .0 

".0 's 0 0 0 -P H 
N a) i-I 	0 LC\ a) O N P4 P-i P 	0 H 

N- ON N- • < Z 
0 N N 

H H H H'.'- 0] . 
Id H N 

C]) 
ra 4) 
0] 0 

z 

0 

I 

0 
0 
P .  

CO 
a)'-,  
H 

cni 

p 

H 0 



- six week 

3-6 week 

- weaning 

- 	0-3 week 

/ 
Crossbred Purebred 

Figure 3: Means of three week, six week body eihts 
and the rate of gain between these periods 

54 

24 

22 

20 

18 

16 

14 

12 

10 



55 0  

I 	I 
'oi C'41 N-I c'JIorcilCJO 10 0 

co 

	

OIHI 	a-I 	 H 

MEMEMEMEMMOMME  

CJ I HI HICJJoIJHI 
HIaDILr 

OIHI H C'j OII0 
0 1 01 
oI1

1 oclodIdId 

I 0I c0I 
'JI r- c'JI 	c"J 

CO C/) 

>1 
a) I CI) a) a 

i- co Ca oc1 
U) 

(1 N 
N H 
H I)] 

-P-P 
c1JC 



U) 
-1 
U] 
0 
U) 
-P 

.. U) 
U) 

C.) 	CI) 

U) 	U) 	U) 
CI) 	QU) 	Cl) 	CC) 

a) N 
a) 
N 

H 
OU] U] 
H 
pq 

 
- 
-P 

PL4 -H 

ol 
0 

56 

a) 

00 0000000 0 
a) I 

k 

0 
0 
0 

It  
MC 

co 
0 
0 



57', 

crossbred and purebred populations are given in Table 7, for all 

the characters. Both sire size and dam size are significant sources 

of variation. The sire size x darn size interaction was not 

significant for any of the characters involved. For three week 

body weight, sire line, darn line and sire line x darn size were 

significant sources of variation, but darn line x sire size was not 

significant. All of them were significant for six week body weight 

and three to six week rate of gain. 

b) Three to eight week body weight and the respective 
weekly weight gains 

These data pertain to only one phase. The data were analysed 

by fitting the same model as in the previous section. As some of the 

cell means in this part of the data were missing, analysis of variance 

could not be done. The means of family means on the linear scale are 

presented in Tables 8, 9 and 10 respectively, showing crossbred means 

for three to eight week body weight, weekly gains between these ages, and 

purebred body weight and rate of gain for the same ages. There is a 

reduction in weight gain in the crossbreds compared to the purebreds 

from -6 weeks and. 6-7 weeks of age, which can be observed in the 

plots of pooled means for body weight in Figure L and for rate 

of gain in Figure 5- 

The heterosis observed for these characters are presented in 

Table 11. Significant general heterosis was observed at five and 

six weeks of age. Table 12 shows the heterosis estimates on the log 

scale. The large x large crosses consistently express significant 

heterosis, and small x small crosses do not show any heterosis in both 

the scales. Apart from these, some of the between size crosses reach 

significant levels in log scale as expected. The interesting feature 

emerging from these tables is that generally heterosis increases up 
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Figure 4: Means of body weight from three to eight weeks of age 



91 

-1 
3-4 	4-5 	5-6 	6-7 	7-8 

AGE ThiTE.VAL IN WEEKS 

63 

Figure 5: Rate of gain from three to eight weeks of age 
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to five weeks of age (in both scales) and then decreases.. This is 

illustrated in Figure 6. 

Heterosis on the linear scale for rate of gain at weekly intervals 

between three and eight weeks of age is shown in Table 13. There is a 

significant positive general heterosis for 3 to L, L to 5 week gain and 

significant negative heterosis for 5 to 6 and 6 to 7 week gain. In 

general, all the crossbreds show positive heterosis for gain between 3 to Li., 

1 to 5 weeks and negative heterosis between 5 to 6 and 6 to 7 weeks of 

age. This pattern can be seen in Figure 7.Hieterosis seen between 

or within sizes in crossbreds do not follow a clear trend in showing 

their superiority over the other. 

To conclude this part, it can be said that: 

Body weight is. heterotic at or around six weeks of age. 

The heterosis seen increases up to five weeks of age and 

then decreases. 

Heterosis for the rate of gain between three to six weeks 

of age was found to be significant. when the weekly gains 

were examined, the 3-4, 4-5 weekly gains showed positive 

heterosis and those between 5-6 and 6-7 negative. 

Therefore there exists a heterosis x age relationship for 

these characters. 
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2. 	 reed conversion efficiency and food consumption 

Feed conversion efficiency was recorded between three and six 

weeks of age. Food consumption was observed between two different 

ages namely 3-6 and 6-7 weeks. 

Peed conversion efficiency between 3-6 weeks of age 

As some of the cell means were missing for this part of the data, 

analysis of variance was omitted and only means were calculated. 

The feed conversion efficiency was worked out as gain/feed. The 

least squares means of individual observations are presented in Table iL',. 

The pooled means are shown as a histogram in Figu.re 8. Heterosis 

observed for the various mating types and the general heterosis is 

presented in Table l. Generally crossbreds do not differ significantly 

from purebreds in feed conversion efficiency between three to six weeks 

of age. 

Food consumption between 3-6 weeks of age 

Total food consumption between 3-6 weeks of age is expressed as 

a proportion of six week body weight. When the data were analysed 

it was found that the food consumption/gram body weight is greater 

in smaller animals. Therefore to see whether this is a real effect, 

the food consumption was expressed as a proportion of metabolic body 

size (body weight 
C-73 

 ) 73) and the data were analysed as before. No such 

clear trend as seen before could be observed when the food consumption 

was expressed as a proportion of metabolic body size. Least squares 

means of individual observations for food consumption as a proportion 

of total body weight at six weeks, and also as a proportion of metabolic 

body size at the same age is presented in Table 16. A histogram 

showing the pooled means of the crossbreds and purebreds for both the 
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proportions are given in Figure 8. 

Table 15 shows the heterosis for 3-6 week food consumption per 
gram body weight at six weeks of age and also per gram metabolic body 

size at the same age. Crossbreds do not differ significantly from the 

purebreds. 

c) Food consumption between 6-7 weeks of age 
Food consumption between 6-7 weeks of age was recorded in two 

phases of the experiment. Data were analysed in terms of food 

consumed per unit body weight and also metabolic body size. As this 

part of the data does not have any of the cell means missing analysis of 

variance was also carried out with the same models, as before. 

The least squares means of individual observations expressed as a 

proportion of body weight at seven weeks of age and also as a proportion 

of metabolic body size at the same age are presented in Table 17. 
As before food consumption per gram body weight decreased with the 

increase in body size, but this effect was not repeated when food 

consumption was expressed as a proportion of metabolic body size. 

Histograms showing the pooled means of the crossbreds and purebreds 

for both the proportions are given in Figure 8. 

Heterosis estimates observed for food consumption between 6-7 
weeks of age, expressed as a proportion of total body weight and 

metabolic body size, are given in Table 15.  Crossbreds do not differ 

significantly from the purebreds. 

Least squares analysis of variance was done by fitting the same 

model on the cell means for food consumption between 6-7 weeks of age, 
expressed as a proportion of total body weight. The mean squares for 

the crossbreds and purebreds are presented in Table 18. Except for 
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sire size x darn size interaction all other effects in the model were 

found to be significant. 

The results of this section can be summarized saying that crossbreds 

and purebreds do not differ either in feed conversion efficiency or in 

food consumption expressed as a proportion of body weight or metabolic 

body size. 

However, means of total food consumption by the individual mice 

between 3 and. 6 weeks and. 6 and. 7 weeks are also presented in Tables 

16A and 17A respectively. 
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3. Carcass quality 

Dissections to record the gonadal fat and hindquarters were made 

at six and seven weeks of age. The dissections were usually carried 

out on the animals which had undergone individual food consumption trial. 

But at six weeks of age, these individually housed mice were supplemented 

by group housed litter mates. To remove any effect that might have 

resulted from this change in environment, a constant specifying the 

rearing environment was added to the model to analyse the six week 

measurements. The results found by fitting this constant are discussed 

at the end of this section. Only the means could be calculated for the 

data collected at six weeks of age, since some of the cell means are 

missing. 

The data on carcass quality at seven weeks of age were collected 

in two phases of the experiment. Since there were no empty cells 

an analysis of variance was also carried out on this part of the data. 

The measurements are expressed as a percentage of body weight at 

the respective ages. The least squares means of individual observations 

for the carcass quality measurements are presented in Table 19 and 20. 

A histogram showing the pooled means of the crossbred and purebred 

carcass composition is presented in Figure 9. Thare is a suggestion 

that gonadal fat is increased at seven weeks of age in purebreds. 

The hindquarters increase at seven weeks of age in both the purebred 

and crossbred groups. 

Table 21 shows the heterosis for carcass quality characters. 

Generally, gonadal fat did not exhibit heterosis at either age, except 

for two specific crosses. One was large x large which showed 

significant heterosis at six and seven weeks of age, and the other 
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I 	I Purebred ,l  Crossbred 

Gonadal pat 

0.9 	- 

0.7 7,x  
~4 

0.5 - 

0.3 / 

6 weeks 

Hindquarters 

13.0 - 

5.0 
6 weeks 

7 weeks 

7 weeks 

Figure 9: Means of carcass quality at six and seven weeks of age 
(expressed as a percentage of body weight) 
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was large x small which exhibited significant heterosis at seven weeks 

of age. Except for large x large matings hindquarters did not show 

any signs of heterosis at six weeks of age. But at seven weeks, 

significant general heterosis was observed for hindquarters, and among 

the specific crosses control x control, large x control and large x 

small expressed significant heterosis. 

Least squares analysis of variance was done by fitting the same 

model on the cell means for gonadal fat and hindquarters at seven weeks 

of age, expressed as a proportion of total body weight. The mean 

squares for the crossbreds and purebreds are presented in Table 22. 

Except for sire size x dam size interactions, all other effects were 

found to be significant. 

In summary, the carcass quality measurements made at six and seven 

weeks of age reveal the following: gonadal fat, except large x large 

matings do not exhibit significant heterosis at either age; 

hindquarters show significant heterosis only at seven weeks of age. 

Effect of rearing environment on carcass measurements 

Least squares means for gonadal fat and hindquarters expressed as 

a percentage of total body weight are presented in Appendix Table IA. 

Generally, the animals reared in groups, irrespective of the type of 

mating, have higher gonadal fat and hindquarters. 
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4. Developmental events 

The following developmental events were observed in thiS experiment: 

external ear eruption, lower incisor eruption, corneal visibility and 

vaginal opening. These results are expressed in two ways: (a) mean 

family age at which each developmental event occurs, (b) mean family 

weight at which it happens. A regression to correct for the effect of 

litter size is included in the analyses of these measurements. Analysis 

of variance could not be carried out on this part of the data, since some 

of the cell means were missing. 

Means of family means for age and weight at which these developmental 

events happen are shown in Tables 23,24,25 and 26. Pooled means of the 

crosses and purebreds for the age and weight at which various events 

occur are plotted in Figure 10. 

The heterosis observed for these characters is presented in 

Table 27. Except for three specific crosses, one each for ear eruption, 

incisor eruption and corneal visibility, crossbreds do not differ 

significantly from the purebreds. Although, general heterosis for the 

age at which developmental events happen did not reach significant 

level for the characters examined in this study, it was always 

found to be slightly negative in sign. This may suggest that these 

developmental events might occur at an earlier age in the crossbreds 

compared to the purebreds. 
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5. Fertility 

The characters included here as measures of fertility are litter 

size at birth, number weaned and the various dissection measurements 

indicating the biological importance of litter size at birth. 

a) Litter size at birth and number weaned 

Litter size at birth and number weaned by the purebred mother, 

producing two-way cross, and those producing purebred litter, was 

recorded in all the five phases of the experiment. The data were 

analysed by least squares methods with the same models as before. 

The analysis of variance was conducted on cell means. The mean 

squares for these characters are shown in Table 28. The sire size 

and the sire size x dam size interaction effects were not significant 

for both the characters, apart from this all other effects included 

in the model were significant. As the effect of the sire size is not 

significant for both the characters, the litter means are expressed 

in terms of size of the mother involved. These are tabulated in 

Table 29 and 30. 	 . 	The 

pooled means for both these characters, for the different dam sizes 

involved, are presented in Figure 11, and the analyses are summarised 

in terms of heterosis in Table 31. The general heterosis is significant 

for both litter size and number weaned; when mothers are examined by 

size group, only the number weaned by large size reached statistical 

significance. 

The above refers to the effect of crossbreeding in the young, 

the mothers being purebred. In one phase of the experiment, litter 

size of the crossbred female producing three-way cross was compared 

with the purebred female producing two-way cross. The purebred 



H 
C'1 
H 
C"' 

Oi 
0 

C"' 

H 

0 

C"' 
N- 
0' 
0 

0 

a) 
N 

-H 
ci) 

a) 
ci) 

r3 	N 
Cl) 	H 

0 

ri 

co 
N- 
H 

a) 
N 
-H 
Cl) 

p 
(D 
N 

-H 
Cl) 
ci) 

-i-1 
CO 

".0 

H 

U-' 
C"' 

tc\ 
H 

a) 
N 
r-1 
Cl) 
ci) 
r4 

a) 
-H 
H 
a) 

r4 
CO 

Wa) 
Cd 
cy 
rn 

p 
U 'd 
I- 

,0 
co Cl) 
C'J 

0 
a) 
H
12 

C) 

a) * * * * 
cii H ('4 - L-- 

0 0 O" : - rr 

0 z 
02 
a) 

cii (I) 
N 
-H 

CO CO H ("4 N- 
00 H 

-1 N- (' 
cii a) 
a) -P l.C\ H 0 

H 

CJ )C\ H 
P H C\I 

C"' 

cii +'ci 
cii C.) 

Q 
rd N 

Cl) 
S..-'-. 

a) Cl) a) 0 
N 
H H 
Cl) 

9' 



95. 

Table 29:  Mean litter size (at birth) of the purebred mother 
2rodu4 crossbred litter vs. purebred litter 

(All phases pooled) 

Two way crossbred litter 	Purebred litter 

Large Mother 	 9.6 	 9.08 
(196) 	 (79) 

Control Mother 
	 9.27 	 8.86 

(22) 	 (90) 

Small Mother 	 7.64 	 7.28 
(213) 	 (70) 

Pooled 	 8.83 	 8.LJ. 
(661) 	 (239) 

Standard errors 

Crossbred litter: 

Pooled mean = 	0.10 

Other means = 0.14 to 0.17  

Purebred litter: 

Pooled Mean = 	0.17 

Other means = 0.26 to 0.33 

Note: Number of litters in each cell shown in brackets 



Table 30: Mean number weaned by the purebred mother producing 
crossbred litter vs. purebred litter 

(All phases pooled) 

Two way crossbred litter 	Purebred litter 

Large Mother 8.58 	 7.75 
(196) 	 (79) 

Control Mother 	 8.29 	 7.89 
(252) 	 (90) 

Small Mother 
	 6.82 	 6.53 

(223) 	 (70) 

Pooled 
	

7.90 
	

7.39 
(661) 
	

(239) 

Standard errors 

96, 

Crossbred litter: 

Pooled mean = 	0.09 
Other means = 0.14 to 0.17  

Purebred litter: 

Pooled mean = 	0.15 

Other means = 0.22 to 0.29 

Note: Number of litters in each cell shown in brackets 
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Table 31: Heterosis for litter size at birth and number weaned 
(all phases pooled) 

(Two-way cross litter vs. purebred litter) 

Litter size at birth Number weaned 

GENERAL KETEROSIS 0.L2* 0.51**  

Se 0.18 0.17 

SPECIFIC BJ.'JkOSIS 

Large mother 0.48 0.83' 

Se 0.31 0.29 

COntrol mother 0.41 0.40 

Se 0.29 0.27 

Small mother 0.36 0.29 

Se 0.32 0.30 

Note: X, = Mean litter size of the purebred mother producing 
crossbred litter. 

= Mean litter size of the purebred mother producing 
purebred litter. 
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females were analysed by fitting the same linear model as before, but 

for the crossbred female the model below was fitted. 

where 

Y. = jth observation of the ith type of 
crossbred female 

= population mean 

T. = fixed effect of the type of 
1 	crossbred female (i=l ... 9) 

e. = random error 
13 

By tTypet  (denoted by T above) is meant the particular combination of 

sire size x darn size which produced the particular crossbred female. 

In other words, individual cells are fitted as such to get the means. 

The least squares means for both the crossbred and purebred females 

is present in Table 32. Heterosis seen for these observations is 

shown in Table 33. Although the general heterosis is high, it did 

not reach formal significant level, maybe because of the small numbers 

(55 litters) involved in this part of the experiment. 

b) Components of litter size 

In two phases of the experiment, fertility of the crossbred 

mother producing three-way cross was compared with the purebred mother 

producing two-way cross, by dissection on the 17th day of their 

gestation. The characters recorded were: (a) number of corpora lutea, 

(b) number of live embryos,(c) resorption and. (d) moles. 	Difference 

between (a) and. (b) gives the pre-implantational loss, (c) and. (d) 
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Table 33: Heterosis for litter size at birth 

(three—way crossbred litter compared to the two—way crossbred litter) 

litter size at birth 

GENERAL 1±I'itt0SIS: 	 1.41 

Se 	 0.8 

SPECIFIC BETEROSIS: 
Within size - 

L x L 	 0.20 

Se 	 2.3)... 

C x C 	 3.30 

Se 	 1.88 

S x S 	 —0.80 

Se 	 1.80 

Mean heterosis 	 0.90 

Between size - 
L x C 	 1.71 

Se 1.33 

L x S l.1L1. 

Se 1.1 

C x S 2.19 

Se 1-40 

Mean heterosis 	 1.68 
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put together denotes the post-implantational loss. The data were 

adjusted for the effects of the phases, and analysed by fitting 

constants as described in the previous section. The least square 

means are presented in Tables 34 and 3. The pooled means of these 

characters are shown as a histogram in Figure 12. Heterosis observed 

for these measurements are given in Table 36. The crossbred female 

have significantly more corpora lutea and live embryo with a 

significant reduction of early post-implantational mortality. The 

heterosis observed for litter size and dissection measurements are 

plotted as a histogram and presented in Figure 13. 

The total superiority of crossbred females in this section was 

1.72 young on the 17th  day of gestation, coming from 0.7 more eggs 

shed and (0.37 + 0.65) fewer lost. This is slightly greater than 

the means of 1.L4J. more young born observed (Table 33). To summarize, 

the results of this section show that, 

Comparisons made between purebred mothers producing crossbred 

litters vs purebred litters revealed that litter size and number 

weaned in a two-way cross express heterosis. 

The examination of the components of litter size show that 

crossbred females producing three-way crosses are superior to the 

purebred females bearing two-way crosses. 
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LITTER 	NUMBER 
SIZE 	'WEANED 

Pire 13: Heterosis for fertilit 

Heterosis for litter size (Purebred mother producing 
Crossbred litter vs. Purebred litter) 

Heterosis for the components of litter size (Crossbred 
female vs. Purebred female) 
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6. Biomass production twelve days after birth 

Total litter weight on the 12th day after birth is taken as the 

total biomass production. Since the biomass production depends on 

the litter size, and the maternal effect of the darn, it is expressed 

as a character of the darn. This character was itself analysed, and 

also as efficiency of biomass production which is the total litter 

weight on the 12th day divided by the total amount of food consumed 

by the mother from the day it gave birth to 12 days after that. 

As both the measurements are affected by the weight of the dam, 

a regression to correct for this effect was included in the linear 

model which was used to analyse the data. The least square means 

for both the measurements are presented in Appendix Table IA and 

IIB. Heterosis observed for both these measurements are shown in 

Table 37. No significant heterosis could be observed between the 

purebred mother producing crossbred litter and those producing 

purebred litter for total biomass production or for the efficiency 

of biomass production. 



Table 37: Heterosis for biomass production at 12 days after birth 

Biomass production 	Efficiency of
Biomass production 

GENERAL BETEROSIS: 

Se 

-0.22 

1.29 

0.0012 

0.0047 

SPECIFIC BETEROSIS: 

Large mother 2.18 0.0070 

Se 2.08 0.0075 

Control mother -1.20 0.0016 

Se 2.14 0.0077 

Small mother -1.63 -0.0052 

Se 	 2.89 	 0.0105 

Note: Biomass = Total litter weight on the 12th day after birth. 

Total litter weight on the 12th day 
Efficiency of Biomass production: Food consumed by the mother from the 

day it gave birth to 12 days after 

109, 
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DISCUSSION 

1. Heterosis for growth 

Growth is a composite character, determining body weight at various 

ages through rate of gain, food consumption, efficiency of conversion 

and carcass quality. These traits are discussed here together. 

Since, in this experiment, various developmental events were also 

observed to compare the growth up to various well defined landmarks, 

these are also discussed. 

a) Heterosis for body weight and rate of gain 

Three week, six week body weights were recorded in all the 

phases. Body weight from three to eight weeks was measured in only 

- 	one phase. 

Even though significant heterosis could not be observed for three 

week body weight it was observed for six week body weight ( 0.684 grams) 

and the rate of gain from three to six weeks of age (0.623 grams). 

These observations are in broad agreement with the results of 

White, Eisen and Legates (1970). They could not detect heterosis 

for 12 or 21 day weight, but observed significant heterosis for L12 and 

56 day body weight and gain from 21 to 42 days and L42 to 56 days both 

in their high x control and high x low crosses, whereas Bakker, Nagai 

and Eisen (1976) found heterosis to be significant for 21 and L2 day 

body weight, but could not detect significant heterosis for three to 

six week gain. In contrast, Eisen, Bakker and Nagai (1977) could 

not observe significant heterosis for body weight or gain. Further, 

in this experiment the examination of the three to eight week body 

weight at weekly intervals revealed that body weight at five and six 
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weeks of age exhibit significant heterosis (1.182 grams and. 0.6L12 

grams respectively). 

Since the logarithmic scale was chosen to analyse the data for 

statistical convenience the heterosis observed in this scale also 

needs discussion. Heterosis seen in both linear and log scales 

generally agree except for the between size crosses mostly involving 

Large x Small sizes. This is expected because of the anticipated 

interactions in the multiplicative (log) scale, especially between 

the crosses of different sizes. The type of interaction that could 

occur is shown in the following example taken from the data presented 

in this thesis: 

Six week body weight in grams and its common log conversions are 

tabulated below 

LARGE SIZE 
	

SMALL SIZE 

(linear) 	(log) 	(linear) 	(loJ 

LARGE 29 	1.46 	20 	1.30 
SIZE 

SMALL 23 	1.36 	 lt. 	1.15 
SIZE 

Heterosis on linear scale = ( 
23+20 

2 	' 
\ - ( 29+l14 2 \ = 0.00 "  

Heterosis on log scale 	
= (1.36+1.30 - (1J46+l.lS) = 0.025 

2 	 2 

The heterosis observed (0.025) can be expressed in terms of 

percentage, which will be 5.7/o (common log x 2.3 = Natural log; 

= Natural log x 100). The 5.7, relative to the mid parental 

value (21.5 gram) will be 1.23 grams and it is a significant increase. 

From this example it is clear that between size crossbreds express 

heterosis on the log scale. This is further supported by the 
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results obtained from the analysis of variance on crossbreds conducted 

on log scale for the three week, six week body weight and three to six 

week rate of gain. They did not express significant specific 

combining ability i.e. the sire size x dam size interactions were 

not significant, meaning that all the specific crosses have performed 

equally on the log scale at the ages examined. Therefore it seems 

that between size crossbred, especially large x small size, do 

exhibit heterosis except on the log scale, which may suggest that 

genes determining these characters may be acting multiplicatively. 

Further, as already pointed out, in the original scale the standard 

deviation of these characters varied with mean and was stabilised 

by logarithmic transformation. Since the type of relation seen is 

likely to be found when the effects are proportional rather than 

additive, it further supports the suggestion that gene action for 

these characters may be multiplicative. The pygmy (pg) gene in 

mice is a good example to show that such a multiplicative gene action 

could take place in the determination of body weight. The pygmy 

gene reduces the body weight by half, as can be seen in the table 

below from the thesis of King (190). 

Six week body weight (grams) 

NORMAL 	PYGMY 

Male 	 2.8 	 12.3 
Large  
size 

Female 
	 22.2 
	

11.2 

Male 	 13.7 	 6.1 
Small  
size 

Female 
	 11.7 
	

5.4 



113. 

The analysis of variance conducted on log scale for the body 

weight at three week, six weeks and three to six week rate of gain, 

also showed that sire size and dam size are significant sources of 

variation in determining this character. Therefore ignoring paternal 

or maternal effects counfounded in these estimates, the general 

combining ability of the sizes are seen to be significant. Further 

the lines and their respective interactions with sizes are also found 

to be significant. In general, the analyses done on log scale make 

it clear to understand the type of gene action and support the conclusions 

arrived at on the linear scale that body weight in the stock examined 

is heterotic at or around the age of six weeks. 

It should be pointed out here, that in this experiment the body 

weight data was corrected for litter size effect, which will also 

remove the confounding of the observed heterosis in body weight with 

that observed in litter size. However, the body weight data was 

analysed with the correction for litter size and without any correction 

for it to see the magnitude of the above said confounding. As an 

example the data on six week body weight (all the phases pooled) is 

tabulated below: 

Heterosis for six week body weight (grams) 

Corrected for 	No correction 
litter size 	applied for litter size 

General heterosis 

for 	 0.6- 	 0.483 

six week body weight 
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Thetefore if no corrections had been applied the computed heterosis 

would have been less by 0.201,gralns due to the heterosis in litter 

size. 

The general heterosis observed between three to eight weeks of 

age is found to vary with the age involved. General heterosis for 

body weight expressed as a percentage of pooled purebred mean, 

increases from -1.78  percent at three weeks of age to 7.20 percent 

at five weeks and then reduces to 0.82 percent at eight weeks of age. 

Even though most of the heterosis in specific crosses does not reach 

sigo.ificant level, the pattern seem to be the same (in both scales). 

Following are some results which exhibit a similar relationship with 

age: Nagai (1971) among the crosses of inbred lines, observed 

crossbreds to exceed purebreds by iL', 13, 24 and 20 percent at 0, 12, 

25 and 45 days respectively. Among the crosses of inbred lines, 

White, Jamison and Vinson (1975)  observed percent heterosis for body 

weight to be -1.23, 0.98, 5.78  and 4.24  at 12, 21, L12 and 56 days of 

age respectively. In a similar population, Jamison et al. (1975) 

recorded body weight at 12, 21, 42 and. 56 days of age and found 

heterosis to reach its maximum at 42 days of age. Similar age x 

heterosis relationships were also reported in cattle (Gregory 

1966b; Cimdiff, 1970; Pahnish et al., 1971). 	Therefore the present 

results and various other experiments suggest that there exists a 

heterosis x age interaction for body weight. 

We shall now examine the possible reasons for this association. 

The immediate answer to the question is that the rate of gain of 

crossbreds and purebreds could be different between different ages. 

If we look at the data, general heterosis for all the weekly gains 

except between 7-8 weeks are found to be significant. The heterosis 

in specific crosses, except for large x large and large x control 
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size, do not show significance. Further, general heterosis for the 

rate of gain is observed to be positive (0.61 and 0.72 grams) between 

3-4, 4-5 weeks and negative (-0.53 and -0.47 grams) between 5-6 and 

6-7 weeks of age. The heterosis in different crosses follow the same 

pattern. Similar results showing negative heterosis between 6-7 weeks 

were observed by White, Eisen and Legates (1970) among the crosses of 

selected population. In another experiment, with similar material, 

Eisen, Bakker and Nagai (1977)  observed heterosis for gain between 

control crosses to be positive (+0.49) between 3-6 weeks of age and 

significantly negative (-0.90) between 6-9 weeks of age. This age x 

heterosis interaction for rate of gain substantiates the previous 

effect seen for body weight. 

The heterosis x age interaction for the body weight and rate of 

gain could be due to a 'higher withstanding ability against weaning 

stress' by the crosses, as suggested by Pa.hnish et al. (1971)  in 

cattle. Therefore crosses gain faster initially, followed by a 

compensatory growth of the purebreds. As 'weaning stress' is a 

common feature in both cattle and mice, the above hypothesis can be 

a reasonable explanation for the present results as well. Since 

Mills (1974)  had shown that mortality is closely associated with 

body weight, we can assume that the character 'withstanding ability 

against weaning stress' is highly correlated with body weight. In 

this situation something which can make the animal gain faster and 

reach a higher body weight can in turn provide higher 'withstanding 

ability against weaning stress'. Therefore the effect may be due 

to the fact that the crossbreds reach maturity at an earlier age 

(thereby growing faster) as hypothesised by White, Eisen and 

Legates (1970) in mice and Smith et al. (1976a) in cattle. 	There 
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may be further support for this hypothesis in pigs: in general, 

crossbred pigs reach their final weight (slaughters. weight) earlier 

than their contemporary purebreds (Sellier, 1976) which may be due to 

an accelerated rate of maturity in the crossbreds. 

To conclude it can be said that body weight in the stock 

examined exhibits heterosis around six weeks of age. The crosses 

gain more up to five weeks followed by higher weight gain of the 

purebreds after this age, which results in a heterosis x age interaction 

for body weight and rate of gain. This effect may be due to a faster 

rate of maturity of the crossbreds. 

b) Heterosis for food consumption and carcass quality 

We shall now examine the extent of heterosis for food consumption 

and carcass quality, and also how the heterosis x age relationship 

observed for body weight affects these characters at two different 

ages. 

Food Consumption 

Food consumption was measured in individual cases between 

3-6 weeks and 6-7 weeks of age. As maximum growth observed before 

six weeks of age 3-6 weeks food consumption alone was expressed as 

feed conversion efficiency. Timon and Eison (1970) showed that in 

the calculation of feed conversion efficiency, gain/food ratio is 

preferable to food/gain, if comparisons are made over constant age 

intervals. Therefore feed conversion efficiency in this study was 

calculated as gain/food. The total food consumption between 3-6 weeks 

and 6-7 weeks of age was expressed as a proportion of body weight and 

also as a proportion of metabolic body size (body weight 0.73) at six 

and seven weeks of age respectively. Food consumption per gram body 
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weight at both the ages was found to be higher for smaller sized 

animals. This could be due to the fact that the metabolic rate per 

unit body weight increases with decreasing body size (ILeiber, l96). 

As the smaller animals spend more heat per unit body weight, it may be 

eating more food per unit body weight. This was established when the 

food consumption was expressed per gram metabolic body size, since the 

clear trend noted before disappeared. 

Generally, the crossbreds and purebreds do not differ in feed 

conversion efficiency between 3-6 weeks of age. But Eisen et al. 

(1977) did show negative heterosis for this character between 3-6 and 

6-9 weeks in their experiment. Similar results saying that crossbreds 

consume less food per kg gain were also reported in the Pig (Skannan, 

1961). In this experiment, although three out of six specific crosses 

exhibit negative heterosis for feed conversion efficiency, the general 

heterosis was positive in sign. On balance, it might be claimed that 

there was no effect of crossbreeding on efficiency. 

With regard to food consumption, significant heterosis could not 

be detected at either age. However, heterosis for food consumption 

per gram body weight or per gram metabolic body size between 3-6 weeks 

shows a positive trend and that between 6-7 weeks of age a negative 

trend. Similar results for food consumption between 3-6 and. 6-9 weeks 

of age in the crosses between selected lines were reported by Eisen 

. (1977). 

1'T.w, a question can be asked: how can the body weight alone 

show heterosis, when there is no sign of it either for feed conversion 

efficiency or food consumption? As these characters are expressed 

as ratios and as the ratios did not differ significantly between 
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crossbreds and purebreds, the crossbreds must have eaten more to weigh 

or gain more. Therefore this part of the experiment simply says that 

crossbreds and purebreds require the same amount of food to perform 

similar functions, namely gain in body weight. 

To summarize, if food consumption per gram body weight or per 

gram metabolic body size is interpreted as a measure of appetite, 

it can be concluded that crossbreeding does not have any effect in 

changing the appetite, to attain similar gain in body weight. 

Carcass quality 

The characters examined, here were gonadal fat and hindquarters 

weight. Gonadal fat was found to be an approximate indicator of 

total body fat by Hull (1960);  Clarke  (1969);  Allen  (1977)  and 

Eisen and Leatherwood (1978). The hindquarters as shown in Figure 2 

represents a high priced Itbutcherts  cut". Therefore these two traits 

were chosen to assess carcass quality. Both are expressed as a 

percentage of body weight. The measurements were done at two different 

ages, namely six and seven weeks. 

Significant general heterosis for gonadal fat either at six or at 

seven weeks could not be observed, although among the specific crosses 

large x large showed significant heterosis for fat at both ages, and 

large x small at seven weeks. Examination of the data reveals that 

the heterosis for fat at seven weeks expressed as a percentage of body 

weight (0.031) is less than that at six weeks (0.074). Hesults 

similar to this are reported by Eisen et al. (1977),  where percent 

heterosis for fat is higher at six weeks and had gone down at nine 

weeks of age. Therefore the data seem to suggest that crossbreds 

have started to put on fat at an earlier age than the purebreds. 



119. 

In cattle some breeds are considered to be early maturing, which 

means that they reach mature carcass composition at lighter weights. 

Figure 14 illustrates tissue growth in early and late maturing steers. 

In early maturing genotypes the line of fat growth is shifted to the 

left, for late maturing ones the line is shifted to the right. Thus 

early maturing breeds can be called as early fatteners and late 

maturing ones as late fatteners. Since in this experiment there is 

a suggestion that the onset of fattening is earlier in crossbred mice, 

it can be said that this phenomenon may support the view that crossbreds 

may have the potential to mature earlier. 

The hindquarters except for large x large matings do not show any 

significant heterosis at six weeks of age, but exhibit significant 

general heterosis at seven weeks of age. 

To conclude, carcass quality estimates show that the results 

depend on the age at which they are done. Further, results from the 

examination of fat composition may support the view that crosses may 

mature earlier. 

The mean heterosis observed between size crossbreds and within 

size crossbreds is of similar magnitude for both food consumption and 

carcass quality characters. This is supported by the analysis of 

variance done on these characters. It could not detect any significant 

sire siza x dam size interaction which means that there is no 

differential heterosis between the different crosses involved in this 

experiment for these characters. Apart from this all other effects 

included in the model were found to be significant. 
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c) Heterosis for the developmental events 

The conclusions arrived at in the previous sections need to be 

experimentally tested to find out whether there exists any real 

difference in the rate of maturity by looking at the differences 

between the various developmental events. 

One or more of the following characters, namely, opening of the 

vagina, appearance of external hair, ear, nipple, eruption of teeth 

and bone ossification have been regarded and used as developmental 

markers in the growth curve of the mice (Monteiro and Falconer, 1966; 

Synenki et al., 1972; Mills, 1974). 	In this experiment, external 

ear eruption, lower incisor eruption, corneal visibility and vaginal 

opening were observed to detect any differences that may exist between 

the crossbreds and purebreds in the time and weight at which these 

events happen. From the results, it is seen that, except three 

specific crosses, generally crossbreds do not differ significantly 

from purebreds in the age or weight at which these developmental 

events occur. 

The general heterosis for the age at which these events occur 

is consistently found to be negative in sign i.e. that the crossbreds 

reach the event at a younger age. This phenomenon is not always 

accompanied by an increase in body weight. Although there is always 

a reduction in the age at which the developmental events occur, it 

did not reach statistical significance. The reasons for this could 

be the small number of families (77) involved in this experiment, and 

more importantly, that the characters used should have been timed more 

accurately. In the present study, each event was examined once daily. 

For a developmental event as short as 3 days from birth (eg. ear 
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eruption) it may need more frequent examination, and maybe the 

differences between crossbreds and purebreds should be expressed in 

hours instead of days. Unfortunately, this was not done, and it is 

possible that the real differences were not explored fully in this 

part of the experiment. It can be concluded, optimistically, that 

crossbreds suggest a trend towards a faster rate of development. 

However further experiments would be needed to justify this statement., 

2. Heterosis for fertility 

The results of the experiments are discussed under two separate 

sections. One compares the fertility of the purebred mother producing 

two-way cross progeny with mothers producing purebred progeny. In 

the second section fertility of the crossbred mother producing three-

way crossbred progeny is compared with the purebred mother producing 

two-way crossbred progeny. 

a) Fertility of the purebred mother bearing two-way cross progeny 
versus those carrying purebred progeny 

Litter size at birth and number weaned are recorded as a measure 

of fertility in all the five phases of the experiment. 

General heterosis for litter size (0.42) was significant, though 

among the specific crosses none reached significant levels. Even 

though specific crosses did not reach significant levels, they all 

show positive heterosis, ranging from 0.36 to O.48 pups. 

Number weaned on the 21st day after birth exhibits significant 

general heterosis (O.l). among the specific crosses, except for large 

mothers, no other size express significant heterosis for this 

character. 

The analysis of variance done on these characters show that dam 

size, lines and their respective interactions with sizes are significant 
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source of variation. The sire size and sire size x dam size inter-

action are found to be not significant. The 1aer shows that there 

is no differential heterosis for the crosses involved. 

It can be summarized that two-way crossbreeding increases litter 

size at birth, and the number weaned. These results are in general 

agreement with the vast number of published reports in Mouse and Pig. 

b) Fertility of the crossbred mother compared to the purebred mother 

Fertility of crossbred mothers producing three-way crossbred 

litters was compared with purebred mothers producing two-way crossbred 

litters, by observing litter size at birth, and also recording 

components of litter size on the 17th  day of gestation. 

Litter size at birth 

General heterosis for litter size at birth was found to be 1.L1J. 

pups. The heterosis observed in this experiment is less than that 

reported by Roberts (1960).  He showed that in his experiment the 

effect of crossbreeding of the dam was to increase the litter size 

by 2.27 over the previous generation involving two-way crossbred 

litter produced by inbred parents. 

The general heterosis as well as heterosis in specific crosses 

fail to reach significant level. This may be due to the small number 

of litters (5) involved in this experiment. Among the specific 

crosses the small size exhibits a negative heterosis, which though not 

significant, was unexpected and reduced the estimate of general 

heterosis. 

Components of litter size 

The crossbred and purebred females were in both cases mated to 

C7 males and were dissected on the 17th day post-coitum to observe 
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the various characters contributing to litter size at birth. 

Significant heterosis for Corpora lutea (0.7), live embryo (1.72) and 

post-implanta-tional loss (-0.65) were observed. Even though the 

number of observations is small, the general heterosis observed for 

the number of live embryo (1.72) on the 17th  day is in broad agreement 

with the heterosis seen for litter size at birth (1.L1). Except for 

two crosses, generally the pattern seems to be the same, among specific 

crosses. 

The general heterosis observed for live embryo (1.72)  is due to a 

significant increase in the number of ovulations (0.7), reduction in 

the pre-ixnplantational mortality (-0.37), and a significant reduction 

in post-implantational mortality, particularly early post-implantational 

mortality (-0.48). These results are in agreement with the findings 

of McCarthy (1963) who reported that heterosis for litter size in mice is 

mostly due to a reduction in early post-implantational mortality. 

As before the mean heterosis expressed by the between size crossbreds 

and that within sizes are of equal magnitude 

To conclude the section on fertility, it can be said that cross- 

breeding in mice increases litter size at birth probably by reducing 

post-implantational losses. Further crossbreeding also increases 

number weaned by reducing preweaning mortality. 

3. Qparison of the observed results with the theoretical 
expectations 

We shall examine the results obtained with theoretical expectations. 

As the body weight data is complicated by the litter size in which it 

is born, the character litter size alone is discussed here. 

The history of the TQt stock reveals that 8 pairs of mating and 

within family selection were made. Because the selection was made in 
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equal numbers from all the families, and sexes were equally 

represented the effective population size was 32, and the theoretical 

rate of inbreeding was 1/64 or 1.6%  per generation. Therefore the 

theoretical coefficient of inbreeding, at generation 9/60 relative 

to the base population, can be obtained by the formula, 

= 1- (1)t 

(Falconer, 1960) 
where, 

t = generation number 

P = inbreeding coefficient 

The inbreeding coefficient (allowing for sterility etc.) approximately 

works out to 60%.  If the inbreeding coefficient of 6/ accurately 

reflects the increase in homozygosity, this would suggest that the 

total decline in litter size should be in the order of 3 mice born, 

since the expected inbreeding depression for litter size is 0.5 young 

per lcPA increase in F (Bowman and Falconer, 1960; Falconer, 1973). 

However, the actual decline (purebred mothers with purebred offspring 

vs. crossbred mother with three-way crosses) was 1.83 (0.42  + 1.14), 

and is less than that expected. This may be due to the small number 

of litters (5) involved in the estimation of crossbred female fertility. 

Further, it may suggest that the inbreeding coefficient as calculated 

overestimates the increase in homozygosity, perhaps because the effect 

of inbreeding was to some extent counteracted by natural selection 

favouring the more heterozygous parents. 
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4. Heterosis observed in within size crossbreeding and that 
between size crossbreeding 

In this experiment small x small crosses do not show any heterosis, 

the large x large crosses consistently exhibit significant heterosis 

followed by the large x small crosses (except for body weight in linear 

scale) mostly expressing significant heterosis. This could be due to 

the fact that recessive genes occurring at similar frequencies in small 

sizes, so that no heterosis is seen among their crosses. In the large 

lines the gene frequencies still vary, giving rise to heterosis. 

Further, whenever the large lines or control lines express 

heterosis within sizes, the between size crosses involving these sizes 

also exhibit heterosis, generally to the same extent. Therefore in 

this experiment, the mean heterosis observed within sizes and between 

sizes is of similar magnitude, with no extra heterosis deriving from 

additional genetic differentiation among the sizes over and above the 

genetic differentiation among replicates within sizes. 

. Subsidary experiments 

In the course of the main experiment, other related observations 

were recorded. In this category fall the undermentioned characters. 

i) Heterosis for biomass production 12 days after birth 

The total biomass produced 12 days after birth is a maternal 

character since it reflects the fertility of the female (litter size 

at birth) and how well the mother takes care of the litter. The 

efficiency with which this biomass produced is obtained by dividing 

the total litter weight on the 12th day by the total amount of food 

consumed by the mother from birth to 12 days. No significant 

heterosis could be observed between the purebred mother producing 

crossbred litters and those producing purebred litters either for 

biomass production or for the efficiency with which it is produced. 
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b) Efficiency of method of rearing on carcass measurements 

The animals housed in groups of six tend to show high fat and 

hindquarters per gram body weight, than those housed individually. 

Results similar to this were reported by Bakker, Nagai and Eisen (1976) 

who observed that females caged in groups of four had a higher six week 

body weight than single caged mice. 

General Conclusions 

To conclude the discussion, it can be said that by and large, 

results obtained from the above studies are supported by published data 

in the mouse and other species. Litter size at birth is heterotic, 

and maximum heterosis in a crossbreeding programme could be obtained 

by using a crossbred female. With regard to the growth, even though 

crossbreeding does not provide substantial heterosis for growth as 

such, the results on body weight, rate of gain, carcass quality and 

developmental events suggest that crossbreds have the potential to 

reach market weight at an earlier age than their contemporary purebreds. 

This, if properly exploited may reduce the production cost in the 

livestock industry concerned with meat production. Furthermore, the 

animals selected for larger body size seem to perform well among the 

crosses involving lines selected for large and small size and an 

unselected control. 
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