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THE GENETIC BASIS OF HETEROSIS 
Base genStica de la heterosis

E.P. CUNNINGHAM* 
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Despite the scant attention which the subject received in the 1st World 
Congress on Genetics Applied to Livestock Production, (1974), it is clear 
that within the past decade there has been a new wave of interest in both 
the theoretical and practical aspects of cross breeding systems. The 
Zeist symposium (1974) gave a broad coverage of the field. In addition, 
the theory has been reviewed by Dickerson (1973), by Hill (1981), Sheridan 
(1981), Sedcole (1981), and Kinghom (1982). Recent reviews of practical 
results include those on pigs (Sellier, 1976), beef cattle (Long, 1980), 
dairy cattle (Turton, 1980) and sheep (Nitter, 1978). The early history 
of the concept of heterosis is traced by Hayes (1952), while Wright (1977) 
has also discussed the development of the theory behind inbreeding and 
heterosis.

Several of these reviewers who have caimented on the matter have made the 
point that the dominance model is at the same time the one which most 
generally fits observed data, and is also the simplest. Seme other 
reviewers have assumed that the dominance model is the only one which is 
relevant. However, some authors, and notably Sheridan (1981), Hill (1981), 
and Sedcole (1981), have particularly set out to explore models which might 
explain the many cases where the dominance model does not appear to fit.
In general, these models were framed in terms of epistatic gene action, A 
further set of reasons for deviation from the dominance model is concerned 
with interaction of heterosis with environment. The evidence for this has 
been examined by Barlow (1981).

The theoretical basis for heterosis, though less well established, can 
therefore be compared with that for selection. In the case of selection, 
a straightforward model based on additive gene action seems to adequately 
account for the bulk of experimental data. Where the simple additive 
model does not fit, recourse can be had either to more canplex models of 
gene action, or to other explanations related to the genetic history of 
the population, or to interactions with the environment. The parallel 
situation in the case of heterosis is that the dominance model seems to be 
a normally satisfactory basis, and that for cases where this is not 
adequate epistatic models or models involving interaction with 
environment may suit.

The fact that inbreeding and crossbreeding effects are in some sense 
mirror images of each other has been recognised for a long time. Darwin
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(1876), sumnarising his own book on the subject, stated: "the first
and most important conclusion... is that cross-fertilization is 
generally beneficial and self-fertilization injurious". This broad 
generalisation can be represented, with more modern terminology, in 
Figure I.

t
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FIG. 1: Relationship of performance to degree of
homozygosity or heterozygosity.

Any population or set of populations has an average heterozygosity 
which falls somewhere on the scale which runs from complete homozygosity 
to complete heterozygosity. In general, we cannot measure the level of 
heterozygosity in a population, and therefore cannot place it precisely 
on this scale, though estimates of average heterozygosity for electro- 
phoretically detectable loci range from 5% to 20%  (Lewontin, 1974).
However, by an appropriate mating system either wuthin or between 
populations, we can arrange that the average heterozygosity in the off
spring generation is increased or decreased. Increasing the level of 
homozygosity often leads to a reduction in performance, called inbreeding 
depression. Conversely, inproved performance in many cases accompanies 
heterozygosity. The same genetic model should, in principle, explain 
both phenomena. However, our concern here is primarily with its application 
to the relationship between performance and mating systems which increase 
heterozygosity.
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THE DOMINANCE MODEL

The dominance model as an explanation for heterosis appears to have 
been proposed first by Bruce (1910). It can be stated as follows:
Assume that for any particular locus, there are two alleles, and A^
with frequencies p and q. Define the present genotypic mean, determined 
by all other loci except this one, as y . Let the value of the genotype 
A^A^ then be y + a, that of the genotype AgAg be y - a and that of the
heterozygous genotype A . ^  be y + d.

Genotype

Vi
V -2

V 2

Value 
" y + a

■ y + d

P

-y - a

Frequency
2P

2pq = h

The mean genotype is then the average of the three genotypic values, 
which is obtained by multiplying each of them by its frequency and 
sunming these products:

2 2 Mean = p (y + a) + 2pq(y + d) + q (y - a)

= y + (p - q)a + hd
In the absence of selection,

efforts to increase or decrease the level of heterozygosity in a 
population do not of themselves change gene frequencies - they merely 
change the relative proportions of homozygotes and heterozygotes. The 
first two terms in this equation are therefore not affected by 
increasing or decreasing heterozygosity. The third term is sinply the 
product of the frequency of heterozygotes and the dctninance effect at 
that locus. Given that there is some dominance, the mean genotypic 
value is then a linear function of the proportion of heterozygotes.

This model relates to a single locus. Extended to n independent loci, 
it says that the mean genotypic value in the population is a function of 
the average heterozygosity at all loci at which seme dominance exists. 
The nature of the dominance effect does not need to be specified - there 
may be partial, complete or overdominance at any or all of these loci. 
Fisher (1931) developed the argunent that evolution will tend to have
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produced dominance of favourable genes, and recessiveness of deleterious 
genes. Kacser and Burns (1981) have shown that this is more likely to 
be a consequence of the way enzymes interact in metabolic pathways. The 
experimental evidence confirms that disadvantageous mutants tend to be 
recessive. The consequence of these two conclusions - dominance of 
favourable alleles, and linear relationship of the mean genotype to the 
frequency of heterozygotes leads to the expectation that the mean 
genotypic value of the population should increase linearly as 
heterozygosity increases.

The consequences of the dominance model for a range of different 
breeding systems have been itemised by several authors, e.g.,
Dickerson (1974), and Cunningham, (1981). In general, the genotypic 
mean of any population can be predicted as a function of individual, 
maternal and paternal heterosis, all adjusted for the heterozygosity 
of the individuals concerned by a coefficient of "recombination loss".
It should be added that the term recombination is used to describe 
three different kinds of rearranganent of genetic material:
- reassortment of entire chromosomes at gametogenesis and zygote 

formation.
- reassortment of chromosomal segments by crossing over between 

sister chromatids
- insertion, duplication, deletion, inversion or transposition

of DNA sequences within and between chromosomes, and even involving 
extra-chromosomal elements.

Only the first of these is taken into account in the recombination loss 
parameter.

EXPERIMENTAL E V I D E N C E  F O R  THE DOMINANCE MOD E L

Experimental evidence to support the main consequence of the dominance 
model, the linear dependence of performance on heterozygosity, is not 
difficult to find. I have surrmarised the results of four such experiments 
in Figure 2. The first of these, (McGloughlin, 1980) concerns a mouse 
experiment specifically designed to test the model. By crossing and 
repeated backcrossing in both directions using two unrelated strains 
of mice, females were produced which were 25, 50, 75 and lOOio 
heterozygous. These crossbred females, as well as purebreds of both 
strains (922 females in all) were mated to a sire line of a genetically 
distinct strain in order to standardise offspring heterosis. A 
significant positive linear relationship was found between performance 
and heterozygosity for several traits. The results for litter weaning 
weight being given in Figure 2a.

The second experiment (Neal, 1935) concerns an experiment in com, in 
which 2- 3- 4-way crosses among inbred lines were made. Fg generations
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% Heterosis 
in litter 
weaning wt.

Relative heterozygosity of dams (%)

% Neonatal 
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weaned

!d) Kg Calf weaned per 
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F I G U R E  2 :  E x p e r i m e n t a l  e v i d e n c e  s u p p o r t i n g  t h e  d o m i n a n c e  m o d e l  o f
h e t e r o s i s  i n  ( a )  m i c e ,  M c G l o u g h l i n  1 9 8 0 ,  ( b )  c o r n ,  N e a l ,  1 9 3 5  
( c )  d o g s ,  S c o t t  & F u l l e r ,  1 9 6 5 ,  a n d  ( d )  b e e f  c a t t l e ,  G r e g o r y  
& C u n d i f f ,  1 9 8 1 .
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produced by open pollination among two-way, three-way and four-way crosses 
produced populations which had respectively 50%, 62.5% and 75% of the 
heterozygosity expected in the F^. Together with the inbred parents,
these represented 5 points on the heterozygosity scale, and the results 
showed a clear linear increase in yield with degree of heterozygosity. 
(Figure 2b)

The third experiment (Scott and Fuller, 1965) dealt with crossbreeding 
in dogs, and the results shown in Figure 2c represent the mortality of 
pups b o m  from purebred matings in two breeds (Basenji and Cocker Spaniel), 
and from crosses between than. The results show a distinct linear 
decline in mortality over the scale of heterozygosity.

The fourth experiment (Gregory and Cundiff, 1980) reported differences 
between purebred, three-breed cross, and two-breed backcross cows with 
relative heterozygosities of 0, 100, and 50%. The interpretation is 
slightly conplicated by the fact that the offspring in the two latter 
groups had 75% heterozygosity, against 0% for the offspring of the 
purebred cows. Nevertheless, the results are reasonably in line with 
the expectations under the dominance model of heterosis (Figure 2d).

THE EPISTASIS MO D E L

Over the years, many attenpts have been made to develop models which 
included interactions between genes at two or more loci. In general, 
these models are not very satisfactory in that they contain too many 
parameters to permit experimental verification. Furthermore, the results 
they produce are dependent on initial assumptions about the number of 
loci involved, their relative gene frequencies and the nature of the 
interlocus interactions.

Mather and Jinks (1977) developed a system of notation to specify each 
kind of gene action and interaction that can arise in a 2-locus model.
They then described the mean genotype in parental, F^, Fg and backcross
generations in teims of these ccnponents. Differences between the means 
could then be used to estimate particular gene interactions. The 
variances of these estimates were obtained as linear functions of the 
variances of the generation means involved. The comparison of the 
estimate with its standard error then provided a test of the significance 
of those particular gene effects. Fran the results obtained in the 
application of these models to crosses of inbred lines in several plant 
species, they concluded that where heterosis occurred the appropriate model 
in most cases required more than dominance ccnponents.

Sedcole (1981), in an extensive review of similar analyses, again for 
the most part in crosses of inbred plant material, also concluded that 
epistatic effects (non-allelic interactions) were important.
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Several authors, with the interests of animal breeding applications 
particularly in mind, have recently addressed the problem. Kinghom 
(19SL) begins by justifying a limitation to two locus interactions, and 
goes on to propose a general model to describe the mean genetic value in a 
population as a function of additive effects, dominance effects related 
to heterozygosity, and a series of elements which describe the kinds and 
frequencies of two-locus gene configurations which are possible. A single 
further parameter is proposed to take account of linkage. He states 
that if no more than two breeds are involved it should be possible to 
estimate additive, dominance and specific epistatic contributions to 
genotypic values.

Hill (1981) has also developed a two locus model to represent the 
contributions of different types of gene action and interaction to 
various kinds of crossbred populations. The composite effects for 
different kinds of gene action depend on the gene frequencies in the 
parental lines and on the individual gene effects. It seems difficult 
to envisage the estimation of the epistatic contributions, but the
analysis does show that the normal estimators_of the dominance effect 
(F^ - P)/2 and of recombination loss, (2F2 - P - F^) or 4(Fg - B),
contain negative biases from two locus epistasis, and positive biases 
from three locus epistasic effects. He concludes that because of this 
potential for deviation from the linear model, experimental checks 
should be made before a particular crossbreeding prograrrme can be 
confidently launched.

Sheridan (1981), in attempting to find seme theoretical model which could 
account for the poorer than expected performance of the F2 in poultry
populations, has explored sane of the consequences at the gene level of 
a model in which merit of the parental strains is to seme extent dependent 
on epistatic gene action. He therefore calls the model a "Parental 
Epistatis" model.

In the simplest case, he considered the situation in which each of two 
parental lines is homozygous dominant for a different pair of complementary 
genes. In the F^ all four loci are heterozygous, and the two
separate inter-locus gene pairs which were advantageous in the parents 
are present in all individuals. In the F2 generation, because of
segregation only one-eight of these favourable two locus gene pairs 
survives intact. The level of heterosis expected is therefore reduced in 
proportion. He has done similar calculations for more complex breeding 
systems, and for models involving three loci. His conclusions are 
summarised in Table 1.
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TABLE 1: Expected relative heterosis levels under the Complete Dominance
__________ and Parental Epistasis models.(Sheridan, 1981)__________________

Expected Heterosis
Breeding System Complete Dominance 

Model
Parental Epistasis Model 

(2 loci) (3 loci)

- F1 100 100 100

- F2 50 12.5 -15.6
- Backcross 50 25 12.5
- 3-way cross 100 50 25
- 4-way cross 100 0 - 50
- 2 breed rotation 67 44 30
- 3 breed rotation 86 41 21

It can be seen that in all cases the parental epistasis model gives a 
much lower expected heterosis level than the complete dominance model. 
Indeed, with three loci involved it gives expected performance in the F2
and 4-way cross which is below the parental mean. This model does 
therefore provide some basis for the expectation of lower performance 
in the F2 and other combinations than would be predicted on the dominance 
model. In the interests of simplicity, it assumes independent 
segregation, equal effects, and complete dominance at all loci involved. 
The numerical results obtained would be affected by alteration of these 
assumptions, though the general direction of the conclusions probably 
would not be affected. Values are also inputed for the F^ which imply
that the full two-locus parental epistasis effect is present when the 
individual has one of the two possible favourable gene pairs. In other 
words, it says that combination A/a B/b has the same effect as the 
combination A/A B/B. This is equivalent to stating that the epistatic 
effect exhibits dominance. Ihe consequence of this assumption will be 
to produce a lower estimate of genotypic value in the Fg. I am not sure
how realistic this assumption may be, but suspect that it unduly depresses 
the expectations in the F2 and subsequent generations.
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EXPERIMENTAL E V I D E N C E  F O R  T H E  E P I S T A S I S  M O D E L

With present models and data structures, it is unrealistic to expect 
to find estimates of particular kinds of epistatic effects for quantitative 
traits. However, there is evidence in the literature of cases where 
significant deviations from the linear imply some kind of epistasis.
Two of these cases are shown in Figure 3.

Yield (b)gms/plant

% Heterosis (o)

F I G U R E  3 :  E x p e r i m e n t a l  e v i d e n c e  f o r  t h e  e p i s t a s i s  m o d e l  i n  ( a )  e g g
p r o d u c t i o n  i n  h e n s ,  S h e r i d a n ,  1 9 8 1  ( b )  y i e l d  i n  c o r n ,  S e n t z  
et a t > 1 9 5 4

Sheridan (1981) summarised egg production data from four separate 
experiments involving crosses between White Leghorn and Australorp 
breeds of laying hen. I have graphed his data in Figure 3a to show 
the heterosis obtained in the F^, and also in the Fg. All four
experiments consistently show F_ populations performing at a considerably 
lower level than would be expected on the linear model. Sheridan 
concluded that the results were inconsistent with the linear model, but 
could be explained by his parental epistasis model.
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Sentz et at (1954) reported a large s c a le  study designed s p e c if ic a l ly  
to  determine th e  re la tio n sh ip  between h eterozygosity  and performance 
for  q u an tita tive  characters in  com . Genetic m aterial w ith  f iv e  le v e ls  
o f  heterozygosity  was developed from inbred l in e s ,  F^, F2 and backcross
generations. For most characters in  most populations, th e  re la tion sh ip  
to  heterozygosity  was s ig n if ic a n t ly  d if fe r e n t frcm lin e a r . A ty p ica l 
s e t  o f  r e s u lts  fo r  y ie ld  per p lant i s  shown in  Figure 3b. The main 
feature o f th e  response to  heterozygosity  was the near eq u a lity  o f  
values over the range fran 25% to  75% h eterozygosity . Ihe authors 
concluded that th e  r e s u lts  ind icated  important n o n -a lle l ic  gene 
in teraction s .

ENZYMATIC AND THRESHOLD MODELS

Ihe orig in  and nature o f  dominance has been a con troversia l subject 
for  50 years, R.A. F isher developed the theory that dominance i s  
the resu lt o f  long continued se le c tio n  fo r  genes elsewhere in  the 
genotype which modify th e  heterozygote in  a favourable d irec tio n .
Wright, on th e  other hand, maintained th at because genes code for  
enzyme a c t iv ity , and because enzymatic dose-response curves tend to  be 
cu rv ilin ear , th ere w i l l  be a strong tendency for  dominance o f  favourable 
a l l e le s  a t a l l  major lo c i  in  the system. Ihe evo lu tion  o f  both th eo r ies  
i s  traced in  Wright (1977). Kacser and Bums (1981) have sumnarised 
more recent evidence o n .g en etic  contro l o f  enzyme system s, and have come 
down firm ly on th e  s id e  o f  Wright. Figure 4a i l lu s t r a t e s  one o f  the  
s e t s  o f data which they presented i l lu s tr a t in g  the way in  which output 
o f  enzymatic products r i s e s  rapid ly to  an asymptote as th e  dose le v e l  
o f a p articu lar  gene in creases. On th e o r e t ic a l grounds, they were able  
to  show that t h i s  would be th e  normal expectation  for m ulti enzyme 
systems (F ig . 4b ). E p is ta tic  in teraction s between lo c i  involved in  
the same network i s  im p lic it  in  th is  model.

(b)

FIGURE 4: These graphs, taken from Kacser and Bums (1981) i l lu s t r a te
(a ) th e  cu rv ilin ea r  response in  output to  increasing  doses 
o f a p a rticu la r  mutant gene a t the ad-2 locus in  
Saccharcmoyces, and (b) the r e la t iv e  output o f  increasingly  
complex enzyme system s as a function  o f  varia tion  in  a c t iv ity  
o f  any one enzvme.
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Sedcole (1981) has reviewed seme other theories on the enzymatic basis 
of heterotic effects, including the suggestion that heterozygosity at 
a locus could lead to less effective gene repressors and hence to higher 
enzyme levels.

An essential part of the enzymatic models of dominance is the existence 
of thresholds and ceilings. A somewhat different kind of threshold 
model could be involved in cases where the level of heterosis varies 
with the environment and could explain seme of the deviations from the 
linear model which have been observed in practice. Such a model has 
been proposed by Orozco (1976) based on work in tribolium, and by 
Cunningham (1980) as an interpretation of cattle breeding data involving 
crosses between tropical and temperate breeds. The model is outlined 
in Figure 5.

◄ Exotic

F, ►

F2 *
Exotic ► 

Mid parents 

Locals

HET.

► ADD.

HET. |

ADD.-s

«F,
fiFj- ,"•Mid parent

◄ local

POOR
ENVIRONM ENT

G O O D
ENVIRO NM ENT

F I G U R E  5 :  A  m o d e l  f o r  d i f f e r e n t i a l  h e t e r o s i s  a n d  a d d i t i v e  e f f e c t s  o f  
t w o  s t r a i n s  i n  g o o d  a n d  p o o r  e n v i r o n m e n t s .
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The essential feature of this model is that the level of heterosis 
observed is a function of the environment, with the general expect
ation that it will be higher in unfavourable environments. Since 
heterosis is measured as the deviation of the F^ from the parental
mean, the fact that it differs at different environmental levels may 
be a function of the performance of either the F^ or of the parental
strains. Below a certain threshold of environmental severity, 
performance of one or both parental strains may decline considerably, 
with the F^ shewing considerable heterosis. As the environment
inproves, the relative superiority of the F^ over the parental mean
becomes less. If heterosis is contributing particularly to aspects of 
stress tolerance, then it might be expected that in some circumstances 
the 5 ®  heterotic effect expected in an F2 generation might not be
sufficient to confer the basic resilience necessary for adequate 
expression of the remainder of the genotype. Hiis might explain the 
rather low levels of heterosis generally observed for dairy traits in 
benign environments, together with the high F^ heterosis in stressful
environments, and the often disappointing F„ performance (Buvanendran, 
1977; Taneja and Chawla, 1978).

What evidence is there for the existence of heterosis by environment 
interactions which might give rise to such a threshold model?. Hie 
classic sickle-cell anaemia situation is a case in point illustrating 
the dependence of the heterosis effect at a single locus on the level 
of malarial challenge in the environment. Hie experimental evidence has 
been reviewed by Barlow (1981) and his conclusion is that "collectively, 
the evidence indicates that heterosis by environment interaction is the 
expectation rather than the exception". Except for the interaction of 
heterosis with nutritional levels, all other data suggested that more 
heterosis would be found in stressful than in favourable environments.

CONCLUSION

In searching for genetic models to explain heterosis, and to enable us to 
better exploit it, the first concern is to know whether the dominance model 
is appropriate. If it is, consequences in different breeding strategies 
are relatively easy to follow. Any complications which arise are likely 
to be due to the interaction of paternal, maternal and individual heterosis, 
and the interplay of heterosis in some traits, or conponents of traits, 
and selection in others.

Experimental evidence, and the opinions of previous reviewers, are broadly 
supportive of the dominance model. This is more true of those who have 
approached the problem from the standpoint of animal data than of those 
who have been concerned mainly with plant data. Hiis difference in 
emphasis may owe something to the fact that in plant breeding work many of
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the strains used have been highly inbred, and the experiments precise 
enough to detect, and in some cases quantify epistatic effects. The 
background of the strains used in the animal breeding experiments has 
in general been much less well defined, with unspecified levels of 
heterozygosity in the strains used, and unquantified genetic distances 
between them. In addition, simultaneous and precise measurement of 
parental, crossbred and backcross generations has been the exception 
rather than the rule.

Various attempts have been made to develop models including epistatic 
effects. In general, these are unsatisfactory in the sense that it will 
usually not be possible to do more than test for deviation frcm the 
dominance model. However, they do indicate sane of the biases which 
epistatic effects can introduce into estimates of heterosis, and hence 
offer partial explanations of some experimental results.

Threshold models can be used to explain dominance in enzymatic terms.
They can also be used,in conjunction with genotype by environment 
interaction, as a possible model for the observed outstanding perfoimance 
of and the very poor perfoimance of F^ progeny in sane field data.

Both the theoretical and experimentally observed deviations from the 
dominance model are pervasive enough to cause concern about the security 
with which breeding progranmes can be developed. It seems clear that 
there is need for a considerable amount of further work in laboratory 
animal populations to clarify this question. In addition, crossbreeding 
progranmes in large animal species should incorporate planned testing of 
the dominance model in the early stages. This has particular relevance 
for the large amount of crossbreeding between temperate and tropical 
cattle breeds which is now going on in many parts of the world.
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SUMMARY

Various genetic models of heterosis are considered. The standard 
dominance model seems to be adequate for many situations. It leads 
to a linear model of heterosis which permits reasonable prediction 
of the outcome of different crossbreeding systems.

In cases where the linear model is not adequate, various epistatic 
models have been proposed. It is more difficult to find experimental 
data to back these models and they are less satisfactory as a basis 
for prediction of the outcome of breeding systems. Seme recent work 
on enzymatic models of dominance is examined.

Finally a threshold model involving genotype by environment interaction 
is discussed.

RESUME

Des modeles diverses de 1'heterosis sont considerees. La modele 
standarde de la dominance semble etre applicable dans plusiers cas. 
Elle conduit a une modele lineare de 1'heterosis qui permet des 
predictions raisonables des consequences de divers systemes de 
croisement.

Dans les cas ou la modele lineare n'est pas suffisante, plusiers 
modeles de l'epistasie ont ete proposees. II est plus difficile 
a trouver du support experimental pour ces modeles, et elles sont 
moins satisfaisantes pour la prediction des resultats des systemes 
de croisement. Quelques rapports recents sur des modeles enzymatiques 
de la dominance sont examines.

Enfin, une modele avec ion seuil et dans laquelle 1'interaction du 
genotype et de 1'environment est present est discutee.
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