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ENETIC diversity of the parents has long been recognized as a requirement 
for the expression of heterosis to be manifest in the cross of two lines or 

varieties. Experimental evidence in Drosophila ( BRNCIC 1954; WALLACE 1955) 
has demonstrated that crosses of strains of diverse origin exhibit greater heterotic 
response than similar crosses of strains from the same origin. The foundation of 
hybrid corn production is based on the principle of crosses between unrelated 
inbred lines. In more recent years, interest in the introduction of exotic corn 
stocks to increase the genetic variability has developed. The initial studies at- 
tempted to relate diversity of origin to heterotic response obtained. WELLHAUSEN 
(1952) recorded the responses of Fl’s for  a large number of diverse Mexican races. 
The heterotic responses ranged from large positive effects down to performance 
below either parent variety. LONNQUIST and GARDNER ( 1961 ) found that inter- 
varietal crosses among 12 parents representing a range of Cornbelt germ plasm 
produced mean F, yields above the midparent. Of the 66 individual F, yields, 
five were below the midparent value. PATERNIANI and LONNQUIST (1963) ob- 
tained similar results from 63 F, crosses among South American races of maize. 
MOLL, SALHUANA and ROBINSON (1962) examined the performance of 15 crosses 
of six varieties representing three widely dispersed geographical regions. In each 
of these studies there was a positive correlation between genetic diversity, geo- 
graphical or plant type, and the degree of heterotic response. At the same time, 
each study revealed individual crosses that have not performed as well as expected 
when judged by tFe parental yields. 

This study reports an examination of the role of gene frequency differences 
between two populations as they relate to the heterotic response of the hybrid. 

Notation 

Heterosis will be used here in the sense of the difference between population 
hybrid and average of the parents (midparent). Random mating within the 
parents, designated A and B, and random selection of parent plants for the hybrid 
are assumed. The expression developed will be for an arbitrary number of alleles 
at a locus. 
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The mean of population A is 
T 

P*.a = x ( U P % >  ( u p k ) g z k  
%,k=1 

where is the gene frequency of the ith allele in population A, and g l k  is the 
genotypic value of an individual with allelic constitution G,Gk. Similarly the 
mean of B is 

r 

P B =  x ( $ m ) ( b p n ) g m n  
m,n=i 

With a random choice of parents, the population hybrid has a mean 
r 

PAB = (a,&> (bpn , )g in  
%,n=1  

Then, heterosis as measured from the midparent is given by 
MH = P A B  - i /z  ( P A  + pB) 

x (,pa> ( b p n ) g r n  - i /z 2 ( u p % )  ( u p k ) g a k  - % 
1,n r ,k  m, n 

( b p m )  ( b p n l g m n  (1) 

If reciprocal crosses are assumed equal g,, = g,,, then (1 ) simplifies to 
MH = %? c (aP% - b p a )  ( b p n  - apn)  ]g in  

2,n 

This form of the expression shows that heterosis is a function of the differences 
in the frequencies of the alleles in the two populations and the genotypic values. 
The expression is written for a single locus, but may be summed over loci if no 
interlocus epistasis and independent segregation are assumed. In matrix notation 

MH = i/P’G(-P) = XP’(-G)P, 
where G is the r x r matrix of genotypic values for the r alleles at a single locus, 
and P is the r x 1 vector of differences of gene frequencies between the two 
populations. For convenience, the homozygous genotype with the smallest geno- 
typic value can be coded to have a value of zero. 

Properties of M H  

In order to examine and categorize M H ,  it was found necessary to place a 
restriction on the genotypic values. The restriction is such that any heterozygous 
genotypic value (g,,, i # n )  will be greater than or equal to the average genotypic 
value of the homozygotes, that is 

Because of this restriction, all gan are non-negative. The restriction excludes what 
could be termed negative dominance, and seems to be in accord with what is 
generally observed for most economically important traits. 

A sufficient, but not necessary, condition for the quadratic form P‘ (-G) P to be 
positive is that (-G) be positive definite. The nature of assigning genotypic values 
in the G matrix ensures that the elements on the principle diagonal of (-G) will 
be negative or zero. Thus, none of the matrices (-G) can be positive definite. 
For an arbitrary vector P there are no general conditions on the matrix (-G) 
that will assure a positive value for M H .  There is additional information concern- 

g i n  = gni 2 (gt, + g n n ) / 2 ,  i # II 
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ing the vector P that will be useful in determining the properties of MH. Let f i  

be the elements of the vector P. Then 
(a) E f i  = O  
(b) Maximum 2 Ifi/ = 2.0 

As an initial step, the quadratic form P' (-G) P will be examined for a few alleles 
per locus and then generalized to an arbitrary number of alleles per locus. 

With two alleles per locus 

(%) ( 5 )  M ,  = 1 / P ' ( - G ) P  = 1 / ( r s )  

where r + s = 0 and elements g and a are negative. Since s = -r, 
M H = 1 / r 2 ( g - 2 a ) .  

With a positive degree of dominance Z(a l2  / g ( .  Therefore, MH will be non-nega- 
tive. With two alleles, MH is zero only when 2g = a (additive gene action) or 
r = s = 0 (no difference in gene frequency between populations A and B).  

With three alleles per locus 

= 1/ (gr2 + ears + 2 brt + hs2 f 2,cst). 

With four alleles per locus 

= 1/2 (gr2  + ears + S'brt + 2cru + hs2 + 2dst + 2esu + it2 f 2ftu).  ( 2 )  

The pattern of expansion is readily apparent and extension to any number of 
alleles can easily be done. The four allele case will be used for discussion with 
the understanding that the same argument can be used for any number of alleles 
greater than two. The cross product terms in ( 2 )  can be of either sign, and little 
can be determined about the sign of M ,  by inspection. Certain special cases will 
be informative for investigating the nature of the general equation 2. 

With multiple alleles, the definition of additive, dominant, and overdominant 
gene effects will be such that for any pair of alleles the customary interpretation 
of gene effects will be used. For example, a locus with all pairs of alleles exhibit- 
ing completely dominant gene effects would have a (-G) matrix of the form 
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where / g / >  / h J  > li( > 0. In equation 2, this means that g = a = b = c, h = d = e 
and i = f .  Making this substitution one gets 

MH = 1/2 (gr2 + 2grs 4- 2grt + 2gru -4- hs2 +2hst + 2hsu + it2 + 2itu). 
Since r + s + t + u = 0 then, 

But ( - g  + h) > 0, (-h + i) > 0, (-i) > 0; therefore, M ,  > 0 except for the 
trivial case g = h = i = 0. Under the conditions set up for the completely domi- 
nant model, MH will always be positive. However, this is a very special case. 

The case of pure overdominance can be illustrated by setting g = h = i = 0. 
Then, (-G) is of the form 

MH = i/e[(-g + h) (s+  t -4- U)' + (--h + i) ( t  + + ( - i ) ~ " ] .  

(2%) 
c e f O  

Equation 2 becomes 
( 3 )  

By inspection of ( 3 ) ,  one can see that any term may predominate and be of either 
sign, thus MH can be positive or negative. Only a few numerical examples are 
required in order to be convinced that a negative MH, with an underlying scale 
of pure overdominance, is neither unlikely nor aberrant. Let the negative of the 
matrix of genotypic values be arbitrarily chosen to be 

MH = ars + brt + cru + dst + esu + ftu. 

) ( -1 -3 -2 0 

0 -3 -10 -1 
-3 0 -2 -3 

(-GI= -10 -2 0 -a 

P vectors which give negative measures of heterosis are quite easy to construct. 
The three examples in Table 1 were chosen to represent realistic crosses where 
multiple alleles probably are found. 

Example 1 is intended to simulate a typical locus in the cross of inbred line B 
to an unrelated source. Example 2 could be the F, of a single cross mated to an 
unrelated source. The gene frequencies shown in Example 3 would be equivalent 

TABLE 1 

Gene frequencies and heterosis values for three representative crosses involving 
four alleles with an underlying scale of pure overdominance 

Example 1 Example 2 Example 3 
api bpi aPi bpi api bpi 

.4 0 .5 0 .5 0 

.I 0 0 .2 0 .5 

.5 0 .5 0 .5 0 
0 1 .o 0 .a 0 .5 

M H  = -0.52 M H  -1.28 M ,  = -1.25 
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to a double cross of two unrelated single cross F,’s. Other permutations of the gene 
frequencies in these examples will give both positive and negative values for MH. 
The significant observation is that negative values exist at all. Breeding theory 
and practice have tacitly assumed that overdominant gene effects combined with 
a cross of unrelated sources produce the greatest heterotic effect. It has been 
shown here that quite the opposite is possible, and likely at certain loci. 

Thus far, we have considered only the type of overdominance where all the 
homozygotes are equal, and they in turn are less than any of the heterozygotes. 
Suppose the restriction on the homozygotes is relaxed to allow them to be non- 
zero. Upon examination of the general equation 2 it is evident that the only 
terms that were not considered in the previous overdominance model are $$? (grz + 
hsz 4- i t z ) .  Since g, h, and i are all negative, we find that all homozygotes con- 
tribute negatively to MH. Thus, MH is more likely to be negative than the purely 
overdominant model with the same off-diagonal elements of the G matrix. When 
the condition prohibiting negative dominance is relaxed, then additional negative 
impetus is given to M H .  

Of the models considered, only the very special conditions for the completely 
dominant model gives assurance that MH will be positive for all vectors P. In 
general, negative MH are possible. This is true for partial dominance, over domi- 
nance, or combinations of gene effects. When multiple alleles are considered, the 
largest class of gene effects would fall into the category of a combination of intra- 
locus gene effects. A relevant point to be concluded from this development is that 
when more than two alleles per locus are considered, one cannot expect each 
locus to contribute positively to the heterotic effect, even when the alleles in pairs 
have partially dominant, completely dominant, or over dominant effects. When 
all loci in a genotype are considered, the positive contributions will generally be 
larger in number and in magnitude than the negative contributions. This has 
been verified in many studies. Some were cited. However, the breeder should not 
be surprised to find certain crosses that yield less than the midparent value. even 
with a positive degree of dominance for all pairs of alleles. 

APPLICATION 

The amount of heterosis exhibited by a cross is customarily used as a measure 
of the genetic divergence of the parent stock. Without question, genetic diver- 
gence (difference in gene frequency) in the parents is required for heterosis to 
be manifest in the cross. As has been shown, the converse of this statement is not 
true; that is, the lack of heterotic response cannot be used to infer a lack of genetic 
divergence. The negative heterotic contributions at certain loci cancel positive 
responses at other loci. The net response in the hybrid may be little or  no devia- 
tion from the midparent. Thus, the validity of evaluating the degree of genetic 
divergence based on the amount of heterotic response is subject to considerable 
question. 

The choice of a tester for a heterogeneous population is often conditional on 
the average performance of the test crosses; that is, the tester with the highest 
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average cross performance is chosen. Unless the selected individuals are to be 
used immediately in hybrid combination with the tester this emphasis on heterotic 
response is misplaced. The heterotic response reveals little concerning the genetic 
potential and nothing concerning the expected rate of progress from selection. 

In  evaluating hybrids, breeders can point to numerous examples of unexpect- 
edly poor hybrid performance in spite of superior parental stock and genetic 
diversity. Linkage and epistasis have been proposed as the cause of this poor 
performance. However, the effects of multiple alleles could account for  this 
variable performance even in the absence of interlocus epistasis and linkage. If 
the percentage of loci contributing negatively to M H  is small, then a high per- 
forming hybrid results. Thus, it can be seen that genetic diversity is necessary 
for significant heterosis but not sufficient to guarantee it. 

SUMMARY 

Genetic diversity of two populations as measured by gene frequency differ- 
ences, was related to the heterotic performance of the hybrid, where the measure 
of heterosis was deviation from the midparent. Heterosis ( M H )  was found to be- 
non-negative in the case of two alleles, if negative dominance was excluded. With 
more than two alleles per locus, negative contributions to M ,  are to be expected 
at certain loci, and the net effect may result in a hybrid genotypic value equal 
to or below the midparent. This can occur even when the dominance relation- 
ships of all pairs of alleles are positive. Some implications of these results are 
given. 
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