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Another explanation for the cause of heterosis phenomenon
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Abstract
The explanation for heterosis phenomenon is based on ideas: (i) every trait of an organism depends on many genes.
(ii) Inbreeding depression and heterosis are related to individual genetic diversity. To assess individual genetic diversity of
an organism, I suggest the term number of genetic properties. Assessing the changes of individual genetic diversity caused
by self-pollination and cross-pollination reveals that self-pollinating plants of natural cross-pollinating leads to the decrease
in individual genetic diversity of offspring and crossing between pure lines of genetic difference leads to the increase in
individual genetic diversity of hybrids. Therefore, I propose that the decrease in individual genetic diversity is the cause the
of depression and the increase in individual genetic diversity is the cause of heterosis.

[Huyen N. T. 2016 Another explanation for the cause of heterosis phenomenon. J. Genet. 95, xx–xx]

Introduction

Heterosis or hybrid vigour phenomenon, progeny from cross-
ing different varieties of a species have greater biomass,
growth rate and higher grain yield than the parents, has been
recognized and applied in agricultural production for a long
time. Darwin (1876) had observed the growth, development
and seed fertility of cross-fertilized plants compared with
that of self-fertilized plants. His conclusion from the obser-
vations was that cross-fertilization was generally beneficial
and self-fertilization was injurious. After the invention of
Mendel, and at present, there have been several explana-
tions for the phenomenon of hybrid vigour. The more pop-
ular explanations of them are the overdominance theory and
the dominance theory.

The overdominance theory (Shull 1908; East 1936; Crow
1948) proposed that heterozygous loci have higher value than
homozygous loci and therefore the hybrids are superior to
the parents and the superiority increases with the number of
heterozygous loci.

The dominance theory (Bruce 1910; Jones 1917) proposed
that each of the parents contain deleterious recessive alle-
les in several loci, whereas in the hybrids these deleteri-
ous are complemented by the super dominant alleles from
other parents. Therefore, in hybrids, the super dominant traits
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mask the deleterious traits and the hybrids have a better
performance than parents.

In one of the researches on effect of quantitative trait loci
(QTL) to heterosis in rice Xiao et al. (1995) stated that dom-
inance is the major genetic basis of heterosis, while in other
researches Li et al. (2001) and Luo et al. (2001) stated that
overdominant epistatic loci are the primary genetic basis of
inbreeding depression and heterosis in rice. In research on
effect of overdominant QTL to yield and fitness in tomato,
Semel et al. (2006) proposed that the alliance of overdomi-
nant QTL with higher reproductive fitness was selective for
in evolution and was domesticated by man to improve yields
of crop plants. Birchler et al. (2010) in a perspective titled
‘Heterosis’ wrote: ‘Various models have been posited to
explain heterosis, including dominance, overdominance and
pseudo-overdominance. In this perspective, we consider that
it might be useful to the field to abandon these terms that by
their nature constrain data interpretation and instead attempt
a progressions to a quantitative genetic framework involv-
ing interactions in hierarchical networks’. Here, I present an
explanation about the cause of the heterosis phenomenon that
is based on the ideas: (i) every trait of an organism depends
on many genes. The appearance of a recessive trait may be
caused by the absence of one of the gene that control the
dominant trait. The so-called recessive gene may exist and
may not exist as a genetic unit that controls the recessive
trait. (ii) Inbreeding depression and heterosis are related to
individual genetic diversity.
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About the so-called recessive gene

Let us begin with one of the researches on pea plants of
Mendel. Homozygous high pea plants were crossed with
homozygous low pea plants, in F1 generation all hybrids
were high plants. These high plants were self-pollinated, in
F2 generation high plants and low plants were obtained in the
rate of 3:1, respectively. There are two ways of explaining
this phenomenon.

The first explanation

This is the common explanation in genetics textbooks.
Assuming (in the early 20th century, existence of genes as
units that control heredity was not the fact but a hypoth-
esis. Nowadays researches on the genes have gained great
achievements. However, the way that genes controlling the
traits has not been clearly understood) that homozygous high
pea plants have CC genotype, homozygous low pea plants
have cc genotype. C allele is dominant to c allele. Then the
segregation of plant height trait in F2 generation is explained
as below:

P High plant  Low plant

            CC      ×            cc  

F1  High plant  

       Cc  

F1

gamete 
C c 

C CC Cc 

c Cc cc 

Segregation of genotypes in F2: 1 CC : 2 Cc : 1 cc, segrega-
tion of phenotype in F2: 3 high plants : 1 low plant. About
the relationship between genes and traits is that C or c is
‘not the sufficient gene’ but a ‘necessary gene’ for the trait
of plant height. For the existence of the trait of plant height,
a plant must exist. For the existence of a plant, genes coding
for some proteins that are vital components of cells and genes
coding for some vital enzymes must exist. The existence of
these genes must relate to some traits and among them there
is trait of plant height.

Therefore, ‘sufficient genes’ for trait of plant height are:
(X1X1 X2X2 . . . XnXn), CC → high plant
(X1X1 X2X2 . . . XnXn), Cc → high plant
(X1X1 X2X2 . . . XnXn), cc → low plant

(X1X1 X2X2 . . . XnXn) exist in both parental plants and
they cannot be detected by the tool of crossing in Mendel
experiments. Simply, it can be written:
CC → high plant
Cc → high plant
cc → low plant

From the point of view that ‘the sufficient condition for
any trait must be many genes’ I make an added explanation
below.

The second explanation

Assuming that, homozygous high pea plants have genotype:
(X1X1 X2X2 . . . XnXn) CC and heterozygous high pea plants
have genotype: (X1X1 X2X2 . . . XnXn) C, homozygous low
pea plants have genotype: (X1X1 X2X2 . . . XnXn). The dif-
ference between high pea plants and low pea plants is that
the high plants have C gene, the low plants have no C gene.

Then the segregation of plant height trait in F2 is explained
as following:

P High plant  Low plant 

( X1X1 X2X2 … XnXn) CC  ×  (X1X1 X2X2 … XnXn)

P gamete   (X1 X2 … Xn)C            (X1 X2  … Xn)

F1  High plant 

( X1X1 X2X2 … XnXn) C 

F1 gamete 
(X1 X2 …Xn

) C 

(X1 X2 … 

Xn) 

(X1X2 …Xn) 

C 

(X1X1 X2X2

…XnXn) CC 

(X1X1 X2X2

…XnXn) C 

(X1X2 …Xn)
(X1X1 X2X2

…XnXn) C 

(X1X1 X2X2

…XnXn) 

Segregation of genotypes in F2:

1 (X1X1 X2X2 . . . XnXn) CC
2 (X1X1 X2X2 . . . XnXn) C
1 (X1X1 X2X2 . . . XnXn).

Segregation of phenotype in F2: 3 high plants : 1 low plant.
(X1X1 X2X2 . . . XnXn) exist in both parental plants, there-
fore, the above diagram can be written:

P High plant     Low plant

      CC       ×      no C  

P gamete       C                 no C     

F1           High plant 

                 C  

F1 gamete C no C 

C CC C 

no C C no C 
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Segregation of genotypes in F2: 1 CC : 2 C : 1 no C, seg-
regation of phenotypes in F2: 3 high plants : 1 low plant. In
the presentation above, there are two ways of explaining the
segregation of rate 3 : 1 in the experiment of Mendel. I do not
reject the common explanation but add another explanation.
‘It means that there are two possibilities. One possibility is
that the appearance of the recessive trait may be caused by
the recessive allele in homozygous state. The other possibil-
ity is that the appearance of the recessive trait may be caused
merely by the absence (complete absence) of one of the genes
that control the dominant trait.’ The so-called recessive gene
localized on the chromosome map based on the Morgan prin-
ciple may be a gene coding for a polypeptide or a protein
and may be a gene of nonsense (a DNA fragment not be
transcribed, translated during the life of the organism). If the
latter happens, it will be unreasonable to assign it (a nonsense
gene) to the role that controls the recessive trait. It should be
emphasized that the existence of the so-called recessive gene
is not a must for a recessive trait, for e.g. albino recessive
gene is not a must for the albino trait. The albino mutation on
plants may be caused by the absence of one of the genes that
take part in process of making chlorophyll. Lethal recessive
gene is not a must for lethal mutation. The lethal mutation
on Drosophila may be caused by the absence of a vital gene
(e.g. one of the genes that code for enzymes taking part in
Krebs cycle).

The changes in number of genetic properties

In genetics there is no word that is used more than the word
gene. However, the concept of gene has been developed and
become more complicated than the starting concept. There
have been some definitions for gene and they are not the
same. In this paper (and for this paper) the concept of gene is
limited as: the concept of gene from Mendel to Morgan and
thence to Tatum with the note mentioned above that the so-
called recessive gene may or may not exist as a genetic unit
that controls the recessive trait. Or, if we say in language of
molecular genetics, gene is a fragment of DNA that codes for
a polypeptide or a protein. The gene concept does not include
genes of nonsense (not transcribed, translated). By this con-
cept of gene, the gene products are polypeptides and proteins.
From the concept of gene being limited as above, I suggest
the term of individual genetic diversity and the number of
genetic properties.

Individual genetic diversity: is the diversity of gene products
of an organism. Individual genetic diversity is assessed by
the number of genetic properties.

Number of genetic properties (NGPs): is the number of dif-
ferent genes (coding for different polypeptides, proteins).
Nonsense genes and no genes are denoted −ng. We do not
count −ng for NGPs. For example:
NGPs of genotype AA BB CC dd ee is 5
NGPs of genotype Aa Bb Cc Dd Ee is 10

NGPs of genotype Aa Bb CC dd ee is 7
NGPs of genotype Aang Bb Cc Dd Ee is 9
NGPs of genotype Aang Bbng Cc Dd Ee is 8. . ., etc.

By this concept, the number of genetic properties of a dou-
bled diploid genome does not increase. ‘In the above example
and the next part, capital A and lower case a do not mean that
a allele is recessive to A allele but mean that A and a belong
to the same locus. It is the same meaning to other letters.’

Self-pollinating plants of natural cross-pollinating leads
to the decease in number of genetic properties (NGPs)

Assuming that a corn plant has a set of genes that include
subsets of genes.

Subset (1) includes homozygous alleles:

{X1X1 X2X2 . . . . . . . XiXi} (1)

In this subset of genes, also the following gene subsets, genes
may be located in the same chromosome or different chro-
mosomes. We do not care what chromosome that genes are
located. NGPs of subset (1) is i.

Subset (2) includes heterozygous alleles:

{D1d1 D2d2 . . . . . . . . Djdj} (2)

NGPs of subset (2) is 2j.
Subset (3) includes pseudoheterozygous alleles. It means that
in each locus there is one gene, the rest is nonsense gene or
no gene:

{T1tng
1 T2tng

2 . . . . . . . . Tktng
k} (3)

We do not count nonsense genes, therefore NGPs of subset
(3) is k.

Total number of genetic properties of this corn plant is:
NGPs = i + 2j + k. Now we make this corn plant be
self-pollinated through many generations until we get pure
corn lines. Assuming that there is no individual being dead
and all of possible homozygous genotypes are obtained.
Finally we have pure lines having different number of genetic
properties.

Pure lines having the largest NGPs = i + j + k corre-
sponds to the set of genes that includes:

subset {X1X1 X2X2 . . . XiXi} NGPs = i
subset {D1D1 D2D2 . . . DjDj} NGPs = j
subset {T1T1 T2T2 . . . TkTk} NGPs = k

or the set of genes that includes:
subset {X1X1 X2X2 . . . XiXi} NGPs = i
subset {d1d1 d2d2 . . . djdj} NGPs = j
subset {T1T1 T2T2 . . . TkTk} NGPs = k

or the set of genes that includes:
subset {X1X1 X2X2 . . . XiXi} NGPs = i
subset {D1D1 d2d2 . . . djdj} NGPs = j
subset {T1T1 T2T2 . . . TkTk} NGPs = k

and so on, many other sets of genes.
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Pure lines having NGPs = i + j + 1 corresponds to the set
of genes that includes:

subset {X1X1 X2X2 . . . XiXi} NGPs = i
subset {d1d1 D2D2 . . . DjDj} NGPs = j
subset {T1T1 tng

2tng
2 . . . tng

ktng
k} NGPs = 1

or the set of genes that includes:
subset {X1X1 X2X2 . . . XiXi} NGPs = i
subset {d1d1 D2D2 . . . DjDj} NGPs = j
subset {tng

1 tng
1 T2T2 . . . tng

k tng
k } NGPs = 1

and so on, many other sets of genes.
Pure lines having the smallest NGPs = j + i corresponds

to the set of genes that includes:

subset {X1X1 X2X2 . . . XiXi} NGPs = i
subset {D1D1 D2D2 . . . DjDj} NGPs = j
subset {tng

1tng
1 tng

2tng
2 . . . tng

ktng
k} NGPs = 0

or the set of genes that includes:

subset {X1X1 X2X2 . . . XiXi} NGPs = i
subset {d1d1 d2d2 . . . djdj} NGPs = j
subset {tng

1tng
1 tng

2tng
2 . . . tng

ktng
k} NGPs = 0

or the set of genes that includes:

subset {X1X1 X2X2 . . . XiXi} NGPs = i
subset {d1d1 D2D2 . . . DjDj} NGPs = j
subset {tng

1tng
1 tng

2tng
2 . . . tng

ktng
k} NGPs = 0

and so on, many other sets of genes. Doing similarly as
above, we find that the number of genetic properties of pure
lines change from (i +j) to (i + j + k). Compared to the start-
ing corn plant, the number of genetic properties of pure lines
decrease at least by j and largest by (j + k).

Crossing between pure lines of genetic difference leads
to the increase in NGPs

Assuming that there are two corn pure lines. The first line has
the set of genes that includes:

subset {S1S1 S2S2 . . . SiSi} (1) NGPs = i
subset {D1D1 D2D2 . . . DjDj} (2) NGPs = j
subset {T1T1 T2T2 . . . TkTk} (3) NGPs = k

The number of genetic properties of the first pure line is (i +
j + k).

The second lines has the set of genes that includes:

subset {S1S1 S2S2 . . . SiSi} (1) NGPs = i
subset {E1E1 E2E2 . . . EjEj} (2′) NGPs = j
subset {R1R1 R2R2 . . . RmRm} (3′) NGPs = m

The number of genetic properties of the second pure line is
(i + j + m).

In the two sets of genes written above:
Subset (1) exists in both pure lines. Subsets (2) and (2′)

exist in homologous positions. For example: D1 is in the
same locus to E1, Dj is in the same locus to Ej. Subsets (3)
and (3′) exist in different positions. Any gene of the first

line is in different locus to any gene of the second line. The
larger number of genetic properties of subsets (2), (2′), (3)
and (3′) are, the more genetic difference between two lines
is. Crossing these two pure lines, we obtain hybrids having
the set of genes that includes:

Subset {S1S1 S2S2 . . . SiSi} NGPs = i. Compared to
parents this subset does not change.

Subset {D1E1 D2E2 . . . DjEj} NGPs = 2j. This subset is
related to the heterozygous gene effect proposed by over-
dominance theory. Subset {T1tng T2tng . . . Tktng} NGPs =
k and subset {R1rng R2rng . . . Rmrng} NGPs = m. These sub-
sets are related to the complemented gene effect proposed by
dominance theory. Total number of genetic properties of the
hybrid = i + 2j + k + m. Compared to the first line, num-
ber of genetic properties of hybrids increase by (i + 2j + k
+ m) – (i + j + k) = j + m and compared to the second line,
number of genetic properties increase by (i + 2j + k + m) –
(i + j + m) = j + k.

The decrease in NGPs from the F1 generation of hybrid to the F2
generation and subsequent generations

The NGPs value of F2 generation depends on the geno-
typic distribution. Assuming population mentioned above is
under conditions with Hardy–Weinberg law, we determine
genotypic distribution and NGPs value of F2 population.

Subset {S1S1 S2S2 . . . SiSi} does not change in geno-
typic distribution and the NGPs of it is i. Subsets {D1E1
D2E2 . . . DjEj}, {T1tng T2tng . . . Tktng}, {R1rng R2rng . . .

Rmrng} change in genotypic distribution and NGPs value.
From each loci of subset {D1E1 D2E2 . . . DjEj} there are
three genotypes in F2: from locus D1E1 there are D1D1, D1E1
and E1E1; from locus DjEj there are DjDj, DjEj and EjEj . . .

etc. by the frequency of 0.25, 0.5, 0.25, respectively. The
mean NGPs of each of loci is 0.25×1+0.5×2+0.25×1 =
1.5 and the mean NGPs of the subsets from subset {D1E1
D2E2 . . . DjEj} is 1.5j.

From each loci of subset {T1tng T2tng . . . Tktng} there are
three genotypes: from T1tng there are T1T1, T1tng, tngtng; from
Tktng there are TkTk, Tktng, tngtng . . . etc. by the frequency of
0.25, 0.5, 0.25, respectively. The mean NGPs of each of loci
is 0.25 × 1 + 0.5 × 1 + 0.25 × 0 = 0.75 and the mean NGPs
of the subsets from subset {T1tng T2tng . . . Tktng} are 0.75k.

From each loci of subset {R1rng R2rng . . . Rmrng} there
are three genotypes: from R1rng there are R1R1, R1rng, rngrng;
from Rmtng there are RmRm, Rmtng, tngtng . . . etc. by the fre-
quency of 0.25, 0.5, 0.25, respectively. The mean NGPs of
each of loci is 0.25 × 1 + 0.5 × 1 + 0.25 × 0 = 0.75 and
the mean NGPs of the subsets from subset {R1rng R2rng . . .

Rmrng} are 0.75m. Summing up mean NGPs of three sub-
sets above, the mean NGPs of F2 population is i +1.5j+
0.75 (k + m).

If the population is completely cross-pollinated, the F2
population is in genotypic equilibrium, means that there is
no change in genotypic distribution and therefore there is
no change in NGPs in next generations. However, if the
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population is incompletely cross-pollinated the genotypic
distribution continues to change until it reachs equilibrium.
Corn population is not completely cross-pollinated. Suppos-
ing the rate of self-pollination of this corn population equals
5%, we determine genotypic distribution and NGPs in F3
generation and equilibrium.

Frequencies of each of the two homozygous genotypes
and the heterozygous genotype are 0.25625 and 0.4875 in F3
generation, respectively (see details in appendix). Frequen-
cies of each of the two homozygous genotypes and the het-
erozygous genotype are 0.25641 and 0.48178 in equilibrium,
respectively (see details in appendix).

Similarly, as we determine NGPs of F2 population, we
have: the mean NGPs of F3 generation is i + 1.4875j +
0.74375(k + m). The mean NGPs in equilibrium is i +
1.48718j + 0.74359 (k + m). We see that from F1 to F2 NGPs
decreases greatly and from F2 to subsequent generations
NGPs decreases slightly.

The increase in NGPs is the cause of hybrid vigour
and the decrease in NGPs is the cause

of depression

Crossing two pure lines of genetic difference leads to the
increase in number of genetic properties. This means that
there are more different proteins, protein enzymes in individ-
ual hybrids and therefore there are more different biochem-
ical reactions in more different cells of individual hybrid
organisms. As a result, hybrids grow faster and their biomass
and grain yield increase.

Moreover, every living creature knows how to exploit its
genetic properties effectively to grow and reproduce. And if
deleterious genes are present at heterozygous loci, it knows
how not to use these genes but to use other genes, instead.
Therefore, high individual genetic diversity is often a great
advantage of an organism.

Self-pollinating plants of natural cross-pollination leads to
a decrease in number of genetic properties. This decrease
leads to the loss of some gene products. As a result, growth
rate, biomass and grain yield decrease in offspring.

Discussion
Conventionally, it is considered that the inbreeding depres-
sion is caused by deleterious recessive genes in homozygous
state. By the above presentation, I propose that inbreeding
depression is caused by one more factor, the absence of the
dominant genes in both homologous positions. Inbreeding
depression and heterosis are results of the process of chang-
ing individual genetic diversity in two reverse (decrease and
increase) directions.

As it is presented above in the set of genes of an organism
there are three subsets of genes: subset of homozygous genes,
subset of heterozygous genes and subset of pseudoheterozy-
gous genes. Subset of heterozygous genes contain normal

(wild type) genes and gain-of-function genes, while subset
of pseudoheterozygous genes contain normal genes, gain-of-
function genes and nonsense genes. Normal genes and gain-
of-functions contribute to the individual genetic diversity but
nonsense genes do not. Normal genes and gain-of-function
genes together contribute to the individual genetic diversity
and therefore contribute to hybrid vigour. The dominance
theory and the overdominance theory do not contradict but
complement each other to explain what causes the heterosis
phenomenon.

The debate about what causes heterosis phenomenon has
been lasted for a long time and there have been several ques-
tions which need to be considered. Now researches related
to this subject are continued and we hope that the nature of
heterosis will be understood clearly in near future.

The values in biomass, growth rate and grain yield of
hybrids depend not only on individual genetic diversity.
These values of a variety created by hybrid method as well
as other breeding methods depend on three factors: (i) the
value of each of genes. (ii) Number of genetic properties.
(iii) Interaction between genes of individual organisms of the
variety. The values of different genes are different. The inter-
action between genes is complicated and it may take positive,
zero and negative values. Therefore the values in biomass,
growth rate and grain yield of a variety do not always go
positive-linearly with NGPs.

The answer to the question that which of the three fac-
tors effect more to the values of created variety depends on
germplasms and breeding methods. It is difficult to answer
this question. However, we can say that the characteristic of
the breeding method of making hybrids, compared to other
breeding methods is that it makes and maintains the greatest
individual genetic diversity of the created variety by crossing
two pure lines of genetic differences and cropping hybrids of
the first generation.

Appendix

Genotypic distribution of incompletely
cross-pollinated populations having gene frequency

p = q = 0.5

Genotype distribution in the next generation

Assuming that we have a crop population of incomplete
cross-pollination, which has the rate of self-pollination ‘e’
and the rate of cross-pollination ‘1−e’. In the stating gener-
ation of this population frequency of A gene is p = 0.5, fre-
quency of gene a is q = 0.5. Frequency of AA genotype =
a1, frequency of Aa genotype = b1 and frequency of geno-
type aa = c1. Because p = q, so a1 = c1 and a1+ b1+ c1 =
2a1+ b1 = 1.

Assuming that this population is infinitely large and there
are no mutation, selection and migration (under conditions of
Hardy–Weinberg law) we determine the distribution of geno-
typic frequencies of AA, Aa, aa in the next generation as
follows.
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Genotypic frequencies Rate of Genotypic frequencies of the next generation
of starting generation pollination AA Aa aa

AA a1 e by self ea1 0 0
1−e by cross 0.5(1−e)a1 0.5(1−e)a1 0

Aa b1 e by self 0.25eb1 0.5e b1 0.25eb1
1−e by cross 0.25(1−e)b1 0.5(1−e)b1 0.25(1−e)b1

aa c1 e by self 0 0 ec1
1−e by cross 0 0.5(1−e)c1 0.5(1−e)c1

By summing up in AA column the frequency of AA genotype
of the next generation (a2) is:

a2 = ea1 + 0.5(1 − e)a1 + 0.25eb1 + 0.25(1 − e)b1

= 0.5ea1 + 0.5a1 + 0.25eb1 + 0.25(1 − e)b1

= 0.5ea1 + 0.5a1 + 0.25b1

Substitute 1 – 2a1 for b1 we have: a2 = 0.5ea1+0.5a1+
0.25(1 – 2a1) = 0.5ea1+0.5a1+ 0.25 – 0.5a1 = 0.5ea1+
0.25. Frequency of AA genotype in the next generation is:

a2 = 0.5ea1 + 0.25, because a1 = c1, thus a2 = c2

= 0.5ea1 + 0.25.
By summing up in Aa column the frequency of Aa genotype
in the next generation (b2) is
b2 = 0.5(1 − e)a1 + 0.5eb1 + 0.5(1 − e)b1 + 0.5(1 − e)c1

= 0.5(1 − e)(a1 + c1) + 0.5(e + 1 − e)b1

Substitute 1 – b1 for a1+ c1 in above formula, we have

b2 = 0.5(1 − e)(1 − b1) + 0.5b1

= 0.5 − 0.5e − 0.5b1 + 0.5eb1 + 0.5b1

= 0.5eb1 − 0.5e + 0.5

Frequency of Aa genotype in the next generation is b2 =
0.5eb1 − 0.5e + 0.5.
Genotype distribution in the nth generation and genotypic
equilibrium

Frequency of each of two homozygotes: From formula a2 =
0.5ea1 + 0.25, we have AA genotype frequency in the third
generation is:

a3 = 0.5ea2 + 0.25, substitute 0.5ea1+ 0.25 for a2, then
a3 = 0.5e(0.5ea1+ 0.25) + 0.25 = (0.5e)2 a1+ 0.25(0.5e)
+ 0.25. Doing similarly above, we have a4 = (0.5e)3a1+
0.25(0.5e)2+ 0.25(0.5e) + 0.25 and an = (0.5e)n−1a1+
0.25(0.5e)n−2 + · · · 0.25(0.5e)2 + 0.25(0.5e)1+ 0.25(0.5e)0

an = (0.5e)n−1a1 + 0.25[(0.5e)n−2 + · · · (0.5e)2 + (0.5e)1

+ (0.5e)0]
= (0.5e)n−1a1 + 0.25

n−2∑

j=0

(0.5e)j

an = (0.5e)n−1a1 + 0.25
1 − (0.5e)n−1

1 − (0.5e)

Let n be infinite:

lim
n→∞ an = (0.5e)n−1a1 + 0.25

1 − (0.5e)n−1

1 − (0.5e)
= 0.25

1 − 0.5e
.

AA genotype frequency will reach to constant value.
Denoting this value of AA genotype frequency aequil we have
formula:

aequil = 0.25
1 − 0.5e

Because a1 = c1, therefore we have:

an = cn = (0.5e)n−1a1 + 0.25
1 − (0.5e)n−1

1 − (0.5e)
and

aequil = cequil = 0.25
1 − 0.5e

Frequency of heterozygote: From formula b2 = 0.5eb1− 0.5e
+ 0.5, we have Aa genotype frequency in the third genera-
tion is: b3 = 0.5eb2− 0.5e + 0.5, substitute 0.5eb1− 0.5e
+ 0.5 for b2, then b3 = 0.5e(0.5eb1− 0.5e + 0.5) − 0.5e +
0.5 = (0.5e)2b1− (0.5e)2+ 0.5(0.5e) − (0.5e) + 0.5. Doing
similarly above, we have

b4 = (0.5e)3b1 − (0.5e)3 + 0.5(0.5e)2 − (0.5e)2 + 0.5(0.5e)
−(0.5e) + 0.5

= (0.5e)3b1−(0.5e)3−0.5(0.5e)2−0.5(0.5e)1 + 0.5 and
bn = (0.5e)n−1b1−(0.5e)n−1−0.5(0.5e)n−2−· · ·−0.5(0.5e)1

+0.5(0.5e)0

= (0.5e)n−1b1−(0.5e)n−1−0.5(0.5e)n−2−· · ·−0.5(0.5e)1

−0.5(0.5e)0 + 1
= 1 + (0.5e)n−1b1 − (0.5e)n−1 − 0.5[(0.5e)n−2 + · · ·

+(0.5e)1 + (0.5e)0]
= 1 + (0.5e)n−1b1 − (0.5e)n−1 − 0.5

n−2∑

j=0

(0.5e)j

bn = 1 + (0.5e)n−1b1 − (0.5e)n−1 − 0.5
1 − (0.5e)n−1

1 − (0.5e)

Let n be infinite:

lim
n→∞ bn = 1 + (0.5e)n−1b1 − (0.5e)n−1 − 0.5

1 − (0.5e)n−1

1 − (0.5e)

= 1 − 0.5
1 − 0.5e

.
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Aa genotype frequency will reach to constant value. Denot-
ing this value of Aa genotype frequency bequil we have
formula:

bequil = 1 − 0.5
1 − 0.5e

.

Applying above formulas to determine genotypic distribution
in hybrid populations

We determine genotypic distribution of hybrid populations
with the starting generation being the first generation that
has frequency of heterozygous genotype is 1 and each of two
homozygous genotypes is 0. Genotypic distribution in sub-
sequent generations depend on the rate of self-pollination.
Some examples:

Example 1. Genotypic distribution of hybrid population of
completely self-pollinated plant.

Because the frequency of homozygous genotype in F1 is
a1 = c1 = 0 and the rate of self-pollinated is e = 1, thus in
F2, frequency of homozygous genotype is:

a2 = c2 = (0.5e)n−1a1 + 0.25
1 − (0.5e)n−1

1 − (0.5e)

= 0.25
1 − 0.5
1 − 0.5

= 0.25.

In F3 frequency of homozygous genotype is

a3 = c3 = 0.25
1 − 0.52

1 − 0.5
= 0.375.

In F4 frequency of homozygous genotype is

a4 = c4 = 0.25
1 − 0.53

1 − 0.5
= 0.4375.

Equilibrium frequency of homozygous genotype is

aequil = cequil = 0.25
1 − 0.5e

= 0.25
1 − 0.5

= 0.5.

Because frequency of heterozygous genotype of F1 b1 =
1, and the rate of self-pollination is e = 1, thus in F2
frequency of heterozygous genotype is

b2 = 1 + (0.5e)n−1b1 − (0.5e)n−1 − 0.5
1 − (0.5e)n−1

1 − (0.5e)

= 1 − 0.5
1 − 0.5
1 − 0.5

= 0.5.

In F3 frequency of heterozygous genotype is:

b3 = 1 − 0.5
1 − 0.52

1 − 0.5
= 0.25.

In F4 frequency of heterozygous genotype is:

b4 = 1 − 0.5
1 − 0.53

1 − 0.5
= 0.125.

Equilibrium frequency of heterozygous genotype is:

bequil = 1 − 0.5
1 − 0.5e

= 0.

We see that in F2 generation frequency of each of the
two homozygous genotypes is 0.25 and frequency of the
heterozygous genotype is 0.5. The frequency of heterozy-
gous genotype halves from generation to generation until it
reaches to zero.

Example 2. Genotypic distribution of hybrid population of
incompletely cross-pollinated plant with the rate of self-
pollination is e = 0.5.

Because frequency of homozygous genotype of F1 is a1 =
c1 = 0, the rate of self-pollinated is e = 0.5, thus in F2
frequency of homozygous genotype is

a2 = c2 = (0.5e)n−1a1 + 0.25
1 − (0.5e)n−1

1 − (0.5e)

= 0.25
1 − 0.5 × 0.5
1 − 0.5 × 0.5

= 0.25.

In F3 frequency of homozygous genotype is

a3 = 0.25
1 − (0.5 × 0.5)2

1 − 0.5 × 0.5
= 0.3125.

In F4 frequency of homozygous genotype is

a4 = 0.25
1 − (0.5 × 0.5)3

1 − 0.5 × 0.5
= 0.328125.

Equilibrium frequency of homozygous genotype is

aequil = cequil = 0.25
1 − 0.5e

= 0.25
1 − 0.5 × 0.5

= 1
3

Because frequency of heterozygous genotype of F1 b1 = 1,
and the rate of self-pollination is e = 0.5, thus in F2 frequency
of heterozygous genotype is

b2 = 1 + (0.5e)n−1b1 − (0.5e)n−1 − 0.5
1 − (0.5e)n−1

1 − (0.5e)

= 1 − 0.5
1 − (0.5 × 0.5)1

1 − 0.5 × 0.5
= 0.5.

In F3 frequency of heterozygous genotype is

b3 = 1 − 0.5
1 − (0.5 × 0.5)2

1 − 0.5 × 0.5
= 0.375.

In F4 frequency of heterozygous genotype is

b4 = 1 − 0.5
1 − (0.5 × 0.5)3

1 − 0.5 × 0.5
= 0.34375.

Equilibrium frequency of heterozygous genotype is

bequil = 1 − 0.5
1 − 0.5 × 0.5

= 1
3

.

We see that in a state of equilibrium frequencies of three
genotypes are equal.

Example 3. Genotypic distribution of hybrid population of
incompletely cross-pollinated plant with the rate of self-
pollination is e = 0.05.
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Because frequency of homozygous genotype in F1 is a1 =
c1 = 0, the rate of self-pollinated is e = 0.05, thus in F2
frequency of homozygous genotype is

a2 = c2 = (0.5e)n−1a1 + 0.25
1 − (0.5e)n−1

1 − (0.5e)

= 0.25
1 − (0.5 × 0.05)1

1 − 0.5 × 0.05
= 0.25.

In F3 frequency of homozygous genotype is

a3 = 0.25
1 − (0.5e)n−1

1 − (0.5e)
= 0.25

1 − (0.5 × 0.05)2

1 − 0.5 × 0.05

= 0.25625.

In F4 frequency of homozygous genotype is

a4 = 0.25
1 − (0.5e)n−1

1 − (0.5e)
= 0.25

1 − (0.5 × 0.05)3

1 − 0.5 × 0.05

≈ 0.256406.

Equilibrium frequency of homozygous genotype is

aequil = cequil = 0.25
1 − 0.5e

= 0.25
1 − 0.5 × 0.05

≈ 0.256410.

Because frequency of heterozygous genotype of F1 b1 =
1, and the rate of self-pollination is e = 0.05, thus in F2
frequency of heterozygous genotype is

b2 = 1 + (0.5e)n−1b1 − (0.5e)n−1 − 0.5
1 − (0.5e)n−1

1 − 0.5e

= 1 − 0.5
1 − (0.5 × 0.05)1

1 − 0.5 × 0.05
= 0.5.

In F3 frequency of heterozygous genotype is:

b3 = 1 − 0.5
1 − (0.5 × 0.05)2

1 − 0.5 × 0.05
= 0.4875.

In F4 frequency of heterozygous genotype is:

b4 = 1 − 0.5
1 − (0.5 × 0.05)3

1 − 0.5 × 0.05
≈ 0.487188.

Equilibrium frequency of heterozygous genotype is:

bequil = 1 − 0.5
1 − 0.5e

= 1 − 0.5
1 − 0.5 × 0.05

≈ 0.487179.

We see that heterozygous frequency decreases greatly and
from F1 to F2 and decreases slightly from F2 to subsequent
generations.
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