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Allogamy

Purpose and expected outcomes

There are major world crops that reproduce via allogamy. The breeding methods for autogamy are different from
those for allogamy because the mode of reproduction has such profoundly different genetic consequences. After study-
ing this chapter, the student should be able to:

1 Discuss the natural mechanisms that favor allogamy.
2 Discuss the genetic consequences of allogamy.
3 Discuss the implications of allogamy in crop improvement.

6.1 What is allogamy?

Allogamy occurs when fertilization of the flower of a
plant is effected by pollen donated by a different plant
within the same species. This is synonymous with
cross-pollination, cross-fertilization or outbreed-
ing, involving the actual fusion of gametes (sperm
and ovum). An (incomplete) list of allogamous spe-
cies is presented in Table 6.1.

6.2 Mechanisms that favor allogamy

Allogamous species depend on agents of pollination,
especially wind and insects, and hence tend to pro-
duce large amounts of pollen and have large, bright-
colored fragrant flowers to attract insects. They com-
monly have taller stamens than carpels or use other

mechanisms to better ensure the dispersal of pollen
to other plants flowers. Other provisions that pro-
mote cross-fertilization are mechanisms that control
the timing of the receptiveness of the stigma and
shedding of pollen and, thereby, prevent autogamy
within the same flower. In protandry, the anthers
release their pollen before the stigma of the same
flower is receptive (protandrous flower). In proto-
gyny, the stigma is receptive before the pollen is
shed from the anthers of the same flower (protogy-
nous flower). Several mechanisms occur in nature by
which cross-pollination is ensured, the most effective
being dioecy, monoecy, dichogamy, and self-
incompatibility. Some mechanisms are stringent in
enforcing cross-pollination (e.g., dioecy), while
others are less so (e.g., monoecy). These mechanisms
are exploited by plant breeders during the controlled
pollination phase of their breeding programs, so that
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only desired pollen sources participate in siring the
next plant generation.

6.2.1 Monoecy

Some flowers are complete (possess all the four basic
parts) while others are incomplete (are missing one or
more of the four basic floral parts). Furthermore, in
some species, the sexes are separate. When separate
male and female flowers occur on the same plant, the
condition is called monoecy. Sometimes, the male
and female flowers occur in different kinds of
inflorescence (different locations, as in corn). Other
examples of monoecious plant include most figs,
birch, and pine trees. It is easier and more convenient
to self-pollinate plants when the sexes occur in the
same inflorescence. In terms of seed production,
monoecy and dioecy may appear to be inefficient
because not all flowers produce seed. Some flowers
produce only pollen.

6.2.2 Dioecy

When the sexes occur on different plants (i.e., there
are female plants and male plants), the condition is
called dioecy. Examples of dioecious crop species
include date, hops, asparagus, spinach, holly, and
hemp. The separation of the sexes means that, by
necessity, all seed from dioecious species are hybrid in
composition. Where the economic product is the seed
or fruit, it is imperative to have female and male plants
in the field in an appropriate ratio. In dioecious fruit
orchards (e.g., date, persimmons), 3–4 males per
100 females may be adequate. In hops, the commer-
cial product is the female inflorescence. Unfertilized
flowers have the highest quality. Consequently, it is
not desirable to grow pollinators in the same field
when growing hops. Dioecious crops propagated by
seed may be improved by mass selection or controlled
hybridization.

6.3 Genetic and breeding implications
of allogamy

The genotype of the sporophytic generation is highly
heterozygous while the genotypes of gametes of a sin-
gle plant are all different. The genetic structure of a
cross-pollinated species is characterized by a high level
of heterozygosity. However, this is not to say that at
each locus heterozygosity occurs. Especially when the
allele frequency of certain genes is high (Chapter 3), a
plant may very well be homozygous for that locus.
Another source of some homozygosity may be due to
occasional selfing in a plant. Unlike allogamous
species in which formation of new gene combinations
are discouraged, cross-pollinated species share a wide
gene pool from which new combinations are created
to form the next generation.

It is instructive to state that in autogamous crops
in principle the whole genotype is transmitted
through the generations (i.e., they are “immortal”).
Homozygous plants reproduce genetically identically.
Consequently, the unit of selection in a mixture of
homozygous lines is genotype. In contrast, in alloga-
mous crops the unit of selection is the single gene.
The gene in this case is “immortal.” Genotypes perish
(lose their identity) at each round of sexual reproduc-
tion. The only way the genotype can become
immortal and be the unit of selection in allogamous
crops is when they are clonally propagated, as is the
case in potato.

Table 6.1 Examples of predominantly cross-pollinated
species.

Common name Scientific name

Alfalfa Medicago sativa
Annual ryegrass Lolium multiflorum
Banana Musa spp.
Birdsfoot trefoil Lotus corniculatus
Cabbage Brassica oleracea
Carrot Daucus carota
Cassava Manihot esculentum
Cucumber Cucumis sativa
Fescue Festuca spp.
Kentucky bluegrass Poa pratense
Maize Zea mays
Muskmelon Cucumis melo
Onion Allium spp.
Potato Solanum tuberosum
Radish Raphanus sativus
Rye Secale cereale
Sugarbeet Beta vulgaris
Sunflower Helianthus annuus
Sweet potato Ipomoea batatus
Watermelon Citrullus lanatas

Though predominantly pollinated, some of these species may have

another reproductive mechanism in breeding and crop cultural sys-
tems. For example, banana is vegetatively propagated (and not

grown from seed), as are cassava and sweet potato; cabbage and

maize are produced as hybrids.
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Allogamous species may undergo self-fertilization
to a varying extent. In that case the progeny usually
suffers from inbreeding depression. Deleterious
recessive alleles that were suppressed because of heter-
ozygous advantage have opportunities to become
homozygous, and therefore become expressed.
However, such depression is reversed upon cross-pol-
lination. Hybrid vigor (the increase in vigor of the
hybrid over its partially homozygous and distinct par-
ents) is exploited in hybrid seed production (Chapter
18). In addition to hybrid breeding, population-
based improvement methods (e.g., mass selection,
recurrent selection, and synthetic cultivars) are com-
mon methods of breeding cross-pollinated species.

6.4 Inbreeding depression

As previously stated, inbreeding or crossing closely
related parents results in reduced fitness or vigor of
individuals in the progenitor population, a condition
called inbreeding depression. Reduction in fitness
usually manifests itself as a reduction in vigor, fertility,
and productivity, and is seen as lower biomass per
plant, lower fecundity, malformation of organs and
lower germination of seeds. The effect of inbreeding
is more severe in the early generations (5–8) than in
later generations. Just like heterosis, inbreeding
depression is not uniformly manifested in plants.
Plants including onions, sunflower, cucurbits, maize
and rye are rather tolerant of inbreeding with low or
no inbreeding depression. On the other hand, crops
such as alfalfa and carrot are highly intolerant of
inbreeding.

6.4.1 The concept of genetic load

Genetic load (or genetic burden) may be defined as the
decrease in fitness of the average individual in a popula-
tion due to the presence of deleterious genes or
genotypes in the gene pool. In other words, it is the
reduction in selective value for a population compared
to what it would otherwise have if all the individuals had
the most favored genotype. Statistically, its value ranges
between zero (no load) and one. It is generally believed
that most species carry a genetic load of 3–5 recessive
lethal genes. The genes are mostly hidden (enjoy heter-
ozygous advantage). Inbreeding usually causes the
genetic load to increase. Genetic load has three compo-
nents – mutational load (due to harmful mutations),

segregational load (due to heterozygous advantage),
and substitutional or frequency-dependent load (occurs
during transient polymorphism; it arises in a population
in which natural selection is acting to substitute one
allele for another). Genetic load generally lowers the
viability of a population.

Because of selection, the frequency of deleterious
recessive alleles in a population is expected to decrease
rapidly with higher levels of inbreeding. Eventually,
these alleles may be lost from the population, a pro-
cess sometimes referred to as purging populations of
their genetic load. Populations that have experienced
long periods of inbreeding are expected to show less
inbreeding consequences.

6.5 Hybrid vigor

Hybrid vigor or heterosis is opposite and comple-
mentary to inbreeding depression (reduction in fit-
ness as a direct result of inbreeding). In theory, the
heterosis observed after crossing is expected to be
equal to the depression upon inbreeding, considering
a large number of crosses between lines derived
from a single base population. In practice, plant
breeders are interested in heterosis expressed by spe-
cific crosses between selected parents, or between
populations that have no known common recent ori-
gin. Furthermore, because heterosis is subject to the
interactions between genotype and environment, it is
desirable to describe the heterosis of a particular
hybrid line for a specific trait at a specific location or
under specified environmental conditions.

Hybrid vigor may be defined as the increase in size,
vigor, fertility, and overall productivity of a hybrid plant,
F1, over the mid-parent value (average performance of
the two parents P1 and P2). It is calculated as the differ-
ence between the cross-bred and inbred means.

Hybrid vigor ¼ f½F1 � ðP1 þ P2Þ=2�=½ðP1 þ P2Þ=2�g

The estimate is usually calculated as a percentage
(i.e.,� 100).

The synonymous term, heterosis, was coined by
G.H. Shull. Heterosis is of little commercial value
(and hencevalue to the farmer) if a hybrid will only
exceed the mid-parent in performance. Hence, the
practical definition of heterosis is hybrid vigor that
greatly exceeds the better or higher parent in a cross.
Such advantageous hybrid vigor is observed, in
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particular, when breeders cross parents that are genet-
ically diverse. Heterosis occurs when two inbred lines
of outbred species are crossed.

In theory, heterosis may be “positive” or
“negative”. This is largely an artificial distinction.
Positive heterosis is generally desired for traits like
yield, while negative heterosis is desired for traits such
as early maturity. Three kinds of heterosis may be dis-
tinguished as – mid-parent, standard variety, and bet-
ter parent (also called heterobeltiosis). Standard
variety (or check) heterosis is measured by comparing
the hybrid to existing high yield commercial variety.
Considering the fact that breeders aim to develop cul-
tivars that excel in performance to existing commer-
cial ones, standard variety heterosis is perhaps most
desirable to breeders.

Heterosis, though widespread in the plant king-
dom, is not uniformly manifested in all species and
for all traits. It is manifested at a higher intensity in
traits that have fitness value, and also more frequently
and at higher levels among cross-pollinated species
than self-pollinated species. All breeding methods
that are preceded by crossing make use of heterosis to
some extent. However, it is only in hybrid cultivar
breeding and the breeding of clonally propagated
varieties that the breeder has the opportunity to
exploit the phenomenon to full advantage.

Hybrids may have dramatically increased yields
compared to open-pollinated cultivars. By the early
1930s (before extensive use of hybrids), maize yield
in the United States averaged 1250 kg/ha. By the
early 1970s (following the adoption of hybrids),
maize yields quadrupled to 4850 kg/ha. The contri-
bution of hybrids (genotype) to this increase was esti-
mated at about 60%, the remainder being attributed
to production practices.

6.5.1 Genetic basis of heterosis

Three schools of thought have been advanced to
explain the genetic basis for why fitness lost on
inbreeding tends to be restored upon crossing. The
two most commonly known are the dominance the-
ory, first proposed by C.G. Davenport in 1908 and
later by I.M. Lerner, and the overdominance theory,
first proposed by G. H. Shull in 1908 and later by
K. Mather and J.L. Jinks. A third theory, the mecha-
nism of epistasis (non-allelic gene interactions), has also
been proposed by researchers (such as A.C. Fasoulas
and R.W. Allard in 1962). Any viable theory should

account for both inbreeding depression in cross-
pollinated species upon selfing and increased vigor in
F1, upon hybridization. It should be pointed out that
the proposed mechanisms do not occur in exclusion to
one another but indeed could operate simultaneously,
each in different genes. Further, even though the
dominance theory is the most favored by most scien-
tists, none of the theories is completely satisfactory.

Dominance theory

The dominance theory assumes that vigor in plants is
conditioned by dominant (functional) alleles, reces-
sive alleles being deleterious or neutral in effect,
mostly representing loss-of-function versions of the
original dominant gene. It follows then that a
genotype with more dominant alleles will be more
vigorous than one with few dominant alleles. Conse-
quently, inbreeding parents that are homozygous
dominant or heterozygous at most loci will be vigor-
ous but upon inbreeding heterozygous loci may result
in progeny that is homozygous for recessive non-
functional alleles at several or many loci, resulting in
inbreeding depression. If such inbreeding is done on
two parents that are of distinct origin, chances are low
that they will carry deleterious alleles for the same
loci. Therefore, crossing two such largely homozy-
gous parents with complementary dominant and
recessive alleles will concentrate more favorable alleles
in the hybrid than either inbred parent. In practice,
linkage and the large number of genes to be taken
care of prevent the breeder from developing inbred
lines that contain all dominant alleles in homozygous
state. Inbreeding depression occurs upon selfing
because the deleterious recessive alleles that are pro-
tected in the heterozygous condition (heterozygous
advantage) become homozygous and are expressed.
In corn, inbred lines have been developed with a lim-
ited number and limited deleteriousness of homozy-
gous recessive alleles, resulting in only limited
inbreeding depression. These inbred lines are suffi-
ciently fit to produce enough seeds to serve as parents
for hybrid cultivar seed production.

To illustrate this theory, assume a quantitative trait
like seed yield is conditioned by four loci. Assume that
each allele in the dominant homozygous or heterozy-
gous state contributes two units to the phenotype,
while a recessive homozygous genotype contributes
one unit. A cross between two inbred parents pro-
duces the following outcome:
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P1 x P2

(AAbbCCdd) (aaBBccDD)

Phenotypic value 2þ 1þ 2þ1¼6 # 1þ 2þ1þ2¼6

F1 (AaBbCcDd)
2þ 2þ 2þ2¼8

because the homozygous and heterozygous dominant
state will both contribute two units to the phenotype.
The result is that the F1 would be more productive
than either parent.

D.L. Falconer developed a mathematical expression
for the relationship between the parents in a cross that
leads to heterosis as follows:

HF1 ¼ Sdy2

where HF1 is the deviation of the hybrid from the
mid-parent value, d is the degree of dominance, and y

is the difference in gene frequency in the parents of
the cross. From the expression, maximum mid-parent
heterosis (HF1) will occur when the values of the two
factors (d, y) are each unity. That is, the populations
to be crossed are fixed for opposite alleles (y¼ 1.0)
and there is complete dominance (d¼ 1.0).

Overdominance theory

The phenomenon of a heterozygote being superior
to the best performing homozygote is called over-
dominance (i.e., heterozygosity per se is assumed to
be responsible for heterosis). A possible explanation
for this could be the fact that genes normally have
pleiotropic effects and, thereby, contribute simulta-
neously to many measurable traits of the plant. The
overdominance theory assumes that the alleles of a

gene (e.g., A, a) are contrasting but each has a dif-
ferent favorable effect in the plant. In this view
allele a is not supposed to have a loss of function.
Consequently, a heterozygous locus would have
greater positive effect than either homozygous
locus and, by extrapolation, a genotype with more
heterozygous loci would be more vigorous than
one with less heterozygous loci.

To illustrate this phenomenon, consider a quantita-
tive trait conditioned by four loci. Assume that reces-
sive, heterozygote, and homozygote dominants
contribute 1, 2, and 11/2 units to the phenotypic
value, respectively:

Heterozygosity leads to the highest trait values of the
three genotypes.

Where the dominance theory applies, heterosis,
theoretically, can be fixed in a pure line; however,
where overdominance applies, this cannot occur. Of
course, both theories are not exclusive. Some types of
gene may contribute to heterosis because of the dom-
inance effect, others because of the overdominance
effect.

6.5.2 Biometrics of heterosis

Heterosis may also be defined in two basic ways:

(i) Better-parent heterosis. This is calculated as the
degree by which the F1 mean exceeds the better
parent in the cross.

P1 x P2

(AAbbCCdd) (aaBBccDD)
Phenotypic value 11/2þ 1þ11/2þ1¼5 # 1þ11/2þ1þ11/2¼5

(AaBbcCdD)
2þ2þ2þ2¼8
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(ii) Mid-parent heterosis. Calculated as the degree
by which the F1 mean exceeds the mean of the
parents in the cross.

For breeding purposes, the breeder is most inter-
ested to know whether heterosis can be exploited
(e.g., fixed) for crop improvement. To do this, the
breeder needs to understand the types of gene
action involved in the phenomenon as it operates in
the breeding population of interest. As Falconer
indicated, in order for heterosis to manifest for the
breeder to exploit, some level of dominance gene
action must be present in addition to the presence
of relative difference in gene frequency in the two
parents. Below it is derived that the degree of heter-
osis will depend on the number of loci that have
contrasting alleles in the two parental populations
or lines, as well as on the level of dominance at
each locus.

Given two populations (A, B) in Hardy–Weinberg
equilibrium, with genotypic values and frequencies
for one locus with two alleles (A1 and A2) occurring
in frequencies p and q (in which q¼ 1� p) respectively
for population A, and in frequencies r and s (in which
s¼ 1� r) for population B as follows:

After a cross (A�B) between the populations in
Hardy–Weinberg equilibrium and genotypic values
and frequencies in the cross as follows:

Genotypes Frequencies Genotypic values

A1A1 pr þd
A1A2 psþqr d
A2A2 qs –d

where p and r are the frequencies of allele A1 and q
and s are frequencies of alleles A2 in the two popula-
tions. The mean genotypic values of the populations
are PA and PB:

PA ¼ ðp � qÞa þ 2pqd

¼ ð2p � 1Þa þ 2ðp � q2Þd
PB ¼ ðr � sÞa þ 2rsd

¼ ð2r � 1Þ þ 2ðr � r2Þd
F ¼ ðpr � qsÞa þ ðps þ qrÞd

¼ ðp þ r � 1Þa þ ðp þ r � 2prÞd

Calculating heterosis (HMP) as a deviation from the
mid-parent values is as follows:

HMP ¼ F 1 � ðP1 þ P2Þ=2
¼ ½ðp þ r � 1Þa þ ðp þ r � 2prÞd�

� 1=2½ð2p � 1Þa þ 2ðp � q2Þd
þð2r � 1Þa þ 2ðr � 1Þa þ 2ðr � r2Þd�

¼ ðp � rÞ2d

From the foregoing, if d¼ 0 (no dominance), het-
erosis¼ 0 (i.e., F¼MP, the mean of mid-parents).
On the other hand, if in population A p¼ 0 or 1 and
by the same token in population B r¼ 1 or 0 for the
same locus, depending on whether the allele is in
homozygous recessive or dominant state there will
be a heterotic response. In the first generation, the

heterotic response will be due to the loci where p¼ 1
and r¼ 0, or vice versa. The highest heterosis will
occur when one allele is fixed in one population and
the other allele in the other. If gene action is com-
pletely additive, the average response would be equal
to the mid-parent, and hence heterosis will be zero.
On the other hand, if there is dominance and/or epis-
tasis, heterosis will occur.

Plant breeders develop cultivars that are homozy-
gous (in autogamous crops). When there is complete
or partial dominance, the best genotypes to develop
are homozygotes or heterozygotes, where there could
be opportunities to discover transgressive segregates.
On the other hand, when non-allelic interaction is

Genotypes Gene frequency Genotypic Number of A1

Population A Population B values alleles

A1A1 p2 r2 þa 2
A1A2 2pq 2rs d 1
A2A2 q2 s2 –a 0
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significant, the best genotype to breed would be a
heterozygote.

Some recent views on heterosis have been pub-
lished. Some maize researchers have provided evi-
dence to the effect that the genetic basis of heterosis
is partial dominance to complete dominance. A num-
ber of research data supporting overdominance sug-
gest that it resulted from pseudo-overdominance
arising from dominant alleles in repulsion phase link-
age. Yet, still, some workers in maize research have
suggested epistasis between linked loci to explain the
heterosis.

6.5.3 Factors to consider in using heterosis in
breeding

Springer and Stupar (2007) summarized four factors
to note when considering the application of heterosis
in crop improvement:

(i) The magnitude of heterosis is variable among
species. The effects of heterosis are stronger and
more ubiquitous in corn (allogamous species)
than in, say, Arabidopsis (autogamous species).

(ii) The level of heterosis for specific traits varies and
is not correlated in different hybrids of the same
species. This indicates that the phenomenon of
heterosis is not conditioned by the action of a
single locus, nor does it simply represent the
overall extent of heterozygosity between parents.

(iii) Generally, heterosis increases as the genetic dis-
tance between the parental inbreds increases.
However, there is a threshold that when genetic
distance between the parents is exceeded, hetero-
sis decreases. Whereas this appears to suggest a
relationship between genetic diversity and heter-
osis, this relationship is not strong enough to
make it a predictive tool.

(iv) The allelic variation that produces heterosis does
not represent the totality of variation that occurs.
Not all allelic variants in a species’ population will
be fixed in inbred lines because variants with
strong deleterious phenotypes will be selected
against by breeders. Consequently, the range of
allelic variation in inbred lines that can contribute
to heterosis is limited to only the variation with
beneficial effects for a specific trait or that which
has limited deleterious effects. In other words,
not all allelic variation between parental pairs
contributes to heterosis. Some allelic variation
will not be fixed, that is, when the homozygous

state of a certain allele is deleterious to the
genotype.

6.6 Concept of heterotic relationship

Genetic diversity in the germplasm used in a breeding
program affects the potential genetic gain that can be
achieved through selection. The most costly and time
consuming phase in a hybrid program is the identifi-
cation of parental lines that would produce superior
hybrids when crossed. Hybrid production exploits
the phenomenon of heterosis, as already indicated.
Genetic distance between parents plays a role in
heterosis.

In general, heterosis is considered an expression of
the genetic divergence among cultivars. When hetero-
sis is significant for certain trait(s), it may be con-
cluded that there is genetic divergence among the
parental cultivars for that/those trait(s). Information
on the genetic diversity and distance among the
breeding lines, and the correlation between genetic
distance and hybrid performance, are important for
determining breeding strategies, classifying the paren-
tal lines, defining heterotic groups, and predicting
future hybrid performance.

6.6.1 Definition

Plant breeders seek ways of facilitating the use of
available germplasm effectively for plant improve-
ment. One such way is to classify inbred lines into
heterotic groups for creation of predictable hybrids.
Crosses between inbreds from different heterotic
groups result in vigorous F1 hybrids, with significantly
more heterosis than F1 hybrids from inbreds within
the same heterotic group or pattern. When two
parental lines result in progeny with high heterosis,
they are said to have high (or favorable) combining
ability. A heterotic group may hence be defined as a
group of related or unrelated genotypes from the
same or different populations, which display combin-
ing ability when crossed with genotypes from other
germplasm groups. A heterotic pattern, on the other
hand, involves specific pairs of heterotic groups,
which may be populations or lines, that express high
heterosis and, consequently, high hybrid performance
in their crosses. Such a pattern has been established in
the US Corn Belt germplasm for Reid Stiff Stalk vs.
Lancaster. Heterotic patterns can be revealed through
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combining ability tests. It should be pointed out that
heterotic patterns can change, based on the environ-
ment under which the evaluation is conducted. Stabil-
ity of heterotic patterns is useful information for
formulating an effective breeding strategy for a region
with variable growing conditions.

Knowledge of the heterotic groups and patterns is
helpful in plant breeding. It helps breeders to use
their germplasm in an efficient and consistent manner
through exploitation of complementary lines to maxi-
mize the outcomes of a hybrid breeding program.
Breeders may use heterotic group information for cat-
aloging diversity and directing the introgression of
traits and creation of new heterotic groups.

The concept of heterotic groups was first developed
by maize researchers who observed that inbred lines
selected out of certain populations tended to pro-
duce, in particular, superior performing hybrids when
hybridized with inbreds from a certain other group.
The existence of heterotic groups has been attributed
to the possibility that populations of divergent back-
grounds might have unique allelic diversity that could
have originated from founder effects, genetic drift, or
accumulation of unique diversity by mutation or
selection. Interallelic interaction (overdominance) or
repulsion phase linkage among loci showing domi-
nance (pseudo-overdominance) could explain the sig-
nificantly greater heterosis observed following a cross
between genetically divergent populations. Experi-
mental evidence supports the concept of heterotic
patterns. Such research has demonstrated that inter-
group hybrids significantly out-yielded intragroup
hybrids. In maize, one study showed that intergroup
hybrids between Reid Yellow Dent�Lancaster Sure
Crop out-yielded intragroup hybrids by 21%.

D. Melchinger and R.R.Gumber (1998) noted that
heterotic groups are the backbone of successful
hybrid breeding and, hence, a decision about them
should be made at the beginning of a hybrid crop
improvement program. They further commented that
once established and improved over a number of
selection cycles, it is extremely difficult to develop
new and competitive heterotic groups. This is
because, at an advanced stage, the gap in perform-
ance between improved breeding materials and
unimproved source materials is often too large.
However, the chance to develop new heterotic
groups could be enhanced with a change in breed-
ing objectives. Once developed, heterotic groups
should be broadened continuously by introgressing

unique germplasm in order to sustain medium and
long term gains from selection.

6.6.2 Methods for developing heterotic groups

A number of procedures may be used by breeders to
establish heterotic groups and patterns. These include
pedigree analysis, geographic isolation inference,
measurement of heterosis, and combining ability
analysis. Some have used diallel analysis to obtain
preliminary information on heterotic patterns. The
procedure is recommended for use with small popula-
tions. The technology of molecular markers may be
used to refine existing groups and patterns or to expe-
dite the establishment of new ones through the deter-
mination of genetic distances.

To establish a heterotic group and pattern, breeders
make crosses between or within populations. Inter-
group hybrids have been shown to be superior over
intragroup hybrids in establishing heterotic relation-
ships. In practice, most of the primary heterotic
groups were not developed systematically but rather
by relating the observed heterosis and hybrid per-
formance with the origin of parents included in the
crosses. One of the earliest contributions to knowl-
edge in the area of developing heterotic patterns was
made in 1922. Comparing heterosis for yield in a
large number of intervarietal crosses of maize, it was
discovered that hybrids between varieties of different
endosperm types (flint vs. dent) produced a higher
performance than among varieties with the same
endosperm type. This discovery, by F.D. Richey, sug-
gested that crosses between geographically or geneti-
cally distant parents expressed higher performance
and, hence, increased heterosis. This information led
to the development of the most widely used heterotic
pattern in the US Corn Belt – the Reid Yellow Dent�
Lancaster Sure Crop.

6.6.3 Heterotic groups and patterns in crops

Heterotic patterns have been studied in various spe-
cies. For certain crops breeders have defined standard
patterns that guide in the production of hybrids. As
previously indicated in maize, for example, a widely
used scheme for hybrid development in temperate
maize is the Reid�Lancaster heterotic pattern.
These heterotic populations were discovered from
pedigree and geographic analysis of inbred lines used
in the Corn Belt of the United States. In Europe, a
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common pattern for maize is the European flint�
Corn Belt Dent, identified based on endosperm types.
In France, F2�F6 heterotic pattern derived from the
same open pollinated cultivars was reported. Other
patterns include ETO-composite�Tuxpeno and
Suwan 1�Tuxpeno in tropical regions. Alternative
heterotic patterns continue to be sought.

In rice, some research suggests two heterotic
groups within O. indica, one including strains from
southeast China and another containing strains from
southeast Asia. In rye, the two most widely used
germplasm groups are the Petkus and Carsten, while
in faba bean three major germplasm pools are availa-
ble, namely, Minor, Major, and Mediterranean.

Even though various approaches are used for the
identification of heterotic patterns, they generally fol-
low certain principles. The first step is to assemble a
large number of germplasm sources and then make
populations of crosses from among which the highest
performing hybrids are selected as potentially profit-
able heterotic groups and patterns. If established het-
erotic patterns already exist, the performance of the
putative patterns with the established ones is com-
pared. Where the number of inbred lines in a breed-
ing program is too large to permit the practical use of
a diallel cross, the germplasm may first be grouped
based on genetic similarity. For these groups, repre-
sentatives are selected for evaluation in a diallel cross.

According to Melchinger, the choice of a heterotic
group or pattern in a breeding program should be
based on the following criteria:

1 high mean performance and genetic variance in the
hybrid population;

2 high per se performance and good adaptation of
parent population to the target region; and

3 low inbreeding depression of inbreds.

6.6.4 Estimation of heterotic effects

Consider a cross between two inbred lines, A and B,
with population means of �XP1 and �XP2, respectively.
The phenotypic variability of the F1 is generally less
than the variability of either parent. This could
indicate that the heterozygotes are less subject to
environmental influences than the homozygotes. The
heterotic effect resulting from the crossing is roughly
estimated as:

HF1 ¼ �XF1 � 1=2ð�XP1 þ �XP2Þ

This equation indicates the average excess in vigor
exhibited by F1 hybrids over the midpoint (mid-
parent) between the means of the inbred parents.
K.R. Lamkey and J.W. Edward coined the term pan-
mitic mid-parent heterosis to describe the deviation
in performance between a population cross and its
two parent populations in Hardy–Weinberg equili-
brium. Heterosis in the F2 is 50% less than that man-
ifested in the F1.

6.6.5 Breeding implications

Perhaps the most obvious genetic implication in
breeding cross-pollinated species is their tendency
to be heterozygous because of lack of restriction on
pollination. Unlike self-pollinated cultivars that are
stable and do not segregate (unless cross-fertiliza-
tion took place in a recent generation) upon selfing
and, hence, require no maintenance to keep their
genetic identity; open-pollinated cultivars of cross-
pollinated species are less stable, changing the
genetic identity of all the constituting plants from
one generation to the next. From generation to
generation certain genes may be selected against or
for, changing the allele frequencies. For example,
after a cold period plants with low frost tolerance
may die or suffer damage, while plants possessing
one or more alleles for cold tolerance will have nor-
mal reproduction. Such an event will cause an
increased allele frequency for frost tolerance. The
next generation may suffer some other environmen-
tal restriction, leading to the shift in allele fre-
quency of another gene. This trait is of more
importance to regions where a commercial seed
production system is lacking, leaving farmers to
save seed from the current season’s harvest to plant
the next season’s crop.

Plant breeders employ various breeding schemes
to develop cultivars that significantly resist changes
in genetic structure or composition even under an
open-pollination production environment. By the
same token, if a cultivar is produced by a process in
which controlled cross-pollination is enforced, the
only way to prevent the cultivar from returning to
the natural way of being susceptible to cross-fertil-
ization is to continue to enforce restricted pollina-
tion in its maintenance. In the case of a hybrid
cultivar (Chapter 17), the producer can reap the
optimum benefits of this cultivar only in one pro-
duction season.
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Outcomes assessment

Part A

Please answer the following questions true or false.

1 Hybrid vigor is highest in a cross between two identical parents.
2 CMS may be used in hybrid breeding to eliminate emasculation.
3 The A inbred line is male sterile.
4 G.H. Shull proposed the dominance theory of heterosis.
5 A hybrid cultivar is the F1 offspring of a cross between inbred lines.

Part B

Please answer the following questions.

1 Define a hybrid cultivar.
2 What is hybrid vigor and what is its importance in hybrid breeding.
3 What is an inbred line?
4 What is a heterotic group?
5 Explain the dominance of single cross hybrids in modern corn hybrid production.

Part C

Please write a brief essay on each of the following topics.

1 Discuss the dominance theory of heterosis.
2 Discuss the importance of synchronization of flowering in hybrid breeding.
3 Discuss inbred lines and their use in hybrid breeding.
4 Discuss the contributions of G.H. Shull and D.F. Jones in hybrid breeding.
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