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Abstract Some breeders select inbreds from many F, or
backcross breeding populations, each with relatively few
progenies. Other breeders select inbreds from only a few
breeding populations, each with many progenies. My
objectives were to: (1) determine the relative importance
of parental selection, number of breeding populations, and
size of each population, and (2) find optimum combina-
tions between number and size of breeding populations. I
assumed that a breeder has resources to test a total of
2,000 recombinant inbreds for a quantitative trait that was
controlled by 100 additive loci and had a heritability of
0.20, 0.60, or 1.0. The parental inbreds had an inherent
pedigree structure due to advanced cycle breeding. The
parental inbreds were ranked according to their mean
performance, and breeding populations were made among
all parents, the top 25% of parents, and the top 10% of
parents. I found that the issue of number versus size of
breeding populations was only secondary compared with
the ability to identify, prior to making the crosses, the
breeding populations with the highest mean performance.
For a given level of effectiveness of parental selection, the
selection response was largest when the maximum
number of breeding populations was used. The effect of
the number of breeding populations was minor, however,
when selection was practiced among the parents or when
heritability was less than 1.0. The results suggested that,
in practice, large selection responses could be obtained
with a wide range of combinations between number and
size of breeding populations.
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Introduction

New inbreds are most often developed from crosses
among elite inbreds in cultivar development programs
(Allard 1960, p 282). Specifically, two inbreds are first
selected as parents of an F, or backcross breeding
population. New inbreds are then developed by pedigree
selection, single-seed descent, or the bulk method of
breeding. A breeder typically creates, selfs, and selects in
several breeding populations at a time. This scheme
(which has become known as advanced cycle breeding)
for developing new inbreds is widely used both in self-
pollinated crops, such as soybean [Glycine max (L.)
Merrill; Hartwig 1973] and wheat (Triticum aestivum L.;
Heyne and Smith 1967), and in hybrid crops, such as
maize (Zea mays L.; Hallauer 1990).

Due to a finite amount of resources available in a
breeding program, trade-offs need to be made between the
number of F, or backcross breeding populations and the
size of each breeding population (Yonezawa and Yam-
agata 1978; Baker 1984). Suppose a breeder has the
resources to evaluate a total of 2,000 experimental
families or recombinant inbreds for a quantitative trait,
such as yield. On one extreme, the breeder may decide to
develop and evaluate 200 F, or backcross breeding
populations, each with only 10 families or recombinant
inbreds. On the other extreme, the breeder may decide to
develop and evaluate 10 breeding populations, each with
200 families or recombinant inbreds. The breeder may
decide to take the middle ground, e.g., 50 breeding
populations, each with 40 families or recombinant
inbreds. Or perhaps he or she may decide to develop
and evaluate more progenies in some breeding popula-
tions and fewer progenies in others.

The issue of number versus size of breeding popula-
tions has been studied with two approaches (Wricke and
Weber 1986): (1) minimizing the risk of excluding
superior genotypes, or (2) maximizing the response to
selection. Using the first approach, Yonezawa and
Yamagata (1978) and Weber (1979) concluded that with
a finite amount of resources, the number of breeding



populations rather than the size of each population should
be maximized, i.e., each breeding population should be
represented by only one family or recombinant inbred.
Using the second approach, Baker (1984), Wricke and
Weber (1986), and Hiihn (1996) considered the response
to selection both among and within breeding populations.
Baker found that when testing resources are available for
a total of 2,000 families, the maximum predicted response
is obtained by developing 50 to 100 breeding populations,
each with 20 to 40 families. The approaches of minimiz-
ing risk versus maximizing selection response have
therefore given conflicting results.

Moreover, the approaches used in the aforementioned
studies had three important limitations. First, breeding
populations were assumed to have been made from
random crosses, rather than selected crosses, among the
available inbreds. In practice, however, breeders have
some prior knowledge regarding which breeding popula-
tions might be the most promising. Second, pedigree
relationships that arise among inbreds due to advanced
cycle breeding were not considered. These pedigree
relationships would cause breeding populations to differ
in their genetic variance, thereby rendering the approach-
es used in previous studies to be inapplicable. Third,
linkage was ignored. Parental selection, pedigree rela-
tionships, and linkage are difficult to account for in an
analytical approach, but they could be accounted for in a
simulation experiment. My objectives in this simulation
study were to: (1) determine the relative importance of
parental selection, number of breeding populations, and
size of each breeding population, and (2) find optimum
combinations between number and size of breeding
populations.

Materials and methods
General approach

I assumed that a breeder has resources to test a total of 2,000
recombinant inbreds for a quantitative trait. The number of
recombinant inbreds in each breeding population was denoted by
ngy, and the number of breeding populations was ngp = 2,000/ng;. 1
considered the following combinations of ng; and ngp (in paren-
thesis): 1 (2,000), 5 (400), 10 (200), 20 (100), 40 (50), 80 (25), 125
(16), 200 (10), 250 (8), 500 (4), 1,000 (2), and 2,000 (1). I wrote a
Fortran program to simulate the following steps: (1) develop 76
parental inbreds by advanced cycle breeding; (2) select parents of
F, breeding populations; (3) develop a total of ngp breeding
populations, each with ng; recombinant inbreds; and (4) determine
the mean of the best 20 out of 2,000 (1%) recombinant inbreds.
Three methods were considered for selecting the parents of F,
breeding populations. In the Random Parents method, pairs of
inbreds were selected at random from the 76 parental inbreds. This
first method therefore represented the lack of parental selection, as
each inbred had an equal chance of being a parent of an F, breeding
population. In the Top 25% of Parents method, the best 19 out of
the 76 (25%) parental inbreds were first identified on the basis of
their known genotypic values. Pairs of inbreds were then selected at
random from the 19 best parental inbreds. In the Top 10% of
Parents method, breeding populations were made by crossing pairs
of inbreds from the best eight out of the 76 (approximately 10%)
parental inbreds. The Top 25% of Parents method and Top 10% of
Parents method therefore represented parental selection on the basis

1253

of their mean performance. Although the parents were chosen on
the basis of their genotypic (rather than phenotypic) values, the
three methods of parental selection can be viewed as equivalent to
phenotypic selection with a fixed selection intensity but at three
different levels of heritability (h?).

The simulation experiment was repeated 5,000 times. The 5,000
repeats differed at random in the arrangement of loci into linkage
groups, genotypes of inbreds, parents selected, and recombinant
inbreds generated from the F, breeding populations.

Parental and recombinant inbreds

The number of parental inbreds simulated (76) was within the range
of the number of elite inbreds (40 to 120) often found in different
heterotic groups in maize (Bernardo 1996). Out of the 76 parental
inbreds, four were founder inbreds, 18 were second-cycle inbreds,
27 were third-cycle inbreds, and 27 were fourth-cycle inbreds
(Bernardo 2001). Selection was practiced during the development
of these parental inbreds: each second-, third-, and fourth-cycle
inbred had a genotypic value greater than the mean of the
population from which the inbred was developed. The four founder
inbreds were assumed unrelated. Three second-cycle inbreds were
derived from the F, population of each of the six possible crosses
among the founder inbreds. One third-cycle inbred was derived
from the F, population of each of the 27 crosses between unrelated
second-cycle inbreds. Finally, one fourth-cycle inbred was derived
from each of the F, populations obtained by chain crossing the 27
third-cycle inbreds. For each of the npgp breeding populations, a
total of ng; recombinant inbreds were then developed.

Genetic model and phenotypic values

The quantitative trait was controlled by / = 100 loci. Each locus had
four alleles, denoted by +, +, —, and /. The frequency of each
allele among the founder inbreds was 1/4 at each locus. The effects
of the loci followed a geometric series, i.e., the quantitative trait
was jointly controlled by few loci with large effects and by many
loci with small effects. The genotypic values of the four homozy-
gotes at locus k were arbitrarily set as (0.98)* for (+/4)y, 1/2(0.98)
for (+'/+), —1/2(0.98)% for (—/-), and —(0.98)% for (-'/-")x
(Bernardo 2001). Dominance and epistasis were absent. The
genotypic value of each parental inbred and recombinant inbred
was therefore obtained by summing the genotypic values across all
loci. Linkage among the loci was generated by randomly locating
the / loci on 10 chromosomes. The sizes of the chromosomes
(ranging from 128 to 241 centimorgans) and of the entire genome
(1,749 centimorgans) corresponded to those in a published maize
linkage map (Senior et al. 1996).

The mean of the base population (i.e., crosses among the
founder inbreds) was u = 0. The additive genetic variance (V,) at
locus k, for a population in linkage equilibrium, was (5/16)(0.98)%.
The variance among recombinant inbreds, across all 100 loci, was
2Va = 14.891. The base-population heritability for recombinant
inbreds, which was equal to h> = 2VA/(2V4 + Vg), was either low
(0.20) or moderately high (0.60). Selection based on the mean
performance at several environments was assumed, and Vg was
assumed to comprise both within-environment error variance and
genotype-environment interaction variance. For comparison, a
perfect h? of 1.0 was also considered. The phenotypic value of a
recombinant inbred was obtained by adding a random nongenetic
effect, drawn from a normal distribution with a mean of zero and a
variance of Vg, to the genotypic value.

Comparison of different combinations of nBP and nRI

The best 20 recombinant inbreds out of 2,000 were identified
regardless of the breeding population from which they originated.
The best 20 inbreds were chosen on the basis of their phenotypic
values. The mean of the 20 best inbreds, denoted by X1, was then
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calculated on the basis of their known genotypic values. The X
was expressed as the number of additive genetic standard
deviations among recombinant inbreds, i.e., (2V4)"2. The mean
X001 and standard deviation of Xyo; were calculated across the
5,000 repeats of the simulation experiment.

The total number of pair-wise combinations among the selected
parents was 171 in the Top 25% of Parents method and 28 in the
Top 10% of Parents method. I did not consider ngp values less than
171 in the Top 25% of Parents method and less than 28 in the Top
10% of Parents method. For the Random Parents method, Top 25%
of Parents method, and Top 10% of Parents method, two or more F,
populations may have had the same pair of parental inbreds. I
considered this as acceptable, given that breeding populations are
sometimes duplicated among breeders in large, multi-station
breeding programs.

Other models

Three variants of the general model were studied. First, a model
with two alleles (instead of four) at each of the 100 loci was
studied. The genotypic values of the homozygotes at locus k were
(0.98)% for (+/+) and —(0.98)% for (=/-).. The frequency of each
allele among the founder inbreds was 1/2 at each locus. Second, a
model with [ = 20 additive loci was studied. The genotypic effects
under this model were calculated in the same way as for the model
with 100 loci. Third, resources were assumed available for testing a
total of 1,000 or 4,000 (instead of 2,000) recombinant inbreds. The
number of breeding populations was therefore ngp = 1,000/ng; or
4,000/}’11{1.

Results and discussion

Non-additive gene action (i.e., dominance or epistasis) is
often negligible or assumed negligible in self-pollinated
crops (Moll and Stuber 1974). Likewise, testcross means
of families in a cross-pollinated crop behave in an
additive manner (Hallauer and Miranda 1981, p 28;
Bernardo 2002, p 79) even if dominance is present. The
assumption of additive gene action in this study implied
that the results are applicable both to selection in self-
pollinated crops and testcross selection in cross-pollinated
crops. In this study, the size of a breeding population
refers to the number of progenies that are first evaluated
for a quantitative trait. If 1,000 F, plants are initially
grown, but only 40 families derived by single-seed
descent are evaluated for a quantitative trait such as
yield, then the size of the breeding population is 40 rather
than 1,000. For convenience, recombinant inbreds are
considered in this study, although the results should be
generally applicable to selection at earlier generations of
selfing.

The genotypic mean of the best 20 out of 2,000
recombinant inbreds (Xoo;) was strongly influenced by
the method of parental selection. Developing recombinant
inbreds from crosses among the best 10% of the parental
inbreds (Top 10% of Parents method) led to the highest
Xoo1; developing recombinant inbreds from crosses
among the best 25% of the parental inbreds (Top 25%
of Parents method) led to intermediate X ;; and devel-
oping recombinant inbreds from random crosses among
all available parental inbreds (Random Parents method)
led to the lowest Xoo; (Fig. 1). One method remained

superior to another regardless of the size of each breeding
population (ng), the number of breeding populations
(ngp), or the heritability (4%) of the trait.

The Random Parents method not only led to the lowest
Xo.01, but it also led to the largest standard deviation of
Xoo1, particularly when only ngp = 1, 2, or 4 breeding
populations were used (Fig. 1). In other words, the failure
to select among the parents of breeding populations not
only led to the lowest selection response, but it also
caused the most erratic selection response. The standard
deviations of Xgo; with the Top 25% of Parents method
and Top 10% of Parents method were low and were
comparable to each other. Parental selection reduces the
variation among the means of the inbreds used as parents.
This leads to reduced variation among the means of
breeding populations and, consequently, among the X o
values.

For each method of parental selection, Xgo; was
highest when the maximum number of breeding popula-
tions was used (Fig. 1). For example, when h* was 0.60
and the parental inbreds were chosen at random, the X o;
decreased from 2.89 when recombinant inbreds were
selected from ngp = 2,000 breeding populations (each
with ng; = 1 recombinant inbred), to 2.88 when inbreds
were selected from ngp = 100 breeding populations (each
with ngr = 20 recombinant inbreds), and to 2.36 when
inbreds were selected from ngp = 1 breeding population
(with ng; = 2,000 recombinant inbreds). The results for
the Random Parents method were therefore consistent
with the findings of Yonezawa and Yamagata (1978) and
Weber (1979): each breeding population should be
represented by only one family or recombinant inbred,
and the number of breeding populations should be
maximized.

The number versus size of breeding populations had a
smaller effect on X;o;, however, when selection was
performed among the parents of the breeding populations.
When A% was 0.60 and the top 25% of parents was
selected, the X0, ranged from 3.38 to 3.41 when the
number of breeding populations ranged from ngp = 10 to
100 (Fig. 1). When h*> was 0.60 and the top 10% of
parents was selected, the X, ranged from 3.60 to 3.63
when the number of breeding populations ranged from
ngp = 4 to 16. A low h* caused a further decrease in the
effect of the number versus size of breeding populations.
When A% was 0.20 and the top 10% of parents was
selected, the X0, ranged from 3.09 to 3.10 when the
number of breeding populations ranged from ngp = 4 to
16. These results suggest that, in practice, large selection
responses can be obtained with a wide range of combi-
nations between number and size of breeding populations
and that, again, the issue of parental selection is more
important than the issue of number versus size of breeding
populations. This conclusion also applied to the other
models studied (i.e., 100 loci with two alleles per locus,
20 loci with four alleles per locus, and resources for
testing a total of 1,000 or 4,000 recombinant inbreds;
results not shown).
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Fig. 1 Mean and standard deviation of the genotypic value of the
best 20 out of 2,000 recombinant inbreds (Xgq;) for different
numbers of F, breeding populations, sizes of each breeding

Baker (1984) studied the issue of number versus size
of breeding populations in a different context and,
consequently, arrived at conclusions different from those
in this study. Baker assumed that F, breeding populations
were made at random and that selection proceeded in two
steps. First, the best five breeding populations were
identified on the basis of the mean performance of the ng;
families in each population. Second, the best five families
within each of the best five breeding populations were
selected. In this context, Baker concluded that the
optimum combination involves either 50 breeding popu-
lations with 40 families in each population, or 100
breeding populations with 20 families in each population.
In the current study, however, no distinction was made
between selection among and selection within breeding
populations. In the Random Parents method, the best 20
out of 2,000 recombinant inbreds were selected regardless
of the breeding population from which they were
developed. The assumption behind the Top 25% of
Parents method and the Top 10% of Parents method was
that prior performance data are available for selecting
breeding populations, and that none of the testing
resources for recombinant inbreds was devoted to iden-
tifying the top 25% or top 10% of the breeding

population, methods of selecting the parents of each breeding
population, and heritability (4?) of the trait

populations. In practice, this can be achieved by best
linear unbiased prediction, in which the breeding value of
an inbred is estimated from field trial data that are
routinely generated in a breeding program (Panter and
Allen 1995; Bernardo 2002, p 227).

Current breeding programs differ widely in the number
of breeding populations that are developed and evaluated
each year. In the wheat breeding program at the
University of Minnesota, for example, about 300 new
breeding populations are created each year (J.A. Ander-
son, personal communication, 2001). But in the barley
(Hordeum vulgare L.) breeding program, about 75
breeding populations are created each year (K.P. Smith,
personal communication, 2002). From personal discus-
sions, I have found that some maize breeders create only
10 breeding populations each year, whereas other maize
breeders create up to 50 breeding populations each year.
The conclusion from this study is that the issue of number
versus size of breeding populations is only secondary
compared with the ability to identify, prior to making the
crosses, the breeding populations with the highest mean
performance. Breeding programs that differ in the number
and size of breeding populations can therefore be equally
successful in developing improved inbreds.
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