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Summary. A method is outlined for maximizing the
mean genetic distance among plants in a synthetic
population by adjusting the relative contributions of
the population’s parents. The largest latent vector of
the genetic distance matrix is used to find relative
parental frequencies. The largest increases in the di-
versity of a synthetic will be achieved when there are
different-sized clusters of parents, with considerably
larger distances between than within clusters. The
method may have application in maximizing the yields
of synthetic cultivars or the resistance of multi-line
cultivars.
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Introduction

In crop breeding, a synthetic cultivar is produced by
intermating a set of selected parental genotypes (Allard
1960). Similarly, base populations for recurrent selec-
tion programs are often synthetics formed from known
parents (Hallauer and Miranda 1981). The productivity

of a synthetic cultivar depends on both the productivity

of the parents and the mean heterosis expressed by
their progeny. For the purposes of recurrent selection,
the expected genetic gain in a synthetic population
depends, in part, on the amount of additive genetic
variance. The heterosis or genetic variance in a popula-
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tion, in turn, depends in part on the number of
segregating loci and the frequencies and effects of
alleles at those loci.

Given a set of plant genotypes chosen on the basis
of their own performance (per se or in hybrid combina-
tion), the objective was to determine how their contri-
butions as parents to a synthetic population could be
adjusted to maximize the mean genetic distance (uni-
variate or multivariate) among the plants in a synthetic,
thereby increasing its genetic variability or mean he-
terosis.

For a set of n selected parents, one may compute a
r x n genetic distance or similarity matrix, the elements
of which could be statistics computed from any of
several sources of data: metric traits (Martinez et al.
1983; Lee and Kaltsikes 1973), genetic markers (Cox
etal. 1985; Smith etal. 1985), pedigrees (Cox etal
1985; Murphy et al. 1986; St. Martin 1982), nonadditive
genetic effects (Hanson and Johnson 1981), or some
combination of data sources. Given a distance matrix
D,., (computed either directly or by converting a
similarity matrix) for a set of » parents and a vector
Pnx1 Of expected frequencies of parental genes in a
synthetic population, the expected mean genetic dis-
tance among individuals in the population after one or
more cycles of intermating is p’ D p.

The usual practice in initiating a synthetic is to
allow equal contribution of all parents, although wind,
insect, or even hand pollination will often favor certain
parents. Equal parental contributions maximize p’Dp if
the parents are unrelated or are all related to the same
extent. But degrees of relationship are rarely equal
among all parents, and extreme situations may occur.
For example, parents that are very closely related but
differ for one or more desirable traits may be inter-
crossed with several other less closely related parents.
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In situations such as this, equal parental frequencies
will not result in maximum mean genetic distance.

A vector of parental frequencies that maximizes p’ D
p can be found through calculations similar to those
used in principal component analysis (Karson 1982),
though here the operations are done on a matrix of
distances between individuals (a Q-mode matrix). In
principal component analysis, a scalar @’ a, is max-
imized where S is a variance-covariance or correlation
(R-mode) matrix defining relationships among vari-
ables. This is accomplished by setting @ equal to the
latent vector (or eigenvector) associated with the largest
latent root (or eigen-value, 4,) of §, normalized so that
a’a=1.Infact,a’ Sa=4,.

For a Q-mode distance matrix D one may also
find 2, and a that would maximize &’ D a, but the ele-
ments a; of @ would not sum to [; that is, they would
not be frequencies. They do, however, give the
optimum relative contributions of the parents, so

noo\-1
p= (2 ai) a would maximize p’D p. Therefore, the
i=1

mean genetic distance between progeny produced by
intermating » parents will be a maximum when parent
i is represented with a frequency p; that is proportional
to the corresponding element a; of the first latent vector
of D. This method is a valid use of a Q-mode matrix in
multivariate analysis (Gower 1966), because the ob-
jective is simply to find a maximum for p’ D p.

Examples

Suppose a set of 6 parents (A-F) for Population | and
another set of 10 parents (G-P) for Population 2 are
selected for intermating. Suppose further that parental
distance matrices (Tables 1 and 2), which could be
based on any appropriate data, have been computed.
These distances happen to vary between zero and one,
with the distance between each parent and itself equal-
ling zero. This might not be the case in every parental
set and is not essential to the analysis. The parental-
frequency vector that results in a maximum mean
genetic distance of 0.57 for Population 2 has elements
ranging from 0.13 to 0.23 (Table 3); these frequencies
result in a 14% larger mean genetic distance than when
all frequencies are equal to 0.17 (rounded off). The opti-
mum frequency vector for Population 2 has elements
ranging from 0.09 to 0.12, with an increase of only 3%
in mean genetic distance over equal parental fre-
quencies.

As expected, closely related parents A and B in
Population 1 and G and H in Population 2 are assigned
the lowest frequencies in both populations, but their
combined contribution is still significantly larger than
that of any individual parent. Conversely, the parents

Table 1. Genetic distances between parents in example Popu-
lation 1, with 6 parents

Parent

A B C D E F Parent

0.00 0.02 0.25 0.20 0.75 0.95 A

0.00 0.26 0.21 0.76 0.95 B

0.00 0.20 0.90 0.96 C

0.00 0.85 0.94 D

0.00 0.02 E

0.00 F

Table 2. Genetic distances between parents in example Popu-
lation 2, with 10 parents

Parent

G H I J K L M N O P  Parent

0.00 0.02 0.25 0.87 0.49 0.50 0.46 0.78 097 096 G

0.00 0.73 0.82 0.50 0.51 0.47 0.79 095 054 H

0.00 0.90 0.62 0.62 0.59 0.84 0.97 096 1

0.00 0.74 0.92 0.85 091 0.96 0.95 J

0.00 0.74 0.72 0.87 096 095 K

0.00 0.72 0.87 0.97 096 L

0.00 0.86 096 095 M

0.00 095 094 N

0.00 098 O

0.00 P

Table 3. Unadjusted and adjusted parental frequencies and re-
sulting mean genetic distances for example Populations 1 and 2

Pop. 1 Frequency Pop. 2 Frequency
Parent _— Parent _
Unad-  Ad- Unad- Ad-
justed  justed justed  justed
A 0.17 0.13 G 0.10 0.08
B 0.17 0.13 H 0.10 0.08
C 0.17 0.15 I 0.10 0.09
D 0.17 0.15 J 0.10 0.11
E 0.17 0.21 K 0.10 0.10
F 0.17 0.23 L 0.10 0.10
M 0.10 0.09
N 0.10 0.11
O 0.10 0.12
P 0.10 0.12
Mean genetic distance
0.51 0.57 0.70 0.72

in Population 1 not closely related to the others (E and
F) are assigned much higher frequencies, but parents O
and P in Population 2 are only slightly increased by
adjustment.

In general, there must be some clustering of parents,
and the clusters themselves must vary in diversity
and/or size if adjustment is to have a significant effect



on the diversity of a population. This can most easily
be illustrated by looking at adjustment in only one
dimension. Suppose that, instead of simultaneously
adjusting all frequencies, we are able to divide a set of
parents into two groups that have small mean within-
group distances and a large mean distance between
them. For simplicity, suppose that these are “true”
distances so that the distance between a parent and
itself is zero.

The mean genetic distance in a population de-
veloped from randomly intermating parents from two
groups is

(] - kl) Pd, +2P,(1-P) 312+(1 - El—) (1—P,)2 dy,
1 2
where P, is the total of frequencies of parents in group
1; k, and &, are the numbers of parents in groups 1 and
2 respectively; d,, and d,, are the mean distances
between different parents within groups 1 and 2,
respectively; and d,, is the mean distance between
parents in group 1 and parents in group 2. Setting the
first derivative of this expression equal to zero, we find
the value of P, that maximizes the mean distance in the

population (given these particular groups of parents):
- 1\ -
d]z - (1 - 7{:) s

Pl=

= 1\ - 1\ -
2d, - o) e -z ,.

This illustrates three points. (1) If between-group
(d,;) and within-group (d,, and d,,) mean distances are
similar, P; approaches k,/(k,+k,), which is its value
when there is no adjustment. (2) If group sizes (k, and
k,) are similar, and within-group mean distances are
similar, then P again approaches k,/(k, + k,). (3) As
within-group mean distances approach zero, P; ap-
proaches 1/2.

The effects of one-dimensional adjustment on the
diversity of the population, given a range of within- to
between-group mean distances and group sizes, are
shown in Table 4. Adjustment has its greatest effect
when there is one group with one or few members and
another group with many members and low diversity,
relative to its distance from the first group (small
d,,/d,,). When the goups are of equal size, adjustment
has little effect, no matter how great the distance
between them or how low the within-group diversity.

The effect of simultaneous adjustment of all paren-
tal frequencies, as outlined in the previous section,
would depend in the same way on the degree of
clustering in the set of parents and the variation in the
size of clusters. Populations 1 and 2 (Tables 1-3) do not
have an unusual degree or pattern of clustering; the
magnitude of increase in diversity resulting from ad-
justment in those populations is probably typical.

619

Table 4. Increase in mean genetic distance in a population (ex-
pressed as percentage of the mean genetic distance produced
by equal parental frequencies), when relative frequencies of
two parental groups are optimized. (d,, is the mean distance
between parents in different groups; d,, and d,, are mean dis-
tances within groups 1 and 2 respectively, not considering dis-
tances between parents and themselves, and &, and k, are
numbers of parents in groups 1 and 2, respectively. The ratio

dy»/dy, is not involved in the computation when &, = 1)

Ratios of No. of parents in each group

within- to

between-group

distance

dpldy, dytd, k=1, k=1, k=4, k=10 k=16
ky= ko=19 k;=16 k,=10 k,=4

0.80 0.80 2 3 3 0 3

0.67 0.80 4 9 8 2 1

0.67 0.67 4 9 6 0 6

0.50 0.80 9 26 20 3 0

0.50 0.67 9 26 16 1 4

0.50 0.50 9 26 12 0 12

0.25 0.50 25 83 37 1 9

0.25 0.33 25 83 29 0 19

0.25 0.25 25 83 26 0 24

Practical considerations

Relatively small adjustments in parental contributions
are difficult or impossible to make when intermating is
being accomplished by hand-pollination. To do so
would require using each parent in many more crosses
than are normally made. For wind or insect pollination
in the field, the proportions of parental seed mixed into
a large bulk could easily be adjusted. Whereas devia-
tions in parental contributions could still be caused by
differences in emergence, vigor, pollination ability, or
crossed seed production (Carlson 1971; Knowles 1969),
an adjusted population would nevertheless have a
greater likelihood to achieve maximum diversity than
would an unadjusted population.

In a synthetic destined for use as a base population
in a recurrent selection program, it is a simple matter
to estimate the effect that adjusting parental frequencies
to maximize genetic diversity will have on the popula-
tion mean for a given trait (disregarding heterotic
effects) by computing a weighted mean of parent
values. One might find that the cost in mean per-
formance would outweigh the enhanced diversity, espe-
cially considering that: (1) means are subject to much
less error than genetic distance estimates, and (2)
distance estimates are only as good as the quantity and
quality of data used to compute them. Furthermore,
any beneficial effect would be seen only in the first few
selection cycles, because selection and perhaps genetic
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drift would change allelic frequencies in their own
ways. Adjustment of frequencies would have the
greatest potential when a set of highly productive
parents with a distance matrix meeting the conditions
described herein is chosen to produce a synthetic.

If the synthetic is to be used as a cultivar, and yield
data for all hybrid combinations of parents are avail-
able, parental frequencies could be computed using the
matrix of hybrid yields (with parental yields on the
diagonal) as D in the foregoing analysis. Although D in
this instance would not be a distance matrix, ad-
justment of parental frequencies would directly max-
imize the expected yield of the synthetic cultivar. Each
hybrid combination, of the cross of parent i and parent
J, would occur with a frequency of 2p;p;, the same
frequency as the union of the ith and jth gametes in a
randomly-mated synthetic. Such adjustment would, of
course, only be useful if the open-pollinated synthetic
itself is to be used as a cultivar. The least-squares
method of Pederson (1981) gives the best parental
proportions for a population that is to be selfed to near-
homozygosity, or which displays no dominance for the
traits of interest. Under those conditions, the least-
squares method, which involves only parental measure-
ments, would be the best choice for simultaneously
optimizing the population mean for several traits.

Though the method outlined herein may not pro-
vide large increases in diversity or productivity in a
majority of situations, it could have applications in a
number of specific cases, some of which have been
mentioned. In a multi-line cultivar (Browning and Frey
1969), for example, diversity is an end in itself. A
similarity index could be computed for all components
of a multi-line, based on their reactions to pathogen
genotypes occurring in the field and the frequency of
those genotypes. Then, component frequencies could
be adjusted to maximize the probability that two
random plants would react differently to a given
pathogen genotype.
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