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INTRODUCTION
Genetic improvement in agriculture has been based on phenotypic selection and the
resemblance of relatives.  Statistical models are applied that track the average genetic value of
individuals.  Selection of high-ranking individuals to produce the next generation increases the
frequency of favorable alleles. With the development of QTL mapping, specific favorable loci
can be observed and selected for directly, with presumed benefits of increased rate of genetic
gain (Dekkers and Chakraborty 2001).  But if selection is based on an additive model, using the
average QTL effect within the genetic background of the population, this has the same
statistically oriented philosophy as traditional genetic selection.

Recent results using molecular genetic tools have clearly shown that genes function in complex
ways. The dominance and epistatic components of quantitative genetic theory are more
biologically realistic. Biochemical pathways that produce the phenotype of interest are a series
of interacting enzymes, and thus genes.  There has been much research on how biochemical
pathways and the statistical components in quantitative genetics interrelate (eg. Omholt et al.
2000).  This leads to the hypothesis that biologically more realistic selection methods could
produce faster genetic gain than statistically based methods (Mackay 2001). Byrne et al. (1996)
expressed the same sentiments, and gave an example using the flavonoid pathway in corn.

In this century, it appears very safe to predict that we will know many of the pathways that are
involved in phenotypic traits of interest, and have the ability to cheaply genotype individuals
for all genes and regulators affecting the pathways. Functional genomics will estimate allelic
contribution to production.  Given that, two questions are addressed in this paper, is it possible
to increase genetic gain beyond that produced by the additive statistical approaches, and if so,
what are optimal strategies for doing so?

MATERIAL AND METHODS 
A simplistic biochemical pathway was assumed, involving 8 proteins (Figure 1). Enzymes E1
through E4 do the primary synthesis, sequentially creating product pools that are substrate for
the next enzyme. Proteins L1 through L4 serve as regulatory pathways, placing an upper limit
on production at each step. However, these were not dependent on pool levels. E enzyme
productions were set to the mean of parental allele values, while L limits were the minimum of
parental allele values.
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Figure 1.  Simple biochemical pathway used in the simulation

The genetic model assumed 8 unlinked loci, each protein being produced by one gene.  Either 2
or 10 alleles were assumed at each locus. A major simplification was to assume no
environmental variation. This allowed comparison of selection methods based only on their
maximum genetic progress. An initial population of genotypes was created by randomly
drawing alleles, and then every selection method was independently applied to this same
population. Assortative or random mating was used, and all matings produced the same
number of offspring.

Allele values were taken to be known, fixed constants, ranging from 80 to 100 units for all loci.
The value of an allele was directly related to its identifier, so allele 10 was always the best.
This created a scenario where the known optimum genotype is homozygous for allele 10 at all
loci.  If for example L1 had a value of 90, this would limit Pool 1 to 90, in turn limiting all
subsequent steps to at most 90, due to the lack of substrate.  The optimum genotype has a
maximum value of 100 for Pool 4.

Selection methods included selection on Pool 4 levels only (Mass), on an index of all four
Pools with a weight of 3 on Pool 4 (Index), or on genetic indexes equal to the sum of allele
identifiers (BV Index), or the number of allele 10 genes (Index 10). The optimum genotype has
genetic indexes of 160 or 16, from 16 copies (diploid) of allele 10. The goal was to increase
Pool 4, equivalent to a phenotype of interest.

RESULTS
With no mutation or environmental variability, populations reached genetic equilibrium after
about 20 generations of selection, but 50 generations were used to be sure all possible progress
was made.  Assuming ten alleles per locus, mean final values for the four selection criteria are
shown in Table 1.  Random mating of parents was used.  Selection on Pool 4 or an Index of all
four pools was slightly more effective at increasing these values than selection on genetic
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values. Use of BV Index and Index 10 resulted in an average of 5 to 8 copies of allele 10, much
lower than the theoretically possible 16.  Still, the final BV index was close to the maximum
1600 for all selection methods, reflecting the ability to select for better alleles.  

Assortative mating showed little difference from random mating (Table 2). With two alleles
(Table 3), all selection methods were much more effective at selecting the optimum genotype,
with 14 or 15 copies of allele 10. Final Pool 4 values were 87 to 90 out of a possible 100, also
reflecting the continued presence of the alternate allele.

Table 1.  Mean criteria (± std. dev.) after 50 generations of selection, with ten alleles and
random mating

Mean Value of Criteria
Selection
Method

Mass Index BV Index Index 10

Mass 88.7 ± 1.4 537 ± 8 1510 ± 18 2.8 ± 1.7
Index 88.6 ± 1.6 541 ± 7 1514 ± 18 2.9 ± 1.8
BV Index 87.1 ± 2.6 531 ± 14 1532 ± 9 5.3 ± 1.9
Index 10 82.8 ± 2.4 507 ± 15 1507 ± 21 7.7 ± 0.9

Table 2.  Mean criteria (± std. dev.) after 50 generations of selection, with ten alleles and
assortative mating

Mean Value of Criteria
Selection
Method

Mass Index BV Index Index 10

Mass 89.2 ± 1.3 540 ± 8 1512 ± 18 2.8 ± 1.8
Index 88.8 ± 1.6 542 ± 7 1516 ± 16 3.3 ± 1.9
BV Index 87.1 ± 2.6 532 ± 14 1534 ± 10 5.3 ± 2.0
Index 10 82.8 ± 2.3 507 ± 15 1511 ± 19 7.8 ± 0.8

Table 3.  Mean criteria (± std. dev.) after 50 generations of selection, with two alleles and
assortative mating

Mean Value of Criteria
Selection
Method

Mass Index BV Index Index 10

Mass 87.4 ± 5.3 536 ± 30 1553 ± 37 13.7 ± 1.9
Index 88.5 ± 5.2 554 ± 19 1568 ± 20 14.4 ± 1.0
BV Index 89.8 ± 4.4 551 ± 23 1580 ± 10 15.0 ± 0.5
Index 10 89.9 ± 4.6 552 ± 23 1581 ± 9 15.1 ± 0.5
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DISCUSSION
The similarity among the selection methods is primarily due to having no environmental
variance. However, selection on pool levels does not directly select on the regulatory genes in
the simulated pathway.  Selection on Pool 4 only does show that selection on the final product
of a metabolic pathway can be sufficient to select on all genes involved in the pathway.  Again,
the lack of environmental variance must be emphasized. If more noise were introduced into the
system, selection on pools would get progressively worse. This is the rational for selection on
QTL markers (Dekkers and Chakraborty 2001).

When the genetics of a trait are not complex, having few alleles with large differences, any
selection method was very effective at increasing the production of the assumed biochemical
pathway.  Mackay (2001) gave several examples of loci with many alleles, and this complexity
may be the rule as more detailed genotyping is done. In complex situations, illustrated by
selection for one allele out of ten, selection directly on genes is clearly needed if a particular
genotype is desired.

A surprising observation was that populations of optimum genotypes were not produced in the
ten allele case.  Even with population sizes of 1000, and mild 50% selection intensities, it was
not uncommon for the best allele to be lost.  A likely source of this problem was the probability
of gene combinations arising.  For example, with 10 alleles at 8 loci, the chance of a particular
genotype arising at random is 0.1 raised to the 2*8 power, or 1.0E-16. Even mating two
individuals, both heterozygous for the optimum allele at all 8 loci , would only have a 0.5
raised to the 2*8 power, or 1.5E-5 chance of producing an offspring homozygous for the
optimum allele at all loci.  

Innovative selection and mating strategies will be needed to maximize the benefits derived
from the new genomic information. At this point, even with the perfect genetic knowledge
assumed here, it is not clear what approach will maximize the chance of producing optimal
genotypes (without transgenics). Geneticists will need to create models that are more
biologically realistic, reflecting the interlinked function of genes in biochemical pathways (eg.
Nelson et al. 2001).
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