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Methods for the Production of Multi-marker Strains
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Summary. The production of a multi-marker strain given
a series of strains each carrying a single marker will re-
quire a considerable investment in time and resources
when based on a series of formal crosses. Such strains can
be produced rapidly and with only minimal resources by
recurrent cycles of random mating and selection, with
selection based on the number of desired alleles carried.
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Introduction

In this paper we describe methods for the production of
a multi-marker strain incorporating a large number of
Mendelian markers, given a series of strains each carrying
one of the markers singly. Although the individual markers
could be of direct economic importance (e.g., resistance
genes) our interest in such lines lies in their potential
usefulness in experiments aimed at identifying linkage
between marker loci and loci affecting quantitative traits
(Thoday 1961, Patterson et al. 1968; Chai 1975; Zhu-
chenko et al. 1979). In such experiments the F-2 or back-
cross progeny of crosses between inbred lines differing at
one or more marker loci are analyzed to identify marker-
linked chromosomal neighborhoods affecting specific
quantitative traits (Soller et al. 1976). A single cross of
this sort can serve to simultaneously evaluate the chromo-
somal neighborhoods of all markers differentiating the
lines (Spickett and Thoday 1966). Thus, depending on
the effect of the quantitative loci and on their specific
location with respect to the markers (Soller et al. 1979),
crosses between a line to be evaluated and a suitable
multi-marker tester strain could provide the general

chromosomal location of all or most loci differentiating
tester and line with respect to any given set of quantita-
tive traits.

Theory

In a multi-marker strain intended for use as a tester in
linkage studies, there should be at least two well-separated
markers present on each chromosome. In the calculation
to follow therefore, it is assumed that all markers are un-
linked. Weak linkage will not affect the results apprecia-
bly.

Given n markers, M, ..., Mp, each present in a different
parental strain, two alternative strategies can be envision-
ed for the production of a single multi-marker strain,
homozygous for all n markers. These are, (I) a formal
series of crosses, in which specific pre-planned genotypes
are produced and crossed each generation, and (2) succes-
sive cycles of random mating and selection, in which those
individuals carrying the greatest number of marker alleles
are selected and mated at random each generation. Within
each strategy the specific tactics employed will depend to
a certain extent on the dominance relationships of the
marker alleles: recessive, dominant, codominant, as the
case might be.

Formal Crosses

The basic approach in this case is to build up, by succes-
sive cycles of crossing, sets of homozygous marker strains
that have an increasing number of markers in common,
while maintaining coverage of the entire spectrum of
markers between them. Each cycle of crosses will involve
two generations: (1) An F-1 generation, produced by cros-
ses between pairs of strains sharing some markers and
different in others. Each such cross produces F-1 indivi-
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Formal crossing sequence for the production of a 10-marker tester strain

Table 1.
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duals homozygous for the shared markers and hetero-
zygous at the non-shared markers, (2) An F-2 generation
produced by intercrosses or selfing involving the F-1 in-
dividuals of each cross, separately. From each such F-2
generation individuals homozygous for both shared and
non-shared markers can be recovered. In this way a new
series of strains is derived that have even more markers in
common. This process is continued until the final marker
strain having all markers is obtained.

Table 1 shows a series of such crosses for a set of 10
recessive or codominant alleles. Except for the first cycle,
it is assumed that the parental strains to be crossed differ
at four marker loci, and that sufficient F-2 individuals can
be raised out of each cross to give reasonably high proba-
bility of recovering at least one F-2 individual homo-
zygous for all four non-shared marker loci. Examination
of Table 1 shows that individuals homozygous for 2j
markers can be found among the progeny of the second
(selfing) cross in the jth cycle. Thus for n markers n/2
cycles of crossing (n generations) are needed in order to
incorporate all n markers in a single strain. Starting from
j = 2, the number of strains at the jth cycle are (n/2) —
j + 2 while the number of crosses that will be carried out
in the jth cycle is (n/2) —j + 1. If N individuals are raised
per cross, N[(n/2) — j + 1] individuals will be raised in
each F-2 generation. N will generally be chosen as to give
a high probability of recovering at least one 4-way homo-
zygote in each cross of a particular cycle. After the first
cycle this probability is equal to [1-(1-3*)N]™ where m
is the number of crosses and N the total number of off-
spring raised per cross.

For dominant markers it will be necessary to progeny
test F-2 individuals having the desired phenotype in order
to identify those with the desired homozygous genotype.
This will involve an extra generation at each cycle and a
major increase in resources. If only a few of the n markers
are dominant, it will probably be more effective to first
produce a series of parental strains, each carrying all of
the dominant markers in homozygous condition, and also
one or two of the recessive or codominant markers. Using
these strains one would proceed to carry out the same
sequence of planned matings as above.

Random Mating and Mass Selection

In this approach, individuals from different strains each
homozygous for one or more marker alleles, are crossed
at random, producing an F-1 and F-2 generation in which
the frequency of each marker allele remains at its initial
frequency. It is assumed that pooled pollen or semen is
used in all crosses so that a random mating situation ob-
tains. Starting with the F-2 generation, all individuals are
assigned a score according to the number of desired alleles

present in homozygous state (for recessive alleles) or in
homozygous or heterozygous state (for codominant or
dominant alleles). Those individuals having the highest
total scores are selected as parents of the next generation.

Effect of Selection on Gene Frequency

The gene frequency in the tth generation of such a pro-
gram, p;, can be calculated directly from the expected
distribution of marker genotypes in the population under
selection, or can be approximated by the expression
developed by Falconer (1960, p. 206) for the effect of
selection on the frequency of alleles affecting a quanti-
tative trait. Sample numerical calculations showed that
Falconer’s expression gave a close approximation to the
exact results for dominant and codominant alleles from
p = 0.05, and for recessive alleles from p = 0.20.
By Falconer’s expression

Ap =ipqa/o 1)
where,
i = standardized selection differential = z/P, where P is

the proportion selected and z is the height of the
ordinate of the normal curve at the point of trunca-
tion,

p = the frequency of the desired allele

q = frequency of the alternative allele,

o = the average effect of a gene substitution (Falconer
1960 p. 129) = a + (q-p)d, where a is the deviation
of each homozygote phenotype from the midparent
mean, and d is the deviation of the heterozygote
from the midparental mean.

o = the phenotypic variance = n[2pqa® + (2pqd)? ] (Fal-
coner 1960, p. 136).

In our case a can be set equal to 1.0, and d to +a, O,
and —a for dominant, codominant and recessive alleles,
respectively. Substituting these values in (1) gives:

Ap =ipq/[n(1-p?)}”*  for recessive alleles

Ap = ipg/(2npg)”
Ap =ipg/[n(1—q*)]"

for codominant alleles, and

for dominant alleles

The frequency of the desired alleles in any particular gene-
ration, py, can be obtained by repeated application of
these expressions.

For recessive alleles, an exact expression for gene fre-
quency of the desired marker alleles in the selected po-
pulation was used when p < 0.20. In this case gene fre-
quency in the m selected individuals of the tth generation
(pt + 1) is given by the weighted average of gene frequen-
cy in the k out of m individuals that are homozygous for
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the given marker allele (in these individuals, p = 1.0) and
in the (m-k) individuals that show the alternative marker
phenotype (in these individuals, p = p,/(1 + p,). That s,

k +(m—k)p,/(1 +py)

m

Pi41 =

The average number of individuals homozygous for the
recessive marker for any given allele, k, will be equal to
the average number of homozygous markers per selected
individual,

m
p> kNy + (m-r1)B

k=m-r+1
m

k=
where,

N, = the number of individuals, each homozygous for
k markers, in the selected group, and is equal (by

the binomial distribution) to NCX (p?)* (1-p?)? -k,

m m
rischosensothat X Ny >m> TN,
k=m—r k=m—r+}
m
and B=m - z Ny
k=m-r+l

The Number of Offspring Raised per Generation

In a program of this sort it is essential that each allele be
represented a number of times in the group of selected in-
dividuals. This is particularly true at the early stages of the
selection program when p is small. The sampling variance
of p is (pg/2N) where N is the number of individuals
raised per generation. Once N is fairly large, and p = 0.10,
the probability that any of the alleles will be absent in the
offspring population is nil. Nevertheless, by sampling
alone, some frequencies might drift to zero in spite of the
selection pressure. For this reason the selected group
should include some minimum number of individuals car-
rying each marker allele. For codominant and dominant
alleles, it will be relatively simple to ensure that all alleles
are represented at more or less equal frequencies in the
selected group, even in the early generations. For recessive
alleles this means including at least one individual showing
each marker phenotype. The probability that at least one
of N individuals will show any giver recessive marker
phenotype will be 1 — (1-p?)N, and the probability that
all marker phenotypes will appear at least once is this ex-
pression to the nth power, [1-(1-p*)N]". N would then be
chosen so as to give a reasonably high probability that at
least one such individual would be found for each marker.
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In later generations, when gene frequencies are high, it
might still be worthwhile to examine the selected indivi-
duals to ensure that none of the alleles are present in par-
ticularly low frequency, even if this involves some reduc-
tion in the nominal selection intensity. At later genera-
tions N would need to be large enough, so that m would
not fall below some reasonably ‘safe’ number (say 10 or
20) from the point of view of ensuring the line against
chance accidents.

Numerical Results
Formal Crosses

As a specific numerical example, consider the production
of a 20-marker strain, starting with 20 single-marker par-
ental strains. Following the expressions developed above,
this would take 10 crossing cycles (20 generations) with 9
crosses in the first cycle. In order to have a reasonably
high probability that all F-2 crosses would produce at
least one or more 4-way homozygotes, it would be neces-
sary to raise N = 1000 offspring per cross in the early
cycles. In this case the probability that all crosses pro-
duced at least one 4-way homozygote would be 0.83, with
500 offspring per cross this probability is only 0.25. N
could be reduced in later cycles. Thus, the total number
of offspring per F-2 generation will vary from 9,000 in
the second cycle to, say, SO0 in the last cycle. Much
smaller numbers, of course, will be needed in the aiternate
F-1 generations of the cycles.

Producing a 10 marker strain in this manner would
require 10 generations, and a 30 marker strain would re-
quire 30 generations.

Random Mating and Selection

Again consider the production of a 20 marker strain,
starting with 20 single-marker parental strains. It is as-
sumed that 400 offspring are raised and 20 individuals
chosen each generation, so that the proportion selected
is equal to 0.05, and the standardized selection differen-
tial, i = 2.0. Figure 1 shows gene frequencies by genera-
tions on these assumptions, separately for recessive, co-
dominant and dominant alleles. Preliminary calculations
showed that increase in gene frequency for the recessive
alleles was slow in the initial one or two generations when
gene frequencies were low. Also at these low frequencies,
it is necessary to raise large numbers of offspring in order
to ensure good representation of recessive alleles in the
selected population. For this reason a more optimal pro-
gram in the case of recessive alleles is to devote two gene-
rations at the start of the program to the production of
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Fig. 1. Production of a 20-marker strain by random mating and
selection. Gene frequencies by generations for recessive (REC), co-
dominant (COD) and dominant (DOM) alleles

ten, 2-marker strains, and then proceed by random mating
and selection from this point. In this way gene frequency
in the initial generation would be 0.10. The 20-marker
strain would be reached in 9 additional generations giving
11 generations in all for recessive alleles. In the case of co-
dominant alleles, it would require a total of 8 generations
to reach a 20-marker strain starting with 20 single marker
parent strains. For dominant alleles, increase in gene fre-
quency under these conditions is rapid until generation 7,
but slows significantly thereafter. Also, from this point
the desired selection intensity cannot be maintained,
since more than 5-10% of the population show all desired
marker phenotypes. From this point therefore, it would
be necessary to progeny test in order to reach fixation.
This could be achieved by two generations of progeny
testing starting in generation 8, giving 11 generations in
all for the production of a 20-marker strain for the case
of dominant alleles.

In the initial stages of selection for n recessive alleles,
it would be necessary to raise 500-600 total offspring to
ensure that each marker appeared at least once in homo-
zygous condition. This number could be reduced consider-
ably as gene frequencies increase. For codominant or do-
minant alleles, even in the initial generations, 200 off-
spring would be adequate to ensure that all alleles were
well represented in the selected population.

In all cases reducing selection intensities to 10% adds
one generation until fixation. Also, in all cases, producing
a 10-marker strain would require two generations less, and
producing a 30 marker strain would require two genera-
tions more, than the number of generations required for
a 20-marker strain.

Discussion

The results of this study show that production of a multi-
marker strain will require a considerable investment in
time and resources when based on a series of formal
crosses, but can be carried out with impressive rapidity
and only minimal resources by a program of random
mating and selection. It is recognized that in practice the
production of such strains will depend on the availability
of suitable markers, from the point of view of chromo-
somal location, and on their biological interactions when
present in the same individual. Biochemical markers ex-
tend both possibilities considerably.
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