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Summary. New sources of genetic polymorphisms 
promise significant additions to the number of useful 
genetic markers in agricultural plants and animals, and 
prompt this review of potential applications of poly- 
morphic genetic markers in plant and animal breeding. 
Two major areas of application can be distinguished. 
The first is based on the utilization of genetic markers 
to determine genetic relationships. These applications 
include varietal identification, protection of breeder's 
rights, and parentage determination. The second area 
of application is based on the use of genetic markers to 
identify and map loci affecting quantitative traits, and 
to monitor these loci during introgression or selection 
programs. A variety of breeding applications based on 
these possibilities can be envisaged for selfers, partic- 
ularly for those species having a relatively small 
genome size. These applications include: (i) screening 
genetic resources for useful quantitative trait alleles, 
and introgression of chromosome segments containing 
these alleles from resource strain to commercial variety; 
(ii) development of improved pure lines out of a cross 
between two existing commercial varieties; and (iii) 
development of crosses showing increased hybrid vigor. 
Breeding applications in segregating populations are 
more limited, particularly in species with a relatively 
large genome size. Potential applications, however, 
include: (i) preliminary selection of young males in 
dairy cattle on the basis of evaluated chromosomes of 
their proven sire; (ii) genetic analysis of resource strains 
characterized by high values for a particular quantita- 
tive trait, and introgression of chromosome segments 
carrying alleles contributing to the high values from 
resource strain to recipient strain. 
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Introduction 

Methods have recently been developed, based on the 
use of restriction enzymes and cloned DNA, that allow 
a new class of genetic polymorphism - restriction frag- 
ment length polymorphisms (henceforth, RFLPs) - to 
be detected (Bishop and Skolnick 1980; Botstein et al. 
1980; Grodzicker etal. 1974; Solomon and Bodmer 
1979). It is anticipated that RFLPs will be numerous 
and developmentally stable, and that they will act as 
codominant Mendelian markers, free of pleiotropic 
effects on economically important characters (Beck- 
mann and Soller 1983). The purpose of this paper is to 
draw attention to the implications of a virtually un- 
limited source of genetic polymorphisms for breeding 
practice. Three major areas of potential marker utiliza- 
tion will be reviewed: (i) varietal and parentage identi- 
fication, (ii) identification of  genetic loci affecting 
quantitative economic traits, and (iii) genetic improve- 
ment programs, including screening and evaluation of 
germplasm resources, introgression, improvement of 
commercial hybrids and within-population selection. 
Because of the different genetic architecture of inbred 
lines and selfers as compared to segregating popula- 
tions and outcrossers, the discussion of each area will 
be caried out separately for the two mating types. The 
nature of RFLPs, the methodologies involved in their 
detection, and the anticipated costs of applying RFLP 
methodologies to genome mapping and breeding 
practice are discussed in a companion paper (Beck- 
mann and Soller 1983). 
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Strain and parentage identification 

Three s tuations of interest can be distinguished (i) 
Varietal identification, requiring a set of markers that 
can distinguish between n strains or varieties, (ii) 
Protection of breeder's rights, requiring a set of markers 
that will allow calculation of the likelihood that an 
unknown population actually represents a given com- 
mercial variety, and (iii) Parentage identification, 
requiring a set of markers allowing positive parent 
identification in cases where total control of mating 
opportunities is difficult for biological or agrotechnical 
considerations (e.g., honey bees, beef cattle or fruit 
trees). 

Inbred lines and selfers 

It is assumed that k independent polymorphic loci are 
available, two alleles at each locus, and that the 
frequency of alternative genotypes in the entire popula- 
tion of varieties is 0.5, i.e., half of the varieties are of the 
genotype "AA" and half of the genotype "aa". This is 
the worst case with respect to number of alleles per 
locus and the best case with respect to allelic fre- 
quencies. For purposes of varietal identification, the 
relevant statistic is the probability, P1, that each of n 
varieties has a different genotype, 

2k! 
P1 - 2kn (2 k _ n)! 

For protection of breeder's rights, the relevant statistic 
is the probability, P2 =(Y2) k that a variety chosen 
at random has the same genotype as a given com- 
mercial variety. R1 = 1/P2 = 2 k will then be the relative 
likelihood that an individual having a genotype identi- 
cal to that of the commercial variety, indeed originated 
from that variety. 

Trial calculations using these expressions show that 
given a set of 20 or more polymorphic loci of this sort, a 
testing laboratory could confidently expect to dis- 
tinguish among any two or more varieties submitted; 
while given a set of 10-15 such polymorphic loci, a 
breeder could maintain with high plausibility that any 
individual having a genotype identical to that of his 
particular variety was indeed a member of that variety. 
Very high relative likelihoods could be provided if a 
number of rare marker alleles could be purposely 
incorporated into new varieties as these are developed. 

Segregating populations and outcrossers 

Protection of breeders rights in segregating populations 
requires a set of k polymorphic loci for which allelic 
frequencies in the commercial variety differ from the 
values in the overall population. In this case the 

relative likelihood, R2, that a sample of n individuals 
originated from the given commercial variety is cal- 
culated by comparing the likelihood that they originat- 
ed from the commercial variety to the likelihood that 
they originated from an "average" variety having the 
overall allelic frequencies of the entire population. R2 
can be calculated by maximum likelihood methods and 
is generally expressed as the log. likelihood ratio 

k k 

L o g R 2 = ~  Z L o g P ( G i j ) -  ~'~ E LogP'(Gij)  
j=l  i=l j= l  i=l  

where, 

n and k 
Gij 

e(Gij) 

P'(Gij) 

are defined as above, 
is the genotype at the i th polymorphic locus, of 
the  jth individual in the sample, 
is the frequency of this genotype in the 
breeder's variety, and 
is the frequency of this genotype in the popula- 
tion as a whole or in some specific alternative 
variety. 

A Log R2 value of 3, for example, would be equivalent 
to a relative likelihood value, R2, of 1000 : 1. 

Trial calculations show that ten polymorphic loci, 
and ten individuals sampled, should suffice for relative 
likelihood values of 1000 : 1 in most instances. 

Parentage identification. In random-mating populations, 
genetic polymorphisms can serve as a means of positive 
parent identification, for purposes of progeny testing, 
say, using procedures similar to those employed in 
cases of disputed parentage in humans (Silver 1978). In 
this case, the relevant statistic is the "combined 
probability of exclusion, CPE'. This is the a priori 
probability that a randomly chosen male of a known 
genotype will be excluded as the parent of a given 
offspring on the basis of the genotype of both the 
offspring and its female parent at one or more poly- 
morphic loci. 

For multiple polymorphic systems, it can be shown 
that 

k 

C P E  = 1 - I I  (1 - P E 0  
i=l 

where PE i is the probability of exclusion at the i th 
polymorphic locus. For loci having two codominant 
alleles (as in the case of RFLPs) there are six such 
combinations in which the male parent can be ex- 
cluded if female parent and offspring are scored, and 
two combinations in which the male parent can be 
excluded if only the offspring is scored (Table 1). Based 
on this table it can be shown that for any given poly- 
morphic locus, with two codominant alleles and allelic 
frequencies p and q, PE = pq (1 - p q )  when both female 
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Table 1. Exclusion combinations and their probabilities 

Random male Female Offspring P 
parent parent 

Female parent and offspring scored 
AA AA Aa p2 
AA Aa aa p2 
AA aa aa p2 
aa aa Aa q2 
aa Aa AA q2 
aa AA AA q~ 

p2 . q 

2pq" V2q 
q2.q 
q2 . p 
2pq �9 lap 
p~. p 

Total pq (1 - pq) 

Offspring alone scored 
AA aa p~ �9 q2 
aa AA q~. p2 

Total 2p2q 2 

question. Since it is assumed that one or other of  the 
non-excluded males is the true parent ,  the sum of  these 
individual  male probabi l i t ies  for all unexcluded males 
is taken as unity. The probabi l i ty  of  paterni ty  for each 
male will then be the ratio of  his specific probabi l i ty  to 
the sum of  all probabil i t ies.  

Strain identification. In segregating popula t ions  strain 
identification can be accomplised in a similar  manner  
by methods analogous to those for establishing 
plausibil i ty of  paternity.  This involves calculating the 
l ikelihood that a given sample  came from each of  a 
series of  known strains. Since it is assumed that the 
sample originates from one or the other  o f  the known 
strains, the plausibi l i ty o f  origin from some par t icular  
strain can be taken as the ratio o f  specific strain 
probabi l i ty  to the sum of  probabi l i t ies  of  all strains. 

parent  and offspring are scored, and P E = 2 p 2 q  2 when 
the offspring alone is scored. 

Trial calculations show that if  female parent  and 
offspring are both scored, k - - 1 5  po lymorphisms  will 
give a CPE of  0.95 when average allelic frequencies are 
0.5, while if  the female parent  is not  scored, 22 such 
polymorphisms would be required for a CPE of  0.95. 

In agricultural  si tuations there will often be a fairly 
large number  o f  possible male parents, and the prob-  
lem becomes one o f  identifying the true parent.  In this 
case the probabi l i ty  o f  identification, PI (the probabi l i ty  
that all but  the true male parent  will be excluded),  will 
be 

PI = (CPE) n -  1 

and the probabi l i ty  that at least one other  male,  in 
addi t ion to the true male  parent,  will not  be excluded, 
is 1-PI. This probabi l i ty  is not  negligible even when the 
CPE is high. For  example,  i f  the C P E = 0 . 9 5  and n =20,  
PI=0 .36 .  Thus, in such a case the probabi l i ty  that one 
would be left with two or more  non-excluded males at 
the end of  the scoring procedure  is 0.64. In this case the 
final decision would be made  by max imum l ikel ihood 
"plausibi l i ty  o f  paterni ty"  calculations (Silver 1978), 
carried out as follows. From inspection of  the genotypes 
of  female parent  and  progeny,  the set of  alleles which 
must have come from the male  parent  are identified. 
For  example,  i f  the offspring is Aa, and the female 
parent  is AA, the male  parent  must  have contr ibuted 
the allele a. The probabi l i ty  that each non-excluded 
male contr ibuted this set o f  alleles is then calculated as 
the product  o f  the probabi l i t ies  that he contr ibuted 
each allele in the obl igatory set. These individual  
probabil i t ies  will be 1.0 or 0.5, depending  on whether  
the male is homozygous  or heterozygous at the locus in 

Genetic analysis of quantitative traits 

Sellers and inbred fines 

Methodologies for locating chromosome segments or loci 
affecting quantitative traits based on linkage to marker loci in 
backcross populations have been applied in Drosophila (Tho- 
day 1961; Spickett and Thoday 1966; Mather and Jinks 1971) 
and wheat (Law 1966). The adaptation of these methods to 
agricultural plants and animals has been considered by Soller 
etal. (1976). When codominant markers are available (i.e., 
isozymes markers or RFLPs) analyses based on the F-2 
generation will be more useful than those based on backcross 
generations in that they provide information on both domi- 
nance and main effects of the identified quantitative trait locus 
(henceforth, QTL, Geldermann 1975). The basic approach is 
outlined in Table 2. It can be seen that appropriate functions 
of the F-2 marker genotype means provide estimates of main 
effects (2d) and relative dominance (h/d) at the QTL, attenuat- 
ed by the proportion of recombination between marker locus 
and QTL. Some notion as to the value of r, and the absolute ef- 
fects of d and h, can be obtained when the QTL is bracketed 
between two marker loci (Thoday 1961). In other cases, 
estimates can be provided by maximum likelihood methods 
(Weller 1983). As has been pointed out by McMillan and 
Robertson (1974), a located QTL may actually represent the 
center of gravity of two or more separated QTLs in the vicinity 
of the marker. In this case, what is being evaluated is the 
overall quantitative value of the chromosome segment to both 
sides of the marker locus. However, for most breeding pur- 
poses, this will still be informative and useful. The likelihood 
of two or more QTLs lying in the vicinity of a single marker 
may not be great (Soller et al. 1979). 

Experimental studies (Weller 1983; Patterson et al. 1968; 
Zhuschenko et al. 1979; Tanksley et al. 1981; Tankslcy et al. 
1982; Kluge and Geldermann 1982) show that a wide variety 
of quantitative effects can in fact be found associated with 
specific genetic markers. Maximum likelihood and other 
mapping methods show that in some cases at least the results 
are due to linkage rather than pleiotropy. These experiments 
suggest that a significant proportion of marker-linked effects 
on quantitative traits are of a magnitude that could be readily 
detected in experiments of about 1000 F-2 or backcross 
individuals. It is important to note that if two strains differ in 
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Table 2. Evaluation of main effect and dominance relations of 
quantitative trait loci (QTL) in the F-2 of a cross between in- 
bred lines differing at both QTL and marker locus 

Definitions and symbols 
r= proportion of recombination between marker locus and 
QTL 
Genotypes at the QTL and their value: AA= +d 

Aa = h 
aa = - d  

Genotypes at the marker locus: MM, Mm, mm 
Mean phenotypic value of marker genotypes in F-2: MM, 
Mm, mm 

Cross between inbred lines differing at marker locus and at 
QTL 

MA ma 
Parental genotype ~ x m~ 

MA 
F-1 genotype ma 

F-2 genotypes MM Mm mm 
Value (1-2r) d+ ((l-r) 2 +r  2) h -(1-2r) d+ 

2r (1-2r) h 2r (1 2r) h 

Estimates of main effects and dominance at the QTL 
Main effects MM ram=2 (1 - 2r) d 
Dominance Mm - 1/2(MM + mm)= (1-2r) 2 h 

Dominance = (l_2r)h 
Relative dominance V2 Main effects 

many markers, suitably spaced along the genome, a single F-2 
generation will alow a total evaluation and rough mapping of 
the entire genome for all quantitative traits scored. Thus the 
quantity of information yielded by this type of analysis is 
critically dependent on the number of marker polymorphisms 
differentiating the two parental lines. 

Segregating populations 

The use of  polymorphic genetic markers for genetic 
analyses in segregating populations is more problem- 
atic than in selfers or inbred fines (Soller and Genizi 
1978; Soller 1978), since in a segregating population 
under linkage equilibrium, the sign of  the quantitative 
allele associated with any particular marker  allele will 
be different in different homologous chromosomes. As 
a result, linkage o f  marker and QTL is detected by 
intensive analysis, in large numbers of  F-1 and F-2 
offspring, of  known homologous chromosome pairs 
originating from a single parent individual and differ- 
ing in one or more marker alleles. The procedure 
would be as follows. Denote the male parent as M1M2 
and the female parents as MFMF, where Mx, M2, and 
Me are all well marked homologous segments. It is 
assumed that in the male parent, M~ and M2 differ at 

one at least of  the marker loci included in the segment. 
The MF are all of  the corresponding homologous seg- 
ments in the female parents (not necessarily identical to 
one another). Then the initial cross will be M~M2 • 
MFMF, and the contrast MaMF M2 ME in the F-1 will 
give initial information as to the relative quantitative 
value of  the M~ and M2 segments in the male tested. In 
the F-2, six genotypic classes will be recognized at the 
marked segment in the following proportions: 1/16 
M1MI, 1/8 M1M2, 1/16 M2M2, 1/4 M~MF, 1/4 
M2MF, 1/4MFMF. From among these, appropriate 
contrasts can readily be formed to evaluate M1 as 
compared to M2, and to evaluate both M1 and Ms with 
respect to the female line homologous segments, My. 
Clearly, in this case the likelihood of  having good 
genome coverage depends critically on the total num- 
ber of  polymorphic markers available. Furthermore, 
the availability of  a large number  of  markers on the 
parental chromosomes will facilitate the analyses by 
increasing the proportion of  F-I  and F-2 offspring in 
which the alternative parental chromosomes can be 
unequivocally identified. This derives from the fact that 
a well-marked chromosomal  segment (e.g. a 20 cM 
segment, delimited by specific marker alleles at each 
end, and containing one or more internal polymorphic 
marker alleles) serves as a marker haplotype that can 
be followed from generation to generation almost as 
readily as a single low frequency allele in a multiple 
allelic series. For example, assuming P = 0 . 5  at each 
marker locus, and a segment marked by three hetero- 
zygous markers, then 1/8 of  female line chromosomes 
would have the MI allelic haplotype and 1/8 the Ms 
haplotype. If  these are not identified in the F-2 this will 
reduce the various contrasts by 1/8. This should not 
have a major effect on the ability of  the design to detect 
QTL having significant effects on the quantitative 
characters of  interest. 

When analyzing a resource strain with respect to 
only one or two quantitative traits, an alternative 
approach is to score for genetic markers only in- 
dividuals showing extreme phenotypes for the quanti- 
tative trait of  interest. In this case, two groups of  
individuals showing high or low phenotypes for a 
particular trait, respectively, are selected out of  a 
segregating F-2 population of  a cross between resource 
strain and standard variety, and marker-allele fre- 
quencies in the two groups are compared. Such groups 
will differ in frequency of  alleles affecting the quanti- 
tative trait, and hence, by hitchhike effects, will also 
differ in frequency of  any linked marker alleles. In this 
way marker alleles close to QTL affecting the trait of  
interest can be identified without the necessity for 
scoring all offspring with respect to marker alleles. This 
procedure is similar to that suggested by Stuber et al. 
(1982). 
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Breeding applications 

Selfers 

Screening germplasm resources. Marker-based evalua- 
tion and mapping of the genome for QTL have the 
potential to screen germplasm resources (wild progeni- 
tor populations, accession lines or cultivars) and iden- 
tify high frequency chromosomal segments of potential 
usefulness for the improvement of quantitative traits in 
commercial varieties. This approach has a number of 
advantages compared to searching for transgressive 
variation in the F-2 or subsequent generations of a 
cross between commercial variety and resource strain 
as an indication of hidden favorable alleles in the 
resource strain: (i) for any given magnitude of experi- 
ment, the power of the marker analysis will be greater 
when more than a few loci are involved or when gene 
effects are relatively small; (ii) information will be 
available in the F-2 generation, without the necessity of 
going on to subsequent generations; (iii) it will be 
possible to distinguish between additive effects and 
epistatic effects as a source of transgressive variation; 
(iv) it will be possible to determine whether useful 
alleles in different resource strains are at the same or 
different loci; and (v) it will be possible to determine 
whether the resource strain differs from the commercial 
variety in one or a number of useful alleles affecting 
the trait of interest. 

Introgression of useful chromosome segments from 
resource strain to commercial variety. When commercial 
variety and "resource" strain differ at a QTL and at the 
adjoining marker locus (or at two nearby marker loci 
with the QTL bracketed between them), repeated back- 
crosses to the commercial strain, retaining only back- 
cross progeny carrying the exotic marker allele(s), will 
allow the effective introgression of the linked QTL 
from "resource" to commercial variety (Soller and 
Plotkin-Hazan 1977). Theoretical analyses (Soller et al. 
1979) show that under most circumstances the majority 
of marker-linked quantitative effects should be due to 
no more than one or two QTL in the near vicinity of 
the marker locus. Thus, it should be possible to 
separate the linked favorable allele from any associated 
linked unfavorable alleles prior to or subsequent to the 
introgression process (Soller and Brody, to be pub- 
lished). For introgression of useful alleles from wild 
species Tanksley and Rick (1980) and Tanksley et al. 
(1981) showed that selection for recurrent parent 
markers along with the introgressed gene, can result in 
major savings in the number of generations required 
for completion of the backcrossing procedure and in 
the amount of field space required to test mature 
individuals. A similar procedure could obviously be 
used with positive selection for a marker-bracket as 

well, leading to an extremely effective and efficient 
introgression procedure. 

Development of  improved pure lines out of a cross 
between existing pure lines. Genetic improvement in 
most selfers proceeds by development of improved 
pure lines out of crosses between different existing pure 
lines (pedigree, bulk or single-seed descent methods; 
Simmonds 1979). In such programs the methods for 
genetic analysis of quantitative traits described above 
can provide a partial answer to the problem of re- 
taining the best of the families developed in the early 
generations for further screening in the later genera- 
tions of the program. This would proceed as follows. 
Alternative chromosome segments in the vicinity of 
polymorphic markers differentiating the parental pure 
lines would be evaluated for QTL in the initial genera- 
tions of the cross (F-2 to F-5), during the period when 
homozygosity of the pure line families generated by the 
cross is established. Repeated evaluations in the F-2 to 
F-5 generations, over a number of seasons and sites, 
would also provide information on genotypexen-  
vironmental interactions affecting the various QTL. At 
the F-5 or F-6 generations, the many families generated 
in the initial stages of the program would be subjected 
to preliminary screening on the basis of the overall 
value of their QTL as indicated by their marker 
genotypes. In this way the combined information of a 
number of seasons and of many individuals and fami- 
lies would be brought to bear on the initial selection of 
individual F-5 and F-6 families. The selected families 
would then undergo the usual, more extensive evalua- 
tion with respect to quality and yield. This should allow 
the final stages of the program to start from a signifi- 
cantly superior initial level as compared to present 
methods, particularly with respect to traits of low 
heritability. 

Development of crosses between inbred lines showing 
increased hybrid vigor. The methods for genetic analysis 
described in the previous sections can also be utilized 
to identify specific QTL showing dominance or over- 
dominance in the F-2 of a cross between two inbred 
lines. This would enable an existing cross to be ana- 
lyzed in terms of the number of QTL involved in 
producing the observed hybrid vigor, the type of 
genetic effect involved (i.e., complementary domi- 
nance or overdominance), and the magnitude of 
effect of such QTL. Following this, additional in- 
bred lines could be tested against the standard 
lines, and screened for the presence of additional 
dominant or overdominant QTL. These could then 
be incoporated into the alternate standard line by 
marker-based introgression techniques as described 
above. In this way OTL contributing to heterotic effects 
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could be collected from a wide variety of  resource lines 
and introduced into the standard lines, allowing direct 
and specific construction of  crosses showing maximum 
degrees of  hybrid vigor. 

Segregating population 

Analysis of resource strains and introgression of useful 
chromosomal segments. In the case of  segregating popu- 
lations, resource strains can be screened for the pres- 
ence of  favorable alleles at QTL by crossing individual 
males of  the resource strain to standard strain females, 
and intensively analyzing alternative homologous chro- 
mosomes of  the resource strain, with respect to one 
another and with respect to the standard strain chro- 
mosomes, either over the total F-2 population or over 
selected extreme phenotypes as described above. 
Any useful identified alleles (or marker-linked chromo- 
some segments) could then be introgressed into the 
standard lines using the markers defining the segment 
to monitor and assist in the introgression procedure. 

Marker-based selection in segregating populations 

1 Biometric considerations. In species, such as dairy cattle, 
where very large progeny groups can be obtained from in- 
dividual males, genetic markers or well marked chromosome 
segments can also assist in within-population selection. The 
basic procedure is based on the marker approach to genome 
evaluation described above, except that the analysis involves a 
male from the standard population itself, and is aimed at 
evaluating alternative well marked homologous chromosome 
segments of the individual male with respect to one another in 
the F-1 offspring of that male. Selection would then be carried 
out among future offspring of such marker evaluated males on 
the basis of the estimated breeding value of the offspring, as 
indicated by the marked chromosome segments inherited from 
the evaluated male parent. The procedure proposed here 
differs from that of Soller (1978) primarily in that it involves 
the use of multiple rather than single marker alleles to identify 
chromosomal segments. 

Although the contribution in this manner of any single 
marked segment to genetic progress would be small, the joint 
contribution of a large number of such segments can be 
appreciable; also, the procedure becomes more effective with 
time. At the first stage of its implementation, genetic gains 
depend on information obtained from the direct progeny of 
the male being evaluated. As the program proceeds, however, 
information on a particular marked chromosome segment, 
with respect to alternative marked segments segregating in the 
population, is accumulated across generations and from a 
number of tested males in a particular generation. Eventually, 
sufficient information on the most useful marked segments 
should become available as to enable them to be treated as 
"known loci", markedly increasing the possibilities of genetic 
improvement (Soller 1978). Thus, the marker-segment pro- 
cedure contains an internal bootstrap by means of which its 
effectiveness increases with time. The biometric equations 
defining expected genetic progress under such a selection 
program, based on Soller (1978), are given in Table 3. 

2 Decay of  linkage between QTL and marker allele in 
evaluated chromosomal segments. Given a sire hetero- 
zygous at a QTL and at a nearby marker locus, and 
assuming that the particular chromosome carrying the 
favorable QTL and its linked marker allele have been 
identified by an appropriate evaluation procedure, 
the proportion, Tin, among the offspring, of  like- 
marked chromosomes derived from the parent, that will 
retain the original linkage relationship of  marker allele 
and useful QTL allele, can be obtained as follows: 

For first generation offspring, since the sire is 
heterozygous at both marker and QTL, all chromo- 
somes can undergo recombination, so that T 1 - - ( 1 -  r), 
where r is the proportion of  recombination between 
marker and QTL. In all subsequent generations the 
proportion of  chromosomes retaining the original 
favorable linkage relationship will be given by the 
recurrence relation 

Tt+ l =(1 - rq) T t + r  (1 - q) (1 - Tt) =Tt  (1 - r ) + r  (1 - q) 

is the population frequency of  the unfavorable 
allele at the QTL, 
is the proportion o f  marked chromosomes 
that lose the original linkage configura- 
tion each generation as a result o f  recombina- 
tion with a pairing partner that carries the 
unfavorable quantitative allele, 

r (1 - q) is the proportion of  marked chromosomes each 
generation, having lost the original linkage re- 
lationship as a result of  recombination, that 
regain it as a result of  reverse recombination 
involving a pairing partner carrying the 
favorable quantitative allele. 

Along similar lines, for a marker bracket o f  width r, it 
can readily be shown that T1 = (1 - Y4 r 2 ), and 

Yt+ 1 -->_ (1 - Y4r 2 ) Tt+ 1/4r~ (1 - q )  (1 -T t ) .  

Table 4 shows loss of  favorable linkage relationship 
for the case q =0.5, and for segments distinguished by a 
single marker allele, or by a bracket. It is clear that 
when r is small (<0.05) ,  or for a bracket of  size 
20-40 cM, loss of  linkage relationship is slow. This 
should enable information on the quantitative val- 
ue o f  such a bracket to be accumulated, and effec- 
tive selection carried out, over a period o f  at least 
five generations (or more, for a narrow bracket). 
One would expect that by this time frequencies for the 
favorable allele would be high (Soller 1978). At the end 
of  the selection period, some heterogeneity may remain 
in the marker bracket at a population level as a result 
of  crossing over. This may be desirable as it will allow a 
certain degree of  genetic variation at the chromosomal 
segment to be retained. 

where, 

q 

rq 
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Table 3. Biometric relations defining the increase in breeding value of young sires chosen on the basis of  marker-assisted selection 
or "known locus" selection with respect to quantitative trait loci (QTL) a 

Definitions and symbols 

D =observed phenotypic difference between 

0 -2 

n 

P, q 

d , h  = 

r -- 

k 

k '  

B = 

i = 

daugther 
groups receiving alternative marker alleles or marker 
brackets from the evaluated sire 
phenotypic variance of milk production 
number of daughters receiving a particular marker 
allele or bracket from the evaluated sire 
frequency of alternate alleles at the QTL linked to the 
evaluated marker or enclosed within the marker 
bracket 
main effect and dominance effect at the QTL, as 
defined in Table 2 
proportion of recombination between marker locus 
and QTL 
number of evaluated QTL 
number of "known loci" 
breeding value of dam of young sire 
intensity of selection 

Marker assisted selection 
2 o .2 

n 
a 2 =  

error variance of D 

genetic variance of D, a2D = 2p q(1 -- 2r) 2d 2 for a 
sire heterozygous at a single marker, and 2p q d 2 for a 
sire heterozygous at both ends of a marker bracket 

20- 
a 2 -- a ~  + = phenotypic variance of D 

n 

bD = a2AD/a 2=regression of breeding value for D on 
observed value of D 

�89 D = mean deviation from overall daughter mean of the 
evaluated sire, of those daugthers receiving a partic- 
ular marker or marker bracket 

M = bD (�89 D ) =  expected breeding value associated with a 
particular marker or marker bracket 
k 

I = ~ Mi + B = index value of young sire based on breed- 
i=1 
ing value of his dam and expected breeding value of k 
evaluated markers or marker brackets 

k ! 

al2 = 4 ~ ,  b~ ~ + O2 = variance of index values 

S = i ( a l - a B ) =  increase in expected breeding value of 
young sires as a result of marker assisted selection 

Known locus selection 

= d + (q - p) h = average effect of a gene substitution 
Ki = breeding value of ith "known locus" 

= 2 q ~ ,  ( q - p ) ~  and - 2 p ~  for the M i M l ,  M~M2, 
and M 2 M2 "known locus" genotypes, respectively. 
k' 

I = ~ Ki + B = index value of young sire based on breed- 
i= l  
ing value of his dam, and expected breeding value for 
k' "known loci" 

o 2 K i = 2 ~ piqid~ 2 = variance of total of breeding values 
i i= l  

for k' "known loci" 

0-I 2 = o "1 Ki + ~ = variance of index values of young 
i= 

sires 
S = i ( a l - - a B ) = i n c r e a s e  in breeding value of "known 

locus" index selected young sires 

a For details see text and also Soller 1978 

Table 4. Proportion of chromosomes retaining original linkage 
between favorable quantitative allele and single marker or 
marker bracket by generation and proportion of recombi- 
nation" 

Genera- Proportion of  recombination 
tion 

Single marker Marker bracket 

0.05 0.10 0.20 0.20 0.40 

0 1.00 1.00 1.00 1.00 1.00 
1 0.95 0.90 0.80 0.99 0.96 
2 0.93 0.86 0.74 0.99 0.94 
3 0.91 0.82 0.69 0.98 0.92 
4 0.89 0.79 0.65 0.98 0.91 
5 0.87 0.76 0.62 0.97 0.89 
6 0.85 0.74 0.60 0.97 0.88 
7 0.83 0.71 0.58 0.96 0.86 
8 0.81 0.69 0.56 0.96 0.85 
9 0.80 0.67 0.55 0.95 0.83 

10 0.78 0.65 0.54 0.95 0.82 

" See text for details 

3Numerical example: sire selection in dairy cattle. These 
considerations can now be applied to the case of young sire 
selection in dairy cattle. Assume a phenotypic standard devia- 
tion of milk production of 1,000 kg and 40 QTL affecting milk 
production, each with d--  100 kg, h=0 ,  p = q  =0.5 (see Table 3 
for explanation of symbols). This will give a total genetic 
variance of 200,000, corresponding to the observed heritability 
of 0.2 for milk production in dairy cattle. It will be further 
assumed that k = 3 0  of  these QTL are included in marked 
segments that can be treated in the manner described above, 
that 500 daughters are initially classified in each marker- 
genotype, and that intensity of  selection of young sires, i, is 
equal to 2.0. It should be noted that for a marker segment 
analysis, it will be possible to unequivocally allocate almost all 
daughters to one or the other marker genotype, so that no 
more than 1,000-2,000 daughters would be required to give 
500 daughters per marker-genotype group. 

Variance of  breeding value of the~oung sire as estimated 
from the breeding value of his dam, ~(I, will equal, say, 10,000 
in both cases (Soller 1978). On these assumptions additional 
genetic progress in the offspring of  the young sires, as a result 
of prior selection on the basis of marked segments will be 43 
or 76kg/generation for single marker selection (r=0.1) or 
marker-bracket selection, respectively. It should be noted that 
existing selection procedures along the dam-to-sire path can 
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be expected to provide 85-130 kg of progress per generation 
(Owen 1975). 

As information accumulates, bD will increase. When the 
equivalent of 1,000 offspring are available to evaluate a given 
marker segment, incremental gains due to single marker or 
marker bracket selection will be 58 or 90 kg/generation. 

If the 30marker-segments followed eventually yield 
k'=20 "known loci", incremental progress due to marker- 
bracket selection will be 231 kg per generation, and marker 
assisted selection would be the major route for genetic 
improvement in the population. 

Discussion and conclusions 

The expressions and numerical examples presented 
above suggest that given a sufficient number of useful 
polymorphisms (i.e., 0.1 < P < 0.9), problems of 
varietal identification, protection of breeder's rights and 
parentage identification can receive adequate and 
general solutions. 

With respect to marker applications to genetic 
improvement programs, two groups of agricultural 
species can be distinguished. The first group comprises 
selfers with small genome sizes ( ~  10 Morgan). This 
group includes many important cultivated plants (e.g. 
tomato, barley, and also corn to the extent that corn 
improvement is based on crossing inbred lines). In this 
group marker assisted genetic analyses can be carried 
out using efficient designs, and relatively few polymor- 
phism need to be scored to cover the genome. For these 
species genetic markers can make a decisive contribu- 
tion to breeding practice. The second group comprises 
outcrossers, with large genome sizes ( ~ 3 0  Morgan). 
This group includes the major agricultural livestock 
and poultry species. For these species marker assisted 
breeding methods are not of  general applicability, but 
can make significant contributions in particular in- 
stances. 

Selfers, small genome size 

For such species the methodologies reviewed here 
allow both marker-assisted genetic analysis of QTL 
differences between two lines or varieties and marker- 
assisted introgression or selection. Combinations of 
these activities allow a variety of breeding applications 
to be carried out, including: 

1. Genetic analysis of a cross between a commercial 
variety and a resource strain, followed by introgression 
of useful QTL alleles from resource strain to a com- 
mercial variety. 

2. Genetic analysis of a cross between two commer- 
cial varieties, followed by selfing and selection of 
recombinant inbreds carrying a maximum number of 
favorable QTL alleles from both parent lines. 

3. Genetic analysis of a cross between two inbred 
parents of a commercial hybrid, and between the 

parent inbreds and resource inbreds, with subsequent 
introgression of dominant or overdominant QTL alleles 
from resource inbreds to one or another of the alter- 
native parental lines. 

These applications seem straightforward and cover 
the major classes of breeding programs in selfers. Cost 
estimates of these applications, based on restriction 
fragment length polymorphisms as genetic markers, are 
given in a companion paper (Beckmann and Soller 
1983) and do not seem excessive. Thus, the availability 
of a large number of marker polymorphisms in selfer 
cultivars should allow a major increase in the effec- 
tiveness of breeding programs in these species. 

Segregating populations, large genome size 

The application of genetic markers to segregating 
populations (outcrossers) with large genome size is 
more problematic. Nevertheless, two applications can 
be envisaged. The first, early selection of young males 
in dairy cattle according to the chromosome evaluation 
of their proven sires, has been discussed in detail in the 
preceding sections. Cost evaluations based on restric- 
tion fragment length polymorphisms (Beckmann and 
Soller 1983) indicate that this application may be 
economically justified. The second potential application 
involves a genetic analysis of a cross between a re- 
source line characterized by high quantitative value for 
a low heritability trait of major economic importance, 
and a standard commercial line. An example of  this is 
the very high incidence of multiple births in Finnsheep, 
as compared to the usual mutton breeds. In such cases, 
large differences in gene frequency at the relevant QTL 
are expected between commercial strain and resource 
strain enabling relatively low cost analysis to be carried 
out. In such cases, too, where only a single trait is of 
interest, a considerable reduction in number of in- 
dividuals scored for marker polymorphisms can be had 
by scoring genetic markers only in those individuals 
showing high or low expression of the quantitative trait, 
as described above. Once resource strain markers 
associated with the relevant QTL are identified, they 
can be used to introgress the desired trait into the 
commercial strain. 
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