
Head at the University of Nevada at Reno. As Dean, Dr. 
Thawley had a strong commitment to outreach at the 
College and saw the Leman Conference as a great oppor
tunity to help the swine industry. He encouraged faculty 
in their efforts to build a quality program each year and 
provided the staff to support a conference of this size. He 
will be remembered for his commitment to the growth 
and success of the Allen D. Leman Swine Conference. 

Regardless of all the efforts previously mentioned, you 
the individuals who attend the Leman Conference, are 
the most important reason for success. Without your pres
ence, there would be no need for this meeting. Your com
mitment to your education brings you here. You have chal
lenged yourself and others to be better. We want to meet 
that challenge. 

Thank you for attending the 1998 Allen D. Leman Swine 
Conference. Please feel free to suggest ideas to improve 
future conferences. 

- Charles H. Casey, DVM 
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Introduction 
The linkage maps developed in recent years for several 
farm animal species have given a new impetus to the theo
retical investigations initiated by Neimann-Sorensen and 
Robertson' on the role that individual gene or marker 
identification could play in breeding schemes, compared 
to classical quantitative genetics methods relying only on 
measurements of the traits of interest. By integrating 
marker information into artificial selection for polygenic 
traits, a system known as marker-assisted selection 
(MAS), the efficiency of selection can be increased 
substantially.2.3 

The basic genetic principles underlying MAS will be re
viewed in this paper. MAS is operationally very depen
dent on the physical linkage between markers and quan
titative trait loci (QTL) and on the potential linkage 
disequilibria (D) between those loci. This paper will there
fore first consider situations of linkage disequilibrium (D), 
which are also the first to have been investigated by ge
neticists.'·2.3 The second part will be devoted to MAS in 
situations of linkage equilibrium (E), more recently stud
ied.4 The information needed in both situations for a suc
cessful implementation of MAS will also be briefly pre
sented in the last part of this paper. 

Marker-assisted selection in 
situations of linkage 
disequilibrium (D) 
Situations oflinkage disequilibrium between markers and 
QTL create statistical associations between traits and 
markers. In such situations, knowledge of the individual 
marker genotype provides information on the individual's 
breeding value. From a genetic point of view, this marker 
information is equivalent to an additional trait whose 
measurement would provide information on the trait of 
interest and could then be used as an indirect criterion of 
selection. Let us consider the simple situation of a quan
titative trait measured on the candidates to selection, and 
let P be the actual measurement on a given individual. 
The marker information will be used in the form of a "net 
molecular score,"3 defined as the sum of the effects on 
the quantitative trait of the various markers identified on 
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the candidate. Let MO be that actual molecular score, 
which is expressed in the same unit as P. For example, in 
the case of two marker loci with additive effects 0.4 and 
0.1 for the favorable alleles, and -0.4 and -0.1 for the un
favorable ones, MO will take 9 possible values according 
to the marker genotypes observed at those two marker 
loci: 1,0.8, 0.6, 0.2, 0, -0.2, -0.6, -0.8, -1. Application of 
standard selection theory shows that an optimal individual 
selection criterion combining P and MO may be derived 
for maximizing the selection response from individual 
selection (MAIS), such that: 

IMA,s ==h2(1_ ~ (1- phl'p+(I-h2)(I- phT'M D 

(Eq. I) 

for a trait with heritability h2 and proportion p of the ad
ditive genetic variance associated with the marker loci.' 

As shown by Equation 1, the relative weight given to the 
marker information in the index increases with increas
ing p, and the gain in accuracy for MAIS compared to 
strictly individual selection follows a similar pattern 
(Table 1). On the other hand, MAIS shows a decreasing 
superiority as h2 increases. 

When family information can be included in the selec
tion, marker information on relatives also provides addi
tional information and improves breeding value predic
tion. In pigs, the family information usually includes 
full-sib family averages, (phenotype) and (molecular 
score), as well as half-sib family averages, and. The over
all marker-assisted combined selection (MACS) index is 
then made of six components, such that: ' 

D 0- -0 ---0 
I MAcs == b,P + b2M + b3Pr + b4 Mr + bSPh + b6 Mh 
(Eq.2) 

in which the coefficients are functions of h2
, p, and the 

family structure defined by the number of dams per sire 
(m) and the full-sib family size (n). Table 2 shows that 
the gain in accuracy follows the same general pattern as 
in Table 1, but the actual gains are considerably less, for 
the obvious reason that the more information we already 
have on the trait, the less valuable is any new marker 
information. 

The previous considerations on MACS apply to traits 
which can be measured on the individuals before they 
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TABLE 1: Single-trait marker-assisted selection in situation of linkage disequilibrium, for various 
heritabilities (h2) and proportions (p) of genetic variance associated with markers. Marker assistance is 

considered in individual selection (MAIS) and in pedigree selection1 (MAPS). See below for explanation of 
codes. 

Code h 2 p=0.10 p=0.50 p=1.00 2 

A 0.10 10 18 00 
B 0.10 1.35 2.29 3.16 
C 0.10 1.68 3.20 4.47 
A 0.50 1.10 2.00 00 
B 0.50 1.03 1.15 1.41 
C 0.50 1.12 1.53 2.00 
A 1.00 0 0 o (or 00) 
B 1.00 1 1 1 
C 1.00 1.05 1.22 1.41 

lSelection on dam phenotype + marker information on sire and dam 
2Maximum relative accuracy = 1/h in MAIS and SQRT(2)/h in MAPS 
Codes: 
A. Weight of the marker information in the MAIS index relative to individual selection 
B. Line: accuracy of MAIS relative to selection on individual phenotype 
C. Line: accuracy of MAPS relative to selection on dam phenotype for a trait only expressed in females 

TABLE 2: Accuracy of marker-assisted combined selection (MACS) in situations of linkage disequilibrium 
for various heritabilities (h2) and proportions of genetic variance (p) associated with markers, expressed 
relatively to combined selection (individual and family members phenotype). Full-sib families (size n=8) 

nested within half-sib families (m=8 unrelated dams). 

lAssuming p=1 

0.10 
0.50 
1 

1.10 
1.02 
1 

1.47 
1.10 
1 

reach sexual maturity. For reproductive traits, selection 
is usually based on pedigree records, such as litter sizes 
of dams. In such a case, the trait is only measured on the 
ancestors of one sex (assuming no family information 
available), and the marker information available on both 
sexes brings additional gains of accuracy. Marker-assisted 
pedigree selection (MAPS) for litter size, for instance, 
can then capitalize on a better evaluation of the dam breed
ing value due to known markers and on an evaluation of 
the sire breeding value otherwise impossible. The accu
racies of MAPS for various values of h2 and p are given 
in Table 1. 

In addition to accuracy in breeding value evaluation, an 
efficient selection scheme also requires a proper balance 
between selection intensity (i) and generation interval (t). 
In fact, the annual genetic response expected in a selec
tion scheme is directly proportional to the annual selec
tion intensity, i.e. the ratio (i/t) of these two parameters. 
MAS offers the possibility to both increase i and reduce 
t. Selection intensity can be increased by MAS for traits 
expressed only in one sex, or for traits that can only be 
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=1.00 
1.90 
1.27 

1 

lar e m 1 

1.71 
1.25 
1 

measured on carcasses, as in both cases the number of 
candidates available for selection is increased. Earlier 
selection and consequently a shorter generation interval 
are also made possible by using markers. However, since 
short generation intervals are usually already achieved in 
efficient pig breeding schemes, an early selection on mark
ers may not be of great advantage in the current situation. 
Further increase of the ratio ilt can only be envisaged with 
the development of new reproductive technologies, such 
as in vitro production of embryos from collected oocytes 
(ovum pick up), which could lead to an unlimited supply 
of offspring per dam. Generation interval could then be 
reduced to a value below the normal age at first offspring 
and a high selection intensity could be applied to embryos. 
A two-stage selection process, first on embryos with a 
selection intensity ie on markers and then on adults with a 
selection intensity ill on conventional phenotypic infor
mation, would produce a maximum gain multiplied by 
the ratio VV relative to the MAIS considered in Table 1 
for p=l. 
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Marker-assisted selection in 
situations of linkage equilibrium 
(E) 
In situations of linkage equilibrium, no association be
tween traits and markers exists at the population level. 
The information which can then be used in selection is 
not the individual marker genotype, but rather the marker 
allele transmission in a given family. In the absence of 
any knowledge on markers, the co variances between rela
tives needed for establishing selection indices are based 
on standard coancestries relative to the whole genome. If 
markers close to QTL can be followed in their transmis
sion, more accurate coancestries for segments of the ge
nome including QTL can be obtained and used for breed
ing value prediction. Use is then made of the concept of 
conditional coancestry (or conditional identity by descent, 
given the observed markers in two individuals) for a 
marked region of the genome, from which conditional 
covariances between relatives are obtained. The additional 
information coming from marker transmission may be 
included in the prediction of breeding values, for instance 
with BLUP methodology using marker genotypes and trait 
phenotypes.s 

Let us assume that the alleles present at one QTL in the 
parents are identified by marker genes, and these are lo
cated at such a short distance from the QTL that no re
combination occurs. Then if the four genes present in the 
parents are called (ab) and (cd), four types of offspring 
are obtained: (ac), (ad), (bc), (bd). The coancestriesamong 
those four classes of offspring, conditional on the mark
ers, are easily obtained knowing the number of genes iden
tical by descent between any two marker classes, and can 
be arranged in the following array (Table 3): 

It can be seen that the coancestry coefficients between 
the members of such a full-sib family, instead of being 
uniformly 0.25 (i.e. the standard coancestry among full
sibs), may take three values, 0, 0.25 or 0.5 according to 
the markers they carry. The breeding value at the QTL of 
any member of the family can then be predicted knowing 
those coancestries and the proportion of genetic variance 
(p) at the corresponding QTL, on the basis of the mean 
value of the family members belonging to the marker class 
of the candidate. The latter will be given a molecular score 
(ME) combining the trait measured on the candidate (P) 

Effectiveness of marker-assisted selection 

and the trait mean val ue of the corresponding marker class 
, such as: 

(Eq.3) 

where bl and b
2 

are coefficients determined along the same 
principles as in a combined selection, based, for instance, 
on P and. 

This molecular score under linkage equilibrium (ME) then 
appears to be quite different from the molecular score (MD) 
previously defined for situations of linkage disequilibrium. 
ME is based on the measurements actually realized on the 
set of candidates tested and takes into account the family 
structure among those candidates, whereas MD is a strictly 
individual criterion independent of the structure and mea
surements of the family within which it can be used for 
selection. Both MD and ME use some kind of "external" 
information (to be discussed below), which for MD is a 
sum of gene effects, and for ME the p value defined 
previously. 

The reasoning leading to Equation 3 allows a within full
sib selection on markers, which complements the stan
dard combined selection. It can easily be extended to any 
number (m) of dams mated to the same sire, the number 
of marker classes being 4m in the general case. A mo
lecular score of the same form as Equation 3 can then 
also be utilized for a within half-sib family selection on 
markers. This score can be integrated into an index for 
marker-assisted combined selection, in combination with 
individual and family information, P, and as in Equa
tion 2, such that: 

E - - -
I MAcs = blP + b 2Pr + b3Ph + b4 Pm 

(Eq.4) 

The relative accuracy of such a type of selection is sum
marized in Table 4. 

By comparing Tables 2 and 4, conclusions can be drawn 
on the respective merits of MAS in the two situations. 
Obviously, MAS is less efficient in E situations compared 
to D. Simulations have confirmed this low accuracy of 
MAS under E compared to conventional BLUP.6 The ef
fect of heritability of relative accuracy is also much more 
important in the D situation. From the definition of ME 
given in Equation 3, its accuracy can be seen as increas
ing as family sizes increase since becomes more infor
mative, whereas MD has a constant accuracy. Conse-

TABLE 3: Coancestries among four classes of offspring 

ae ad be bd 
ae 0.5 0.25 0.25 0 
ad 0.25 0.5 0 0.25 
be 0.25 0 0.5 0.25 
bd 0 0.25 0.25 0.5 
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Table 4: Accuracy of marker-assisted combined selection (MACS) in situations of linkage equilibrium, for 
various heritabilities (h2

) and proportions (p) of genetic variance associated with markers, expressed 
relatively to combined selection. Family structure as in Table 2. 

0.10 
0.50 
100 

'Assuming p=1 

p=O.10 
1.01 
1.00 

p=O.50 
1.10 
1.05 
1 

p=1 
1.32 
1.23 
1 

large m1 

1.44 
1.27 
1 

TABLE 5: Variation of accuracy of MACS relative to standard combined selection 

As a function of Linkage disequilibrium Linkage equilibrium 
mandn decreases with increasing m 

and n 
increases with increasing m 
and n 

increases until at least 180 %' 
strong increase when ~ 
diminishes 

increases until at most 147%' 
slight increase when ~ 
diminishes 

'when h2 =0.10, m large, and n=1 

quently, MACS including MD offers a reduced advantage 
when family sizes grow (see the last two columns of Table 
2), whereas MACS including ME increases its superiority 
(see the last two columns of Table 4). However, it should 
be noted that matings are assumed to be fully informa
tive, which requires a highly variable set of markers. This 
assumption will become harder to meet with increasing 
number of dams per sire. The relative accuracies of the 
last column of Table 4 are theoretical values, not expected 
to be attained in practice. The patterns of variation of 
MACS relative accuracies under D and E are summarized 
in Table 5. 

The information needed for 
implementing marker-assisted 
selection: QTL mapping 
As we have seen, MAS requires some external informa
tion before it can be implemented and its efficiency evalu
ated. The information needed is the size of gene effects, 
for deriving the molecular score MD, and the proportion 
of additive genetic variance (p) due to the QTL (or to the 
marker locus associated to it), for deriving the molecular 
score ME, and, in all situations, for evaluating the effec
tiveness of MAS (see Tables 1, 2, 4). In fact, when the 
gene effect is known, the value of p can be simply ob
tained if the gene frequency is known, the additive ge
netic variance at any given locus being about one-half of 
the squared gene effect for intermediate value of gene 
frequency? 

The simplest and most direct way of estimating gene ef
fects is by regressing the trait on the genotype, as this 
corresponds to the classical definition of a gene effect.? 
When a QTL is associated with a marker locus, the re-
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gression on marker genotype also estimates the QTL ef
fects provided the two loci are in complete linkage dis
equilibrium and so tightly linked that no recombination 
occurs. This regression approach obviously applies to D 
situations. When several loci are known, a multiple re
gression can be performed for each linkage group,3 and 
the present status of the pig linkage map allows a com
plete genome scan to be performed. Large numbers of 
individuals are required, and it has been shown that a QTL 
can be detected at a 0.0 I level of significances in a sample 
of N individuals for traits of heritability h2 if it explains at 
least p=20fNh2 of the additive genetic variance (or 10/ 
Nh2 at the 0.05 level).3 A sample of 1000 individuals will 
only be able to detect QTLs explaining at least 20% of 
the genetic variation of a trait if h2=0.1 O. High values of p 
are thus unlikely to be obtained for situations of low hZ, 
where MAS is expected to be the most efficient. 

QTL may also be detected by observing gene frequency 
changes following selection, since the effect of a gene 
can be estimated from the observed change of frequency 
(ilq) due to a selection of given intensity (i).8 Such an 
estimator can be obtained by typing only the individuals 
selected, instead of typing the whole sample in the case 
of the regression estimator. The efficiency of the selec
tion estimator defined as the inverse of its sampling vari
ance, assuming N individuals typed, can be shown to be 
0.5Ni2q( I-q), as against 2Nq( I-q) for the classical regres
sion estimator, and thus the former is 0.25i2 more efficient 
than the latter. It can also be shown that the optimal se
lection procedure is to select the upper and lower 27% of 
the distribution and the selection estimator is then 1.5 more 
efficient than the regression estimator for the same num
ber of individuals typed. This means that the minimum 
QTL effect detectable is two-thirds of the minimum de
tectable with the regression estimator, at equal typing 
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costs. However, the regression estimator may be applied 
to all traits of interest if they are measured on the whole 
sample, whereas the selection estimator only applies to 
the trait which has been selected for. Selection could, 
however, be performed on a selection index combining 
several traits, and the gene effect on the index could be 
estimated. 

An additional advantage of selective genotyping for evalu
ating QTL effects may be expected from the technique of 
"selective DNA pooling," which permits the determina
tion of allele frequencies directly on pooled samples of 
DNA, through a densitometric evaluation of allele band 
intensity for microsatellite markers. 9 The cost of 
genotyping the two tails of a distribution may be written 
as Nc+2t, assuming c to be the individual cost of sample 
collection and DNA extraction and t the cost of typing 
one DNA pool of NI2 individuals. Assuming the same 
cost for typing an individual, the total cost associated with 
DNA collection and typing on the N individuals needed 
for the regression estimator is N(c+t). The ratio of the 
costs N(c+t)/(Nc+2t) is then approximately I +t/c, assum
ing 2tIN to be negligible compared to c. With the present 
techniques of microsatellite genotyping, t is about equal 
to 6c for a full genome scan, and the regression estimator 
is then about 7 times more costly than selective DNA 
pooling. Cumulating the statistical efficiency ratio of the 
two techniques (1.5) and their cost-effectiveness ratio (7), 
the overall efficiency of selective DNA pooling exceeds 
10 times that of the regression technique. In such a case, 
if gene effects for several traits are needed, the sample of 
individuals could undergo a selective pooling for each 
trait and the procedure would still remain economically 
advantageous for a moderate number of traits. Such a pro
cedure of selection-assisted marker evaluation appears as 
a highly valuable alternative compared to the regression 
approach usually recommended for implementing MAS.3 

In a situation of linkage equilibrium, the previous tech
niques would not apply, as no statistical association be
tween traits and markers can exist. Specific experimental 
designs are then needed to locate QTL and to estimate 
their effects. In pigs, the most popular design has been an 
F2 cross between genetically different breeds, which are 
expected to be very different in their QTL as well as in 
their marker aJleles. Such crosses provide very effective 
means of detecting QTL, as recent results obtained by 
using Wild Boar or Chinese pig crosses undoubtedly 
show. \0 However, the use in MAS of the QTL detected by 
those methods still remains unclear. A QTL variation de
tected in a specific cross may not exist in the particular 
line or breed where the corresponding markers could be 
evaluated, and this would render MAS totally inefficient. 
QTL mapping in crosses offers the advantage to point out 
the regions of the genome where potential genetic varia
tion may be exploited by MAS. A more detailed investi
gation of the corresponding region within the population 

1998 Allen D. Leman Swine Conference 

Effectiveness of marker-assisted selection 

undergoing selection is then possible at a lower cost by 
applying a partial genome scan. In such an investigation, 
situations of linkage disequilibrium should preferably be 
looked for and exploited, since they allow MAS to be 
more efficient and simpler to implement in practice. I I 
However, in such situations, the associations between 
markers and QTL tend to break down progressively, be
cause of recombination. MAS efficiency is then expected 
to decrease regularly. A periodical re-examination of 
marker-QTLassociations would therefore be needed. This 
would also be needed in E situations, since changes of 
gene frequencies at QTL after selection are likely to af
fect the value of p. 

Conclusion 
In spite of the many uncertainties which still remain as to 
the real value of MAS and the difficulties of getting the 
adequate information, it can safely be predicted that more 
and more effective MAS will be made possible in pigs in 
a rather near future. This is the result of a continuous in
crease in our knowledge of the porcine genome and of 
the realization that its genetic polymorphism is quasi-un
limited. Contrasting opinions expressed by geneticists 
over an interval of more than 20 years reflect that evolu
tion: "There appears to be no loci that could be used with 
confidence in the improvement of economic traits in farm 
animal"2 and "Molecular genetic polymorphisms can be 
used to achieve substantial increases in the efficiency of 
artificial selection."3 Hope may now also be founded on 
the improvements to be expected in marker technologies, 
which should reduce the costs involved in getting the ge
netic information needed for efficient MAS. Because of 
the limited number of markers used simultaneously in 
MAS, the costs of its implementation should remain 
moderate. 
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