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Summary

Pedigree and marker data from a multiple-generation pig selection experiment have been analysed
to screen for loci affecting quantitative traits (QTL). Pigs from a base population were selected
either for low backfat thickness at fixed live weight (L-line) or high live weight at fixed age (F-
line). Selection was based on single-trait own performance and DNA was available on selected
individuals only. Genotypes for three marker loci with known positions on chromosome 4 were
available. The transmission/disequilibrium test (TDT) was originally described in human genetics
to test for linkage between a genetic marker and a disease-susceptibility locus, in the presence of
association. Here, we adapt the TDT to test for linkage between a marker and QTL favoured by
selection, and for linkage disequilibrium between them in the base population. The a priori
unknown distribution of the test statistic under the null hypothesis, no linkage, was obtained via
Monte Carlo simulation. Significant TDT statistics were found for markers AFABP and SW§818 in
the F-line, indicating the presence of a closely linked QTL affecting growth performance. In the L-
line, none of the markers studied showed significance. This study emphasizes the potential of the
TDT as a quick and simple approach to screen for QTL in situations where marker genotypes are
available on selected individuals. The results suggest that previously identified QTL in crosses of
genetically diverse breeds may also segregate in commercial selection lines.

1. Introduction

The availability of microsatellite DNA polymorphism
has made it possible to identify polymorphic markers
in almost any region of the genome. This development
has led to numerous studies to test for association
between these markers and phenotypes of important
quantitative traits such as disease, reproduction and
production. Genes affecting these quantitative traits
are commonly referred to as quantitative trait loci
(QTL). The dissection of traits into their individual
Mendelian components allows animal and plant
breeders to improve selection decisions in their
breeding programme.

So far, QTL mapping has been applied in well-
designed experiments. Often crosses of genetically
very diverse breeds, e.g. pigs (Andersson et al., 1994),
or large paternal half-sib families, e.g. cattle (Georges
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et al., 1995), are used. In many livestock breeding
programmes the identification of large half-sib families
is limited and often lacks power to screen for QTL.
Including more generations of individuals may im-
prove accuracy and power of QTL detection (Darvasi
& Soller, 1995). Recently, in mice, Keightley ez al.
(1996) created a map of QTL for body weight via
observing marker frequency divergence after 21
generations in a selection experiment. The feasibility
of this type of experiment in livestock in questionable
but not infeasible provided that collection and storage
of DNA becomes routine in selection experiments.
This was recently shown by Ollivier et al. (1997) in a
pig selection experiment that has been in progress
since 1973. Also, there are few or no QTL mapping
approaches developed that can use retrospectively
available data efficiently. Complications here are the
unknown linkage phases in parents with small progeny
groups and the continuing selection in the breeding
programme.
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In selection experiments family sizes may be small.
Human geneticists have developed several statistical
tools to utilize phenotypic (disease) and marker data
on complex and small pedigrees. Examples of family-
based tests for linkage are the haplotype relative risk
(HRR; Falk & Rubinstein, 1987), affected-sib-pair
(ASP) and the affected family based controls
(AFBAC; Thomson, 1988), and the transmission/
disequilibrium test (TDT; Spielman ez al., 1993).
Originally, the intended use of the TDT was to test
close linkage between a marker and a candidate
disease gene. In the case of close linkage, parents that
are heterozygous for the marker and disease gene will
transmit one of the marker alleles more frequently to
its disease-affected offspring (e.g. Spielman et al.,
1993). Since its introduction, the TDT has also been
used as a screening test, i.e. it is applied to data from
many markers throughout the genome, without prior
evidence of either population association or proximity
to candidate genes (Spielman & Ewens, 1996).

In this study we apply the TDT to screen for QTL
on chromosome 4 in data on a pig selection
experiment. Andersson et al. (1994) identified regions
containing QTL on chromosome 4 for growth and
lean meat percentage in crosses of genetically very
diverse pig breeds. However, segregation of these
QTL in commercial selection lines is of a different
nature and as yet unknown. Therefore, evidence from
a selection line will be complementary to evidence
from data on crosses.

2. Materials and methods
(1) Selection experiment

From a commercial Dutch Large White population,
two divergent lines were created from one base
population and these covered approximately four
generations of selection. The F(ast)-line was selected
for high growth rate and the L(ean)-line was se-
lected for low backfat thickness. Including the base
population, the total number of animals in the pedigree
was 4356. The number of sires and dams in the experi-
ment was 242 and 636, respectively; the remainder
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Table 2. Number of matings in both selection lines
containing genotyped offspring

F-line L-line
No. of matings 309 304
No. of matings with genotyped offspring 197 173
No. of genotyped offspring 324 300

were final offspring. A maximum of four pigs (two
males and two females) were performance-tested per
litter and on the basis of performance data candidates
were selected as new parents. Selected boars (sires)
were mated to selected sows (dams) during a period of
10 weeks, and sows could have a maximum of three
litters (= 18 months). Exact details of the trait
measurements and mating procedure are given by
Sonesson ef al. (1998). Due to the long use of females,
generations became overlapping and generation
numbers became fractional (see below).

(i1) Population structure

Individuals in the base population were mated at
random and selection started from their progeny
onwards. The generation number of an individual (g;)
was calculated as g, = 3(g.+g,) +1, where g, and g,
are the generation numbers of its respective sire and
dam. A typical example follows, for members of
subsequent litters of a base population sow (g, = 0),
g; =1, 13 and 12 when the mates (boars) have genera-
tion numbers 0, 1 and 13, respectively. The mating
structure caused the generation intervals to be con-
tinuous rather than discrete. Table 1 shows the
population structure when using generation classes
of 1-0. This table also shows that, in later generations,
the selection intensity was somewhat higher in the
F-line than in the L-line.

Selection took place immediately after the
performance-testing period and selection was both
over and within families (or litters). As a result, all,
none or some individuals of a particular litter were
selected. In Table 2 the numbers of matings for the

Table 1. Population characteristics of two selection lines: F-line
(selection on growth rate) and L-line (selection on low backfat thickness)

F-line L-line
Generation
no. Tested Selected Fraction Tested Selected Fraction
0-0¢ 145 136 0-94 139 124 0-89
1-0 533 182 034 425 153 039
2:0 606 191 0-32 467 186 0-40
30 570 191 034 480 185 0-39
Total 1854 700 1511 648

* This class holds all individuals with generation number from 0-0 up to 1-0.
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—0-57 —— S0011

—0-39 —— S0227
0-00 —— S0001
0-10 —— AFABP
0-74 —— SW818

Fig. 1. Genetic markers with their relative positions
(morgans) on the linkage map of chromosome 4.
(Averaged male/female map; Pigmap October 1998, and
F. Gerbens, personal communication.)

two selection lines are given. Not every mating resulted
in offspring that were selected after performance
testing. In total, 197 and 173 matings resulted in litters
with selected offspring in the F- and L-line, re-
spectively. Approximately 1-7 offspring per informa-
tive litter were genotyped, where ‘informative litter’
can be defined as a litter containing at least one
genotyped offspring.

(i) Marker data

Three microsatellite marker loci on chromosome 4
were considered, i.e. S0001, AFABP (adipocyte fatty
acid-binding protein locus) and SW§18 (Fig. 1). The
map positions of S0001 and SW818 loci were near the
significant peaks of test-statistics for backfat thick-
ness and growth rate, respectively, reported by
Andersson et al. (1994). The data on marker AFABP
were available since it was a candidate gene in another
study (Gerbens et al., 1998). The allelic frequencies in
the Large White base population are unknown since
base individuals were not blood sampled. In principle,
blood samples were taken from all selected individuals
and DNA was available from approximately 1050
individuals. When pedigree and marker data con-
flicted, marker data were not used. This was the case
for 2%, 11 % and 2 % of genotypes for markers S0001,
AFABP and SW818, respectively. Polymorphism of
the marker loci was moderate, i.e. 3, 4 and 4 alleles,
and allele frequencies were not very equal (see below).

(iv) Transmission/disequilibrium test (TDT)

The TDT is used to check jointly for linkage and
linkage disequilibrium by testing whether alleles at a
particular marker locus segregate randomly from
parents to a specific subset of their offspring. In the
original TDT, this subset contained the disease-
affected offspring (children in human genetics). Here,
the subset comprises those offspring that have been
selected for a quantitative trait. Trait selection
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probably favours certain alleles at important QTL
and consequently also affects the segregation of closely
linked marker alleles. So, instead of ‘affected off-
spring’, we now consider ‘selected offspring’.

(a) Two-allele marker locus. Following Spielman &
Ewens (1996), consider a marker locus M, with two
alleles M, and M,, and obtain genotypes for affected
individuals and their parents. For heterozygous
parents, data to be analysed are numbers of ‘trans-
missions’, that is the number of times that the M,
allele or the M, allele was transmitted to an affected
offspring. Spielman et al. (1993) denote these counts
as follows:

b = number of times that M, M,
transmits M, to selected offspring,

(1)

¢ = number of times that M; M,
transmits M, to selected offspring.

The counts may come from families that are simplex
(i.e. data are from only one selected offspring),
multiplex (data are from two or more selected sibs) or
multigenerational; and the population may exhibit
structure. The TDT statistic is

(b—c)*/(b+0), 2)
and it tests for equal numbers of transmissions of M,
and M, from heterozygous parents to selected
offspring. If marker locus M is linked to a QTL, 5 and
¢ will tend to differ in value if there is linkage

disequilibrium in the population or the analysis is
done within a large family.

(b) Multiple-allele marker locus. We now give two
possible ways to extend the TDT to marker loci with
multiple alleles. As with the two-allele TDT we
consider only parents heterozygous for marker alleles.
The first and very straightforward approach is to
consider one of the alleles at the marker locus as
unique and group all other alleles into one composite
allele. After this, a simple two-allele TDT can be
performed for each allele at the marker locus. The
second approach follows the same idea but is more
general. Let k be the number of alleles at marker M.
Then, a statistic can be used that compares for each
heterozygous parent M,, M, (1 <j < k and j = i) the
number of times that M, is transmitted to affected
offspring with the number of times that M, is
transmitted to such offspring. Extension of (1) to a
multiple allele situation can be

n,, = number of times that M, M,

transmits M; to selected offspring,

(©)

n,, = number of times that M, M,
transmits M, to selected offspring.

Note that transmitting M, is identical to ‘not-
transmitting” M, to selected offspring. And a
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Fig. 2. Allelic frequencies at three marker loci on chromosome 4, over subsequent generations of two selection lines, i.e.

selection on high growth rate (F) and selection on low backfat thickness (L).
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generalization of the two-allele TDT test statistic, as
given by Spielman & Ewens (1996), is then

k—1 % ﬁ (ni._n-i)2 &)

k -1 M, tn,

(v) Distribution of the TDT statistic under the null
hypothesis: Monte Carlo simulation

For nuclear families with a single affected offspring,
the test statistic (4) has very nearly a y* distribution
with k—1 degrees of freedom when the null hypothesis
of no linkage is true (Kaplan et al., 1997). However,
in our selection experiment families are strongly
related and multiple sibs per family (= litter) may be
selected. Consequently, we can not use the tabulated
threshold values to determine significance of effects.

The null hypothesis is no linkage between the
marker and QTL. Here, rather than some approximate
x? test, we prefer to derive the distribution of our test
statistic under the null hypothesis by Monte Carlo
simulation. Let genotypic founders be all genotyped
animals whose parents were both ungenotyped. For
each Monte Carlo simulation the observed marker
alleles of genotypic founders were used since allelic
frequencies in the base population were unknown.
The transmission of the observed marker alleles in
genotypic founders to their offspring occurred at
random and also transmission of alleles in subsequent
generations occurred fully at random. After each
simulation, the TDT statistics were calculated as
described previously.

3. Results

(1) Change in marker allele frequencies

The two selection lines were selected for almost 3-5
generations. Pigs were grouped into four generation
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classes, i.e. 0, 1, 2 and 3, and comparison of allele
frequencies was made for generations 1 to 3 (Fig. 2).
For marker S0001, changes in allelic frequencies are
small and show similar trends in both lines, a slight
decrease in frequency of allele 185 and an increase in
allele 199. For the AFABP marker, clear changes in
allele frequencies were found, especially in the F-line
where allele 147 decreased dramatically, and allele 143
increased in occurrence. For marker SW818, changes
in allele frequencies occurred in both selection lines,
where the changes in the L-line showed a clear trend,
i.e. a steady increase of allele 177 and a decrease in
allele 173. In the F-line, the frequency of allele 177
also showed an increase in the last generation. The
small number of generations under selection and the
rather continuous distribution seriously prevented
testing the significance of changes in allele frequencies.

(1) TDT statistic under the null hypothesis

For the multi-allele situation, two approaches to
compute TDT statistics were suggested (see above).
First, consider each allele at a marker locus as the
allele of interest and merge the other alleles into one
composite allele. Subsequently, all alleles can be
analysed jointly. Table 3 shows the significance
threshold values of the TDT statistics under the null
hypothesis. These values were obtained via a Monte
Carlo simulation of 65000 replicates (this number was
arbitrarily taken to effectively reduce the Monte Carlo
errors). For alleles with a moderate to high frequency
of occurrence (see Fig. 2), the 0-1% significance
threshold levels ranged from 1029 up to 15-75. The
cumulative threshold, i.e. alleles jointly, was clearly
higher for all marker loci. The threshold values for
allele 141 for marker SW§818 were all equal, due to its
very low frequency in the population.

Table 3. Threshold values of distribution of the transmission/disequilibrium test (TDT) statistic. Values are
based on Monte Carlo gene-drop simulation with 65000 iterations

S0001 AFABP SW818

185 191 199 Cum® 141 143 147 161 Cum 127 141 173 177 Cum
F-line
0-1% 1330 1359 10-67 1923 1176  11-05 1383 13-56 20-41 11-57  3:00 1117 1226 1662

1:0% 853 831 6-37 12-15 736 686 866 865 1414 725 300 702 736 1176
5:0% 492 486 385 744 426 392 517 512 963 431 3:00 417 431 798
10:0% 348 345 267 554 310 279 371 3:66 770 3:07  3:00 291 3:06 636

L-line
0-1% 1260 1339 11-00 18-17 1536 1575 1212 1900 29-11 10-29 800 1089 1330 1783
1-:0% 810 8-40 720 11-68 10-53  10-59 722 1307 2044 637 600 6-82 833 1214

50% 478 490 426 730 6-81 6:87 425 853 1440 386 357 394 492 &19
10:0% 333 346  3:00 553 512 523 3:00 655 11-66 2:67 267 281 3:53 652

“ Pseudo two-allele TDT: this allele is unique, other alleles are grouped into one other allele.
® Multiple-allele TDT using equation (4).
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® Multiple-allele TDT using equation (4).
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(iii) TDT statistic

Transmission of alleles from a heterozygous parent to
its selected offspring was not always obvious, i.e.
when the offspring was heterozygous for the same
alleles. In these cases, transmission of alleles might be
inferred by including information from the other
parent. We used transmission only events where it was
clear which allele was inherited. Table 4 shows the
numbers of alleles transmitted by heterozygous
parents and the resulting TDT statistics for all marker
alleles. For marker S0001 none of the TDT statistics
was significant, all exceeding the 10 % level. In the F-
line, the test statistics for several alleles for marker
AFABP were significant, especially for allele 147 (1%
level). Apparently, selection did not favour this allele
since the number of transmissions to selected offspring
was much lower than its companion allele in the
heterozygous parent. The cumulative test statistic for
this locus was also highly significant and clearly
suggests the presence of a closely linked, segregating
QTL for growth rate in this selection line. In the F-
line, the test statistic for allele 177 (marker SW818)
was highly significant (3% level) and here selection
favoured this allele. The cumulative test statistic was
moderately significant, however, i.e. only at a 12%
level. In the L-line, the test statistics were not
significant in general, indicating absence of segregating
QTL for backfat thickness near the markers studied.

4. Discussion

In this study data on pig selection lines were
successfully analysed by using the transmission/
disequilibrium test (TDT) (Spielman ez al., 1993).
Instead of subsets of diseased offspring, we studied
subsets of offspring selected due to superiority for a
quantitative trait. The procedure of collecting blood
samples that was followed in the experiment proved to
be well suited for the TDT since DNA was available
on parents and their selected offspring. Note that in a
multi-generation experiment parents were the selected
offspring in the previous generation of selection. The
absence of DNA on the ‘not-selected’ (= culled) sibs
does not affect the efficiency of the TDT but does
prohibit approaches that are based on sib-pair
analysis, e.g. ASP and traditional QTL mapping
approaches. Also, the complex pedigree structure and
limited marker data prevented the use of traditional
QTL mapping approaches, e.g. regression or maxi-
mum likelihood analysis. Two other complications,
next to population structure, in applying the original
TDT were the multiplex families and the multi-allelic
marker loci. These modifications prohibited the use of
tabulated distribution threshold values for the TDT
statistic under the null hypothesis. This distribution
was now obtained by Monte Carlo simulation and the
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resulting threshold values clearly differed from the
tabulated values of the y? distribution. These
differences might be due to population structure or to
unequal marker allele frequencies. Results on changes
in allele frequencies over generations were also
presented and were consistent with the TDT results.
The small number of generations and the continuous
distribution of generation numbers hampered sig-
nificance testing of changes in allele frequencies.
Therefore, the TDT appears to be more flexible and
useful to screen and test for QTL in data from
selection programmes with overlapping generations.

Results showed significant test statistics in the F-
line for markers AFABP and SW&818. In the L-line,
however, no significance for segregating QTL closely
linked to one of the three markers was observed. This
difference between lines may be explained by the
success of selection in both lines. First, the selection
intensity in the L-line was somewhat lower than in the
F-line (Table 1). Secondly, the estimated genetic trend
in the quantitative trait under selection was higher in
the F-line than in the L-line, i.e. 0-550,/generation and
0-300,/generation, respectively (table 4 in Sonesson et
al., 1998). The low test statistics in the L-line might
also be the result of the relatively low information
content of the markers studied, or due to absence of
strong linkage disequilibrium at the population level.

The use of marker haplotypes, a set of alleles at
linked marker loci, in the TDT seems a powerful
extension to a TDT on single marker loci. However,
this extension is hampered when the linkage phases of
parental alleles at linked markers are unknown.
Linkage phases may be inferred from marker geno-
types on progeny or (grand) parents. Since the number
of genotyped offspring per parent was very small, the
grandparental genotypes, when observed, are most
useful to decipher linkage phase in parents. However,
the relatively low polymorphism of the three markers
and their large distances did not allow an easy
reconstruction of linkage phases.

The significant TDT results justify further efforts to
disentangle segregating QTL on chromosome 4.
Genotyping more markers with high polymorphism
may enable multi-loci TDT and also multi-point
linkage analysis. However, the use of a multi-point
linkage analysis requires additional statistical efforts
to accommodate the complex pedigree structure and
the ungenotyped individuals in the pedigree. Pheno-
types on both selected and culled animals should be
included to avoid bias and improve accuracy in
estimation of genetic parameters (e.g. Johnson et al.,
1999; Bink et al., 2000). Joint analysis of the two
selection lines seems worthwhile due to the common
base population and due to reversed genetic trends in
quantitative traits observed in both lines (Sonesson et
al., 1998). Selection was on different traits and a
multi-trait analysis is therefore desired. A multi-trait
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analysis would also allow detection of QTL for other
traits measured in the experiment, such as fertility and
meat quality traits (Sonesson et al., 1998).

The authors wish to thank Frans Verburg, Frans Gerbens
and Karel de Greef for data preparation and for valuable
discussions.
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