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ABSTRACT
Simulation was used to evaluate the performance of different selective genotyping strategies when using
linkage disequilibrium across large half-sib families to position a QTL within a previously defined genomic
region. Strategies examined included standard selective genotyping and different approaches of discordant
and concordant sib selection applied to arbitrary or selected families. Strategies were compared as a
function of effect and frequency of QTL alleles, heritability, and phenotypic expression of the trait. Large
half-sib families were simulated for 100 generations and 2% of the population was genotyped in the final
generation. Simple ANOVA was applied and the marker with the greatest F-value was considered the most
likely QTL position. For traits with continuous phenotypes, genotyping the most divergent pairs of halfsibs from all families was the best strategy in general, but standard selective genotyping was somewhat
more precise when heritability was low. When the phenotype was distributed in ordered categories,
discordant sib selection was the optimal approach for positioning QTL for traits with high heritability
and concordant sib selection was the best approach when genetic effects were small. Genotyping of a few
selected sibs from many families was generally more efficient than genotyping many individuals from a
few highly selected sires.

L

INKAGE mapping has been used to detect the presence of numerous putative quantitative trait loci
(QTL) in livestock species (e.g., Andersson et al. 1994;
Georges et al. 1995). In general, these studies have
positioned the identified QTL within chromosomal regions spanning 10–40 cM. Although this level of precision is sufficient for some applications of marker-assisted
selection, additional precision of mapping based on
linkage disequilibrium (LD) between the markers and
QTL may be needed for a number of reasons. First,
results from linkage studies yielding a 10- to 40-cM level
of precision may be confidently applied directly only
for marker-assisted selection within the families in which
the linkage phase between markers and QTL has been
established. Mapping based on LD may be used to find
markers that are located closer to the QTL of interest
and can thus be assumed to have the same linkage phase
across the population, even for families within which
linkage phase has not been explicitly defined. The efficiency of marker-assisted selection is thus much greater
for markers in population-wide LD than for markers in
within-family linkage with QTL, because transmission of
the QTL can be predicted more accurately and because
testing of new families is unnecessary. Alternatively, one
may wish to use positional candidate cloning or another
strategy to identify the gene responsible for the observed
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phenotypic effect associated with the marker. In this
instance, the length of the chromosomal region within
which the potential QTL resides must be shortened to
decrease the number of candidate loci to a manageable
quantity. For these reasons, efforts are being made in
livestock species to detect markers that have LD with
QTL that exists across populations (Dekkers 2003).
Terwilliger and Goring (2000) emphasized the importance of optimal experimental design for increasing
the efficiency and statistical power of genetic association
studies. The power (per genotype) of linkage analysis
for the detection of QTL can be increased markedly
by the selective genotyping of particular individuals,
usually those with extreme phenotypes (Lander and
Botstein 1989). Selective genotyping has been used
successfully in livestock (e.g., Kirkpatrick et al. 2000)
and is often used in linkage analysis of human disorders
(e.g., Cardon et al. 1994; Fullerton et al. 2003). However, the best selection strategies used for linkage studies
may not be optimal for detection of LD (Abecasis et
al. 2001). In human studies, selection is typically based
on strategies that consider family structure as well as
phenotype, selecting multiple sibs with similar or dissimilar phenotypes, depending on the strategy applied
(Cardon and Fulker 1994). The properties of selective
genotyping that improve the power of linkage mapping
are likely to improve the precision of using LD mapping,
but the optimal strategy will likely depend on the trait,
population, and QTL of interest. Abecasis et al. (2001)
compared different strategies of selective genotyping
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TABLE 1
Parameters systemically varied in the base simulation
Levels

Parameter

Low

High

Frequency of positive QTL allele
QTL variance (proportion of
genetic variance)
Heritability

0.10
0.10

⬇0.20
0.30

0.05

0.30

for LD mapping in humans. Their studies were based
on simulated data from small nuclear families with up
to four full-sibs. The objective of the current study was
to use simulation to compare the precision of fine mapping associated with several different selective genotyping strategies that may be applicable to livestock populations, in particular to populations (e.g., dairy cattle) in
which artificial insemination is routinely employed to
create large families of half-sibs.
MATERIALS AND METHODS
Base simulation: Simulation was used to generate data for
the comparison of selective genotyping strategies. Various parameters (frequency of QTL alleles, QTL variance, and total
heritability) defining the population were varied in the base
simulation to examine the effect of these parameters on the
optimal strategy of LD mapping (Table 1). Each combination
of these three parameters was simulated, for a total of eight
combinations in the base situation.
The design of the simulation was based roughly on the
approach of Meuwissen and Goddard (2000). Previous studies using linkage analysis were assumed to have positioned a
putative QTL to lie within a small (⬍40 cM) chromosomal
region. Additional studies then focused exclusively on this
segment of the genome. New markers were placed within
this region and associations with phenotypes were analyzed
to estimate to which marker the QTL was most closely located.
This simulation is comparable to a situation in which results
from a linkage analysis within a small experimental resource
population are subsequently used to identify genomic regions
for LD mapping in a large commercial population.
The large population in this study consisted of 50,000 females and 125 males [N ⫽ 50,125 and Ne (effective population
size) ⵑ500]. Genotypes for each animal consisted of two haplotypes for 11 evenly spaced biallelic markers in a 20-cM chromosomal segment, an associated QTL, and a normally distributed
polygenic effect. The QTL was positioned near (recombination is 0.001) the central marker. The simulation was based
on the gene-drop approach of MacCluer et al. (1986) in
which a single segregating QTL was established in a base
population and subsequent generations were simulated to
allow recombination to occur among the QTL and linked
markers. In the base generation, individuals were randomly
assigned two alleles at each of the 11 marker loci. Initial frequencies were set at 0.50 for all marker alleles at all loci. For
the QTL locus, each animal was assigned two unique alleles
(i.e., original total was 2N QTL alleles). Polygenic effects were
drawn from N(0, 2A). In future generations, marker and QTL
genotypes were assigned according to rules of Mendelian inheritance and allowed for recombination within the region.

Polygenic effects were equal to means of parental values plus
a Mendelian sampling component. Discrete generations were
assumed. Completely random mating was simulated for the
first 99 generations, but all sires had exactly 400 offspring
in the final generation. Analyses of LD and comparisons of
selection strategies were based on the final generation. The
QTL values and phenotypes were assigned only in this generation.
The QTL effect was effectively biallelic, inasmuch as numerous QTL alleles were initially simulated, but a nonzero effect
was assigned to only a single allele. At the end of 100 generations, the overwhelming majority of the original 2N alleles
had been lost due to random drift, and remaining alleles
generally had frequencies Ⰷ1/2N. The single existing allele
that had a frequency (P ) closest to a predefined value (Table
1) was identified and assigned a positive effect chosen to
ensure that the QTL accounted for a specified proportion of
the genetic variance in the last generation, and all other QTL
alleles had effects of zero. The variability at the QTL (VQTL)
accounted for either 30 or 10% of the total genetic variance.
For simulations with the high (P ⬇ 0.20) frequency for the
positive QTL allele, the most frequent allele was identified
and defined simply as the allele with the positive effect. This
frequency ranged from 0.12 to 0.40 across replicates with a
mean of ⵑ0.20. No anomalies such as segregation distortion
or population admixture were simulated.
Phenotypes were assigned by summing polygenic, QTL, and
random residual [ⵑN(0, 2e)] effects. Heritability was either
0.05 or 0.30 (Table 1). Two types of phenotypes were simulated: (1) continuously and normally distributed and (2) dichotomous. For the dichotomous phenotype, an underlying
phenotype was generated on a normal liability scale by using
the same procedure applied to the continuously distributed
trait, and then a threshold was imposed on this scale such
that the highest 10% of the population on the continuous scale
exhibited one phenotype and the remainder of the population
had another. In other words, the individuals that carried the
alternative (positive) QTL allele had a higher probability to
express the less common phenotype. Heritability for the dichotomous trait was defined on the liability rather than on
the observed scale. The base simulation included all eight
combinations of parameters in Table 1 for both types of phenotypes.
Selection strategies: Selective genotyping of 1000 individuals (2%) was simulated. Six basic selection strategies were
defined. The first strategy was simple random selection (RAN)
of individuals for genotyping, regardless of phenotype. The
second was standard selective genotyping (STD), in which the
individuals with phenotypes in the highest and lowest 1%
of the population were selected, regardless of family. The
remaining strategies considered half-sib (sire) families in the
selection process. The third strategy balanced genotyping
across sires (BAL), choosing the four highest and four lowest
individuals from each half-sib family. The fourth strategy was
similar to the discordant sib-selection strategy applied in human studies in which sibs with diverse phenotypes are genotyped (Abecasis et al. 2001). The 10 sires with the most variability among daughters were identified and the highest and
lowest 50 offspring from each sire were genotyped (DIS10).
This strategy was repeated with 20 (and 50) sires and 25 (and
10) pairs of offspring (DIS20 and DIS50). The fifth strategy
identified and tested the 500 most discordant pairs (DISPAIR)
of half-sibs in the population, without targeting specific sires
or placing upper or lower limits on the number of pairs per
sire. For this strategy, half-sib pairs were formed by matching
the highest offspring from each sire with the lowest offspring,
the second highest with the second lowest, and so forth. The
final strategy was similar to concordant sib selection (Abecasis
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et al. 2001), in which siblings with similar extreme phenotypes
are chosen. Because half-sib families were much larger in this
study (and in many livestock populations) this strategy was
altered somewhat from typical concordant sib selection. First,
the highest and lowest sires (on the basis of daughter mean)
were identified. Then the highest daughters of the highest
sires and lowest daughters of the lowest sires were selected.
This strategy was applied for the 5, 10, and 25 highest (lowest)
bulls (CON5, CON10, and CON25, respectively). The concordant sib-selection strategies involved 100, 50, and 20 offspring
per sire, respectively.
When applying these various strategies to the dichotomous
trait, many half-sibs had the same phenotype, making it impossible to rank sibs or to precisely determine the highest and
lowest animals. In such cases, selection among animals with
the same phenotype was done at random. In addition, the
DISPAIR strategy was applied only for the continuous phenotype, because with the dichotomous trait all sires had multiple
identical pairs of offspring with one high and one low phenotype.
Analyses: To test for the most likely location of the QTL,
simple ANOVA of marker effects was performed for each of
the 11 marker loci. The locus with the highest resulting F-test
was considered the most likely location of the QTL. Although
ANOVA is theoretically appropriate only for continuous traits,
it was used also for the dichotomous phenotypes, because the
primary objective was to determine the marker with the highest association with phenotypes, rather than to apply a significance test. In addition, the ANOVA F-test applied to a dichotomous variable is functionally related to the R-square and
chi-square statistics and, as a result, to the standard φ coefficient for dichotomous variables. Preliminary analyses (our
unpublished results) also examined use of half-sib applications
of the pedigree disequilibrium test (Martin et al. 2000) for
the dichotomous trait and the quantitative pedigree disequilibrium test (Zhang et al. 2001) for the continuous trait, but
these approaches generally yielded lower power than did the
simple ANOVA and, therefore, less ability to distinguish
among selection strategies. Thus, reported results were based
on ANOVA. These other approaches may be more robust than
simple ANOVA to effects of population stratification (Martin
et al. 2000), but no such effects were simulated in this study.
Statistical significance of the F-test was not considered because
the simulation was designed to emulate a situation in which
a QTL was assumed a priori to lie within the tested interval
and the LD analysis was undertaken simply to determine more
precisely the most probable location. In addition, the primary
objective of this study was to compare strategies, rather than
to determine sample sizes needed to reach a given level of
power or precision subject to a certain level of type I error.
However, to ensure that no unexpected source of bias favored
a given marker position, a null model was applied in which
all QTL alleles had effects of zero. This null model was applied
to the continuous phenotype at the two different levels of
heritability. In a real-life application, one would be advised to
apply a significance test to help ensure that a QTL is segregating, especially if the targeted LD mapping is applied to a
population that differs from the one that had been used to
identify the chromosomal region being tested. In this case,
an empirical significance test based on permutation may be
advised, given that standard tests may be inappropriate with
selective genotyping.
The simulation was repeated 1000 times for each combination of population parameters and the number of times that
each of the 11 markers was indicated as the most likely position
of the QTL was recorded across all replicates.
Additional scenarios: In addition to the original eight combinations of QTL frequency, VQTL, and heritability consid-
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ered in the base simulation (Table 1), performance of the
various strategies was examined for other situations defined
by changes in these and other parameters.
Decreased QTL frequencies: For this comparison, frequency of
the QTL allele with the positive effect was decreased to P ⫽
0.05, while VQTL and heritability were maintained at the
values described in Table 1.
Decreased effective population size: In certain livestock species,
the relatively recent (in evolutionary terms) widespread use of
artificial insemination and national and international genetic
evaluation programs has allowed for a high selection intensity
of sires of sires. This process has decreased the Ne of these
populations to ⬍100 in some cases (Hansen 2000). The extent
of LD is likely to differ with Ne and this difference may affect
power of fine mapping and possibly the optimal strategy of
selective genotyping. We simulated a decreased Ne in the later
generations of the population by decreasing the number of
sires of sires. Under this scenario, starting in generation 95
(i.e., total generations ⫺ 5), the number of sires of sires was
decreased from 125 to 10 and was designed to mimic somewhat
changes in the global dairy cattle populations during the recent generations. This breeding strategy decreased the population’s effective population size to ⵑ90 individuals, according
to the change in average inbreeding coefficient of the population during the final two generations.
Increased numbers of marker alleles: The markers in the base
simulation had two equally common alleles in the base population. In this situation, the marker allele that was coupled with
the positive QTL allele in the original founder will also be
coupled with a high proportion of QTL alleles with zero effect.
The level of LD is expected to be increased with more marker
alleles, because this proportion of coupling with zero-value
QTL alleles is expected to be decreased. In addition, increasing the number of alleles should increase heterozygosity and
average information content of marker loci. To test the effects
of an increased number of marker alleles on the selection
strategies, we simulated the base population with six, rather
than two, equally frequent marker alleles at each locus.
Proportion of the population expressing each of the dichotomous
phenotypes: Selective genotyping strategies were compared for
the situation in which the two dichotomous phenotypes were
observed in proportions of 2:98 and 30:70, rather than the
original 10:90. In addition, effectiveness of the various strategies was compared for the situations in which QTL frequency,
variance, and heritability were all at high values (Table 1) and
the proportion of individuals expressing the high phenotypic
class varied from 1 to 99%.
Ordered categorical phenotypes: Selection strategies were compared for two distributions of phenotypes into multiple (more
than two) ordered categories. The first scenario included
three categories, for which the first class included the individuals with the 5% highest phenotypes on the liability scale, the
second group included the next 25%, and the remaining 70%
of the population expressed a third phenotype. The second
scenario included five ordered phenotypic categories, each
with 20% of the population.

RESULTS

Continuous phenotypes: Table 2 presents the percentages of times that the marker located closest to the QTL
was indicated as the most likely location of the QTL
for each of the 10 different strategies applied to the
quantitative phenotype for each of the eight parameter
combinations in the base simulation. In addition, results
are presented for the situation in which P ⫽ 0.05. For
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TABLE 2
Percentage of times that the correct location of the QTL was identified for various
selection strategies and parameters for continuous phenotypes
Frequency of positive QTL alleles (%)
0.05
h2 ⫽ 0.05
Strategy
RAN
STD
BAL
DISPAIR
DIS10
DIS20
DIS50
CON5
CON10
CON25

QTL variance: 0.10
11.7
29.0 *
25.9*
28.3*
18.5
22.9
24.9
12.6
16.3
19.3

⬇0.20

0.10

h2 ⫽ 0.30

h2 ⫽ 0.05

h2 ⫽ 0.30

h2 ⫽ 0.05

h2 ⫽ 0.30

0.30

0.10

0.30

0.10

0.30

0.10

0.30

0.10

0.30

0.10

0.30

17.5
43.6 *
39.8
40.2*
33.3
37.5
39.9
24.2
30.9
35.5

19.6
47.7
53.8*
56.0*
45.2
53.1
57.2 *
17.8
23.1
31.0

37.4
64.1*
66.0*
66.7 *
57.2
64.0*
64.9*
34.6
46.1
51.3

15.3
37.9 *
37.2*
36.9*
25.7
29.9
33.7
16.8
20.8
27.1

23.6
60.4 *
56.8*
57.5*
42.1
48.4
56.2
30.6
40.7
48.5

36.4
62.4
68.3*
70.0 *
52.0
62.4
69.0*
24.4
33.1
46.4

52.6
76.4*
78.7*
79.3 *
68.1
73.6
77.8*
40.5
54.7
67.4

18.0
48.8 *
47.4*
47.8*
31.9
39.6
46.1*
20.8
25.1
36.4

36.0
73.2 *
69.3
72.5*
53.1
61.4
68.5
37.9
49.9
64.2

45.6
75.2
79.8*
79.7*
63.1
73.3
81.3 *
27.3
40.3
58.6

70.1
85.4*
88.3*
88.3*
77.9
85.0
87.5*
53.3
68.8
79.3

Numbers in italics indicate the most precise strategy and asterisks indicate the strategies that did not differ
significantly (P ⬍ 0.05) from the best strategy. RAN, random genotyping; STD, selective genotyping; BAL,
genotyping equal numbers of discordant pairs per sire; DISPAIR, genotyping of most diverse half-sib pairs;
DISn, discordant sib selection with n ⫽ 10, 20, or 50 half-sib families; CONn, concordant sib selection with 5,
10, or 25 high and low sires.

each combination of parameters, the value in italics in
Table 2 corresponds to the strategy for which the proper
location of the QTL was identified the highest proportion of times. Values that are not statistically different
(P ⬎ 0.05) are indicated by asterisks. In terms of general
results, precision of QTL location decreased as residual
variance increased and influence of the QTL decreased.
Precision of QTL location also decreased as VQTL was
held constant, but frequency of the positive QTL allele
decreased. For example, for the RAN strategy, the correct location of the QTL was identified 70.1% of the
time when P ⬇ 0.20, heritability was 0.30, and the QTL
accounted for 30% of the genetic variance. This precision dropped to only 37.4% when P ⫽ 0.05 and the
other factors remained constant. Thus, precision of
QTL positioning decreased as the substitution effect
increased and VQTL was held constant. This result may
be due to the fact that precision is expected to be linearly
related to substitution effect, whereas VQTL is proportional to squared substitution effect. Therefore, the increase in substitution effect needed to maintain VQTL
as frequency decreases did not provide an equivalent
increase in precision of mapping.
Although changes in the population parameters had
major effects on the level of precision for the location
of the QTL, only minor effects were observed on the
relative effectiveness of the various strategies. For all
combinations of parameters, multiple strategies yielded
levels of precision that were not significantly different
from the best strategy. However, the particular strategy
yielding the highest rate of correct QTL positioning
differed across combinations of population parameters

and some clear patterns were observed. For example,
the STD strategy was universally the most precise strategy when the heritability of the trait was low, regardless
of the frequency of alleles at the QTL or VQTL. In
contrast, STD was never the highest-ranking strategy
when heritability was high. In fact, the STD strategy was
always significantly (P ⬍ 0.05) less powerful than the
optimal strategy when heritability was high and VQTL
was low. The DISPAIR strategy was never significantly
less precise than the best observed strategy for any of
the 12 different combinations and always ranked as the
best strategy when heritability and VQTL were high.
The BAL and DIS50 strategies were never significantly
different from the best strategy when heritability was
high, but were usually not as precise as STD for low
heritability traits.
Strategies based on concordant sib selection (CON5,
CON10, and CON25) were not particularly effective
for quantitative traits. For no scenario were any of the
concordant sib strategies optimal or even nonsignificantly different from the most precise strategy. Abecasis
et al. (2001) also reported that discordant selection was
superior to concordant selection when using small fullsib families to detect LD between markers and genes
affecting traits with continuous phenotypes.
Under nearly all circumstances, the application of
any of the selection strategies was superior to RAN selection of animals for genotyping. Differences between
application of RAN and the optimal strategy were particularly large when heritabilities were low. For example,
the frequency for correct positioning of the QTL was
nearly three times greater for STD than for RAN (48.8
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TABLE 3
Percentage of times that the correct location of the QTL was identified for various
selection strategies and parameters for dichotomous phenotypes
Frequency of positive QTL alleles (%)
0.05
h2 ⫽ 0.05
Strategy
RAN
STD
BAL
DIS10
DIS20
DIS50
CON5
CON10
CON25

QTL variance: 0.10
10.3
14.1*
12.7
15.2*
16.9 *
14.4
13.7
14.0*
16.3*

⬇0.20

0.10
h2 ⫽ 0.30

h2 ⫽ 0.05

h2 ⫽ 0.30

h2 ⫽ 0.05

h2 ⫽ 0.30

0.30

0.10

0.30

0.10

0.30

0.10

0.30

0.10

0.30

0.10

0.30

14.4
24.6
18.9
32.2 *
27.4
24.4
24.4
28.6
28.0*

20.3
31.4*
26.2
34.3 *
30.8*
31.1*
19.2
20.7
24.0

36.6
50.6*
50.3*
52.8 *
49.9*
50.1*
33.4
40.4
42.9

11.8
17.3*
13.9
18.5*
17.8*
13.5
16.0
19.7*
19.8 *

16.3
27.0
22.2
35.4*
33.2
28.2
25.6
33.0
38.4 *

25.0
41.2*
39.5
43.3*
43.5 *
39.3
20.6
27.2
34.1

49.5
63.5*
61.6*
60.6
64.9 *
64.8*
37.5
50.7
57.7

13.3
18.9
17.8
18.6
17.9
17.0
16.6
21.8
25.6 *

19.9
33.8
29.7
36.5
37.7
34.6
33.5
40.3
51.5 *

33.5
52.6 *
48.6
49.3*
49.6*
50.4*
23.1
33.0
42.1

62.7
76.0 *
71.5
69.8
74.1*
74.1*
42.3
59.3
68.2

Numbers in italics indicate the most precise strategy and asterisks indicate the strategies that did not differ significantly (P ⬍
0.05) from the best strategy. RAN, random genotyping; STD, selective genotyping; BAL, genotyping equal numbers of discordant
pairs per sire; DISn, discordant sib selection with n ⫽ 10, 20, or 50 half-sib families; CONn, concordant sib selection with 5, 10,
or 25 high and low sires.

vs. 18.0%) when P ⬇ 0.20 and heritability and VQTL
were low, but this difference was reduced (88.3% for
DISPAIR vs. 70.1% for RAN) when heritability and
VQTL were high. For a few of the scenarios, CON5 and
CON10 were similar (or slightly inferior) to RAN.
For both the discordant and concordant sib-selection
strategies, increased precision was generally obtained
by applying a relatively low intensity of selection to sire
families, allowing for high intensity of selection of sibs
within families. In general, ranked in terms of precision
of QTL positioning, DIS50 ⬎ DIS20 ⬎ DIS10 and
CON25 ⬎ CON10 ⬎ CON5. Two factors likely influenced this ranking of strategies. First, when many offspring of fewer sires were used, the sibs likely shared
long common fragments of the targeted chromosomal
region, due to the low number of recombination events
in the transmission between sire and offspring. Thus,
evidence of linkage disequilibrium with the QTL within
these families was likely to have extended not only to
the closest marker, but also to additional neighboring
markers, decreasing the ability to determine the precise
location. Second, selective genotyping strategies increase power by inducing a correlation between residual
and QTL effects. This correlation may have been increased when few extreme animals per family were selected, because the average magnitude of residual effects was likely increased. In addition, selection intensity
of daughters within sire was reduced as a greater proportion of daughters was selected per sire.
The approach of discordant sib selection applied in
this study sought to increase precision of QTL positioning in two ways. First, the initial identification of the
most variable sires was designed to increase precision

by targeting the sires that were most likely to be heterozygous at the QTL. In theory, this process could increase
the probability that daughters with opposing phenotypes received different QTL alleles from the sire. Second, selection of equal numbers of extreme half-sibs
with opposing phenotypes was designed to increase
power by pairing daughters to help account for polygenic contributions of the sire. The first step of formally
targeting variable sires seemed to be of relatively little
importance in this study, however, inasmuch as the DISPAIR approach, which selected the most extreme halfsib pairs from all sires, regardless of the variability of
their daughters, generally performed as well or better
than any of the discordant approaches applied only
within selected families. Although heterozygosity is critical for linkage mapping, this result suggests that it is of
little importance for LD mapping, at least when a simple
ANOVA is used for analysis.
Results from the null model indicated no systematic
bias in QTL position associated with the different strategies. Across the 10 strategies and 11 marker positions,
the proportion of times that a given marker was indicated as the most likely position ranged from 7.0 to
11.5%. The sixth marker position (site of the true QTL)
was indicated as the most likely location only once in 20
possibilities (10 strategies and two levels of heritability).
Dichotomous phenotypes: Results for the various
strategies for dichotomous phenotypes are shown in
Table 3. The general relationships between precision
of QTL location and allelic frequency, heritability, and
VQTL are similar to those observed for continuous phenotypes, but precision was generally decreased. This
decrease in precision is consistent with previous results
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TABLE 4
Decrease in precision of the best strategy observed when effective
population size was decreased from 500 to 90
Heritability
0.05
Type of phenotype
Continuous
Dichotomous

QTL frequency
0.10
0.20
0.10
0.20

in the statistical genetics literature regarding losses in
statistical power for tests of genetic association when
continuous phenotypes are dichotomized (Abecasis et
al. 2001) with reductions in selection response (Falconer and Mackay 1996) and estimates of heritabilities
(Gianola 1982) for threshold characters vs. continuously distributed traits.
Changes in the various parameters had much more
profound effects on the relative efficiencies of the strategies than that observed for the continuously distributed
trait. In particular, strategies involving concordant sib
selection were much more effective for dichotomous
traits, particularly when heritability was low. For example, when heritability was 0.05 and frequency of the
positive QTL allele was high, CON25 was significantly
(P ⬍ 0.05) more precise than all of the other strategies
for both high and low levels of VQTL. The second-best
strategy for these scenarios was CON10. The CON25
approach was also optimal when frequency of the positive allele was 0.10, although some other strategies were
not significantly different. When frequency of the positive QTL allele was 0.05, various discordant sib-selection
strategies yielded higher precision of QTL positioning
than did CON25, although not to a statistically significant degree. Different strategies were optimal when heritability was high, with results varying according to the
frequency of the positive QTL allele. The STD was optimal when frequency was high, DIS20 for P ⫽ 0.10, and
DIS10 was optimal for P ⫽ 0.05. When heritability was
high, the optimum number of half-sib families to use
for discordant sib selection seemed to decrease with P.
For example, among discordant sib strategies, DIS50
was best when P ⬇ 0.20, DIS20 when P ⫽ 0.10, and
DIS10 when P ⫽ 0.05. However, these differences were
not always statistically significant (P ⬎ 0.05).
Selection of specific half-sib families for application
of fine mapping was of much more importance for dichotomous phenotypes than that observed for continuous traits (Table 2), especially when heritability was low.
In these situations, because the heritability is low, the
phenotype of a given animal provides relatively little
information about the genotype of that individual. For

QTL variance: 0.10
11
4
22
7

0.30
0.30

0.10

0.30

16
13
26
16

19
11
36
7

17
10
36
7

example, for the scenarios with P ⫽ 0.10, only 1% of
the population is expected to be homozyogous for the
positive QTL allele (on the basis of Hardy-Weinberg
frequencies). Homozygous animals should increase
among animals with the positive phenotype, but when
heritability ⫽ 0.05 and VQTL ⫽ 0.10, this proportion
is expected to increase to only ⵑ1.2%. Proportion of
heterozygous individuals among positive individuals is
expected to increase to only ⵑ19.8%, from 18% in the
general population. In contrast, the mean phenotype
of 400 offspring provides much more information about
the genotype of a given sire. Among the 50 highestranking sires under this scenario, ⵑ3% were homozygous and 32% were heterozygous for the positive QTL
allele vs. 0.1 and 6.8%, respectively, among the 50 lowest-ranking sires. Corresponding frequencies among offspring of these sires were 2.6% (homozygous) and
26.7% (heterozygous) for highly ranked sires and 0.3
and 13.1% for the low-ranked sires. Therefore, the selection of individuals for genotyping based on a combination of sire mean plus phenotype increased the precision for QTL positioning by increasing the correlation
between phenotype and QTL genotype among tested
individuals.
Alternative scenarios: Effective population size: Decreasing the effective population size from Ne ⫽ 500 to Ne ⫽
90 decreased the precision with which the QTL was
positioned, but generally had no major effects on relative efficiency of the different strategies across the different combinations (data not shown). In only one instance did decreasing effective population size have a
profound impact on the ranking of selection strategies.
This difference was observed for the dichotomous trait,
when P ⫽ 0.10 and heritability was low. With Ne ⫽
500, CON25 was the highest-ranking strategy (Table 2).
However, when Ne ⫽ 90, CON25 was no longer the
optimal strategy. Instead, DIS10 ranked first in the identification of QTL position (28.4%) when VQTL was
high (vs. only 20.3% for CON25). When VQTL was
low, DIS20 was the highest-ranking strategy at 15.5%
(although CON25 was not significantly different). Otherwise, rankings for dichotomous traits were little af-
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TABLE 5
Percentage of times that the correct location of the QTL was identified for various
selection strategies when 2% of individuals expressed the less common dichotomous phenotype
Frequency of positive QTL alleles (%)
⬇0.20

0.10
h2 ⫽ 0.05
Strategy
RAN
STD
BAL
DIS10
DIS20
DIS50
CON5
CON10
CON25

QTL variance: 0.10
11.0
19.6*
20.8*
14.9
19.5*
17.7
14.8
16.7
21.0 *

h2 ⫽ 0.30

h2 ⫽ 0.05

h2 ⫽ 0.30

0.30

0.10

0.30

0.10

0.30

0.10

0.30

11.7
37.9
34.9
33.9
42.7*
36.6
27.8
35.0
42.8 *

16.7
51.5 *
51.0*
37.7
49.7*
51.3*
27.9
35.2
41.7

41.4
76.7 *
72.6
66.5
75.8*
75.9*
50.7
61.3
68.1

11.9
26.6 *
20.6
16.0
21.4
22.0
17.7
21.5
25.4*

14.2
49.7
40.7
36.8
45.2
44.9
33.7
45.3
54.4 *

18.7
66.5 *
64.9*
48.7
61.1
64.6*
35.3
43.0
53.8

48.3
82.9*
81.3
75.4
84.1 *
83.9*
57.3
71.6
79.1

Numbers in italics indicate the most precise strategy and asterisks indicate the strategies that did not differ
significantly (P ⬍ 0.05) from the best strategy. RAN, random genotyping; STD, selective genotyping; BAL,
genotyping equal numbers of discordant pairs per sire; DISn, discordant sib selection with n ⫽ 10, 20, or 50
half-sib families; CONn, concordant sib selection with 5, 10, or 25 high and low sires.

fected. For continuous traits, relative rankings were unchanged, as STD still ranked highest for traits with low
heritability, across all levels of P, and DISPAIR was the
highest-ranked strategy for all situations with high heritability and high VQTL (data not shown).
Table 4 shows the decrease in precision of the best
strategy (expressed as a percentage of the maximum
value when Ne ⫽ 500) observed when effective population size was decreased from 500 to 90. Across scenarios,
the average decrease in precision of the best strategy
was ⵑ16%. For both types of phenotypes, the decreases
in precision due to reduced effective population size
tended to be greater when frequency of the positive
QTL was lower. For example, with dichotomous phenotypes, when P ⫽ 0.10 the average decrease (across four
combinations of heritability and VQTL) in precision of
the best strategy was 30% vs. only ⵑ9% with P ⬇ 0.20.
Corresponding decreases for continuous phenotypes
were ⵑ16 and 9%, respectively. The loss in precision
varied with VQTL (increasing with VQTL) when heritability was 0.05, but not when heritability was 0.30. The
greatest effects of effective population size on precision
were observed for moderately heritable dichotomous
traits affected by a QTL allele at a high frequency. Decreases in precision were likely due to the fact that
the genotyped animals shared more recent common
ancestors than was the case with higher effective population size, reducing the number of recombination events
between the common ancestor and the current generation. In turn, this likely increased LD with markers more
distant from the QTL, obscuring its location.
Increased numbers of marker alleles: The use of markers
with six alleles increased precision for all of the strate-

gies, but had no major effects on ranking of the strategies (data not shown). The main effect observed was that
in several cases, although the highest-ranking strategy
remained the same, the increased level of precision
obtained accentuated its advantage, decreasing the
number of other strategies that were not significantly
(P ⬎ 0.05) different. For example, for dichotomous
phenotypes with P ⫽ 0.10 and heritability ⫽ 0.05, the
CON25 strategy was superior, as had been observed for
the base situation with biallelic markers. With biallelic
markers, four other strategies (STD, DIS10, DIS20, and
CON10) were statistically equivalent to CON25 when
VQTL was 0.10 and DIS10 was not significantly different
when VQTL was 0.30 (Table 3). However, when using
markers with six alleles, the proportion of times that
the correct QTL location was identified was increased
from 19.8 to 29.5% for VQTL ⫽ 0.10 and from 38.4 to
59.6% for VQTL ⫽ 0.30. At these increased levels of
precision, CON25 was statistically superior (P ⬍ 0.05)
to all other approaches.
In particular cases, the opposite effect on the differentiation of strategies was observed for continuous phenotypes. Once the level of precision approached ⵑ90%,
additional marginal gains in precision were seemingly
difficult to obtain by implementing slightly different
strategies. Therefore, more strategies were not significantly different from the best strategy that had been
observed with the same scenario and biallelic markers.
For example, when using high values for heritability
and VQTL, and P ⫽ 0.10, the proportion of correct
positioning for DIS20 (87.3%) and CON25 (85.9%) was
not different (P ⬍ 0.05) from that of DISPAIR, the best
observed strategy (88.8%). These two strategies ranked
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TABLE 6
Percentage of times that the correct location of the QTL was identified for various selection
strategies when 30% individuals expressed the less common dichotomous phenotype
Frequency of positive QTL alleles (%)
⬇0.20

0.10
h2 ⫽ 0.05
Strategy
RAN
STD
BAL
DIS10
DIS20
DIS50
CON5
CON10
CON25

QTL variance: 0.10
10.6
13.0
11.5
14.5
16.1*
13.9
15.0*
17.3*
17.8 *

h2 ⫽ 0.30

h2 ⫽ 0.05

h2 ⫽ 0.30

0.30

0.10

0.30

0.10

0.30

0.10

0.30

20.2
19.4
21.6
30.0
28.8
24.0
26.7
31.3
37.3 *

26.9
24.8
29.2
32.7*
33.4*
34.2 *
16.4
21.4
26.3

50.8
49.9
49.8
53.9
59.8 *
57.0*
32.2
42.1
49.7

14.9
15.5
14.7
16.7
15.2
15.0
17.0
20.2
26.2 *

25.7
29.0
26.2
30.2
33.3
29.6
32.9
40.6
48.5 *

37.5*
39.6*
38.4*
41.3*
40.6*
41.4 *
19.1
26.6
34.6

65.5
65.1
64.8
63.3
67.3*
69.2 *
39.3
51.4
61.7

Numbers in italics indicate the most precise strategy and asterisks indicate the strategies that did not differ
significantly (P ⬍ 0.05) from the best strategy. RAN, random genotyping; STD, selective genotyping; BAL,
genotyping equal numbers of discordant pairs per sire; DISn, discordant sib selection with n ⫽10, 20, or 50
half-sib families; CONn, concordant sib selection with 5, 10, or 25 high and low sires.

significantly lower than DISPAIR when biallelic markers
were used (Table 2).
Proportion of the population expressing each of the dichotomous phenotypes: When the ratio of individuals expressing
the less common phenotype was decreased from 10 to
2%, the precision of QTL positioning was generally increased (Table 5). Precision increased because the effective intensity of selective genotyping was increased
among individuals with the high phenotype. The opposite effect was therefore observed when the proportion
of individuals with the high phenotype was increased
to 30% (Table 6). For most scenarios, the relative efficiency of the various strategies was similar to the base
situation (Table 3). In particular, the CON25 strategy
generally performed best when heritability was low. Discordant sib selection (DIS20 or DIS50) performed consistently well for traits with high heritability. The strategies most strongly affected by changes in proportion of
the population expressing the higher phenotype were
STD and RND. The relative precision of STD to RAN
decreased as the proportion of high phenotypes increased. This decrease was due to the lower effective
intensity of selection obtained as the proportion of high
phenotypes increased. The family-based (DIS and CON)
strategies were relatively less strongly affected by
changes in this proportion because intensity of selection
of sire families for genotyping remained relatively high,
as this step of selection was based on daughter means,
the distribution of which remained continuous regardless of the proportions expressing the two phenotypes.
A related result was that for some situations, RAN was
not significantly different from the best observed strategy, especially when heritability and VQTL were high. In

particular, no advantage of STD over RND was observed
when 30% of the population expressed the positive phenotype. Figure 1 shows the precision (percentage of
times that the QTL was correctly positioned) for RAN,
STD, and BAL for the scenario when VQTL ⫽ 0.30,
heritability ⫽ 0.30, and P ⬇ 0.20 and varying proportions of the population express the high phenotype,
ranging from 0.01 to 0.99. When the high phenotype
was very rare, STD and BAL were both very precise,
with STD holding a small, but nonsignificant advantage,
while the precision of RAN was much lower. As the
proportion of individuals expressing the high phenotype increased, the precision of STD and BAL decreased
and the precision of RAN increased, reaching equivalent levels when 30% of the population expressed the
high phenotype. Clearly, when 50% of the population
expresses each phenotype, RAN and STD were expected
to be essentially equivalent, involving the genotyping of
exactly equal numbers of individuals with each phenotype for STD and differing from this ratio due only to
sampling with RAN. The three approaches remained
similarly effective until the frequency of the high phenotype reached ⵑ60%. From that point the precision of
RAN decreased quickly. Efficiency of STD and BAL remained at similar levels until the point when ⵑ90% of
the population expressed the positive phenotype. The
BAL strategy continued to work efficiently when 99%
of the population expressed the high phenotype, whereas
the efficiency of STD dropped off sharply.
Ordered categorical phenotypes: Results for phenotypes
with multiple ordered categories were very similar to
those for dichotomous traits (thus, data not shown).
The CON25 strategy was superior when heritability was
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Figure 1.—Proportion of times that the
correct location was identified for random,
standard selective genotyping, and balanced selection of discordant half-sib pairs
when the proportion of the population expressing the positive phenotype ranged
from 0.01 to 0.90 (for a biallelic locus with
frequencies 0.3:0.7 explaining 30% of the
genetic variance for a dichotomous trait
with heritability 0.30).

low. The DIS20, DIS50, and BAL approaches each
ranked first for at least one of the particular scenarios
when heritability was high. Although STD never ranked
highest, its precision was never statistically different
from the best strategy when heritability was high. Precision of QTL positioning was generally ⵑ10% higher
than that observed for dichotomous phenotypes (expressed as a percentage of the precision of the best
strategy for dichotomous phenotypes). Precision increased because having more categories increased the
effective intensity of selective genotyping. In the threecategory situation, intensity was increased in the selection of individuals with high phenotypes. With five categories, individuals with low phenotypes were selected
more precisely.
DISCUSSION

The principal conclusion of this study was that any
form of selected genotyping (even when applied in a
haphazard way) will generally improve precision of mapping based on LD, but judiciously applied sampling
based on simple consideration of the type of phenotype
and the underlying genetic parameters can be particularly advantageous. Ten different selection strategies
were applied to a wide range of scenarios and, in nearly
all cases, even the poorest strategy yielded more precise
estimates of the QTL position than did analyses applied
to a random sample from the population. Nevertheless,
the best strategy was always significantly more precise
than the poorest strategy.
Strategies were applied to a wide range of populations
and phenotypes defined by different parameters. Several general trends were noted for the effects of changes
in various parameters on precision of LD mapping.
Many of the trends were consistent with intuition. For
example, precision increased as residual variance decreased (or heritability increased). At a fixed level of
heritability, precision increased as VQTL increased. At

a fixed level of VQTL, precision increased as the frequency of the positive allele was increased from 0.05 to
ⵑ0.20 (and the substitution effect decreased correspondingly). Precision was greater for continuous phenotypes than for dichotomous phenotypes (at the same
level of underlying genetic control) and precision for
dichotomous phenotypes increased as the positive form
of the phenotype (associated with the QTL allele with
a positive effect) decreased in frequency. Likewise, phenotypes with multiple categories yielded higher precision than did dichotomous phenotypes. Finally, precision increased as the number of marker alleles increased,
but decreased as Ne decreased.
Choice of the optimum strategy depended on the
existence of some knowledge about the phenotype of
the trait and underlying genetic parameters. In general,
this information can be known prior to the selection
of individuals for genotyping. The most critical factor
influencing the performance of varying strategies was
whether the trait was distributed continuously or into
a few discrete categories. This aspect about a given trait
should clearly be known without exception. Heritability
of a given trait was the second most important factor
influencing the ranking of the strategies. Some knowledge about the heritability of a trait to which fine mapping is applied usually either will already exist or can
be readily estimated. In particular, for populations similar to that simulated in this study (i.e., populations with
many recorded phenotypes and large half-sib families),
accurate estimates of genetic parameters either should
exist or could be easily calculated using the information
(phenotypes and sire identification) required to implement most of the strategies simulated.
For continuous phenotypes, choice of the selection
strategy seems straightforward. The STD approach was
always the highest-ranking strategy when heritability was
low. Approaches based on discordant sib selection with
many sire families (DISPAIR or DIS50) were the best
strategies when phenotypes were continuous and herita-
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bility was high. When no knowledge is available about
heritability, the DISPAIR strategy would be a logical
choice to apply to a continuous phenotype. This strategy
ranked highest under several scenarios and was never
significantly different from the best observed strategy.
In addition, the DISPAIR strategy may be more flexible
and easier to apply in real populations, as the other
discordant methods simulated were based on choosing
equal numbers of pairs from each sire and sires all had
the same number of daughters, which is unlikely to be
the case in most real populations.
For categorical phenotypes, knowledge of the heritability was more critical. When heritability was low,
CON25 was the highest-ranking strategy and often differed statistically from all other approaches. When heritability was high, DIS50, DIS20, and STD were the most
efficient strategies. The STD approach is likely to be
the simplest to apply in real populations. Although such
a situation was not simulated here, selection of pairs
of half-sibs with opposite dichotomous phenotypes (a
strategy similar to DISPAIR for continuous phenotypes)
may also be effective.
The VQTL and frequency of the positive QTL are
parameters that are less likely to be available prior to
designing a selection strategy, but these factors had comparatively little effect on the relative efficiencies of the
various strategies. In most instances, when for a given
level of heritability and frequency of the positive QTL,
the same strategy ranked highest for both VQTL ⫽ 0.10
and VQTL ⫽ 0.30. Although these parameters have little
influence on relative precision of strategies for a given
scenario, they do influence precision of QTL positioning. Therefore, prior estimates for these parameters may
be useful for determining the number of individuals
needed to obtain a given level of statistical precision.
Some information about these parameters is typically
available in the situation that was assumed for this study,
specifically, that the chromosomal region targeted for
fine mapping had been identified on the basis of results
of previous linkage analyses. Many linkage mapping
analyses produce some estimate of the substitution effect of a QTL.
Although sensitivity of the various strategies was tested
for variability in a number of parameters affecting power
of QTL detection, the genetic model simulated was relatively simple and corresponded best to a large homogeneous outbred population. Additional complicating
factors such as selection, population admixture, and
segregation distortion were not considered and researchers dealing with LD mapping in a population
subject to such factors may want to repeat a similar

simulation to ensure that the strategies indicated as
optimal in the studied population remain the same under these conditions.
The authors graciously acknowledge the contribution of the anonymous editors in terms of both their time and their expert advice for
improving the manuscript.
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