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Evolutionary biologists attempting to detect quantitative trait loci (QTL) in natural populations have
thus far had to carry out some kind of cross with their study organism. Such techniques often increase
the probability of detecting linkage, but are impossible or undesirable in many populations. A
potential way of overcoming this problem is to carry out linkage studies in large complex pedigrees. In
this paper we contrast the power to detect linkage in a complex pedigree of red deer (Cervus elaphus)
with that of the widely used half-sib design. When a QTL of magnitude 1 phenotypic standard
deviation is segregating and completely linked to a marker, the extended pedigree has power of 0.67,
whereas the half-sib design has power of just 0.21. We conclude that detecting QTL may be possible in
intensively studied natural populations, provided detailed life history data and good pedigree
information are available.
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Introduction

Evolutionary biologists have long been interested in
genetic variation for ®tness in natural populations. One
unresolved issue is whether genetic variation for ®tness
and ®tness components is caused by many polygenes of
small e�ect, or whether genes of major e�ect can
segregate despite natural selection (Barton & Turelli,
1989; Orr & Coyne, 1992). Recent attention has focused
on the possibility of mapping genes for ®tness in natural
populations, given the advent of suitable markers, maps
and statistical methodology (Mitchell-Olds, 1995). How-
ever, very few studies have, as yet, attempted to do this,
and none has managed it in an unmanipulated popula-
tion actually in the wild. The vast majority of linkage
mapping projects have taken place in humans, labora-
tory model organisms, e.g. Drosophila (Shrimpton &
Robertson, 1988), mouse (Keightley & Bul®eld, 1993) or
domestic species, e.g. cattle (Georges et al., 1995) and
tomato (Paterson et al., 1988).
A few mapping programmes have been carried out in

`natural' populations of plants, most notably within the
genus Mimulus (e.g. Bradshaw et al., 1995; Lin &
Ritland, 1997). However, these studies have taken place
within arti®cial crosses, a technique which elevates the
amount of phenotypic and additive genetic variation

segregating within the cross, relative to the situation in
the wild. Furthermore, selective genotyping (Darvasi &
Soller, 1992) may have been employed. Both of these
techniques improve the chances of detecting QTL but
may be impossible in a large number of natural
populations. Selective genotyping is applicable only
when a single trait (or several phenotypically highly
correlated traits) is of interest, whereas in many popu-
lations it is neither desirable nor possible to perform
crosses. In addition QTL segregating within a cross do
not necessarily segregate in a single wild population.
Where it is not possible to create speci®c crosses,

researchers might turn to an alternative experimental
design: the use of complex, extended pedigrees. To carry
out a QTL mapping programme without manipulating a
pedigree is analogous to complex disease mapping in
human populations, although considerably more di�-
cult. To obtain a pedigree of a natural population is
nontrivial. Additionally, genetic maps of wild species
will not be as dense (with the possible exception of wild
mouse populations) as the human map. The biggest
problem for QTL mappers of natural populations is a
lack of power in the pedigrees available (if any) to
actually detect linkage.
Considerable attention has been given in the animal

breeding literature to the relative power of half-sib
designs and more complicated family structures, in
detecting QTL (Weller et al., 1990; van der Beek et al.,*Correspondence. E-mail: j.slate@ed.ac.uk
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1995). Weller et al. (1990) examined the power to detect
QTL for the half-sib (or daughter) design and compared
this to a three-generation granddaughter design. In the
daughter design each sire has a number of daughters by
di�erent dams. All animals are genotyped and progeny
have recorded trait values. The alternative granddaugh-
ter design was developed with dairy cattle in mind: it
requires sires to have a medium to large number of sons,
who in turn sire a large number of daughters. The sons
of the sires are genotyped and trait values of their
daughters are recorded. Breeding values of sons are
accurately estimated by taking daughter phenotypic
means. Weller et al. (1990) conclude that although not a
particularly complex pedigree, the granddaughter design
was a more powerful method than the half-sib design in
detecting QTL. Additionally, less genotyping is required
in obtaining this enhanced power. Georges et al. (1995)
successfully used this design to detect milk production
QTL in dairy cattle.

Human geneticists have also focused on the relative
merits of extended pedigrees vs. nuclear families for
detecting linkage. The recent Genetics Analysis Work-
shop 10 (GAW10) set a challenge to a number of groups
to detect QTL for an oligogenic trait segregating in two
simulated data sets, one containing nuclear families and
the other an extended pedigree (Wijsman & Amos,
1997). The number of phenotypes and genotypes was
equal for both data sets. Those analyses that used the
extended data set were generally more successful in
detecting the simulated disease loci, estimated QTL
location more accurately and detected fewer false
positives. Two properties of extended pedigrees lead to
this increased power. First, there are more meioses in the
extended pedigree than the nuclear family design for the
same number of genotypes. Secondly, marker phase is
estimated more accurately over several generations than
over one. Recent statistical advances have enabled
geneticists to use information from extended pedigrees
rather than their constituent nuclear families or sibships
(Almasy & Blangero, 1998). Approaches such as these
may enable evolutionary biologists to search for QTL
without performing crosses within their study popula-
tion. However, utilizing whole pedigrees does have
disadvantages. Analyses can be computationally
demanding, and statistical techniques familiar to those
using simple crosses, such as least squares, cannot be
performed.

In this paper we investigate, by simulation, the power
of QTL analyses in a free-living red deer population,
using a large complex pedigree or the series of half-
sibships that comprise it. The red deer on Rum, Inner
Hebrides, Scotland have been intensively studied for
over 25 years, with life history data collected for over
2000 deer. The deer genome is now reasonably well

mapped and includes over 600 markers of which 130 are
microsatellites (Tate, 1997). In principle it is possible to
screen the Rum red deer for a large number of mapped,
polymorphic markers and carry out a search for ®tness-
related QTL. The main purpose of this paper is to
investigate three questions about the power to detect
QTL in this population. First, do small half-sibships
contribute towards power? Secondly, do least squares
and likelihood approaches give similar estimates of
power for the half-sib design? Thirdly, the main aim of
the paper, do the complex pedigree and the half-sib
design give similar estimates of power when using the
likelihood approach? If the complex pedigree gives
greater power than the half-sib design then this approach
may be useful in attempting to map QTL in the wild.

Methods

The study population

The deer in the north block of Rum have been
intensively studied since 1971 and are one of the best
characterized free-living mammal populations in the
world. For a review of the ®rst decade of the study and a
description of the study site see Clutton-Brock et al.
(1982). Since 1982 over 80% of new-born calves have
been sampled for genetic purposes. Mother±o�spring
pairs in the population are determined by observation in
the ®eld. Typing of over 1100 individuals for nine
mapped microsatellite loci and three allozymes has
revealed no mis-assignments of maternity (Marshall
et al., 1998). Paternity was assigned using CERVUSCERVUS

(Marshall et al., 1998), a program for inferring paternity
in unmanaged populations at any required statistical
con®dence. CERVUSCERVUS uses population characteristics
including allele frequencies to calculate, by simulation,
likelihood thresholds for determining paternity at the
desired con®dence. 875 calves born between 1982 and
1996 were analysed of which 475 calves were assigned
sires with 80% con®dence and 203 with 95% con®dence
(Marshall et al., 1998). The polygynous mating system
of red deer results in large numbers of half-sibs, but
relatively few full-sibs.

Pedigree used in simulation studies

The Rum pedigree was visualized using PEDVIEWPEDVIEW (King-
horn, 1994). Features such as large half-sibships and
successful individuals were identi®ed. One particular
stag, MAXI, was investigated more fully for a number
of reasons. First, MAXI was extremely successful, siring
21 calves at 95% con®dence and a further 12 at 80%
con®dence, for most of whom we have life history data.
Secondly, a number of MAXI's o�spring were extremely
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successful themselves (see Fig. 1) and to date MAXI has
at least 416 known descendants since his birth in 1971.
Thirdly, MAXI was an F1 between a Rum hind and a
mainland stag (Lincoln et al., 1973) and so may have
introduced novel additive genetic variation into the
population. For the same reason marker heterozygosity
may be higher within this speci®c pedigree. For the
purposes of our simulations we have analysed the
MAXI pedigree. DNA samples and life history data
are available for all individuals used in our simulations.
The 416 individuals are spread over six generations. In
total there are 73 sibships ranging in size from two to 27.

The alternative half-sib design with which we compared
the MAXI pedigree was simply the composite half- and
full-sibships within the larger pedigree. Breaking down
the complex pedigree in this way violates the assumption
that the nuclear families are independent, but analysis is
simpli®ed such that least squares methods can be
employed.

Simple least-squares-based analysis of power

A quick method to estimate the power to detect QTL in
the constituent half-sibships of the larger pedigree was

Fig. 1 Pedigree showing MAXI, and his most reproductively successful descendants. Squares represent males, circles females
and diamonds ®ve or more individuals.
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developed by one of us (P.V.) using computer simula-
tion. We used this `Weller approach' to investigate
whether small sibships contribute to power, and also to
compare the power of this approach with a likelihood
approach for a half-sib design. This analysis is an
extension of that used by Weller et al. (1990) when
evaluating the daughter design, but allows for sibships
of unequal size. In the balanced half-sib design used by
Weller et al. (1990), the distribution of the test statistic
under both the null hypothesis (no QTL segregating)
and the alternative hypothesis can be approximated by a
central and a noncentral v2, respectively. With unequal
family sizes, the test statistic under the alternative
hypothesis is not obvious, and we therefore use the
following approach.

For each replicated population the sum of squares
attributable to the marker contrasts within sires was
sampled by:

1 determining whether each sire is homozygous or
heterozygous at the QTL, by sampling from a binomial
distribution;
2 binning each progeny into one or other marker allele
class (all sires are heterozygous for the marker), again by
sampling from a binomial distribution;
3 sampling the means of each marker class from a
normal distribution with the mean di�erence between
the marker classes equal to the QTL e�ect. The squared
di�erence between the means, standardized by the
variance of the di�erence between the two means, is a
draw from a noncentral v2 distribution. It was thus
assumed that the within-sire variance was known (or
estimated without error).

Summing this marker contrast sum of squares across
all sires gives the test statistic. Power is calculated by
determining the probability of this test statistic exceed-
ing a central v2 of Type I error a, with degrees of
freedom equal to the number of sires which have
progeny in both marker classes.

Unlike Weller et al. (1990) we have investigated half-
sibships of di�ering size, as will be the case for most
natural populations. In addition, we have taken into
account the ®nite sampling of progeny group sizes for
each marker class. We have assumed that all sires are
heterozygous for the marker allele and that there is no
recombination between marker and trait loci. We used
the following parameter values for simulations. The
QTL was assumed to be biallelic, with each allele at
frequency 0.5. QTL magnitude was varied in increments
of 0.1 of a within-QTL genotype phenotypic standard
deviation, so that the di�erence between the heterozy-
gote and either homozygote was 0.5±1.0 SD. Polygenic
heritability was 0.5. We examined the e�ect of using all
sibships (two sibs or more) or those containing greater

than three, four, or ®ve sibs, on the power of detecting
linkage. Ten thousand replications were performed
throughout.

SIMLINKSIMLINK program

Although the Weller approach gives a rapid and
accurate estimate of power within the half-sib design,
it cannot be used to analyse more complex pedigrees. To
perform power comparisons between the extended
pedigree and the half-sib designs (the main purpose of
this paper) we used the likelihood-based program SIM-SIM-

LINKLINK (Boehnke, 1986; Ploughman & Boehnke, 1989).
SIMLINKSIMLINK also enables investigation of the e�ects of
marker heterozygosity and recombination on power.
SIMLINKSIMLINK tests whether a segregating major gene can be
detected when linked to a marker, compared to the null
hypothesis of a major gene segregating but being
unlinked. Note that SIMLINKSIMLINK and the Weller approach
are performing subtly di�erent statistical tests. The
Weller approach tests for a QTL segregating against the
null hypothesis of no QTL, whereas SIMLINKSIMLINK tests for a
QTL linked to a marker, compared with a QTL
segregating but unlinked to the marker. The implica-
tions of this di�erence are discussed. We compared the
power to detect linkage in the extended pedigree and its
constituent sibships, whilst also investigating the e�ect
of QTL magnitude, marker heterozygosity and recom-
bination between marker and QTL. One hundred
replications were performed throughout.

SIMLINKSIMLINK parameters

1 QTL magnitude: this was as for the Weller approach.
2 Recombination fraction: the distance between marker
and trait locus was set to 0, 10 or 20 cM.
3 Marker heterozygosity: the number of marker alleles
was varied from two to nine with all alleles at equal
frequency. This meant that marker heterozygosity var-
ied from 0.5 to 0.89. Unlike the Weller approach, a
marker heterozygosity of unity is impossible with SIM-SIM-

LINKLINK. However, the parameter values used in SIMLINKSIMLINK

are more realistic. In practice no single marker has a
heterozygosity of unity.

Signi®cance thresholds

The relationship between the v2-test of the Weller
approach and the likelihood test of SIMLINKSIMLINK is compli-
cated, but the same signi®cance level for both is essential
to make a comparison between the two approaches for a
half-sib design. Baret et al. (1998) examined the rela-
tionship between the test statistics for the F-statistic (or
its approximation by v2) and a likelihood ratio test, for
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the half-sib design. They showed for the null hypothesis
of no QTL segregating, that a likelihood ratio test (or
LOD score) follows an approximate distribution of half
times 0 and half times a v2 with d.f� 1. This can be
approximated by using a v2 distribution with 1 d.f. and
doubling the probability value. So, if SIMLINKSIMLINK is used to
test the power of obtaining a LOD of 3.0 (corresponding
to a probability of 0.0001) then to perform the equiv-
alent test with the Weller approach a P-value of 0.00005
(half of 0.0001) should be used.

Results

Contribution of smaller sibships to power

We used the Weller approach to examine the e�ect of
the smaller half-sibships on the power to detect linkage
to a QTL (see Table 1). Of the 73 sibships within the
MAXI pedigree, 31 of them only had two sibs and 17
just three sibs. Power was greatest when all half-sibships
were used, but the contribution from the half-sibships
with fewer than ®ve progeny was small. In small
sibships all o�spring often inherit the same sire marker
allele. In consequence the average number of informa-
tive sires will vary across replications of the simulation,
and the Type 1 threshold will not be constant. As the

smaller families contributed little power, all subsequent
Weller simulations were performed with the 18 half-
sibships containing ®ve or more o�spring. This meant
that a single Type 1 threshold could be used (assuming
that all 18 sires were informative; see Table 1), and
comparisons between Weller et al.'s (1990) least squares
approach and the likelihood method of SIMLINKSIMLINK could
be made.

Comparison of the Weller and SIMLINKSIMLINK

approaches for the half-sib design

Both methods were used to investigate the power of
detecting linkage to a QTL for the constituent half-sib
design. For a QTL of e�ect 0.5±1.0 phenotypic
standard deviation, with no recombination between
marker and trait loci, both methods yielded similar
results (Table 2), although the Weller approach tended
to give slightly higher power. This is perhaps unsur-
prising given that the Weller approach makes the
assumption that all sires are heterozygous at the marker
allele, whereas for our SIMLINKSIMLINK simulations we used a
marker heterozygosity of 0.89 (see Methods). The
maximum discrepancy in power between the two
programs was 0.08.

Table 1 E�ect of small half-sibships on power to detect QTL using a `Weller approach' half-sib design

Minimum
sibship size

Number of
sibships

Mean number of
informative sires

Average Type 1
threshold (v2 units)

Average test
statistic (v2 units) Power

2 73 52.0 69.7 84.5 0.81
3 42 36.5 51.5 64.5 0.80
4 25 23.1 36.0 46.7 0.78
5 18 17.5 28.3 37.7 0.76

Heritability was set to 0.5, QTL e�ect was 1.0 phenotypic standard deviation, and a signi®cance threshold of 0.05 was used. Ten
thousand replications were performed. The number of informative sires is less than the actual number of sires because all o�spring in
small sibships can inherit the same sire marker allele.

Table 2 Comparison of the Weller approach and a LOD score approach (SIMLINKSIMLINK) for power of the half-sib design

QTL e�ect (SD) 0.5 (W) 0.5 (S) 1.0 (W) 1.0 (S) 2.0 (W) 2.0 (S) 3.0 (W) 3.0 (S)

0.5 0.22 0.22 0.10 0.02 0.01 0.00 0.00 0.00
0.6 0.33 0.30 0.15 0.14 0.03 0.01 0.00 0.00
0.7 0.44 0.38 0.25 0.23 0.06 0.02 0.01 0.01
0.8 0.56 0.49 0.35 0.31 0.10 0.10 0.03 0.01
0.9 0.68 0.62 0.49 0.42 0.18 0.18 0.07 0.03
1.0 0.78 0.72 0.60 0.52 0.30 0.27 0.14 0.10

Columns refer to power of obtaining LOD scores in the range 0.5±3.0 for the Weller (W) and SIMLINKSIMLINK (S) approaches. QTL e�ect
ranged from 0.5 to 1.0 of a phenotypic standard deviation. Marker heterozygosity was 1.00 for the Weller approach and 0.89 for SIMLINKSIMLINK.
Heritability was set to 0.5 in the Weller approach. Ten thousand replicates were performed for the Weller method and 100 for SIMLINKSIMLINK.
The Weller approach used only sibships with ®ve or more o�spring.
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Comparison of mean LOD score and power
between an extended pedigree
and its constituent sibships

Table 3 compares the results obtained from SIMLINKSIMLINK

using the extended pedigree and using the constituent
half-sibships analysed separately. Mean LOD score and
power are compared when recombination between
marker and trait locus is set to 0, 10 or 20 cM. Figure 2
illustrates the e�ect of QTL magnitude on mean LOD
for all six scenarios considered (extended and half-sib
pedigrees at three di�erent recombination fractions).
The mean LOD score was always greater for the
extended pedigree than for the equivalent half-sib
design. The relative di�erence between the two designs
was greater when recombination fraction was lower. At
0 cM the extended pedigree mean LOD was 2.5±3.0
times greater than for the half-sib design, whereas at
20 cM the ratio was only 1.5±2.0.

The relationship between pedigree design and power
was similar to that of pedigree design and mean LOD
score. Figure 3 illustrates the power of obtaining LOD
scores in the range 0.5±3.0 for some of the models tested.
When there was no recombination between the marker
and the QTL, the extended pedigree had more than
double the power of the half-sib design to obtain a LOD

score of 2.0 and above, regardless of QTL e�ect. Power
rapidly decreased with increasing recombination frac-
tion between marker and QTL for both designs.

Effect of marker heterozygosity on mean LOD
score and power

We also examined the e�ect of marker heterozygosity on
mean LOD score and power, for both extended and half-
sib designs (Table 4). When marker heterozygosity was
reduced from 0.89 to 0.50, mean LOD score for both
designs was more than halved. However, the extended
pedigree still had a mean LOD score more than 2.5 times
greater than that of the half-sib design. At the lower
marker heterozygosity (0.50), the power to obtain a
LOD score of 3.0 had decreased from the original value
of 0.51 to just 0.10 for the extended pedigree.

Discussion

We have demonstrated that the probability of detecting
QTL in an unmanaged free-living population of red deer
is greatly increased if an extended pedigree rather than a
simple half-sib design is used. This is the ®rst time that
complex pedigrees have been considered for mapping
QTL in wild populations and the results are encouraging.

Table 3 Comparison of power for an extended pedigree and a half-sib design using SIMLINKSIMLINK. Mean LOD score and
power of obtaining LOD score greater than 0.5±3.0 for the two designs

Extended pedigree Half-sib design

Recombination
fraction

QTL e�ect
(SD)

Mean LOD
(�SE)

Power
>0.5

Power
>1.0

Power
>2.0

Power
>3.0

Mean LOD
(� SE)

Power
>0.5

Power
>1.0

Power
>2.0

Power
>3.0

0 0.5 0.676 (0.069) 0.49 0.24 0.06 0.02 0.246 (0.033) 0.22 0.02 0.00 0.00
0.6 1.069 (0.093) 0.67 0.41 0.18 0.04 0.377 (0.047) 0.30 0.14 0.01 0.00
0.7 1.557 (0.122) 0.78 0.56 0.32 0.17 0.551 (0.063) 0.38 0.23 0.02 0.01
0.8 2.126 (0.150) 0.85 0.75 0.46 0.26 0.769 (0.080) 0.49 0.31 0.10 0.01
0.9 2.769 (0.177) 0.92 0.82 0.60 0.40 1.033 (0.097) 0.62 0.42 0.18 0.03
1.0 3.475 (0.203) 0.97 0.90 0.74 0.51 1.346 (0.115) 0.72 0.52 0.27 0.10

10 0.5 0.403 (0.049) 0.34 0.10 0.01 0.00 0.183 (0.028) 0.11 0.03 0.00 0.00
0.6 0.608 (0.067) 0.43 0.22 0.06 0.01 0.266 (0.039) 0.22 0.05 0.00 0.00
0.7 0.860 (0.085) 0.55 0.38 0.09 0.03 0.366 (0.050) 0.25 0.13 0.02 0.00
0.8 1.152 (0.105) 0.63 0.44 0.18 0.07 0.485 (0.062) 0.31 0.17 0.03 0.00
0.9 1.485 (0.124) 0.77 0.56 0.26 0.11 0.623 (0.073) 0.42 0.19 0.05 0.03
1.0 1.850 (0.143) 0.85 0.71 0.39 0.19 0.779 (0.084) 0.53 0.27 0.10 0.04

20 0.5 0.239 (0.039) 0.19 0.08 0.00 0.00 0.141 (0.023) 0.05 0.02 0.00 0.00
0.6 0.334 (0.050) 0.25 0.11 0.01 0.00 0.191 (0.030) 0.12 0.03 0.00 0.00
0.7 0.448 (0.061) 0.26 0.19 0.05 0.00 0.244 (0.037) 0.20 0.04 0.00 0.00
0.8 0.577 (0.072) 0.37 0.19 0.08 0.00 0.299 (0.044) 0.26 0.09 0.01 0.00
0.9 0.729 (0.082) 0.43 0.25 0.08 0.03 0.355 (0.050) 0.27 0.10 0.02 0.00
1.0 0.895 (0.092) 0.53 0.35 0.14 0.03 0.415 (0.056) 0.29 0.16 0.03 0.00

Marker heterozygosity was set to 0.89, recombination fraction between marker and QTL was set to 0, 10 or 20 cM, and QTL e�ect was
0.5±1.0 phenotypic standard deviations. One hundred replications performed throughout.
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Fig. 2 Plot showing e�ect of QTL magni-
tude on mean LOD score for extended
pedigree and half-sib design. Marker het-

erozygosity� 0.89. One hundred replicates
performed.

Fig. 3 Power curves for extended pedi-
gree and half-sib designs. Curves show

the power of obtaining LOD scores in
the range 0.5±3.0. The vertical line
represents a LOD score of 2.34, equiv-

alent to a genome-wide signi®cance level
of 0.05 when 100 markers are screened
(see Discussion). When a QTL of 1.0 SD
is segregating and there is no recombi-

nation between marker and QTL, the
extended pedigree has a power of 0.67
whereas the half-sib design has a power

of 0.21. The extended pedigree has a
power of 0.31 when recombination is
10 cM. For a QTL of e�ect 0.8 SD, and

no recombination, the extended pedigree
has power 0.38.
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A number of ®eld studies could now produce pedigrees
several generations deep, and similar to the one we use
in our analysis.

Why does the extended pedigree yield greater power
than the half-sib design? The extended pedigree uses
genotype and phenotype information on all individuals,
and by tracing marker alleles down the pedigree,
calculates the likelihood of a major gene segregating.
In other words, both between- and within-family infor-
mation is considered. In contrast, the half-sib design
uses only within-family information.

With a real QTL mapping data set, one would
probably perform a test that compares a model of
QTL and background polygenic e�ect against a model
which had only a polygenic e�ect. Our comparison of a
half-sib design and an extended pedigree used a model
of QTL linked vs. QTL present but unlinked. Our own
data, and also those of Le Roy & Elsen (1995) suggest
that the former test may give a slightly higher test
statistic than the SIMLINKSIMLINK comparison. In our half-sib
simulations the Weller approach gave marginally higher
power than SIMLINKSIMLINK, although this may be caused by the
slightly higher marker heterozygosity for the Weller
approach. Le Roy & Elsen (1995) also demonstrate that
a LOD score approach (testing QTL linked vs. QTL
unlinked) gives lower power relative to a Weller
approach, particularly for a three-generation design
compared to a half-sib design. This would suggest that
our test statistic for the extended pedigree may be
downwardly biased, making our comparison between
the extended pedigree and half-sib design conservative.
It should also be pointed out that our approach does not
account for any polygenic variation that may be
segregating. However, there is no evidence that ignoring
a polygenic e�ect in¯ates our test statistic. Knott &
Haley (1992) simulated a polygenic component in a full-
sib design and showed that a QTL linked vs. QTL

unlinked test gave a lower test statistic than one where
polygenic e�ect was ®tted (QTL linked + polygenic
component vs. QTL unlinked + polygenic component).
Again this suggests that our test may be conservative.

A contentious area of QTL mapping is that of
signi®cance thresholds. Lander & Kruglyak (1995)
discussed the criteria that should be used for assigning
linkage. A common problem is that when carrying out a
genome-wide scan for QTL, multiple testing leads to
false assignation of linkage because of Type I error.
However, imposing too strict a value for signi®cance
may wrongly reject any suggestions of linkage that are
found (Type II error). Traditionally a LOD score of 3
has been used to assign linkage. However, Lander &
Kruglyak (1995) suggest a di�erent approach: the use of
a genome-wide signi®cance level to ®nd what they term
`signi®cant linkage'. This is de®ned as statistical evi-
dence expected 0.05 times in a genome-wide scan. If one
were to carry out a genome-wide scan using 100 markers
(a realistic number of markers for a natural population
screening), an experiment-wide error rate of 0.05 could
be approximated using a Bonferroni correction so that

a0 � 1 �1 0:05�1=100 � 5:13� 10 4:

Using the approach of Baret et al. (1998) this signi®-
cance level corresponds to a LOD score of 2.34. In other
words, rather than use a LOD score of 3.0 to assign
linkage, a LOD score of 2.34 could be used for an
experiment-wide signi®cance level of 0.05. For the
MAXI pedigree this equates to a power of about 0.67
(rather than 0.51) when a QTL of e�ect 1.0 SD is
segregating, and there is no linkage between marker and
QTL (see Fig. 3).

Although the power to detect QTL is high only in a
somewhat idealized situation (highly polymorphic mark-
ers, QTL of very large e�ect, and low recombination

Table 4 E�ect of marker heterozygosity on mean LOD score and power

Extended pedigree Half-sib design

Marker
alleles

Marker
heterozygosity

Mean
LOD (� SE)

Power
>0.5

Power
>1.0

Power
>2.0

Power
>3.0

Mean LOD
(� SE)

Power
>0.5

Power
>1.0

Power
>2.0

Power
>3.0

2 0.500 1.355 (0.110) 0.76 0.51 0.23 0.10 0.518 (0.065) 0.33 0.15 0.05 0.01
3 0.667 2.062 (0.150) 0.85 0.73 0.44 0.25 0.838 (0.081) 0.58 0.31 0.14 0.01
4 0.750 2.565 (0.172) 0.93 0.79 0.57 0.32 0.977 (0.088) 0.62 0.41 0.14 0.03
5 0.800 2.971 (0.181) 0.91 0.87 0.69 0.43 1.158 (0.106) 0.68 0.45 0.16 0.08
6 0.833 3.183 (0.186) 0.97 0.88 0.67 0.50 1.246 (0.107) 0.71 0.49 0.23 0.09
7 0.857 3.230 (0.186) 0.95 0.90 0.73 0.47 1.302 (0.113) 0.72 0.49 0.23 0.09
8 0.875 3.336 (0.195) 0.95 0.90 0.73 0.51 1.322 (0.113) 0.73 0.49 0.24 0.10
9 0.889 3.475 (0.203) 0.97 0.90 0.74 0.51 1.346 (0.115) 0.72 0.52 0.27 0.10

Mean LOD score and power of achieving LOD score greater than 0.5±3.0 for an extended pedigree and a half-sib design. QTL e�ect was
1.0 SD, recombination between marker and QTL was 0 cM and 100 replicates were performed.
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fraction between marker and QTL), further consider-
ations may increase this power. In a real mapping study
researchers may have prior information on environmen-
tal factors in¯uencing the trait of interest. Controlling
for these variables will serve to increase the proportion
of the residual variation explained by the QTL. In other
words, the heritability of the trait determined by the
QTL will increase, as will the power to detect the QTL.
Mapping projects in wild populations may also be able
to draw on previous work carried out in closely related
laboratory or farmed species where QTL for a trait of
interest have been identi®ed. If one knew the likely
location of a QTL, then extra markers could be screened
in that chromosomal region, hence reducing the recom-
bination fraction between the QTL and marker(s).
Alternatively only markers linked tightly to the candi-
date region could be typed and less stringent signi®cance
thresholds used. Again, this would increase the power to
detect QTL. There is increasing evidence from the plant
breeding literature that QTL a�ecting particular traits
are found in syntenic genomic regions across species
(Kearsey & Farquhar, 1998).
In our simulations we have performed linkage anal-

ysis only with single-point markers. Interval mapping
and multipoint analysis would reduce much of the loss
of power observed when recombination occurs between
marker and QTL (Lander & Botstein, 1989; Knott et al.,
1996). For example, when a QTL of e�ect 1.0 SD is
segregating and there is no recombination, the power for
a mean LOD > 3.0 is 0.51 in the extended pedigree. At
10 cM the power is only 0.19, and at 20 cM just 0.03.
Interval mapping would partially alleviate this problem,
the e�ect of which is most noticeable when one has
markers spaced at wide intervals (Fulker & Cardon,
1994), as will be the case in most studies of natural
populations. Interval mapping has the additional ad-
vantage over single-point mapping that other QTL
parameters such as magnitude and location can be
estimated (Lander & Botstein, 1989). Most interval
mapping procedures developed thus far are applicable to
sib-pair (Lander & Botstein, 1989; Fulker & Cardon,
1994) or half-sib (Haley & Knott, 1992; Knott et al.,
1996) families. However, our simulations suggest that
QTL detection in unmanipulated natural populations
may be possible only if whole, complex pedigrees can be
analysed. A recent study (Almasy & Blangero, 1998)
described a method in which large complex pedigrees
can be analysed by multipoint linkage. The number of
alleles shared identically by descent (IBD) at marker loci
is used to estimate genes IBD at various points along a
chromosome for all relative pairs within the pedigree.
Variance-component maximum likelihood linkage anal-
ysis is then performed on the overall pedigree to indicate
the presence of a QTL. As new statistical approaches

like these are developed, QTL mapping in natural
populations will become a possibility.
As expected, marker heterozygosity had a signi®cant

impact on ability to detect QTL. For both the extended
and the ¯at pedigrees, a heterozygosity of 0.8 gave about
twice the LOD score as one of 0.5. Microsatellite loci
typically have heterozygosity values in the range 0.5±0.8,
although this varies among species and populations. In
species with a very dense map, such as the mouse, it may
be possible to use highly variable markers exclusively.
In summary, we conclude that QTL detection in

natural populations is possible, but unlikely unless loci
of very large e�ect are segregating. However, if this is
the case, those studies with reasonable sample sizes will
bene®t greatly from being pedigreed for several gener-
ations. Mapping of QTL may be possible with pedigrees
of well under 1000 individuals. We look forward to the
development and application of new, sophisticated
statistical software, and remain cautiously optimistic
that mapping programmes such as these will be realized
in the next few years.
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