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ABSTRACT
A multimarker linkage disequilibrium mapping method was developed for the fine mapping of quantita-

tive trait loci (QTL) using a dense marker map. The method compares the expected covariances between
haplotype effects given a postulated QTL position to the covariances that are found in the data. The
expected covariances between the haplotype effects are proportional to the probability that the QTL
position is identical by descent (IBD) given the marker haplotype information, which is calculated using
the genedropping method. Simulation results showed that a QTL was correctly positioned within a region
of 3, 1.5, or 0.75 cM in 70, 62, and 68%, respectively, of the replicates using markers spaced at intervals
of 1, 0.5, and 0.25 cM, respectively. These results were rather insensitive to the number of generations
since the QTL occurred and to the effective population size, except that 10 generations yielded rather
poor estimates of the QTL position. The position estimates of this multimarker disequilibrium mapping
method were more accurate than those from a single marker transmission disequilibrium test. A general
approach for identifying QTL is suggested, where several stages of disequilibrium mapping are used with
increasingly dense marker spacing.

LINKAGE disequilibrium mapping has been success- recombinations between adjacent markers during these
two to three generations and hence a dense marker mapful in mapping genetical disorders (e.g., Häst-

backa et al. 1992). The method attempts to find a chro- will provide little extra information about the position of
the QTL, unless the number of individuals per genera-mosomal region that is identical by descent (IBD)

among the diseased individuals, since such a region may tion is very large (Darvasi et al. 1993). In a high-resolu-
tion mapping experiment, even with the use of recombi-carry the disease gene. The IBD region is detected by
nant inbred lines, Long et al. (1995) could map onlyclosely linked marker loci that carry identical alleles at
QTL affecting bristle numbers in Drosophila to regionsthis region in the diseased individuals (e.g., Pritchard
of z5–10 cM using linkage analysis. Linkage disequilib-et al. 1991; Houwen et al. 1994). Hence, simultaneous
rium mapping uses all recombinations since the muta-linkage disequilibria between several closely linked
tion occurred, which increases the precision of the esti-markers and the disease gene are detected. The size of
mate of the position. Linkage disequilibrium mappingthe IBD region decreases with the number of meioses
methods seem, therefore, more useful for precise esti-since the disease mutation occurred and may be small,
mation of QTL positions, while linkage mapping is morewhich leads to the detection of a small region that con-
useful for a genome-wide scan for QTL.tains the disease gene.

Linkage disequilibrium mapping methods for QTLA linkage analysis is often used for the mapping of
that consider several markers have not been proposed inquantitative trait loci (QTL), where the inheritance of
the literature, mainly because the carriers of the mutantchromosomal regions within the data set is traced by
QTL allele cannot be identified. This is the case unlessmarkers (see Hoeschele et al. 1997, for a review). The
the effect of the mutation is very large and the methodsregion whose inheritance explains most of the variance
for qualitative traits such as disease genes can be applied.of the phenotypic records indicates the most likely posi-
An additional complication is that the allele, which rep-tion of the QTL. To position the QTL, linkage mapping
resents the most recent QTL mutation, is unknown.uses only the recombinations that occurred within the
Hence, even if we could identify the QTL alleles, it isdata set, which typically contains two to three genera-
unknown which QTL allele should contain the identicaltions. With closely linked markers, there will be few
marker alleles in a chromosome region. However, calcu-
lation of linkage disequilibria between QTL and marker
loci does not require knowledge about which mutation
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TABLE 1

Correlation matrix of haplotype effects

Putative QTL between markers 1 & 2

1 0 1 0

1 0 1

1 0

1

Putative QTL between markers 4 & 5

1 0 0 1

1 1 0

1 0

1

Correlation matrix of chromosomal effects of four marker haplotypes as a function of the QTL position is
shown, when founder marker alleles (only alleles 1 and 2 are present in the sample of haplotypes) and founder
QTL alleles existed in the base population. The double recombination rate is assumed negligible, which shows
that the QTL allele numbers are equal to those of their surrounding markers. Note that the marker haplotypes
are identical for both QTL positions. Founder alleles denote that all alleles were different in the original base
population; e.g., the N base animals had haplotypes of the type

x x x xqxx
with x 5 1, 2, 3, . . . , 2N.

and a QTL can be measured by estimating the effect is to formally develop this method for the estimation
of the marker on the quantitative trait in a regression of the QTL position using the linkage disequilibria be-
analysis. This approach is extended to multiple marker tween several closely linked markers and the QTL. The
loci by estimating the effect of marker haplotypes on accuracy of the method in finding the correct QTL
the quantitative trait. The marker haplotypes that have position is investigated mainly in the context of livestock
identical marker alleles in a region surrounding the populations but the method (and results) can clearly
QTL are expected to show similar haplotype effects, be applied also to other types of populations. Last, the
since the identical markers indicate that the region is precision of the method is compared to that of a single
IBD and thus the haplotypes are expected to carry simi- marker transmission disequilibrium test (TDT) analysis
lar QTL alleles. In statistical terms, similar haplotype (Rabinowitz 1997).
effects imply that the covariance between the haplotype
effects is high. Whether two marker haplotypes have
identical alleles in a region surrounding the QTL de- METHODS
pends on the position of the QTL, and hence, the covari-

General: It is assumed here that a linkage mappingance between the haplotype effects depends on the posi-
study has narrowed the position of the QTL down to ation of the QTL. This dependence of haplotype
5- to 20-cM region. Within this region, there are manycovariances on the position of the QTL is illustrated in
markers available, with a between-marker spacing ofTable 1 for a simple situation, where marker haplotypes
typically 0.25–1 cM. Linkage disequilibrium mapping isidentify QTL alleles with certainty; i.e., correlations
used to find the most likely marker bracket, i.e., theamong the haplotypes are either 0 or 1. The general
region between two adjacent markers, that contains theprinciple, however, also holds under less simple condi-
QTL. In principle the method can also be used to esti-tions. The covariances between haplotype effects can

thus be used to position the QTL. The aim of this article mate the position of the QTL within a marker bracket,
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but it seems that there is too little information for such between the markers become small; i.e., methods that
require the inverse of Hp may be numerically unstable.a precise estimate.

Maximum-likelihood estimation of QTL position: It The likelihood L(Hp, ŝ2
h, ŝ2

e) can be calculated for
every position of the QTL. The maximum-likelihoodis assumed that phenotypic records from only the last

generation of individuals are used in the analysis. estimate of the QTL is the position where L(Hp, ŝ2
h,

ŝ2
e) is highest. To calculate L(Hp, ŝ2

h, ŝ2
e), we need toMarker data are available on this generation and their

parents so that for many individuals it is known which of obtain the (co)variance matrix of the haplotype effects,
Hp, given the position of the QTL.the marker alleles is paternally and which is maternally

derived; i.e., the linkage phases of the marker alleles Calculation of Hp: The covariance between two haplo-
types effects, hi and hj, isare known and marker haplotypes can be constructed.

For example, when the individual has genotype M1M2/ Cov(hi, hj) 5 Prob(IBD|marker haplotypes) 3 s2
h,N1N2 and its parents have M1M3/N1N3 and M2M4/N2N4,

the linkage phase of the individual is M1N1/M2N2. If the where Prob(IBD|marker haplotypes) is the probability
that the QTL locus is IBD given the marker haplotypes.linkage phase is not known, the haplotype is missing and

the individual is excluded from the analysis. However, in The probability that a locus is IBD given the haplotypes
surrounding the locus may be obtained from using thethe case of highly polymorphic closely linked markers

(such that double recombinations are unlikely), the coalescence process (Hudson 1985, 1993), but this
proved complex for multiple markers and the IBD prob-correct linkage phase can often be assigned with a high

probability. abilities were difficult to obtain. Here, we used the gene-
dropping method (Maccluer et al. 1986) to obtain theThe phenotypic records of the last generation are

modeled by IBD probabilities given the haplotype information.
In the genedropping method, markers and a putative

y 5 Xb 1 Zh 1 e, (1) QTL are simulated in a base generation. All 2Ne base
generation QTL alleles, which are called founder alleles,where y is the vector of records; b is the vector of fixed
have a unique number. The next NG descendant genera-(nuisance) effects for which the data are to be corrected;
tions are simulated by choosing at random parents fromh 5 (q 3 1) vector of random effects of the haplotypes;
the previous generation and letting their Ne offspringe is the vector of residuals; and X and Z are known
inherit haplotypes or recombinant haplotypes accord-incidence matrices for the effects in b and h, respec-
ing to Mendel’s rules and the recombination probabili-tively. The variance of the residuals is Var(e) 5 s2

e R,
ties. The parents of each progeny are randomly sampledwhere R is assumed here to be an identity matrix, but
such that the effective population size is Ne. Becausein general R can account for covariances between residu-
the founder QTL alleles have unique numbers, any twoals, which may be due to background genes and family
QTL alleles with the same number in generation NG arerelationships. The variance of the haplotype effects is
IBD. NG is the number of generations that passed sinceVar(h) 5 s2

h Hp, where the matrix Hp yields the (co)vari-
the mutation occurred.ances of the haplotype effects up to proportionality and

A problem with this application of the genedroppingsubscript p indicates that Hp depends on the assumed
method is that after NG generations, we will not obtainposition of the QTL. The dimension of Hp is q*q, where
the same haplotypes as in our data set, because thereq is the number of different haplotypes in the data.
are too many possible haplotypes. For instance, with 10Assuming multivariate normality, the residual log-
biallelic markers there are 1024 possible haplotypes andlikelihood of the data under the above model is
hence 1024 3 1024 covariances to be estimated. Fortu-

L(Hp, s2
h,s2

e) ~ 20.5[ln(|V |) 1 ln(|X 9V21X |) (2) nately many of these covariances are expected to be
equal and so can be grouped together and a single value1(y 2 X b̂)9 V21(y 2 X b̂)]
is estimated for the group. To assess the probability that
haplotypes i and j contain QTL alleles that are IBD, we(Patterson and Thompson 1971), where V 5 Var(y) 5

[ZHpZ9 s2
h 1 R s2

e], and b̂ is the generalized least-squares move along the chromosome away from the QTL locus
and find a marker that has, say, allele M1 for haplotypeestimate of b. The term ln(|X 9V21X |) corrects for the

fact that fixed effects are estimated instead of known i and allele M2 for haplotype j. The haplotypes are clearly
not IBD at this marker locus, M. Hence, if there was anand is redundant when fixed effects are absent or fixed-

effect classes are large; i.e., estimation of fixed effects IBD region around the QTL, it has ended before marker
M. Any equality or nonequality of alleles at markersis accurate. Given a QTL position, p, i.e., given Hp, this

likelihood is maximized to obtain estimates of the vari- further away from the QTL than locus M does not affect
the probability that the QTL locus is IBD. Let Nl denoteance components ŝ2

h and ŝ2
e (see, e.g., Henderson 1984).

Algorithms that require the inverse of the Hp matrix the number of markers for which two haplotypes have
identical alleles, if we start at the QTL position andshould be avoided for the residual maximum likelihood

(REML) estimation of the variance components, be- count toward the left until the first nonidentical marker
alleles occur (Nl 5 0, 1, 2, . . . ). Similarly, let Nr denotecause Hp will be (close to) singular when the distances
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TABLE 2

Details of the simulations

No. of generations since mutation occurred: 10, 50, 100, 200, or 1030
Selective advantage of mutation: 0
Effective size of population: Ne 5 50, 100, 200, 1000
No. of markers: 10
No. of alleles per marker (initial frequency of marker alleles): 2 (0.5)
Distance between adjacent markers: 1, 0.5 or 0.25 cM
Frequency of QTL

In generation 0: 1/2Ne

In last generation: .0 or .0.1
Position of QTL: In the middle between markers 5 and 6
Additive effect of one positive QTL allele: 1
Dominance effect of QTL allele: 0
Residual standard deviation: 1
Records measured on (no. of individuals): 100 or 500
No. of replicates used to estimate Hp: 100,000

The default simulation is underlined.

the number of markers that carry identical alleles on quirement that the QTL allele frequency is .0.1 is stud-
ied by choosing at random one founder allele amongthe right side of the QTL until the first nonidentical

marker alleles occur. Now we can classify all haplotype the group of founder alleles with a frequency .0.1 and
giving this chosen founder allele an effect of 1. Markerpairs into groups with equal (Nl,Nr), which are expected

to have equal probabilities of being IBD at the marker haplotypes were known without error in the simulation
study. One record per individual of the last generationlocus. For instance, the probability that haplotypes

(11111Q11111) and (22211Q111222) are IBD at the was obtained by adding to the sum of both QTL allele
effects of the individual an environmental effect thatQTL is the same as the probability that haplotypes

(22222Q22222) and (111122Q22211) share a IBD QTL, was sampled from N(0, 1). In the last generation there
were 100 or 500 instead of Ne individuals to avoid con-because both pairs have two identical markers to the

left of the QTL and three to the right of the QTL [i.e., founding between the amount of information in the
data set and the effective size of the population.(Nl,Nr) 5 (2, 3)].

With the genedropping method the IBD probabilities
of a pair of haplotypes can be estimated within each

RESULTSgenedrop by dividing the number of times the QTL
locus was IBD by the total number of times the haplotype Number of generations since mutation and effective
pair was found. The estimates of the IBD probabilities size are 100: Table 3 shows the estimated positions of the
of the haplotype pairs that belong to the same (Nl,Nr) QTL, when the QTL mutation occurred 100 generations
group are averaged within a genedrop, and these aver- ago and the effective population size was 100, which was
ages are accumulated across 100,000 repeated gene- also used to calculate Hp. In 31–35 out of 50 replicated
drops to obtain the estimates of the IBD probabilities simulations, the estimated position was in the correct
for every haplotype combination group (Nl,Nr). marker bracket or the neighboring one. This number

Testing the linkage disequilibrium mapping method: decreased somewhat with a decreasing size of the
An analysis of simulated data, where the correct position marker brackets. However, with smaller bracket sizes the
of the QTL is known, is used to test the proposed map- position estimates expressed in centimorgans became
ping method. Details of the simulation are provided in more precise. It should be noted also that the prior
Table 2. The simulation of the base and later genera- estimate of the QTL position was more precise with the
tions was as with the genedropping method (see previ- smaller bracket sizes. Prior to the analysis, it was assumed
ous section). In the last generation, at random, one known that the QTL was somewhere between the 10
founder QTL allele is chosen among the group of surviv- markers, which span a region of 9, 4.5, and 2.25 cM if
ing founder QTL alleles, and this allele obtains a value the distances between the markers are 1, 0.5, and 0.25
of 1 while all others obtain a value of 0. The latter results cM, respectively. The requirement that the allele fre-
in a frequency of the positive QTL allele that is .0 quency of the QTL in the last generation exceeds 0.1,
(otherwise there was no polymorphic QTL to detect). which accounts for the fact that detected QTL are proba-
Because the QTL was previously detected by linkage bly not rare, increased the precision of the estimates
analysis study, it seems reasonable to assume that the somewhat.

The estimated position was more often four bracketsfrequency of the positive QTL allele is .0.1. The re-
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TABLE 3

Precision of QTL position estimates

Deviation of estimated from correct positiona

Between-marker
distance (cM) 0 1 2 3 4 Total

Replicates with frequency of QTL . 0.1
1.0 12 23 6 6 3 50
0.5 14 17 11 3 5 50
0.25 14 20 7 3 6 50

Replicates with frequency of QTL . 0
1.0 12 23 5 2 8 50
0.5 12 16 9 3 10 50
0.25 5 22 6 8 9 50

The estimated position of the QTL relative to the correct position, when the QTL occurred 100 generations
ago, is shown. The effective size of the population was 100, and the residual variance was 1. The number of
replicated simulations in which the indicated position was estimated is presented. The total number of replicates
is 50.

a Measured in no. of marker brackets; i.e., 0 indicates that the estimated position was in the correct marker
bracket, 1 indicates that the estimated position was in the bracket next to the correct position, etc.

away from the correct position than three (Table 3), ratio test, based on linkage disequilibrium, will help to
confirm the existence of the QTL.which seems counterintuitive. However, a close exami-

nation of some replicates whose estimates deviated four In Table 3, the actual number of individuals, and thus
phenotypic records, was equal to the effective numberbrackets from the correct position showed that the QTL

carrying haplotypes often had identical alleles at mark- (100). In practice, the actual number of individuals may
be much larger than the effective number. Hence, theers 1–5 (or 6–10). Hence, the QTL appears to be some-

where between markers 1 and 5 (or 6 and 10). The phenotypic number of records can also exceed the effec-
tive number of animals, which results in more recordsmethod predicts the highest covariances between

marker haplotypes, which share alleles at markers 1–5 per haplotype, i.e., more accurate estimates of haplotype
effects. If there are 500 animals with records in the lastwhen the QTL is in the leftmost bracket. Hence, the

QTL is predicted in the leftmost bracket, which deviates generation, the number of position estimates that are
in the correct or a neighboring bracket is increased tofour brackets from the correct bracket. The situation

that all QTL carrying haplotypes have identical marker 38–39 out of 50 replicated simulations when the bracket
size is 1 or 0.5 cM (Table 4). However, if the bracketalleles at positions 1–5 occurs more often when there

are few QTL carrying haplotypes, e.g., in replicates with size is 0.25 cM, the mapping precision is not increased
compared to the situation with 100 recorded animals.a low frequency of the QTL (Table 3).

Figure 1 shows the average log-likelihood curve of
the 50 replicated simulations as a deviation from the
base likelihood, where the base likelihood is calculated
using Equation 2 but with s2

h 5 0, i.e., without fitting
haplotype effects. The average likelihood shows a bell-
shaped curve with the peak at the QTL position. The
symmetry of the curve suggests that the estimation of
the QTL position is approximately unbiased. The maxi-
mum of the likelihood increases with smaller marker
bracket sizes and the curve becomes more peaked. The
likelihood at the brackets that are adjacent to the QTL-
carrying bracket is, however, not much lower than that
at the QTL-carrying bracket, which indicates that there
will be little information to distinguish the correct

Figure 1.—The log-likelihood of a QTL minus that of hav-bracket from its neighboring brackets. The difference
ing no QTL averaged over 50 replicated simulations, within likelihood between the model with a QTL and the
marker bracket sizes of 1, 0.5, and 0.25 cM. The number ofmodel without a QTL anywhere in the marked region
generations since the QTL mutation and the effective popula-

is evidence for the existence of the QTL. Since this tion size were both 100.
evidence will usually be independent of the linkage anal- (j) 1-cM brackets, (r) 0.5-cM brackets, (s) 0.25-cM brack-

ets, (m) QTL position.ysis that originally mapped the QTL, this likelihood-



426 T. H. E. Meuwissen and M. E. Goddard

TABLE 4

Precision of QTL position estimates when the number of records was increased

Deviation of estimated from correct position (no. of brackets)
Between-marker
distance (cM) 0 1 2 3 4 Total

1.0 18 20 7 3 2 50
0.5 20 19 5 1 5 50
0.25 13 19 5 6 7 50

The estimated position of the QTL, when the number of recorded individuals was 500 while the effective
population size was 100 and the mutation occurred 100 generations ago, is shown. The frequency of the
positive QTL allele was .0.1 in all 50 replicated simulations.

The latter may be because there are too few (detectable) is unknown in practice. However, when Hp is calculated
assuming a NG of 100, the precision of the QTL positionrecombinations close to the QTL in the case of 0.25-

cM brackets, such that an increased accuracy of the estimates decreases only slightly (Table 5). In fact, for
NG 5 10 the precision is higher when NG 5 100 insteadestimation of the effect of a haplotype hardly improves

the accuracy of the position estimates. of the true value is used to calculate Hp. It seems counter-
intuitive that using a wrong NG for estimating Hp resultsDifferent numbers of generations since the mutation:

Table 5 shows the fractions of the QTL position esti- in more precise QTL estimates here. However, this is
probably because the contrasts between the haplotypemates that are in the correct or in the neighboring

bracket when the time since the mutation is varied (NG 5 effects that result in estimating the QTL position are
much more pronounced in the Hp matrix with NG 5200, 100, 50, or 10). Generally, a NG of 100 yielded the

most precise QTL estimates. The QTL estimates with 100 than in that with NG 5 10, which may lead to little
covariance between different haplotypes since recombi-NG 5 200 were slightly less precise probably because the

inbreeding was getting slightly too high; i.e., the number nation probabilities are small. Hence, the Hp assuming
NG 5 100 may have contrasted the small differencesof segregating haplotypes was reduced. After 200 gener-

ations at an effective size of 100 the inbreeding coeffi- between haplotypes that result in QTL position esti-
mates more, while the differences in likelihood with ancient is 0.63. A NG of 50 yielded QTL position estimates

when the bracket size was 0.25 cM much less precise Hp matrix assuming NG 5 10 may be more affected
by sampling errors on the estimates of Hp matrices atthan the higher NG values. This is probably because there

have been too few recombinations between adjacent different positions. In general, however, Table 5 shows
that assuming NG 5 100 when estimating Hp results inmarkers at this small bracket size. When NG is only 10

generations the position estimates become no better close to optimal position estimates.
Different numbers of effective population sizes: Ta-than chance, which is probably again due to too few

recombinations. ble 6 shows the results when the effective population
size, Ne, was either 50 or 200. The results at Ne equal toIn previous simulations it was assumed that the num-

ber of generations since the QTL mutation occurred 50 or 200 are similar to those at the Ne of 100, except
at the marker bracket size of 0.25 cM, where the Ne 5was known when calculating Hp, whereas this parameter

TABLE 5

Precision of QTL position estimates with varying numbers of generations since the mutation

Hp(NG)a Hp(100)a

Bracket size (cM): 1 0.5 0.25 1 0.5 0.25

NG 5 200 0.62 0.64 0.62 0.60 0.62 0.68
100 0.70 0.62 0.68 Same as H(NG)

50 0.66 0.56 0.34 0.70 0.60 0.30
10 0.32 0.30 0.28 0.48 0.50 0.36

The fraction of the replicated simulations, where the estimate of the QTL position was in the correct bracket
or in a bracket next to the correct bracket, is shown. The number of generations since the mutation at the
QTL occurred (NG) is varied; the effective size of the population was 100; and the frequency of the QTL in
the last generation was .0.1.

a Hp(x) denotes that the matrix of (co)variances of haplotype effects is estimated assuming that the mutation
occurred x generations ago.
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TABLE 6

Precision of QTL position estimates with varying effective population sizes

Hp(Ne)b Hp(100)b

Bracket size (cM): 1 0.5 0.25 1 0.5 0.25

Ne 5 200 0.64 0.60 0.44 0.70 0.60 0.44
50 0.68 0.70 0.46 0.62 0.68 0.50

1000/100a 0.48 0.52 0.60 0.50 0.58 0.58

The fraction of the replicated simulations, where the estimate of the QTL position was in the correct bracket
or in a bracket next to the correct bracket, is shown. The effective size of the population is varied; the number
of generations since the mutation at the QTL occurred is 100 or 1030; and the frequency of the QTL in the
last generation was .0.1.

a In this case, there are 1000 generations at Ne 51000 and the last 30 generations are at Ne 5 100, which
may be realistic for livestock populations.

b Hp(x) denotes that the matrix of (co)variances of haplotype effects is estimated assuming an effective size
of x.

50 or 200 schemes yielded somewhat less precise esti- markers will show too little linkage disequilibrium with
the QTL (although this linkage disequilibrium is in-mates. At Ne 5 50 genetic drift is high, which makes the

frequency of large chromosomal segments drift rapidly creased by the recent bottleneck).
Comparison to single-marker disequilibrium map-before recombination can reduce their sizes. The latter

hampers mainly the mapping precision when small ping: Table 7 compares position estimates when the last
generation consists of a half-sib family structure, whichbracket sizes are used. At Ne 5 200 there is little genetic

drift of haplotypes, such that a steady-state linkage dis- is obtained by mating 10 randomly chosen males each
to 10 different females. This half-sib family structureequilibrium due to drift may not have occurred yet. The

establishing of a steady-state linkage disequilibrium is was also analyzed using the transmission disequilibrium
test (Rabinowitz 1997). The TDT was applied by fittingprobably slower when recombination frequencies are

small; hence, the mapping precision is more reduced a model with a fixed half-sib family effect and the effect
of a single marker to the data, where the half-sib familyat small marker bracket sizes.

Also in Table 6, a situation in which a QTL mutation effect ensures that the TDT uses only within-half-sib
family deviations for the estimation of the marker effect.occurred 1030 generations ago is investigated, where

the effective size was 1000 during the first 1000 genera- All markers were fitted in turn and the marker that
resulted in the highest likelihood of the data was ex-tions and 100 during the last 30 generations. In livestock

populations this may be realistic, where the recent bot- pected to be closest to the QTL. The half-sib family
structure yields somewhat less precise QTL position esti-tleneck is due to the introduction of herd books. The

bottleneck seems to have favored the mapping precision mation than the unstructured population of Table 3.
This may be in part due to the use of the Hp matricesat the small bracket size of 0.25 cM while the precision

at the larger bracket sizes is reduced. The long time of the unstructured population for the analysis in Table
7. A more correct analysis with the multimarker methodperiod since the mutation probably resulted in a small

IBD region around the QTL, such that the further away would require the use of a Hp matrix within and across

TABLE 7

Precision of QTL position estimates when single or multiple markers are used

No. of markers used simultaneously

Bracket size (cM) 1 All

1.0 0.44 0.58
0.5 0.56 0.64
0.25 0.42 0.56

The fraction of the replicated simulations, where the multimarker disequilibrium mapping estimate of the
QTL position was in the correct bracket or in a bracket next to the correct bracket, and where the single-
marker estimate was not more than two markers away from the QTL position, is shown. In the last generation
a half-sib design was obtained by mating 10 randomly chosen males each to 10 females, yielding a total of 100
offspring. The effective size of the population and the number of generations since the mutation were each
100.
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half-sib families. Despite the use of the slightly wrong were not adapted to the half-sib family structure. Estima-
tion of the Hp matrices within and across families wouldHp matrices, the multimarker method yielded a 13–33%

higher probability of positioning the QTL in the correct overcome this problem. However, in practice the family
structure will often be more complex than that of full-or an adjacent bracket than the TDT. It may be noted

that the position estimates of the TDT method are at or half-sib families. This may be overcome by fitting
haplotype 3 individual effects in model (1); i.e., therethe marker position instead of in a bracket, which com-

plicates an exact comparison of the precision of the will be two haplotype effects estimated for every individ-
ual, and the IBD probabilities have to be calculatedposition estimates somewhat. In the comparison of Ta-

ble 7, the TDT position estimates that are at the bound- conditional on both the markers and the pedigree. The
latter is an extension of the model of Fernando andaries of the brackets that are next to the QTL bracket

are also counted as within these brackets. Grossman (1989), who fitted two QTL effects per indi-
vidual and used a covariance matrix of these QTL effects
that was proportional to IBD probabilities. In the model

DISCUSSION
of Fernando and Grossman, identity by descent, how-
ever, occurred only when a common ancestor was foundRelations with other methods and extensions: A multi-

ple marker-QTL linkage disequilibrium mapping method within the marked pedigree, not before pedigree re-
cording started. The latter makes Fernando and Gross-that often positioned a QTL within one marker bracket

from its correct position was presented, where the size man’s method useful for linkage analysis mapping (see
Hoeschele et al. 1997). We are in the process of combin-of the brackets was 1, 0.5, or 0.25 cM. Hence, the QTL

is probably in the estimated bracket or in the bracket ing the current IBD probabilities with those of Fernando
and Grossman, which will combine the informationnext to it, which implies a region of 3, 1.5, or 0.75 cM,

respectively. Reducing the size of the marker brackets from linkage disequilibrium mapping with that of link-
age analysis.can thus reduce the size of this region (see also Figure

1). The method may be seen as an extension of the The information from linkage disequilibria: Hill and
Weir (1994) showed that the variance of the linkagemultipoint linkage disequilibrium mapping method for

discrete traits (Terwilliger 1995) toward QTL. How- disequilibrium between a closely linked marker and a
QTL is large, such that the disequilibrium cannot beever, Terwilliger’s discrete trait mapping method was a

full maximum-likelihood method, whereas the present used for the precise mapping of the QTL. The situation
investigated here differs from that of Hill and Weir inQTL mapping method is approximately maximum like-

lihood, due to the multivariate normality assumption two respects. First, we use the disequilibria between all
markers and the QTL simultaneously, which seems toinvolved in likelihood (2). This assumption implies that

the method uses only the first two moments of the data avoid the problem of a high variability of a single linkage
disequilibrium. Second, Hill and Weir assumed that thefor the estimation of the QTL position, which may be

satisfactory in many situations because the higher mo- linkage disequilibrium was caused by random genetic
drift, whereas, in the present study, the disequilibriumments of the data are often unknown and often contain

little extra information. was initially created by the occurrence of a mutation in
a single haplotype, which is probably less variable.The method presented in this article is also an exten-

sion of the single-marker-QTL TDT method (Rabino- Hence, the present population was not (yet) in equilib-
rium. Kaplan et al. (1995) investigated linkage disequi-witz 1997) toward using all markers simultaneously for

the estimation of the QTL positions. This extension to librium mapping of disease genes and concluded that
this method can be very precise in locating a gene inmore markers increased the accuracy of the position

estimates substantially (Table 7). In the comparison of nonequilibrium populations.
There are three factors that limit the accuracy withTable 7 the TDT method had a disadvantage because

it used only within-half-sib family deviations for the esti- which the method can map a QTL. First, if there are
too few animals, the haplotype effects are estimated toomation of the marker effects. This avoids family effects

causing bias in the estimated marker effects in the TDT. poorly. Second, if chromosome segments surrounding
the QTL are too big, the linkage disequilibrium will beIn the simulations there were no family effects other

than those due to the QTL, but in practice these would uniform throughout the marker region. In that case we
will be able to detect the presence of the QTL butbe likely to occur. Hence, in practice, the multimarker

mapping method also has to correct for the effects of not position it accurately. Third, if the chromosome
segments surrounding the QTL are smaller than thepolygenetic and environmental family effects. Possible

environmental family effects are easily included in the marker brackets, then we may not detect any disequilib-
rium between the markers and the QTL. The chromo-fixed-effect structure of model (1). A polygenic term

should be included in the random effects of model (1) some segments will be large if either NG or Ne is small.
If NG is small, there will be too few opportunities forto account for the background genes.

A disadvantage of the multimarker mapping method recombination to break up the chromosome segment
that contained the original QTL mutation. If Ne is small,in the comparison of Table 7 is that the Hp matrices
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then all existing copies of a QTL allele are likely to Hence, the precision of the multimarker linkage dis-
equilibrium mapping method will hardly be affected bytrace back to a common ancestor a small number of

generations ago, again limiting the opportunities for multiple QTL mutations if the haplotypes surrounding
the mutations are sufficiently unique.recombination.

The situation with a population at a size of 1000 indi- Mutations at the markers were ignored here, but their
effect is similar to that of recombination between theviduals for 1000 generations and a size of 100 individuals

for the last 30 generations (Table 7) showed a high markers; namely, the haplotype that is associated with
the QTL is altered. Since mutations occur much lessfraction of correct marker brackets at a bracket size of

0.25 cM while this fraction reduced when the bracket frequently than recombination, it seems sufficient to
account for only the recombination between the mark-size became bigger. This suggests that the linkage dis-

equilibrium between the markers, which were distanced ers. Also, the statistical model for the estimation of the
haplotype effects assumes that the effects of the paternalat 1 cM, eroded during the 1000 generations at the high

population size, while the 30 generations at a population and maternal haplotypes are additive. This does not
imply that the effect of the QTL alleles needs to besize of 100 were not long enough to regenerate these

linkage disequilibria. additive, but only the average effect of the haplotypes
across all genotypes will be used by the analysis. StrongThe initial linkage disequilibrium due to the new

mutation breaks down at a rate of (1 2 r) per generation, dominance deviations may reduce or increase this aver-
age effect and can therefore affect the power of thewhere r is the recombination between the marker and

the QTL. When the distance between the marker and analysis. This reduction or increase of the average effects
depends also on the frequencies of the QTL allelesthe QTL is 1 or 0.25 cM, then 37 or 78%, respectively,

of the disequilibrium remains after 100 generations. (Falconer 1989).
Another effect that limits the precision of estimatesAfter 200 generations these figures are 14 and 60%,

respectively. Hence, after many generations the initial of QTL position is the calculation of Hp. If the distance
between the markers is small, the fraction of the repli-disequilibrium disappears unless the marker is very close

to the QTL. However, in Table 6, marker brackets of cates where recombination between two particular
markers occurs also becomes small, which implies that1 cM still achieved a reasonable accuracy even when

the QTL mutation occurred 200 generations ago. This many replicates are needed. In the present simulations
100,000 replicated simulations were sufficient to esti-suggests that the disequilibrium due to random drift

was also used by the method to estimate the position mate IBD probabilities for marker bracket sizes down
to 0.25 cM. Although modern computers are fast, theof the QTL. Hence, disequilibrium due to finite size is

building up as that caused by the initial mutation is number of replicated simulations needed to calculate Hp

may limit the minimum distance between the markers.eroding. Goddard (1991) showed that finite popula-
tion size alone could generate substantial linkage dis- Accurate deterministic methods to assess Hp, which may

be based on coalescence processes (Hudson 1985,equilibrium between a QTL and a marker haplotype
and this may explain why the method is not highly 1993), will be useful to improve the precision of the

present fine mapping technique. On the other hand,sensitive to the number of generations since the muta-
tion. the estimation of Hp by simulation is probably more

flexible than a deterministic prediction and thus canConditions affecting mapping precision: The results
in Tables 6 and 7 showed that it is difficult to predict be easily adjusted to any known (changes in) structure

of the real population.which population size should be used for the mapping
of a QTL, especially since the age of the mutation is Tables 3 and 4 show that the accuracy of the estimates

of QTL positions is only moderately increased whengenerally unknown. The combination of 100 genera-
tions at an effective size of 100 seemed to result in good there are more records available in a situation with equal

effective population size. The benefit from increasingQTL position estimates for the marker bracket sizes
that were investigated here. However, other effective the number of animals would probably increase if the

size of the QTL effect relative to the error variance waspopulation sizes and numbers of generations since the
mutation did not reduce the precision markedly, except reduced. However, the results show that in some cases

the structure of the population is the limiting factorthat 10 generations seem to be too short to yield good
QTL position estimates with linkage disequilibrium in the precision of position estimation, e.g., too few

recombinations since the QTL occurred.mapping. Mutations that occurred just 10 generations
ago might not be so likely, but the QTL may have been A multi-stage approach to QTL mapping: A practical

method for estimating the position of a QTL would beintroduced into the population by migration of an indi-
vidual. Multiple mutations at the QTL can also generate to start first with a genome-wide scan for QTL using

linkage analysis methods. This would result in a regionsubstantial linkage disequilibrium in multimarker hap-
lotypes because every mutation will be introduced in a of, say, 20 cM, which most likely contains the QTL. Next,

this region will be covered with markers that are 1 cMmore or less unique haplotype, and its effect will cause
a covariance pattern as indicated by the Hp matrix. apart, and the present linkage disequilibrium mapping
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