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ABSTRACT
The last decade has seen a dramatic increase in the number of livestock QTL mapping studies. The

next challenge awaiting livestock geneticists is to determine the actual genes responsible for variation of
economically important traits. With the advent of high density single nucleotide polymorphism (SNP)
maps, it may be possible to fine map genes by exploiting linkage disequilibrium between genes of interest
and adjacent markers. However, the extent of linkage disequilibrium (LD) is generally unknown for
livestock populations. In this article microsatellite genotype data are used to assess the extent of LD in
two populations of domestic sheep. High levels of LD were found to extend for tens of centimorgans and
declined as a function of marker distance. However, LD was also frequently observed between unlinked
markers. The prospects for LD mapping in livestock appear encouraging provided that type I error can
be minimized. Properties of the multiallelic LD coefficient D� were also explored. D� was found to be
significantly related to marker heterozygosity, although the relationship did not appear to unduly influence
the overall conclusions. Of potentially greater concern was the observation that D� may be skewed when
rare alleles are present. It is recommended that the statistical significance of LD is used in conjunction
with coefficients such as D� to determine the true extent of LD.

WITH the advent of molecular markers the last marker alleles and trait value and can be applied to
decade has witnessed a great many experiments large samples of unrelated individuals. Associations will

to detect quantitative trait loci (QTL) for economically be observed between marker and trait only if the marker
important traits in livestock (e.g., Andersson et al. 1994; and the QTL are in linkage disequilibrium, and so it
Georges et al. 1995). The next challenge awaiting ani- has been proposed that linkage disequilibrium (LD)
mal geneticists is to determine the actual genes underly- mapping has the potential to position QTL to small
ing quantitative variation in these traits. To date there chromosomal segments (perhaps of the order of �1
have been a few notable successes (Grobet et al. 1997; cM) provided that LD declines as a function of distance
Kambadur et al. 1997; Galloway et al. 2000; Milan et between the marker and the QTL.
al. 2000; Wilson et al. 2001), but positional cloning Recent reviews have suggested that the efficacy of LD
of QTL remains time consuming, elusive, and is still mapping will be dependent on the levels of LD in the
uncommon. The principal reason why relatively few study population, heterogeneity of LD across the ge-
genes have been discovered is that a typical genome nome, marker density, and perhaps most importantly
scan maps a QTL to an �20-cM interval. Thus it is likely the allelic heterogeneity of QTL (Terwilliger and
that hundreds of genes are within the confidence limits Weiss 1998; Haley 1999; Kruglyak 1999). To date
of the QTL, making identification of the desired gene(s) these parameters have been explored more thoroughly
difficult. Even when candidate genes from other popula- in humans than any other species, although no firm
tions or species have been identified it is probable that consensus has been reached. For example, some simula-
several will map to the identified region. tion (Kruglyak 1999) and molecular (Dunning et al.

It has been suggested by both human and livestock 2000) studies have concluded that useful levels of LD
geneticists that linkage disequilibrium can be exploited are unlikely to extend beyond 3–5 kb, while others have
to help fine map QTL (Terwilliger and Weiss 1998; found strong LD extending beyond 1 Mb (Taillon-
Kruglyak 1999; Haley 1999; Farnir et al. 2000). Miller et al. 2000; reviewed in Boehnke 2000). Likewise
Rather than follow the segregation of marker alleles it is unclear how population history has influenced LD
among related individuals of known phenotype, linkage in human populations. For example, Taillon-Miller
disequilibrium mapping tests for associations between et al. (2000) and Eaves et al. (2000) found similar levels

of LD in isolated and mixed populations. However, Wil-
son and Goldstein (2000) demonstrated an excess of
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MATERIALS AND METHODSthat LD extended considerably further in North Ameri-
cans of European descent than in a Nigerian popula- Experimental design: Data set 1: In a QTL mapping experi-
tion. Taillon-Miller et al. (2000) showed dramatic ment described elsewhere (Raadsma et al. 1999; Crawford

2001) two Texel � Coopworth sires were crossed to a total ofheterogeneity in LD on the X chromosome of three
186 Coopworth dams resulting in 276 progeny. For the pur-different European populations, while both Dunning
poses of measuring LD we used genotypes at 90 microsatelliteset al. (2000) and Abecasis et al. (2001) observed greater
mapped to sheep chromosomes 1–10. Genotypes were avail-

uniformity in LD within three regions on different chro- able from progeny, sires, and grandsires, but not from the
mosomes. It should be pointed out that maps of single Coopworth dams.
nucleotide polymorphisms (SNPs) are likely to be suffi- Data set 2: First-pass genome-wide scans (such as that used

in data set 1) typically use sets of polymorphic microsatellitesciently dense to allow LD mapping to be performed
spaced at regular 10- to 20-cM intervals. Thus data set 1 pro-(Sachidanandam et al. 2001), even under the pessimis-
vided little information on LD between tightly linked markers.tic scenario of useful LD only extending 3 kb. To circumvent this problem a second data set, originally gener-

In contrast to the accumulating data in human popula- ated to map the Booroola fecundity gene (Montgomery et
tions, little is known about the extent of linkage disequi- al. 1993; Wilson et al. 2001), was used. Fourteen sires were

crossed with �400 Romney, Perendale (another Romney-librium in livestock species. It has been suggested that
derived breed), and Coopworth dams, resulting in 482 off-LD will be greater in livestock than humans, as the
spring. The majority of dams were Romneys. Progeny and siresforces that can generate LD (genetic drift, admixture, were typed at 26 markers [13 microsatellites and 13 restriction

selection, and small effective population sizes) are com- fragment length polymorphisms (RFLPs)] on chromosome 6.
mon features of many breeds (Haley 1999). If LD ex- Again genotypes were available for sires and progeny but not

from the dams. Unlike data set 1, genotypes were unavailabletends for greater distances in livestock than man, then
from the parents of the sires.it is possible that LD mapping can be successfully ap-

Haplotype determination: Linkage disequilibrium is mostplied to map QTL using relatively sparsely spaced mark-
readily measured using haplotypes rather than multilocus ge-

ers, the caveat to this being that fine mapping of QTL notypes (Lynch and Walsh 1998, p. 97). Using genotype
may be achieved only with limited resolution. We are information in the sires and progeny, it was possible to deter-
aware of just one study in which LD has been estimated mine the maternal haplotype transmitted to each progeny.

Thus, while the microsatellite genotypes were obtained inin an agriculturally important breed—Farnir et al.’s
composite breed animals, linkage disequilibrium was mea-(2000) analysis of Dutch black and white dairy cattle.
sured in the ungenotyped Coopworth dams (data set 1) andIn that study a battery of 281 microsatellite markers was a mixed population of Coopworth, Romney, and Perendale

used to estimate genome-wide LD. The authors demon- dams (data set 2). The method for deriving maternally trans-
strated that considerable LD extended for at least 20 mitted haplotypes is described below (see also Figure 1).

Data set 1: Initially the marker phase for each sire was deter-cM and was very high for markers spaced �5 cM. How-
mined by taking reference to the grandparents’ genotypes.ever, as with analysis of human data sets, marker distance
The sire allele at each marker was identified in all progeny.was not a particularly good predictor of LD, suggesting In cases where the inherited sire allele was ambiguous (when

some heterogeneity in LD across the genome. Of greater the sire and progeny had the same genotype), the sire-inher-
concern was the relatively frequent detection (12%) of ited alleles at adjacent markers were first used to identify

the inherited sire haplotype. In cases where a recombinationsignificant associations (at P � 0.05) between pairs of
occurred between the adjacent markers, observed allele fre-unlinked markers. Thus, LD mapping in livestock may
quencies in haplotypes with the same adjacent sire allelesrequire techniques that simultaneously test for linkage
were used to select the most likely sire-inherited allele. Any

and allelic associations (Farnir et al. 2000). Clearly, remaining ambiguities were resolved by comparison of the
more data on the extent of LD in livestock species are frequency of the rival alleles among the dam population. The
required before general LD mapping strategies are de- dam allele was inferred by the elimination of the sire allele.

Thus, the haplotype inherited from the dam for every progenyveloped.
was determined.In this article we measure linkage disequilibrium in

Data set 2: Although paternal grandparents were not geno-populations of Coopworth and Romney sheep. Coop- typed the sire haplotypes could be reconstructed by identifica-
worths were developed from the Border Leicester and tion of frequently cosegregating alleles at linked loci in the
Romney breeds during the 1960s in New Zealand. It is progeny. Ambiguous sire alleles and haplotypes inherited

from the dams were then determined as in data set 1.a dual-purpose breed (with equal emphasis on meat
Measuring linkage disequilibrium: A variety of linkage dis-and wool) and is commonly used in the sheep industry.

equilibrium measures have been discussed in some detail else-As the breed is only �10 generations old, it is likely that where (Hedrick 1987; Lewontin 1988; Devlin and Risch
substantial LD exists within present-day flocks. Further- 1995; Jorde 2000), with the general conclusion that different
more, it is possible that alternate QTL alleles that were measures are “best” depending on the question being asked.

We measured LD in two ways. First we used Hedrick’s (1987)fixed in the founder breeds are segregating within to-
multiallelic extension of Lewontin’s (1964) normalized coef-day’s flocks. Thus, Coopworths appear to be a good
ficient D�. We chose this measure as it allows LD to be mea-starting point when considering strategies for livestock
sured with highly polymorphic markers, is allegedly indepen-

linkage disequilibrium mapping (Haley 1999). Rom- dent of allele frequencies (Hedrick 1987; Zapata 2000; but
neys are the most widely farmed breed in New Zealand see Lewontin 1988), and also allows comparison to the data

presented in Farnir et al. (2000).and are also dual purpose.
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Figure 1.—Experimental de-
sign used to infer gametic haplo-
types. For both data sets sires and
progeny were genotyped while
dams were not. Sample sizes refer
to data set 1 with equivalent
amounts for data set 2 in paren-
theses. Genotypes from paternal
grandparents were additionally
available for data set 1. Sire haplo-
types are represented by black,
white, and recombinant rectan-
gles. By inferring the sire haplo-
type in each progeny, the dam ga-
metic haplotype (gray rectangle)
can be determined by a process of
elimination.

Using the software package GOLD (Abecasis and Cookson multilocus haplotypes from data set 1 with replacement. Each
population was replicated 10 times and D� for each marker2000), Hedrick’s (1987) measure of LD between two multial-

lelic markers was calculated as pair was recalculated. It was expected that mean D� across all
marker pairs would decrease as a function of sample size, as the

D� � �
u

i�1
�

�

j�1
piqj|D�ij|, influence of rare alleles would diminish for larger populations.

Thus, it was possible to examine whether estimates of D� from
the real data were upwardly biased.where u and � are the number of alleles at each marker, pi is

Testing the independence of D� on allele frequency: Farnirthe frequency of allele i at the first marker, and qj is the
et al. (2000) found that levels of LD varied significantly be-frequency of allele j at the second marker. |D�ij| is the absolute
tween chromosomes, but attributed interchromosomal differ-value of Lewontin’s normalized LD measure (Lewontin 1964)
ences to a partial dependence of D� on marker informationcalculated as
content. Using nonsyntenic marker pairs the relationship be-
tween D� and marker heterozygosity was investigated, usingD�ij �

Dij

Dmax

,
a linear regression model with mean heterozygosity as the
predictor and D� the response variable. Heterozygosity was

where tested as both a linear and a quadratic term.
The expected heterozygosity at a locus was calculated asDij � xij � piqj

and 1 � �
i

1
p2

i ,

Dmax �




min[piqj, (1 � pi)(1 � qj)]; Dij � 0

min[pi(1 � qj), (1 � pi)qj]; Dij � 0,
where pi is the estimated frequency of the ith allele at the locus.
D� values for nonsyntenic marker pairs were transformed to
the continuous variable C, wherewhere xij is the frequency of gametes with alleles i at the first

marker and j at the second marker and pi and qj are the
Cij � ln� D�ij

1 � D�ij
� ,frequencies of allele i at the first marker and allele j at the

second marker.
LD was also measured by a test of independence between allowing a normal error structure to be assumed in regression

alleles at pairs of loci. This was implemented in Arlequin models.
(Schneider et al. 2000), using a Markov chain extension to Correcting D� for heterozygosity: As mean heterozygosity
Fisher’s exact test for R � C contingency tables (Slatkin was found to explain significant variation in D� for nonsyntenic
1994). The probability of finding a table with the same mar- marker pairs we adjusted D� values for all marker pairs using
ginal totals that has a test statistic equal to or more extreme the following models.
than the observed table was estimated using the Markov chain Nonsyntenic markers were corrected by fitting
to efficiently explore the sample space. All probabilities were
estimated with a standard error of �0.0025. No attempt was Cij � � 	 
1Hij 	 
2H 2

ij 	 εij,
made to correct for multiple testing, as the large number of

where Hij is the average heterozygosity for markers i and j.tests would result in very low statistical power.
The residuals from this model, eij, were saved and C* wasExamining the properties of D�: As D� is a sum of absolute

formed asvalues it can take only a positive value (or zero). Simulation
was used to determine the distribution of D� under the null C*ij � �̂ 	 
̂1H 	 
̂2H 2 	 eij,scenario of no linkage disequilibrium. This was achieved by
resampling data set 1 without replacement and randomizing where H is the average heterozygosity taken over all markers.
genotypes at each locus across individuals. D� was then recal- C* values were transformed back to the original scale by
culated for each marker pair as for the real data set. The effect
of sample size on D� was also examined. Populations of 100, D*ij �

exp(C*ij )
1 	 exp(C*ij )

.
200, 400, 1000, and 2000 individuals were created by sampling
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D� values for syntenic marker pairs were corrected for heter- ple sizes were inadequate to determine whether D� de-
ozygosity by taking clined appreciably with distance between 1 and 5 cM.

Gametic disequilibrium was also determined for theC*ij � Cij 	 
̂1(H � Hij) 	 
̂2(H 2 � H 2
ij)

3299 nonsyntenic marker pairs. Figure 3 shows the distri-
and transforming back to the original scale as for nonsyntenic

bution of D� values for nonsyntenic marker pairs. Themarker pairs.
distributions for syntenic and nonsyntenic markers wereTesting for interchromosomal variation in LD: We per-

formed one-way ANOVA (with chromosome as a factor) on strongly overlapping, although syntenic pairs did have
D� for syntenic marker pairs to test for interchromosomal a significantly higher mean D� [syntenic pairs mean D� �
variation in LD. Farnir et al. (2000) used nonsyntenic pairs 0.211 (SE � 0.004), vs. nonsyntenic pairs mean D� �to test for significant interaction terms between chromo-

0.196 (SE � 0.001); t3714 � 4.30; P � 0.0001].somes—the presence of which may indicate chromosomal re-
Linkage disequilibrium was also assessed by measur-gions that have undergone selection for economically impor-

tant traits. We chose not to perform a similar analysis for ing the significance of allelic associations. Figure 4 illus-
several reasons. First, the large number of cells in the interac- trates the cumulative frequency of the P values obtained
tion term make type I error a possibility. Second, analyzing

with a Markov chain approach to determine the signifi-only nonsyntenic marker pairs leads to problems of nonor-
cance of LD. Significant LD was observed more fre-thogonality, while the inclusion of syntenic marker pairs incor-

porates the potentially confounding effect of linkage. Third, quently for syntenic markers separated by �60 cM than
the presence of a significant interaction term does not neces- for nonsyntenic markers or linked markers separated
sarily indicate previous selection of QTL—for example, cells by �60 cM. Among the 175 marker pairs separated bywith a relatively high proportion of markers with rare alleles

�60 cM, 60 (34.3%) were in significant (at P � 0.05)may result in a significant interaction term due to D� being
linkage disequilibrium. In contrast, only 30/242 (12.4%)skewed in the presence of rare alleles. Finally we note that

Farnir et al. (2000) found no evidence for significant interac- of marker pairs separated by �60 cM were in significant
tion terms, suggesting the power of the test is low—it seems LD. Among nonsyntenic marker pairs, significant link-
probable that their population did contain chromosomal re-

age disequilibrium was observed more than twice asgions harboring previously coselected QTL.
often as expected under random segregation (380/3299Measuring distance between markers: All markers were pre-

viously mapped in sheep (de Gortari et al. 1998; Maddox or 11.5%).
et al. 2001). To confirm marker order in our flocks we con- The dependence of D� on marker heterozygosity was
structed linkage maps using the BUILD, CHROMPIC, and examined using nonsyntenic marker pairs. Mean heter-FLIPS options of the linkage mapping software CRIMAP

ozygosity (of the two markers) was significantly associ-(Green et al. 1990). No discrepancy between published order
ated with D� whether fitted as a linear or as a linear plusand CRIMAP order was detected. However, we chose to use

published map distances for all subsequent analyses, as the addi- quadratic term (both P � 0.0001), although slightly
tional markers and larger number of meioses in the international greater variance in D� was explained by the linear plus
mapping flock (IMF) are likely to provide improved accuracy

quadratic term. Highly variable marker pairs tended toof interval length. Note that the two Texel-Coopworth sires
have higher D� scores (see Figure 5), although a smallin data set 1 were additionally members of the IMF.
number of data points with high D� involved the least
variable marker (RM65 on sheep chromosome 1). As

RESULTS D� was partially dependent on marker variability we cor-
rected syntenic and nonsyntenic D� values for heterozy-Data set 1: Linkage disequilibrium was estimated for
gosity (see materials and methods). Figure 2b shows417 syntenic marker pairs and 3299 nonsyntenic marker
the relationship between corrected D� and distance forpairs. LD could not be estimated for marker pairs when
syntenic markers separated by �60 cM. Corrected D�neither sire was heterozygous for both markers. Among
(here termed D*) showed essentially the same relation-the syntenic marker pairs 175 were separated by �60
ship with distance as D� and declined as a function ofcM. Of these, 12 pairs were separated by �10 cM and
log-transformed distance (r � �0.343, P � 0.0001).a further 28 pairs by 10–20 cM. Figure 2a shows the
Thus, while we have demonstrated a significant relation-relationship between marker distance and D� for data
ship between D� and marker heterozygosity we do notset 1. Gametic disequilibrium between linked markers
believe that any such dependency has unduly influencedis expected to decline by (1 � c)n over n generations,
our overall conclusions.where c is the recombination fraction between markers.

A one-way ANOVA comparing mean D� across chro-As expected, D� declined as a function of the distance
mosomes 1–10 provided no evidence for interchromo-between markers. Marker distance (log10 transformed)
somal heterogeneity in LD (F9407 � 0.44, P � 0.92).was significantly and negatively correlated with D� for
Chromosomal effects were also tested by first fittingmarkers spaced �60 cM (r � �0.341, P � 0.0001).
marker distance as an additional term in a general linearHowever, markers separated by �10 cM had lower D�
model, although there was still no evidence for inter-values than markers separated by similar distances in
chromosomal variation in D� (data not shown). Thethe dairy cattle population of Farnir et al. (2000). The
distributions of D� values for each chromosome aremaximum D� value observed between any two linked

markers was 0.52 (the theoretical maximum is 1.0). Sam- shown in Figure 6. Linkage disequilibrium appears uni-
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Figure 2.—(a) Linkage disequilibrium as a
function of distance (log10 transformed) for data
set 1. LD was measured using the metric D� for
syntenic markers separated by �60 cM. (b) Link-
age disequilibrium as a function of distance for
data set 1. D� scores were corrected for mean
marker heterozygosity, giving the related metric
D*. Note the similarity to Figure 2a, where D� was
not adjusted for heterozygosity.

form across chromosomes, although heterogeneity within that the inclusion of multiple copies of dam haplotypes
has led to an upward bias in estimates of LD.individual chromosomes cannot be discounted.

One final potentially confounding factor in our analy- Data set 2: Data set 1 provided limited information
regarding the relationship between marker distance andsis of LD concerns the pedigree structure used in our

haplotype reconstruction. A number of progeny were linkage disequilibrium over short distances. Therefore
we derived estimates of LD across 165 cM of sheepfull-sibs, such that maternal gametic haplotypes may

have been reconstructed more than once. Theoretically, chromosome 6, using a panel of 26 markers (13 microsa-
tellites and 13 RFLPs). These markers were used to finethe duplication of maternal gametes may have artificially

inflated our estimates of LD. We repeated our analyses, map the Booroola fecundity locus (FecB; Montgomery
et al. 1993; Wilson et al. 2001) and the majority (17but considered only one randomly chosen progeny of

each dam. D� was recalculated for pairs of nonsyntenic markers) are concentrated within a 30-cM region. As
D� can become skewed by rare alleles, we excluded anyloci (to avoid the influence of linkage between markers)

and compared to values obtained from the full data set. marker pairs where 50 or fewer dam haplotypes could
be inferred. D� was estimated for a total of 169 syntenicHowever, a paired t -test revealed that D� values were

actually lower for the full data set than for the reduced marker pairs, of which 134 were separated by �60 cM.
Of these, 34 pairs were separated by �10 cM while adata set [reduced data set, mean (SE) D� � 0.226

(0.001); full data set, mean (SE) D� � 0.196 (0.001); further 26 pairs were 10–20 cM apart. D� was, on average,
greater for syntenic markers �60 cM apart in data sett3298 � 40.63, P � 0.0001]. Thus, there is no evidence
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Figure 3.—Frequency distributions of D� for
data set 1. Nonsyntenic marker pairs are repre-
sented by gray bars while syntenic marker pairs
�60 cM apart are represented by black bars. The
two distributions are strongly overlapping. For
nonsyntenic markers the most numerous class is
0.10 � D� � 0.15, while 0.15 � D� � 0.20 is most
common for syntenic markers.

2 than in data set 1 [data set 2, mean (SE) D� � 0.274 Simulations: Data set 1 was used to examine the distri-
bution of D� under the null hypothesis of no LD. By(0.010)]. The expected decay of LD with distance was

more apparent than in data set 1 [correlation coefficient randomizing genotype at each locus independently of
other loci, any allelic associations can be attributed tobetween distance (log10 transformed) and D� � �0.536,

P � 0.0001; see Figure 7). Among the 169 syntenic chance sampling rather than population structure or
admixture. The distribution of D� under this null sce-marker pairs linkage disequilibrium was significant (at

P � 0.05) for 47/134 (35.1%) of pairs separated by nario was remarkably similar to that obtained for non-
syntenic marker pairs for the real data. For the simulated�60 cM but was not significant for any of the 35 pairs

separated by �60 cM. A decline of LD with distance data, D� took a mean of 0.189 (SE � 0.001), and had
a variance of 0.004. The maximum value that D� tookwas apparent between 0 and 10 cM (Figure 7), sug-

gesting that LD may be useful for fine-scale mapping for a nonsyntenic pair was 0.52. Thus, the distribution
of D� for nonsyntenic pairs is compatible with the nullin domestic sheep. However, there did appear to be

considerable heterogeneity in LD over short distances. scenario of no gametic disequilibrium. Unlinked loci
with high D� scores may result from chance sampling.For example, D� varied between 0.44 and 0.70 for mark-

ers separated by 0–2 cM. Simulations were also performed to examine the ef-

Figure 4.—Cumulative frequency plots of the
significance of LD between markers in data set 1.
Marker pairs are classified as nonsyntenic, syn-
tenic but separated by �60 cM, or syntenic and
separated by �60 cM. P values were obtained us-
ing Arlequin (see materials and methods).
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Figure 5.—The relationship between mean
marker heterozygosity and D� for nonsynten-
ic marker pairs in data set 1. D� increases with
mean marker heterozygosity, although high D�
values can also be obtained when one marker
contains rare alleles.

fect of sample size on D� (see Figure 8). When small population. Perhaps the most striking features of this
study are the similarities to an earlier analysis of Dutchsamples (n � 100) are analyzed, D� can be upwardly

biased by as much as 0.10. Extrapolating from Figure black and white dairy cattle (Farnir et al. 2000)—the
only other livestock breed for which LD has been mea-8, it is estimated that the average bias for data set 1 was

0.05 and for data set 2 was 0.025. sured. In both studies LD was considerable and declined
as a function of distance. However, both populations
exhibited substantial LD between pairs of unlinked

DISCUSSION
markers. Thus, our data support the contention of
Farnir et al. (2000) that LD mapping approaches inIn this article, we used genotypes at microsatellite

markers to estimate linkage disequilibrium in domestic livestock will need to test simultaneously for linkage and
linkage disequilibrium to minimize the risk of type Isheep. As expected in a population that has undergone

recent admixture, a small effective population size, and error. While data on more populations are clearly re-
quired before general conclusions are reached, theintense selection, LD was considerable across all 10 chro-

mosomes considered. However, despite the Coopworth available evidence suggests that LD mapping is a viable
approach for livestock QTL discovery, although fine-breed being perhaps only 8–10 generations old, there

was an appreciable decline of LD with marker distance, mapping resolution may be limited. As recombination
is expected to rapidly reduce LD between a QTL and allsuggesting that LD mapping may be feasible in this

Figure 6.—Box plots showing the distributions
of D� for chromosomes 1–10 for data set 1. Hori-
zontal lines represent the mean, boxes range from
the 25th to 75th percentile, and whiskers repre-
sent the 5th and 95th percentiles. Outliers are
represented by additional data points. D� scores
appear to be uniform across chromosomes.
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Figure 7.—LD (measured by D�) as a function
of log10-transformed distance for data set 2. Data
set 2 includes more marker pairs separated by
�20 cM than data set 1.

but its closest markers it should be possible to improve to an average of two genotypes per locus. Furthermore,
double recombinants should be independent across locimapping resolution in a relatively small number of sub-

sequent generations. Alternatively, LD mapping in slightly and across individuals, so no systematic bias is expected.
Alternatively, ambiguous genotypes could have beenolder breeds with a greater number of meioses since

population admixture may permit more precise QTL omitted, but this would have led to a 20% reduction in
the sample size and would have caused an upward biasresolution.

One potential source of bias in our data set concerns in estimates of D� (see Figure 8).
LD in both populations could be caused by two pro-the haplotype reconstruction process. Where sire and

progeny had the same heterozygous genotype, the geno- cesses—population admixture and population structure
attributable to recent coancestry. The Coopworth breedtype at flanking markers was used to infer which sire

allele the progeny had inherited at the ambiguous locus. is 8–10 generations old and population genetics theory
predicts that disequilibrium due to admixture shouldAn underlying assumption of this process was that the

progeny was not a double recombinant. For data set 1 have declined to negligible levels for nonsyntenic mark-
ers, provided that the population was randomly mating�20% of genotypes were inferred in this way. The mean

marker interval was 20.0 cM. Thus it is anticipated that and reasonably large (Lynch and Walsh 1998, p. 96).
Although relatively high D� scores were observed be-�0.008 (0.20 � 0.202) of genotypes are wrongly inferred

due to undetected double recombinants. This equates tween nonsyntenic markers, the distribution of D� was

Figure 8.—The effect of sample size on D� as
determined by simulation. Values of D� decline
as a function of sample size. The sample sizes of
data sets 1 and 2 are marked, suggesting upward
biases of 0.05 and 0.025, respectively.
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virtually identical to that obtained under the null hy- RM65—the least variable marker in data set 1. Despite
the high D� values obtained with these marker pairs,pothesis of no LD. However, the dam population used

in data set 1 came from a single flock and some individu- LD was not statistically significant, suggesting that the
high D� scores are attributable to rare alleles at RM65.als are likely to have a history of recent coancestry. A

similar argument has been made to explain nonsyntenic Clearly no measure is ideal for determining the extent
of LD between multiallelic markers. One solution is toassociations in dairy cattle (Farnir et al. 2000). Data set

2 contained ewes from several different breeds. Al- consider both an LD coefficient (such as D�) and the
statistical significance (as determined by a Markov chainthough all of the breeds were Romney derived, it might

be anticipated that differences in allele frequency be- approximation of Fisher’s exact test) of any association
between markers.tween breeds would contribute to LD. However, a closer

examination of data set 2 suggests that admixture has A further complication when using D� to measure LD
is the influence of sample size. For small sample sizesnot contributed to LD in this population. It is known

that some of the sires in data set 2 were mated to groups D� is upwardly biased, leading to overestimates in LD.
Simulations suggest that the sample sizes used in datacontaining only Romney ewes, while other sires were

mated to groups containing all three breeds. The groups sets 1 and 2 may have led to an overestimate of D�
by 0.05 and 0.025, respectively (Figure 8). This bias iscontaining all three breeds did not contain any alleles

that were absent in the Romney-only groups. Further- consistent for syntenic and nonsyntenic marker pairs.
Thus the overall conclusions are not affected by limita-more, when we calculated D� from the Romney-only

groups, the magnitude of LD and its relationship with tions of our sample size. It is notable that several studies
of LD in human populations have relied on considerablydistance were almost identical to the patterns observed

in Figure 7 (data not shown). Thus it seems that admix- smaller samples than are described here (e.g., Taillon-
Miller et al. 2000; Wilson and Goldstein 2000; Reichture contributed negligibly to LD in this population.

Although a considerable number of linkage disequi- et al. 2001).
There is one additional plausible explanation for thelibrium coefficients have been developed (for reviews

see Hedrick 1987; Devlin and Risch 1995; Jorde observation of nonsyntenic marker pairs with low heter-
ozygosity and high D� scores. It is highly likely that QTL2000) the majority are suitable only for biallelic markers.

While biallelic SNP markers are likely to predominate for favorable wool or meat characteristics have been under
strong selection during recent domestication events. Re-in LD mapping studies in human populations, it has

been suggested that multiallelic microsatellites will con- gions harboring QTL may be selected in tandem, leav-
ing “signatures” of low variability at adjacent markerstinue to prove useful in livestock mapping as a lower

marker density may be sufficient (Farnir et al. 2000). and strong linkage disequilibrium between the two re-
gions. However, if this were the case then one wouldRegardless of which marker type is used in future studies

there are many available livestock microsatellite data also expect the LD between the regions to be statistically
significant—an observation that we did not make forsets with which to estimate LD. However, the properties

of the most widely used multiallelic LD estimator— high D�-low variability marker pairs in data set 1. Thus
we believe that in this study nonsyntenic marker pairsHedrick’s (1987) extension of Lewontin’s (1964) D�—

are not yet well understood. Previous analyses have sug- with low variability and high D� are attributable to rare
alleles rather than the presence of QTL. This is probablygested that D� is relatively robust to variation in allele

frequency (Hedrick 1987; Zapata 2000), although no an area worthy of further investigation, both with simula-
tion studies and perhaps by measuring LD in breedsmeasure of LD is entirely independent of allele fre-

quency (Lewontin 1988). We detected a significant with large numbers of identified QTL.
Finally, we note that there has been some concern inrelationship between D� and mean marker heterozygos-

ity, with LD generally being greater for more variable the human genetics literature that allelic heterogeneity
may be a common phenomenon for many complexmarker pairs. Despite this relationship, it seems that

variation in marker heterozygosity did not unduly in- traits (Terwilliger and Weiss 1998; Kruglyak 1999;
Jorde 2000). Thus, associations between particular markerfluence our results. For example, the plots of D� (Figure

2a) and heterozygosity-adjusted D� (Figure 2b) against alleles and phenotypes can be weak even when the
marker and QTL are very closely linked, making LDmarker distance were almost identical for syntenic mark-

ers in data set 1. Perhaps of greater concern is the mapping problematic. In contrast, livestock have under-
gone recent admixture, selection, and drift—all ofpossibility that D� can be skewed when one or both

markers contain rare alleles (Eyre-Walker 2000). Data which are forces that are likely to reduce allelic hetero-
geneity (Haley 1999). In summary we cautiously believeset 1 provided some examples of D� apparently being

distorted by rare alleles. In the top left quadrant of that LD mapping is likely to become an increasingly
used tool by livestock geneticists in their attempts toFigure 5 are a number of data points that represent

nonsyntenic marker pairs with low mean heterozygosity determine the actual loci responsible for variation of
economically important traits. A first step is to establishyet high D�. The majority of these points represent

marker pairs that contain the microsatellite locus the extent of LD in more populations of interest.
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