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ABSTRACT

Great interest was aroused by reports, based on microsatellite markers, of high levels of statistically
significant long-range and nonsyntenic linkage disequilibrium (LD) in livestock. Simulation studies
showed that this could result from population family structure. In contrast, recent SNP-based studies of
livestock populations report much lower levels of LD. In this study we show, on the basis of microsatellite
data from four cattle populations, that high levels of long-range LD are indeed obtained when using the
multi-allelic D9 measure of LD. Long-range and nonsyntenic LD are exceedingly low, however, when
evaluated by the standardized chi-square measure of LD, which stands in relation to the predictive ability
of LD. Furthermore, specially constructed study populations provided no evidence for appreciable LD
resulting from family structure at the grandparent level. We propose that the high statistical significance
and family structure effects observed in the earlier studies are due to the use of large sample sizes, which
accord high statistical significance to even slight deviations from asymptotic expectations under the
null hypothesis. Nevertheless, even after taking sample size into account, our results indicate that
microsatellites testify to the presence of usable LD at considerably wider separation distances than SNPs,
suggesting that use of SNP haplotypes may considerably increase the usefulness of a given fixed SNP array.

THE effectiveness of whole-genome association stud-
ies (WGA) or whole-genome selection (WGS)

depends on the level of linkage disequilibrium (LD) in
the population. Consequently, great interest was aroused
by reports, based on microsatellites, of relatively high
statistically significant levels of marker–marker LD in
dairy cattle and other farm animals over extended
intrachromosomal regions and even between chromo-
somes (Farnir et al. 2000; McRae et al. 2002; Tenesaet al.
2003;Nsengimana etal.2004;Heifetz et al.2005).Onthe
basis of simulation studies, Farnir et al. (2000) concluded
that the observed values of their LD measure could be
explained as derived from the family structure of their
population. In contrast, recent studies using SNP markers
report much lower levels of LD, limited to #100 kb
(McKay et al. 2007; Khatkar et al. 2008; Sargolzaei et al.
2008). Other studies have found significant LD between
microsatellite markers over larger separation distances
than between SNP markers (Varilo et al. 2003), but the

magnitude of difference reported above is unprece-
dented. Although in many applications high-density SNP
arraysappear tobereplacing microsatellites as the marker
of choice, it is difficult to believe that microsatellites,
which so beautifully embody all the desired qualities of a
genetic marker, will be superceded by SNP arrays in all
applications. Additionally, there is some evidence that
SNP haplotypes combine the advantages of multi-allelic
markers and array technology (Pe’er et al. 2006), while
extension of array technology to microsatellites is
certainly within the realm of possibility. Thus, it is of
interest to continue to explore the properties of micro-
satellites as representative of multi-allelic markers in
general and to search for a solution to the above
conundrum in particular.

All of the microsatellite-based livestock studies cited
above, with the exception of Heifetz et al. (2005),
used Hedrick’s multi-allelic D9 (henceforth denoted
D9*; Hedrick 1987) as the measure of LD, while the
SNP studies used Hill and Robertson’s r2 (Hill and
Robertson 1968). In contrast to r2, D9* does not
provide a quantitative estimate of the information
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provided by one locus for the other (Ardlie et al. 2002;
McRae et al. 2002; Flint-Garcia et al. 2003; Zhao et al.
2005). Zhao et al. (2005, 2007) found that standardized
x2 (henceforth denoted x29*; Yamazaki 1977) closely
tracked the regression of the allelic state at a QTL on
the allelic state at a multi-allelic marker and hence
conveys the same information for multi-allelic markers
as r2 does for diallelic markers. In this study, therefore, we
evaluated LD among microsatellite markers in a number
of dairy and dual cattle populations using D9* and x29*,
and also examined the effect of population structure and
sample size on LD measures and their associated P-values.
On the basis of our results we conclude that at short range
(,5 cM) microsatellites may indeed capture useful LD
that is not captured by SNPs, but that at longer ranges,
although statistically significant LD is present, its magni-
tude is far from sufficient for purposes of WGA or WGS.

MATERIALS AND METHODS

Populations: Four population sample (PS) sets were con-
structed (Table 1). PS1 consisted of three subsets: Israel
Holstein (IsH), Italian Holstein (ItH), and Italian–Austrian–
German Brown Swiss (BS). Each of the subsets consisted of
10–15 daughters of each of 8–10 sires, the sires themselves, and
some of the sires of the sires (grandsires). PS2 consisted of a
sample of German Fleckvieh sires (also known as Simmental),
part of a large granddaughter design. PS3 and PS4 were IsH
samples constructed to minimize family structure. PS3 con-
sisted of 20 daughters of each of 10 sires, chosen so that each of
the 200 daughters had a different maternal grandsire (MGS);
all but 17 of the daughters also had different maternal great
grandsires. PS4 consisted of 27 IsH sires that, aside from two
sire-son pairs and two half-brother pairs, did not have any
parents or grandparents in common.

Markers: Only dinucleotide microsatellite markers were
used. PS1 was genotyped for 19 markers (marker set 1: MS1)
spanning 78 cM of BTA13. PS2 was genotyped for 16 of the 19
MS1 markers and for an additional 19 markers (MS2) on the
same chromosome (total of 35 markers). PS3 was genotyped
for 5 markers (MS3) spanning 5.0 cM of BTA6 and 4 markers
(MS4) spanning 4.5 cM of BTA11. PS4 was genotyped for MS1,

MS3, and MS4 and for an additional 122 (total 157) markers
(MS5) distributed among 21 bovine autosomes.

Haplotypes: Haplotypes for PS2 were constructed by the
Simwalk2 software (Sobel and Lange 1996) and by the
PowerMarker software (Liu and Muse 2005) with some
reliance on Mendelian relationships for PS1, PS3, and PS4.
Individuals with wrongly assigned parentage were removed
from the study. Only haplotypes for which 50% or more of the
genotypes were known were included. For the PS1 popula-
tions, each sire and grandsire haplotype was included once
only. Thus, the PS1 samples consisted primarily of unselected
maternal haplotypes of the daughters and are therefore
considered representative of the corresponding unselected
cow populations. PS2 and PS3 included only maternal
haplotypes of the sons or daughters, respectively. For PS2
these maternal haplotypes represent a highly selected group
of cows (dams of young sires), which may not be representative
of the unselected cow population. For PS3 and PS4 all
haplotypes included in the sample were independent at the
MGS level. As a result of the parentage and haplotype-
frequency screens, the number of haplotypes in each popula-
tion sample (except for PS4) was generally less than the
number of individuals (Table 1). For PS1 and PS2, about two-
thirds of the available haplotypes were informative for the
average marker pair (Table 1). For PS3 and PS4, all haplotypes
were available for all marker pairs.

LD measures: The measures of LD used in this study were
calculated as

D9* ¼ SSðpAiÞðpBjÞ jDij=DMax
ij j

x29* ¼ x2=N ðn � 1Þ ¼ SSðD2
ij=½ðpAiÞðpBjÞðn � 1Þ�Þ;

where Dij ¼ pAiBj � pAipBj; pAi and pBj are the population
frequencies of alleles i and j at marker loci A and B,
respectively; i ¼ 1–n, j ¼ 1–m; pAiBj is the observed frequency
of the haplotype made up of alleles Ai and Bj; Dij

Max ¼
Min[pAipBj; (1 � pAi)(1 � pBj)], when Dij , 0, and
Min[pAi(1 � pBj), (1 � pAi)pBj], when Dij . 0; x

2 ¼ N SS
ðD2

ij=½ðpAiÞðpBjÞ�; n and m are the number of alleles of the
marker A or B having the lower and higher number of alleles,
respectively; and N is the total sample size (number of
haplotypes).

PowerMarker software (Liu and Muse 2005) provided
estimates of D9* and x2 for each marker pair; x29* was then
calculated as x29* ¼ x2/N(n � 1). Separation distances were
binned as ,5, 5–10, 10–20, 20–50, and .50 cM and non-

TABLE 1

Population characteristics

Haplotypes/markera

Acronym
Country of

origin Breed
Marker sets
genotyped

No. of individuals
sampled Total haplotypes Mean Range

PS1-IsH Israel Holstein 1 95 102 69.4 43–92
PS1-ItH Italy Holstein 1 159 128 111.0 61–128
PS1-BS Au/Deu/Itb Brown Swiss 1 133 100 72.4 50–96
PS2 Germany Fleckviehc 1, 2 600 273 186.7 80–253
PS3 Israel Holstein 3, 4 200 147 147.0 NRe

PS4 Israel Holstein 1, 3, 4d, 5 27 40 40.0 NRe

a Number of haplotypes for calculating LD for a given marker pair.
b Austria/Germany/Italy.
c Also known as Simmental.
d Marker set 4 genotyped for 39 haplotypes only.
e NR, not relevant, all haplotypes genotyped for all markers.
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syntenic. LD measures were calculated separately for each
population 3 separation distance (PD) combination.

Effect of sample size on LD: Khatkar et al. (2008) showed
that upward bias for r2 and D9 was present for small samples.
This can be expected to hold for x29* as well. Since x29* ¼ x2/
N(n� 1), it will distribute as noncentral x2/(n� 1) with d.f.¼
(n� 1)(m� 1). The sampling distribution of noncentral x2 will
necessarily be skewed to the right for values of x29* close to the
lower boundary for this parameter (0.0) and skewed to the left
for values close to the upper boundary (1.0). Consequently,
the mean of the sample x29* values will differ from the true
population value. Since sample size in this study was relatively
small, it was important to establish the effect of sample size on
x29* to interpret sample values in terms of population values.
Following Khatkar et al. (2008), this was investigated by
bootstrapping subsamples of various size from our population
samples. Since each bootstrap included a large number of
marker pairs, we assumed that 5 or 10 bootstraps (depending
on the number of individuals sampled to the bootstrap) would
be sufficient to characterize the distribution of x29* values for
the given sample size.

Statistical significance of LD measures: Comparison-wise
error rate P-values for each marker pair were provided by the
PowerMarker statistical package using the Monte Carlo approx-
imation to Fisher’s exact P-value (henceforth, P-values). The
P-values depend on the actual distribution of haplotypes for the
marker pair and hence are obviously not affected by the statistic
used to measure LD for that marker pair. Consequently, al-
though D9* and x29* for a given marker pair can differ widely in
absolute magnitude, they will have the same P-value. For each
PD combination, the statistical significance of the P-values was
determined by a false discovery rate (FDR) approach (Benjamini

and Hochberg 1995). FDR was controlled at a 5% level, and
significance thresholds for P-values were determined accordingly.

Proportion of true LD values among all LD values: Mosig

et al. (2001) presented a histogram-based method further
developed by Nettleton et al. (2006) for deconvoluting a
mixture of n1 false and n2 true null hypotheses. The method is
based on the difference between the observed distribution of
the total of n P-values and the expected distribution under the
null hypotheses. However, in this study, in a number of PD
combinations where the proportion of P-values in the 0.00–
0.50 bins (denoted P50) was 0.50 or very close to 0.50 (which, as
noted below, is indicative of the absence of falsified null
hypotheses), the Mosig et al. (2001) procedure yielded
appreciable positive estimates of n1 for that PD combination.
This led us to develop an alternative procedure for estimating
n1, which yields results virtually identical to those given by the
Mosig et al. (2001) procedure when there is a significant
excess of P-values in the P50 bin but that does not return
positive estimates of n1 when P50 #0.50. The new procedure is
based on the conservative assumption that all P-values found
in the 0.50–1.00 bins (henceforth, the P50/100 bin) represent
true null hypotheses. In this case, letting n50/100¼ the number
of LD values in the P50/100 bin, and 0.50 the expected
proportion of values in the P50/100 bin under the null
hypothesis, we have n50/100 ¼ n2 3 0.50, giving n2 ¼ n50/100/
0.50. Applying this procedure, n2 and n1 ¼ n � n2 were
estimated from the histogram of P-values for each of the PD
combinations, and the proportion of true LD values among all
LD values was calculated as Pn1

¼ n1=n.
Relationship of LD values and P-values: In normative

experimental science, sample sizes are limited by consider-
ations of expense and hence are set at the minimal size needed
to uncover meaningful effects. LD analyses, however, are often
based on genotyping results obtained in the course of other
experiments, such as QTL mapping, that require large sample
sizes. As a result, values of LD measures of very small

magnitude, which are inconsequential for purposes of WGA
or WGS, can have P-values that are highly significant due to
the ever-present minor deviations of a typical real distribu-
tion from the theoretical distribution to which it is being
compared.

Test for presence of LD across long-range intrachromoso-
mal distances (>50 cM) and between nonsyntenic marker
pairs: Under the null hypothesis, 50% of P-values associated
with LD measures should be in the P0/50 bin and 50% in the
P50/100 bins. On this basis, following Farnir et al. (2000) we
tested for the presence of true LD among long-range intra-
chromosomal (.50 cM) and nonsyntenic marker pairs by
comparing observed to expected numbers of P-values in the
P0/50 bin, using standard chi-square goodness-of-fit test.
Absence of a significant excess of values in the P0/50 bin was
taken to indicate the absence of true LD among the tested
marker pairs.

Effect of population structure on LD measures: Dairy and
dual-purpose cattle populations consist for the most part of a
small number of very-large sire-half-sib daughter families. This
introduces an admixture component into the population
structure, which can potentially generate long-range and
nonsyntenic LD. To avoid this, LD studies in dairy cattle are
based on maternal haplotypes of the offspring, with addition
of no more than one exemplar each of the two sire haplotypes.
This is the procedure followed by Farnir et al. (2000) and
similar studies. However, even when this is done, there is
possibility of residual family structure at the MGS level, since
many of the dams of the daughters will be the progeny of a
limited number of MGS. Indeed, on the basis of simulation
studies Farnir et al. (2000) concluded that this was the source
of the long-range LD that they observed. To evaluate possible
effects of this nature, the PS3 and PS4 samples were con-
structed to have minimal family structure at the MGS level. In
contrast, the PS1 and PS2 samples did not attempt to limit
haplotype representation at the MGS level. Thus, similar LD
measure distributions in PS1 and PS2 as compared to PS3 and
PS4 would be an indication that population structure at the
MGS level does not play a major role determining LD in these
populations. PS3 and PS4 were genotyped for markers on 2
and 21 chromosomes, respectively, enabling nonsyntenic LD
to be evaluated directly in these populations. PS1 and PS2 were
genotyped for markers on a single chromosome only, and
hence nonsyntenic LD could not be calculated directly.
Instead, this was represented by intrachromosomal long-range
LD (.50 cM).

RESULTS

Comparison of the two multi-allelic LD statistics:
Table 2 shows frequency distribution of the D9* and x29*

LD statistics between microsatellite markers for PS1 and
PS2 for separation distances ,5 and .50 cM. As will
be shown in section Statistical significance of x29* values,
,5 cM represents a situation in which much true LD is
present, while .50 cM represents a situation in which
little if any true LD is present. At the ,5 cM separation
distance, mean D9* across the populations was 0.48
(range of means: 0.35–0.64). Corresponding values for
x29* were 0.16 (range: 0.11–0.22). For the .50-cM
separation distance, mean values for D9* were 0.28
(range: 0.19–0.46) and 0.07 (range 0.04–0.10) for x29*.

At the ,5-cM separation distance, almost all D9*
values but only 32% of x29* values were $0.20; whereas
at the .50 cM separation distance, 43% of D9* values
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were $0.20, but almost none of the x29* values were in
this range. Thus, even at the largest separation distance,
which corresponds closely to the case of nonsyntenic
markers (see section Analysis of nonsyntenic LD based on
cumulative Fisher exact P-values), a high proportion of
marker pairs show appreciable D9* values, consistent
with the reports of the livestock studies cited above,
which were based on microsatellites and the D9* statistic.

Effect of sample size on distribution of x29*: Table 3
illustrates the effect of sample size on the distribution of
x29*, according to separation distance (,5 and .50 cM)
and population. For all PD combinations, decrease in
sample size achieved by bootstrapping resulted in an
appreciable increase in mean x29* and in the proportion
of LD values $0.20. The proportional increase in going
from large to small sample size was generally twice as
great for the .50-cM separation distance (mean: 105%;
range: 16–166%) than for the ,5-cM separation dis-
tance (mean: 60%; range: 20–110%).

Statistical significance of x29* values: Table 4 shows
the distribution of P-values associated with the x29*,
values according to PD combination. To enable com-
parison with PS1, PS2 is represented by the pooled
bootstrap samples of 100 [PS2(100)] as well as by the full
sample [PS2(All)]. Under the null hypothesis, we expect
a uniform distribution of P-values among the P-value
bins (i.e., 10% of P-values should fall into each bin).
However, there was a distinct excess of P-values in the
lowest P-value bin at all but the largest separation
distance (.50 cM). This can most plausibly be attributed
to the presence of true LD in these PD combinations.
Across the three PS1 populations and the PS2(100)
bootstrap, the weighted mean proportion of P-values in

the 0–0.10 bin decreased from 0.67 at the ,5-cM
separation distance to 0.38, 0.22, and 0.12 at 5–20-, 20–
50-, and .50-cM separation distances, respectively. The
proportion of P-values in this bin for the .50-cM
separation distance (0.12) differs only slightly from the
0.10 expected under the null hypothesis. The decrease
in the proportion of P-values in the lowest bin with
increased separation distance reflects a corresponding
difference in the proportion of true LD values among all
LD values. Estimates of the proportion of true LD values
among all LD values for a given PD combination (Pn1

)
are very high at the separation distance of ,5 cM (mean:
0.75), remain quite high at the separation distance of
5–20 cM (mean: 0.50), and then decrease rapidly at the
separation distances of 20–50 cM (mean: 0.23) and
.50 cM (mean: 0.09, and only 0.03, if an exceptionally
high value for PS1-BS at this separation distance is ex-
cluded). Thus, these results indicate that a very high pro-
portion of LD values at the ,5-cM separation distance
but essentially none of the LD values at the .50-cM
separation distance represent true LD.

Table 4 also shows the FDR 0.05 thresholds for the
various PD combinations. These vary according to sep-
aration distance, being least stringent for the ,5-cM
separation distance (range: P¼ 0.003–0.041) and about
half this (range: 0.005–0.025) for the 5- to 20-cM sep-
aration distance. For the larger separation distances
(20–50 and .50 cM), thresholds at this FDR either
were very low or could not be found. The increasingly
stringent thresholds with increasing separation distance
are a consequence of the decrease in the proportion
and possibly the magnitude of true LD at the greater
separation distances.

TABLE 2

LD between microsatellite markers on BTA13 according to population sampled, LD statistic, and separation distance

PS1-IsH PS1-ItH PS1-BS PS2 (all)

,5 cM
(n ¼ 18)

.50 cMa

(n ¼ 14)
,5 cM

(n ¼ 18)
.50 cMa

(n ¼ 14)
,5 cM

(n ¼ 18)
.50 cMa

(n ¼ 14)
,5 cM

(n ¼ 82)
.50 cMa

(n ¼ 40)

LDa D9 x29* D9 x29* D9 x29* D9 x29* D9 x29* D9 x29* D9 x29* D9 x29*

0.9 0.01 0.03
0.8 0.11 0.01
0.7 0.11 0.22 0.02 0.03
0.6 0.17 0.39 0.07 0.04
0.5 0.17 0.11 0.06 0.06 0.14 0.04 0.01 0.03
0.4 0.33 0.28 0.17 0.64 0.15 0.01 0.03
0.3 0.17 0.22 0.07 0.17 0.14 0.32 0.01 0.05
0.2 0.22 0.22 0.36 0.17 0.61 0.06 0.06 0.34 0.06 0.45
0.1 0.33 0.36 0.29 0 0.17 0.5 0.56 0.21 0.07 0.24 0.30 0.025
0.0 0.22 0.07 0.64 0 0.17 0.5 1.0 0.39 0.79 0.66 0.10 0.975

Mean 0.43 0.19 0.22 0.10 0.48 0.22 0.19 0.05 0.64 0.11 0.46 0.08 0.35 0.11 0.25 0.04
SD 0.15 0.10 0.08 0.09 0.17 0.11 0.05 0.02 0.18 0.05 0.07 0.02 0.15 0.09 0.18 0.02

n, number of marker pairs. PS1-IsH, Israel Holstein; PS1-ItH, Italian Holstein; PS1-BS, Austrian, German, Italian Brown Swiss;
PS2, Fleckvieh. SD, standard deviation of LD values

a Bin boundaries: 0.00 ¼ 0.000–0.099; 0.10 ¼ 0.100–0.199, etc.
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Comparing the P-values and x29* values for PS2(All)
and PS2(100) illustrates clearly inflation of LD values at
smaller sample sizes (Table 3) while the proportion of
statistically significant LD values decreases (Table 4).

Analysis of nonsyntenic LD based on cumulative
Fisher exact P-values: Figure 1 presents the cumulative
distribution of P-values for marker pairs at a .50-cM
separation distance for combined data of PS1 and PS2
(total 82 marker pairs) and for nonsyntenic marker
pairs of PS3 (20 pairs) and PS4 (12,246 pairs). Both PS3
and PS4 closely track expectation under the null
hypothesis. For the PS1 and PS2 combined data for
long-range intrachromosomal separation (.50 cM),
there is a very slight positive deviation across the lowest
value bins, but the distribution of P-values did not differ
significantly from expectation under the null hypothe-
sis. Thus, these data do not support the presence of
long-range or nonsyntenic LD.

Relation of x29* values and Fisher exact P-values:
Figure 2 presents a scattergram of LD values against P-
values for the combined x29* values of the three PS1
populations and all separation distances. x29* values
based on all marker alleles (Figure 2A) and x29* values
limited to marker alleles with frequency $0.10 (Figure
2B) are shown separately. The very broad spread of P-
values corresponding to the same x29* value and of x29*

values corresponding to the same P-value is immediately
apparent. Thus, when all marker alleles are included in
LD calculations, LD measures tell little about P-values,
and P-values tell little about LD. The spread is much less,

but still present, when LD measures are limited to alleles
with a frequency $0.10. Lack of correspondence be-
tween the absolute magnitude of LD measures and the
significance of P-value is exacerbated when a sample size
is large. For example, for marker pair BMS1145 and
BL42 on BTA13 of PS1-IsH, we obtained x29*¼ 0.014; i.e.,
useful LD at this marker pair is as low as possible.
Indeed, P ¼ 1.0 at the actual sample size of 45. Yet at
sample size N ¼ 450, for the same proportional dis-
tribution of haplotypes, P ¼ 0.0078, which is highly sig-
nificant, while x29* is unchanged at 0.014.

Distribution of x29* by population and separation
distance: Table 5 presents the distribution of observed
x29* values for the three PS1 populations and for PS2(All)
and PS2(100). Mean x29* for the three PS1 populations
and for PS2(100) decreased steadily with an increase in
separation distance, being equal to 0.174, 0.108, 0.094,
and 0.082 for the ,5-, 5–20-, 20–50-, and .50-cM
separation distances, respectively. The major decline
(by 48%) was in going from ,5 to 5–20 cM. Thereafter,
declines were much less, being 13% for each of the two
subsequent steps. Taking the .50-cM separation dis-
tance as roughly approximating the null condition, it is
evident that most of the observed LD at the 5–20- and
20–50-cm separation distances represents the null con-
dition, with only a slight admixture of true LD. This view
is supported by consideration of the proportion of
statistically significant x29* values (Ps) by x29* bin accord-
ing to PD combination. All x29* values $0.30 were
significant, irrespective of population or separation

TABLE 3

Observed LD according to sample size and by population and separation distance

PS1-IsH PS2 PS3

x29* All (69.4) BE (40) (27.2) All (186.7) BE (100) (68.4) All (147) BE (100) (100) BE (40) (40)

Separation distance ,5 cM
0.5–0.6 0.08 0.01 0.04 0.02
0.4–0.5 0.13 0.01 0.01 0.03
0.3–0.4 0.22 0.21 0.01 0.05 0.01 0.10
0.2–0.3 0.22 0.26 0.06 0.14 0.04 0.33
0.1–0.2 0.33 0.24 0.24 0.49 0.50 0.64 0.44
0.0–0.1 0.22 0.08 0.66 0.28 0.50 0.31 0.09
n 18 82 16
Mean 0.19 0.28 0.11 0.16 0.10 0.12 0.21

.50 or nonsyntenic
0.5–0.6
0.4–0.5 0.06 0.01
0.3–0.4 0.07 0.14 0.01
0.2–0.3 0.20 0.03 0.21
0.1–0.2 0.29 0.37 0.03 0.42 0.05 0.09 0.60
0.0–0.1 0.64 0.23 0.98 0.55 0.95 0.91 0.16
n 14 70 40 20
Mean 0.10 0.19 0.04 0.09 0.06 0.07 0.16

In parentheses, the mean number of haplotypes per marker pair. n, number of marker pairs; All, all marker pairs included; BE,
bootstrap estimates (BE 40, 10 bootstrap samples, each containing 40 individuals; BE 100, 5 bootstrap samples, each containing
100 individuals).
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distance. Conversely, almost all x29* values #0.10 were
not significant, irrespective of PD combination. For the
x29* 0.10–0.20 and 0.20–0.30 bins, however, there was a
clear decline in Ps with increasing separation distance.
At ,5 cM, almost all x29* values in both bins were
significant. At 5–20 cM, almost all x29* values in the
0.20–0.30 bin, but half of values in the 0.10–0.20 bin,
were significant. For the two larger separation distances
(20–50 and .50 cM) almost none of the x29* values in
these bins were significant. This is consistent with the
assumption that almost all LD values at these separation
distances represent the null situation.

Effect of population structure: For the PS3 and PS4
samples, the cumulative distribution of Fisher exact P-
values for nonsyntenic marker pairs of both populations
closely tracked expectation under the null hypothesis
(Figure 1). Thus, at least in the IsH population, family
structure deeper than grandparent level apparently did
not contribute to LD. The PS1 and PS2 samples in-
cluded only independent haplotypes at the sire level,
but did not attempt to limit haplotype representation at
the MGS level. Thus, any family structure effects on LD
at the grandparent level should be expressed in these
samples. Nevertheless, for these populations cumulative
distribution of Fisher exact P-values for marker pairs on
BTA13 at a separation distance .50 cM did not reveal
any deviation from expectation on the null hypothesis
(Figure 1). Thus, there is no indication in these data of
grandparental or more remote population structure
effects on LD.

DISCUSSION

Extent of LD in the study populations: Comparison
of the values obtained for D9* and x29* clearly demon-
strate the upward bias of the D9* statistic, which gave
moderate-to-high values at the greatest intrachromoso-
mal separation distances (.50 cM) and even for non-
syntenic marker pairs. In contrast, x29* values dropped
off rapidly with increasing separation distance and were
very low for separation distances .20 cM and for
nonsyntenic pairs. The tendency to high values for D9*
is not unexpected. It is well known that for diallelic
markers D9 tends to be strongly inflated, especially in
cases of small sample size and low minor allele fre-
quency. This tendency is undoubtedly exacerbated for
microsatellite markers because of the general presence
of one or more alleles at low frequency. Similar
comparative results for D9* and x29* have recently been
reported for sheep (Meadows et al. 2008).

Working with SNP markers, Khatkar et al. (2008)
found that once sample size reached 75 haplotypes,
there was no further change in the sample values of r2. In
this study, x29* continued to decrease from samples of 27
to 69 haplotypes (PS1-IsH), 68 to 187 haplotypes (PS2),
or 40 to 100 to 147 haplotypes (PS3). Thus, the LD values
obtained in this study may be biased upward, and sample
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sizes .200 haplotypes may be needed to accurately
assess population LD values for multi-allelic markers.

The microsatellite results of this study indicate the
absence of useful long-range intrachromosomal and non-
syntenic LD in the study populations. They do, however,
suggest the presence of considerable LD at the ,5-cM
range. The values obtained for x29* at this separation
distance, although much less than those given by D9*, are
still considerably greater than those reported at this
separation distance in cattle for diallelic SNP markers,
using the comparable r2 measure (McKay et al. 2007;
Khatkar et al. 2008; Sargolzaei et al. 2008). In this study,
the majority of marker pairs at this separation distance
show highly significant LD, andthe observed magnitude of
LD is at a level that would be useful for WGA and WGS
applications. However, as noted, LD values showed a
strong inverse relation to sample size, and it turned out
that the sample sizes available in this study were not large
enough to asymptotically reflect population values. Thus,
we cannot extrapolate with confidence from our sample
x29* values to the actual underlying population values for
x29* at the ,5-cM separation distance in the study pop-
ulations. It would certainly be of interest to reexamine this
question either by theoretical analysis of noncentral x2 or
by examining a larger sample base. Nevertheless, it is
relevant that the decrease in observed x29* from smaller to
larger sample size was only half as great at the ,5-cM
separation distance as at the other separation distances.
This is what would be expected if a high proportion of the
values for the ,5-cM separation distance were asymptot-
ically approaching a population value that differs appre-
ciably from zero, while a high proportion of the values for
the .5-cM separation distances were asymptotically ap-
proaching a zero population value. Thus, LD between
multi-allelic markers may indeed be greater and extend
over longer distances than LD among diallelic markers.
This could be exploited using SNP arrays by constructing
multi-allelic SNP haplotypes (Pe’er et al. 2006).

The coefficient of variation of x29* (SD/mean) was very
high (average 0.59 across all PD combinations). Part of
this may be due to an admixture of true and false LD
and part to sampling variation of small samples, but a
considerable residual at the lowest separation distance
apparently represents true LD. Thus, a fraction of marker
pairs may present useful levels of LD at the ,5-cM
separation distance.

The magnitude of LD appeared to be greater and
to extend over longer distances in the two Holstein
populations than in the Brown Swiss population. This
can be attributed to the very effective and intense
long-term selection in the Holstein breed on the basis
of young sire progeny testing focused on milk yield.
In contrast, the Brown Swiss was originally a dual-
purpose breed selected for multiple objectives and
was not subject to advanced selection procedures
until more recently. The Fleckvieh (PS2), which re-
mains a dual-purpose breed selected for multiple ob-
jectives to this day, is not directly comparable to the
PS1 populations, since the maternal chromosomes
representing this breed were derived from a grand-
daughter design and hence represent a highly se-
lected sample.

Effect of population structure on LD: Results of this
study show that, when family structure at the MGS level
is removed from the population as in PS3 and PS4, the
distribution of nonsyntenic LD closely follows expecta-
tion on the null hypothesis of absence of true LD.
Furthermore, it appears that when LD analysis is based
on independent haplotypes at the sire level—that is, of
maternal haplotypes only, as in PS2, or with each of the
two sire haplotypes appearing no more than once in the
analysis as in PS1—residual family structure at the MGS
level does not appear to be a factor affecting LD analysis.
We believe that the difference between these results and
those of Farnir et al. (2000) is due to the difference in
sample size of the two studies. Farnir et al. (2000)

Figure 1.—Cumulative Fisher exact P-values
according to population and separation dis-
tance. PS1, mixed sire and maternal haplotypes
combined values for ItH, IsH, and BS; PS2,
Fleckvieh sire maternal haplotypes; PS3, IsH
cow maternal haplotypes; PS4, IsH sire mater-
nal and paternal haplotypes; PS1 and PS2,
marker pairs at separation distance .50 cM, in-
dependent at sire level but not at MGS level;
PS3 and PS4, nonsyntenic marker pairs inde-
pendent at MGS level.

Linkage Disequilibrium in Cattle 697



employed sample sizes large enough so that deviations
from expectation may have been due primarily to the
inevitable deviation of real population values from
those expected on asymptotic approximation of theo-
retical distributions. Thus, when sample size is even
moderately large, many long-range or nonsyntenic
marker pairs that present negligible x29* values may
nevertheless show highly significant P-values. In effect,
when sample size is large, almost everything will be
significant, and hence statistical significance does not
distinguish between consequential and inconsequential
effects. In this study, sample sizes were much smaller, so
that deviations from expectation were primarily gener-
ated by sampling, and hence the differences between
sample values and expectation distributed more or less
as expected under the null hypothesis. This could be
tested more stringently by increasing sample size of the
PS1 populations to be comparable to that of the Farnir

et al. (2000) study.
This analysis implies that the significant results over

long distances of Farnir et al. (2000), although of
negligible magnitude for predictive purposes, are nev-

Figure 2.—Scattergram showing x29* against Fisher exact
P-values for combined marker pairs of the three PS1 popula-
tions, separately for (A) marker pairs including all marker al-
leles and (B) for marker pairs including only marker alleles
with minor allele frequency (MAF) $0.10. In some cases,
the PowerMarker program returns a value of 0.00 for the
Fisher exact P-value. In this case, for technical reasons, the
value for �log exact P was arbitrarily set at 6.0 for the P-values
calculated using marker alleles with MAF $0.10 and to 6.5 for
the P-values calculated using all marker alleles.
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ertheless real and are possibly due to very small effects of
population structure that become important when
sample sizes are large. This has implications for WGA,
which also involves large sample sizes, and may there-
fore present results of high significance but little value.
To avoid this, it may be useful to choose a sample that
limits any individual MGS to one or a small number of
appearances as in the PS3 population.

Taken together, the above considerations provide a
plausible explanation for the results of Farnir et al.
(2000) and similar studies in which appreciable levels of
LD at high statistical significance were found across
large intrachromosomal distances or even across non-
syntenic chromosomes. Namely, the use of the D9*
measure provided ostensibly high magnitudes of LD,
and the use of large samples imparted high statistical
significance to these inflated LD values.

This work was supported by the European Union BovMAS project
(QLK5-CT-2001-02379) and the United States-Israel Binational Agri-
cultural Research and Development Fund project no. US-3406-03 R.
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