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INTRODUCTION 
There is much current interest in using genetic distances to help characterize the extent of 
genetic variation in livestock breeds and natural populations of domestic animals. Decisions 
about conservation of genetic diversity need to be based on estimates of variation within and 
among populations and breeds. Global programs for the management of genetic resources 
using genetic markers for breed characterization have been formulated by international 
agencies (FAO, 1993). Several publications have appeared in the past two years in the journals 
Animal Genetics and Journal of Animal Breeding and Genetics, dealing with cattle (Del Bo et 
al., 2001; Edwards et al., 2000; Hanslik et al., 2000; Ritz et al., 2000; Schnabel et al., 2000), 
chickens (Wimmers et al., 2000), dogs (Koskinsen and Bredbacka, 2000), donkeys (Jordana et 
al., 2001), fish (Dunner et al., 2000), goats (Ajmone-Marsan et al., 2001; Barker et al., 2001; 
Crepaldi et al., 2001), horses (Apostoldis et al., 2001; Bjørnstad et al., 2000; Bjørnstad and 
Røed, 2001; Cañon et al., 2000; Cunningham et al., 2001), pigs (Li et al., 2000; Martínez et 
al., 2000; Okumura et al., 2001; Signer et al., 2000), sheep (Diez-Tascón et al., 2000) as well 
as with general theory (Eding et al., 2001; Nagamine et al., 2001). These papers generally rest 
on theories of genetic distance and phylogenetic trees given by  Bowcock et al. (1994), Brown 
(1994), Dice (1945), Goldsetein et al. (1995), May (1990), Nei and Li (1976), Takezaki and 
Nei (1996), Reynolds et al. (1983) and Weir and Cockerham (1984). In this discussion I will 
review some of the statistical issues, and will refer to Weir (1990, 1996, 2000) as well as to 
some recent results (B.S. Weir and W.G. Hill, unpublished). 
 
Genetic distances between a pair of populations or animal breeds may be used simply to 
summarize the degree of genetic differentiation between them, but generally they are intended 
to indicate the time since the pair diverged from an ancestral population or breed. In the 
summary context, any convenient statistic may be used and a geometric possibility is the 
Euclidean distance in the space defined by allele frequencies. If locus A has alleles then this 

quantity is 

Ai

pii
2∑ . Although this serves as a distance in the mathematical sense, there is no 

underlying genetic model that allows it to be translated into time since divergence. Another 
geometric distance is the chord distance of Cavalli-Sforza and Edwards (1967). Two of the 
most popular genetic model based distances are those described by Nei (1972) and by 
Reynolds et al. (1983). Although these often give similar numerical values, they are 
proportional to time since divergence of the two populations under very different models 
(Weir, 1996). Nei’s distance assumes that divergence is caused by drift and a mutation process 
where every mutation is to an allele that was not previously existing (the infinite alleles 
model). The coancestry distance of Reynolds et al. assumes that divergence is caused by drift 

Session 26. Management of genetic diversity Communication N° 26-01 



7th World Congress on Genetics Applied to Livestock Production, August 19-23, 2002, Montpellier, France 

only, although it must be borne in mind that bottlenecks caused by the isolation of rare 
populations can also affect values of θ (Takezaki and Nei, 1996). Most current studies of 
genetic diversity in domestic animals use microsatellite markers, although human genetic 
experience suggests that SNPs (single nucleotide polymorphisms) will become the markers of 
choice in the future. The mutation process among microsatellite alleles favors changes of small 
numbers of repeat units, so that the rate of mutation depends on the allelic states before and 
after mutation. Goldstein et al. (1995) introduced a distance measure (δµ) for microsatellites 
and this is often used for animal diversity studies. There is an analogous quantity, R , of 
Slatkin (1995). For variation within species, however, where the time since separation of 
breeds and populations is relatively short, it is doubtful that mutation has as substantial an 
effect as drift and there not be a need for such distances. 

2

ST

 
ESTIMATION OF COANCESTRY DISTANCE 
Although this discussion is concerned with variation among populations, it is sound practice to 
perform tests for Hardy-Weinberg equilibrium within each population as a preliminary step. In 
human genetic studies, this is done primarily to check for errors in data, as Hardy-Weinberg is 
expected, although Hardy-Weinberg disequilibrium at a marker class within one trait category 
can indicate association between marker and trait loci (Nielsen et al., 1998). For domestic 
species, inbreeding is quite likely because of restricted population sizes or artificial selection. 
Many authors have pointed out the multiple-testing issue when Hardy-Weinberg tests are 
performed on several loci in several samples. Significant results are expected by chance even if 
there is Hardy-Weinberg equilibrium. The Bonferroni correction, where the significance level 
for each test is the desired overall significance level divided by the number of tests, is apt to be 
too conservative. Fisher’s procedure (Fisher, 1932) recognizes that the minus twice the 
logarithm of the p-value for a test when the hypothesis is true has a chi-square distribution with 
2 d.f, so that the sum of these quantities over T tests has a chi-square distribution with 2T d.f. 
and this allows the p-value for the hypothesis that all T hypotheses are true to be calculated. 
This requires all tests to be independent, and this is unlikely to be the case, and it may be better 
to use Simes’ procedure (Simes, 1986) as described by Zaykin et al. (2002). The set of T p-
values are ordered and divided by their ranks. The smallest of these ratios, multiplied by T, is 
the overall p-value. 
 
If a test reveals significant departures from Hardy-Weinberg then genotype frequencies cannot 
be reduced to allele frequencies without some loss of information. It will not be appropriate, 
therefore, to estimate distances between populations on the basis only of allele frequencies. In 
the language of Weir and Cockerham (1984), it is necessary to estimate θ, the measure of 
relationship between alleles from different individuals, along with F, the relationship of alleles 
within individuals relative to the total set of populations. In the analysis of variance framework, 
variation within individuals needs to be separated out from the variation among individuals 
within populations. Explicit use is made of genotype frequencies. Having said that, attention 
will be focused here on the situation where Hardy-Weinberg does hold and the analysis can 
proceed with allele frequencies only. 
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For ease of presentation, suppose that samples of n alleles are available from r populations (or 
breeds) and that the frequency of allele A in the ith sample is . The analysis of variance 
framework has mean squares MSA and MSW for among and within samples, and these are 

given by MSA= n and MSW= n , where  is the average allele 

frequency over samples. Taking expectations over both samples and populations gives 
E(MSA)=p(1-p)(1-θ)+np(1-p)θ  and E(MSW)= p(1-p)(1-θ). This formulation shows 
immediately that θ  is the proportion of variation in allele frequencies among populations, and 
that a moment estimator of θ is given by (MSA-MSW)/[MSA+(n-1)MSW]. 
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For biallelic markers, such as SNPs, either of the two alleles will give the same moment 
estimate of θ . For microsatellites, or other multi-allele markers, it is convenient to indicate 
statistics calculated for allele  with the subscript u and then to combine estimates over 

alleles as / . When data are available from several loci, statistics 

calculated from the uth allele at the lth locus are subscripted with lu, and then a single estimate 
of θ  calculated as / . Details of this procedure, including provision 

for unbalanced data, are given by Weir and Cockerham (1984). What can be said about the 
sampling properties of this estimate? Weir (1996) suggested bootstrapping over loci to produce 
a sampling distribution, and hence confidence intervals or sample variances. An hypothesis test 
could be conducted by checking that the hypothesized value lay inside the confidence interval. 
There is an explicit assumption that loci are independent, so that linkage is excluded as is the 
case for the set of 27 markers advocated for the PiGMaP genetic diversity study for example. 
An implicit assumption is that there are many loci. The underlying premise here is that each 
locus is providing an independent realization of the evolutionary process that led to the current 
population structure. An alternative strategy for testing that θ  is zero is to employ permutation, 
by shuffling population labels, to generate a sampling distribution for the parameter under that 
hypothesis (Goudet, 1995). Neither bootstrapping nor permutation should be performed on 
individuals within populations, as this does not address among-population issues. Resampling 
over populations is not recommended, as this would change the very structure being 
investigated.  
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Recent work has focused on analytical approaches. Li (1996) restricted attention to biallelic 
loci, and was able to obtain expressions for the mean and variance of  the moment estimate. 
Weir and Hill (in preparation) assumed that allele frequencies were normally distributed, and 
derived an alternative multi-allele estimator. For large samples this is 

( ) / ( )( ),

_ _

,
p p r m pi u u u

i u
− − −∑ 2 1 1  where the locus has m alleles and is the sample 

frequency of the uth allele in the ith sample. (Details will be shown for the multi-locus 
extension.) This estimate, multiplied by a constant, has a chi-square distribution with (r-1)(m-

pi u,
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1) df. It is unbiased, and has variance [2θ /(r-1)(m-1)]. The key thing is the long right tail in 
the sampling distribution, with an associated uncertainty about the upper confidence limit on θ. 
An estimated θ of 0.01 from data from five populations for a locus with five alleles, for 
example, leads to a 95% confidence interval of (0.001, 0.036). 

2

 
Estimates of θ provide convenient summaries of the degree of genetic divergence among sets, 
including pairs, of populations. Care is needed when the estimates are used to suggest values of 
evolutionary quantities such as time of divergence. Especial care is needed when they are used 
to suggest values of migration rates. Under an idealized model of migration, where an infinite 
number of islands of size N exchange alleles at a rate m per generation, the equilibrium value 
of θ is 1/(1+4Nm). It is doubtful that populations or breeds of domestic animals could be 
considered as having reached a state of equilibrium under this infinite-island model, however, 
and using θ estimates to estimate migration rate is not encouraged (Cockerham and Weir, 
1993). 
 
TREES AND BOOTSTRAPPING 
Once a matrix of pairwise distances has been constructed for a set of populations or breeds, it is 
convenient to construct a dendrogram or evolutionary tree linking them. The alternative display 
method of principal components (Cavalli-Sforza et al., 1994) has less immediate interpretation 
in terms of time since divergence. As the amount of time separating populations or breeds is 
likely to be so short that mutation will not have had a major effect, it is probably satisfactory to 
assume that rates of genetic change are the same on all branches of the tree (the “molecular 
clock” hypothesis) and use the simple UPGMA method of constructing the tree. Many current 
authors prefer to use the neighbor-joining method that is considered to give the best topology 
when microsatellite markers are used (Takezaki and Nei, 1996). The two methods are 
described in Weir (1996), and are likely to give the same answer. How much reliance can be 
placed on the constructed topology?  
 
To answer this question, it is the general practice to perform a bootstrap analysis. If a tree is 
constructed with distances based on L loci, then loci are resampled with replacement and the 
resulting data set, still with L loci but now with some loci repeated and some omitted, is used 
to construct a new tree. The proportion of trees from resampled data sets that have a branch 
joining two populations or breeds is taken as a measure of quality for that particular aspect of 
the tree topology. Care is needed to distinguish this proportion from the probability that the 
topology is correct, as discussed by Brown (1994). Brown also discusses permuting population 
labels for each locus separately. 
 
The distances based on θ (either θ itself or log(1-θ)) lead to evolutionary trees, and this 
structure should affect the interpretation of the quantities that are all called “θ”. Weir (2000) 
allowed for different θ values within each population, and showed that if equal sized samples 
are taken from each population, the quantity being estimated is actually (θ -θ )/(1-θ ) 
where θ is the average of the θ’s in the populations, and θ is the average of the θ’s between 
each pair of populations. It is often assumed implicitly that each population has the same value 

w a a

w a
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of θ  and that there is zero coancestry between populations. For a pair of populations, therefore, 
what is being estimated depends on the coancestry within each of the two populations, and in 
their most recent ancestral population. 
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