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Estimates of genetic population structure (Fs;) were constructed from all autosomes in two large SNP data sets. The
Perlegen data set contains genotypes on ~I million SNPs segregating in all three samples of Americans of African,
Asian, and European descent; and the Phase | HapMap data set contains genotypes on ~0.6 million SNPs segregating
in all four samples from specific Caucasian, Chinese, Japanese, and Yoruba populations. Substantial heterogeneity of
Fsr values was found between segments within chromosomes, although there was similarity between the two data sets.
There was also substantial heterogeneity among population-specific Fg; values, with the relative sizes of these values
often changing along each chromosome. Population-structure estimates are often used as indicators of natural
selection, but the analyses presented here show that individual-marker estimates are too variable to be useful. There
is inherent variation in these statistics because of variation in genealogy even among neutral loci, and values at pairs
of loci are correlated to an extent that reflects the linkage disequilibrium between them. Furthermore, it may be that
the best indications of selection will come from population-specific Fg; values rather than the usually reported

population-average values.

Publication of the Perlegen SNP data set (Hinds et al. 2005) and
completion of Phase I of the International HapMap Project (The
International HapMap Consortium 2005) have allowed a new
perspective on the genetic structure of human populations.
These two whole-genome data sets allow population genetic
analyses at an unprecedented scale: Previous estimates of genetic
population structure (for review, see Garte 2003) have been based
on a limited number of loci and provided only average figures of
quantities such as Fg; (Wright 1951) across the whole genome.
The precision of previous estimates is not high, and they relate
only to specific genes rather than to the region in which the
markers are located. We can expect there to be some diversity in
the magnitude of population structure between regions of the
genome because the precise genealogy is not the same for each
chromosome or part thereof, with values becoming increasingly
similar the more closely linked are the regions. The genealogy
can differ both by random events and by non-random events
such as selection. Strong selection at a locus will induce hitch-
hiking of nearby regions (Maynard Smith and Haigh 1974), lead-
ing to both a reduction in heterozygosity within populations and
an increase in diversity between populations as measured by Fg;.
Examination of the differences in diversity between regions
therefore provides an opportunity to identify those that cannot
be explained solely in terms of random sampling of the geneal-
ogy due to Mendelian segregation, variation in family size, mi-
gration, and recombination between genetic sites.

Methods for estimating Fg from samples of a group of popu-
lations are well established (e.g., Weir and Cockerham 1984).
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More recently they have been discussed for estimating values
separately for each of a set of populations assumed to come from
a common founder, but which may differ both in their times of
divergence from each other and in the sizes of the populations
(Weir and Hill 2002; Shriver et al. 2004). The stochastic nature of
evolution means that the actual allele frequencies in a popula-
tion differ from the expected values, and the population-specific
F; describes the variance of allele frequencies about the means
for that population. Because there is only one realization of the
population, the variance is estimated from the allele frequencies
of that population and at least one other population. The average
of the population-specific values is the usual (population-
average) Fg;, and its estimate is proportional to the sample vari-
ance in allele frequencies among the sampled populations. It
serves as a measure of genetic differentiation of the populations,
and, in the case of population divergence being due to genetic
drift, the value for each pair of populations serves as a measure of
time since diverging from an ancestral population. Because there
is not replication of each of the populations studied, the popu-
lation-specific and population-average values are relative to the
value in their ancestral population.

In this paper we compute values of Fg;- from all autosomes in
the Perlegen and HapMap data sets, but we use only those SNPs
that were found to be segregating in all population samples
within each data set. Our estimates are calculated for all markers
separately and also for all markers in all the 5-Mb windows cen-
tered on each SNP in the autosomal genome. The numbers of
markers used are shown in Table 1. We find substantial diversity
in these measures, and we attempt to explain how much of this
can be attributed to sampling of different kinds. We consider the
data as a function of the number and choice of sites in the region,
and as a function of the individuals that comprise the sample.
We predict the variation in identity at individual regions and
their covariance with other regions expected from the sampling
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Table 1. Chromosome lengths and numbers of markers
segregating in all samples within a data set

HapMap Perlegen
Length No. Length No.
Chromosome (Mb) markers (Mb) markers
1 246.022970 46,170  246.009520 83,080
2 243.358305 54,649  243.312109 92,894
3 199.162822 39,741 199.082640 66,722
4 191.635501 35,988 191.618083 72,295
5 180.745911 35,649  180.812600 72,592
6 170.669476 40,993  170.716290 69,300
7 158.406107 26,444  158.475296 60,211
8 146.291843 46,834  146.254372 62,978
9 136.309594 36,513 136.289498 39,789
10 134.894332 29,488  134.895886 52,502
11 134.291296 26,767  134.291130 49,584
12 131.958248 25,156  131.982882 46,410
13 96.174004 22,427  112.947407 45,298
14 87.047071 17,520 87.173515 36,436
15 81.776600 15,430 100.101203 30,245
16 89.881597 14,111 89.881597 28,226
17 81.701636 14,317 81.684045 23,234
18 76.111422 24,697 76.066226 33,891
19 63.583824 10,355 63.581182 13,030
20 63.584784 12,115 63.580158 23,976
21 36.954953 12,639 37.016942 18,631
22 34.764542 11,353 34.912844 13,417
All 599,356 1,034,741

in genealogy of the population. Further, we examine the results
to reveal regions associated with known genes that have been
under selection in one or more of the populations so as to con-
sider the utility of Fg; measures in gene location or in detecting
signatures of past selective events.

Results

The immediate impression from a genome-wide survey of Fg . is
that there is substantial variation, even among SNPs that are very
close to each other. As anticipated from our earlier work (Li 1996;
Weir and Hill 2002), the single-locus marker values from three or
four samples have a distribution very much like the x? distribu-
tion with two or three degrees of freedom (Fig. 1). The extreme
noisiness in single-locus estimates is demonstrated in Tables 2
and 3, where the standard deviations of the values for each chro-
mosome are seen to be about the same size as the means. The
variation is even higher for the population-specific values. We
have previously commented on the correlation of pairs of single-
locus statistics reflecting linkage disequilibrium between those
pairs (Weir et al. 2004). Specifically, the correlation for single-
locus within-population inbreeding coefficients is given by %,
the squared correlation of allele frequencies at those loci. There is
a similar relationship for single-locus Fg; values and within-
population r* values, as shown in Figure 2.

The noisiness of single-locus estimates can be reduced by
combining data from several adjacent markers, and we have cho-
sen to use 5-Mb windows to clarify the graphical presentations.
The distribution of these (approximately) 1000-locus values is
close to normal, also as anticipated and as shown in Figure 1.
Tables 2 and 3 show that chromosomal standard deviations have
dropped substantially.

The usual studies of Fg; produce values that are, in essence,
averages over the populations sampled. In Figure 3 we show the
22 autosome plots of the 5-Mb window values of Fg that apply,
as an average, to all three of the Perlegen populations or to all
four of the HapMap populations. These values were calculated
with the methodology of Weir and Cockerham (1984). Even for
the relatively large window size of 5 Mb there is substantial varia-
tion along each chromosome, suggesting that values of Fg; are

Table 2. HapMap single-locus F; values for each population and over all populations

Chromosome CEU YRI HCB JPT All
1 .09 (.35,.04) .12 (.41,.03) .15 (.32,.04) .15 (.32,.04) .13 (.12,.02)
2 .11 (.35,.04) .11 (.41,.04) .16 (.31,.05) .17 (.32,.05) .14 (.12,.02)
3 .10 (.34,.04) .11 (.40,.03) .17 (.31,.04) 17 (.31,.04) .13 (.12,.02)
4 .11 (.34,.04) .10 (.41,.03) .15 (.30,.04) .15 (.31,.04) .13 (.12,.02)
5 .09 (.34,.04) .13 (.39,.03) .14 (.31,.05) .15 (.31,.05) .12 (.12,.02)
6 .09 (.35,.03) .13 (.41,.03) .14 (.31,.03) .14 (.31,.03) .12 (.11,.02)
7 .09 (.35,.04) .11 (.40,.03) .14 (.30,.04) .15 (.32,.05) 12 (.12,.02)
8 .10 (.33,.04) .14 (.40,.04) .14 (.30,.04) .14 (.30,.04) .13 (.12,.02)
9 .09 (.34,.03) .11 (.40,.03) .15 (.30,.03) .15 (.31,.03) 12 (.11,.02)
10 .11 (.35,.04) .12 (.40,.03) .14 (.31,.04) .14 (.31,.03) .13 (.12,.02)
11 .10 (.34,.04) .13 (.39,.03) .13 (.30,.03) .12 (.30,.03) .12 (.11,.02)
12 .09 (.36,.04) .12 (.40,.03) .15 (.32,.04) .15 (.32,.04) .13 (.12,.02)
13 .10 (.33,.03) .11 (.40,.03) .14 (.30,.04) .14 (.30,.04) 12 (.11,.02)
14 .12 (.36,.05) .13 (.40,.02) .13 (.30,.03) .13 (.31,.03) .13 (.11,.02)
15 .14 (.37,.05) .12 (.41,.03) .15 (.31,.05) .15 (.32,.05) .14 (.13,.02)
16 .10 (.35,.03) .13 (.40,.02) .14 (.31,.03) .15 (.30,.03) 13 (.11,.02)
17 .10 (.33,.04) .14 (.40,.04) .15 (.30,.05) .15 (.31,.04) .13 (.13,.03)
18 .10 (.34,.03) .09 (.39,.03) .14 (.29,.03) .14 (.31,.03) .12 (.10,.01)
19 .11 (.35,.02) .12 (.42,.02) .12 (.31,.02) .14 (.32,.03) .12 (.11,.01)
20 .09 (.33,.03) .14 (.39,.02) .13 (.30,.03) .14 (.30,.04) .12 (.11,.02)
21 .09 (.33,.03) .13 (.39,.02) .13 (.29,.02) .12 (.30,.03) .12 (.11,.01)
22 .08 (.33,.02) .15 (.40,.03) .14 (.31,.03) .14 (.31,.03) .12 (.12,.02)
All .10 (.35,.04) .12 (.40,.03) .15 (.31,.04) .15 (.31,.04) .13 (.12,.02)

Fg7 values are averaged over each chromosome. Shown in parentheses are standard deviations over each chromosome for single-SNP values and for

5-Mb window values.

(CEU) Caucasians of European descent; (YRI) Yoruba from Ibadan, Nigeria; (HCB) Han Chinese from Beijing; (JPT) Japanese from Tokyo.
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