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Because defects in the phenylalanine hydroxylase gene (PAH) cause phenylketonuria (PKU), PAH was studied for
normal polymorphisms and linkage disequilibrium soon after the gene was cloned. Studies in the 1980s concentrated
on European populations in which PKU was common and showed that haplotype-frequency variation exists between
some regions of the world. In European populations, linkage disequilibrium generally was found not to exist between
RFLPs at opposite ends of the gene but was found to exist among the RFLPs clustered at each end. We have now
undertaken the first global survey of normal variation and disequilibrium across the PAH gene. Four well-mapped
single-nucleotide polymorphisms (SNPs) spanning ~75 kb, two near each end of the gene, were selected to allow
linkage disequilibrium across most of the gene to be examined. These SNPs were studied as PCR-RFLP markers
in samples of, on average, 50 individuals for each of 29 populations, including, for the first time, multiple populations
from Africa and from the Americas. All four sites are polymorphic in all 29 populations. Although all but 5 of
the 16 possible haplotypes reach frequencies >5% somewhere in the world, no haplotype was seen in all populations.
Overall linkage disequilibrium is highly significant in all populations, but disequilibrium between the opposite ends
is significant only in Native American populations and in one African population. This study demonstrates that
the physical extent of linkage disequilibrium can differ substantially among populations from different regions of
the world, because of both ancient genetic drift in the ancestor common to a large regional group of modern
populations and recent genetic drift affecting individual populations.

Introduction (Kazazian et al. 1984), as well as studies at the phenyl-

alanine hydroxylase locus (PAH) to identify phenyl-

Linkage disequilibrium or, more generally, gametic-
phase allelic association, is the nonrandom occurrence
of alleles on chromosomes (i.e., in gametes) in a popu-
lation. Linkage disequilibrium has become an important
tool in the end stages of positional cloning because a
recently arisen single deleterious allele will usually be
nonrandomly associated with the alleles at nearby poly-
morphic sites that were on the chromosome on which
the mutation originally occurred. Among the earliest ap-
plications of this principle for identification of distinct
mutations associated with a disease were studies at the
B-hemoglobin cluster to identify thalassemia mutants
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ketonuria (PKU [MIM 261600]) mutants (DiLella et al.
19864, 1987).

PKU is one of the most common genetic diseases in
people of northern-European descent, occurring in that
group at an average rate of ~1/10,000 live births (Bickel
et al. 1981). The PAH gene, coding for the enzyme
phenylalanine hydroxylase (PAH), was implicated as the
etiologic gene, by the absence of PAH enzyme activity
in patients with PKU (Friedman et al. 1973). The human
PAH cDNA was cloned (Woo et al. 1983; Kwok et al.
1985), RFLPs were identified by use of the cDNA as
the probe (Woo et al. 1983; Lidsky et al. 19854), the
gene was mapped to human chromosome 12q22-24
(Lidsky et al. 1985b), and the molecular structure of
the gene was described (DilLella et al. 1986a), relatively
early in the history of recombinant-DNA studies. When
the RFLPs encompassing the gene were used, it was
obvious that PKU mutations occurred on several dif-
ferent haplotypes. By 1986 it was recognized that PKU
was mutationally heterogeneous; at least some different
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PKU haplotypes were found to have different mutations
(DiLella et al. 19865, 1987). Interestingly, in a sample
from Denmark, no significant association could be dem-
onstrated between the disease alleles and any single al-
lele of the normal polymorphisms spanning the gene
(Chakraborty et al. 1987). However, when haplotypes
of these polymorphisms were examined, two haplotypes
were significantly more common among PKU chro-
mosomes than among normal chromosomes. The rea-
son for the absence of allelic association with individual
RFLPs was also obvious: the marker-allele frequencies
among PKU chromosomes were very similar to the fre-
quencies in normal chromosomes. In the case of normal
chromosomes, the two most common haplotypes were
approximately equally frequent and had alternative al-
leles at most sites. The PKU chromosome(s) included
those two haplotypes, but two others were the most
common, accounting for 20% and 38% of the PKU
chromosomes in the Danish sample; these two “PKU”
haplotypes also had alternative alleles at all the sites at
which the two common normal haplotypes differed and
had the same allele at all the sites at which the other
two were the same. This allelic complementarity of the
most common haplotypes in both normal and PKU
chromosomes greatly reduced the power to detect allelic
association of PKU with any single RFLP, although the
association was obvious when haplotypes were used.
The two associated haplotypes were the basis for the
first identifications of specific PKU mutations (DiLella
et al. 1986b, 1987).

As the etiologically relevant mutations for PKU and
the phenylalaninemia states became known, PAH hap-
lotypes of patients with PKU often signaled which mu-
tation(s) a patient carried and/or alerted the researchers
to the existence of previously unknown mutations
(Daiger et al. 19894, 1989b: Hertzberg et al. 1989;
Stuhrmann et al. 1989; Apold et al. 1990; Dianzani et
al. 1990; Jaruzelska et al. 1991; Konecki and Lichter-
Konecki 1991; Svensson et al. 1991; Zygulska et al.
1991; Baric et al. 1992; Kozak et al. 1995). Thus, by
1989, polymorphisms, mutations, and haplotypes of the
PAH region had finally become well characterized in
patients with PKU (Woo 1988; Nowacki et al. 1997).
By 1996, the PKU mutations and their haplotypes were
being used to infer the natural histories both of the
mutations themselves and of the populations carrying
those mutations (Scriver et al. 1996). Only occasionally
were non-PKU haplotypes studied in populations of
non-European origin—and, even then, usually in fam-
ilies with PKU (Daiger et al. 1989b; Hertzberg et al.
1989; Hofman et al. 1991). Various summaries of PAH
mutations have been published (e.g., see Konecki and
Lichter-Konecki 1991; Eisensmith et al. 1992); an up-
to-date compendium of PAH mutations and back-
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ground haplotypes is maintained at the PAHdb Web site
(Nowacki et al. 1997).

Studies of normal chromosomes in European popu-
lations have shown that disequilibrium exists among the
sites at either end of the gene, at distances of 22 and
31 kb, but, in general, either does not exist or is much
weaker between markers located at opposite ends of the
gene, at distances =43 kb (Chakraborty et al. 1987;
Daiger et al. 1989a). A similar pattern has been ob-
served in a sample of 44 chromosomes from China and
Japan (Daiger et al. 1989b) and in a sample of >600
chromosomes from several Polynesian groups (Hertz-
berg et al. 1989). Other analyses of various published
PAH data have reached similar conclusions (Feingold
et al. 1993; Degioanni and Darlu 1994). This pattern
of the molecular extent of linkage disequilibrium agrees
with the findings of Jorde et al. (1994)—that linkage
disequilibrium in populations of European origin gen-
erally does not extend to >50-60 kb. Our recent studies
of linkage disequilibrium in multiple populations have
found that linkage disequilibrium can differ dramati-
cally among populations from different regions of the
world (Tishkoff et al. 19964, 1996b, 1998; Kidd et al.
1998). The only substantive reports of PAH haplotype
frequencies in specific non-European populations—
Polynesians (Hertzberg et al. 1989) and eastern Asians
(Daiger et al. 1989b)—show reduced levels of hetero-
zygosity relative to that in Europeans. The one small
study of African Americans (Hofman et al. 1991) has
found that haplotype frequencies for normal and PKU
chromosomes differ from each other and from frequen-
cies in Europeans and Asians.

All of the previous studies of linkage disequilibrium
at the PAH locus have used pairwise coefficients. The
resulting matrix of disequilibrium coefficients can show
a clear pattern but also often contains some pairwise
values that do not fit into the general pattern of high
absolute values for pairs of markers within either cluster
and low absolute values for pairs of markers that bridge
the two clusters. As we have begun to consider linkage
disequilibrium in more-complex genetic systems, we
have introduced a new coefficient to measure overall
nonrandomness across the entire haplotype (Kidd et al.
1998; Zhao et al. 1999). The coefficient estimate is
based on the permuted data of the observed samples.
A variant of the permutation test for overall significance
allows us to test significance of the disequilibrium across
any segment within the haplotype (Zhao et al. 1997,
1999).

We have now examined normal, non—disease-causing
polymorphisms in the region encompassing the 13 ex-
ons of PAH, considering a global sample of populations
for the first time, to enhance our understanding of how
the amount and pattern of linkage disequilibrium can
differ in populations from different parts of the world.
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We have chosen to study haplotypes at PAH specifically,
for several reasons: (1) the region is well mapped, with
the location and nature of several noncoding single-
nucleotide polymorphisms (SNPs) clearly described;
(2) some population data are already available in the
literature that demonstrate allele- and haplotype-
frequency variation between European and some non-
European populations; (3) the well-documented re-
duced levels of disequilibrium between markers at either
end of the gene provide an opportunity to explore the
utility of the permutation-test variant that examines seg-
ment disequilibrium; and (4) both the historical impor-
tance of and interest in haplotypes at this gene already
have been established.

Subjects and Methods

Population Samples

We have studied 29 populations: four from Africa
(Biaka, Mbuti, Yoruba, and Ethiopian Jews), nine from
Europe and southwestern Asia (Adygei, Danes, Finns,
Irish, Russians, Europeans of heterogeneous ancestry
[from the United States], Samaritans, Yemenite Jews, and
Druze), seven from eastern Asia (two independent Han
Chinese samples [one from Taiwan and one mainly from
southern China and sampled in San Francisco], Hakka,
Japanese, Cambodians, Ami, and Atayal), one from
Siberia (Yakut), one from Australo-Melanesia (Nasioi),
four from North America (Cheyenne, Arizona Pima,
Mexican Pima, and Maya), and three from South Amer-
ica (Ticuna, Rondonian Surui, and Karitiana). Descrip-
tions of these specific population samples, most of which
have been/will be in studies of other loci, can be found
in the work of Castiglione et al. (1995), Kidd et al.
(1991, 1998), Tishkoff et al. (1998), and Osier et al.
(1999). Additional information on these samples is avail-
able through the Internet (Kidd Lab Home Page). Sample
sizes range from 23 to >100 and average ~50 individuals
per population. The samples are of unrelated (at least
in the first degree) members of the populations, with the
exception of the three South American Indian groups.
These South American samples were collected from
small, endogamous populations in which everyone in the
village(s) is related to everyone else. This is most evident
in the Karitiana, a group who are the sole speakers of
Karitiana, a Tupi language. Every Karitiana is related to
every other in the village, where they live as a single
extended kindred—everyone recently born in this pop-
ulation is descended from a single man and one or more
of his four wives (often through several pathways) who
lived five generations ago.

All samples were collected with both approval from
the appropriate institutional review boards and in-
formed consent from the participants. The DNA in this
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study was purified, by means of standard phenol-chlo-
roform extraction and ethanol precipitation (Sambrook
et al. 1989), from Epstein-Barr virus—transformed lym-
phoblastoid cell lines (Anderson and Gusella 1984). The
Coriell Institute for Medical Research (National Institute
of General Medical Sciences Human Genetic Mutant
Cell Line Repository) in Camden, NJ, has available for
distribution at least 5-10 cell lines and DNA of many
individuals from several of these population samples.
These samples were collected for purposes unrelated to
PKU, and no information is available on whether any
relative has PKU. We assume that all chromosomes con-
tain a normal PAH allele.

Polymorphic Sites and Typing Protocols

To maximize the information on disequilibrium be-
tween the ends of the gene, we chose the two pairs of
markers that were closest to each end of the gene and
already converted to PCR-based typing. The four SNPs
that were selected span from just downstream of exon
1 to the middle of intron 8 of the PAH locus, a distance
of ~75 kb. Each SNP affects a specific restriction site
(Bglll, Pvull, Mspl, and Xmmnl); these were originally
identified as RFLPs, by use of a PAH cDNA clone as
the probe (Woo et al. 1983; DiLella et al. 19864). These
four polymorphisms are biallelic restriction-site poly-
morphisms (RSPs) whose primers, PCR conditions, and
fragment sizes have been given by Dworniczak et al.
(19914, 1991b), Wedemeyer et al. (1991), and Goltsov
et al. (1992). The BglIl polymorphism is located in in-
tron 1, just 55 bp downstream of exon 1 (GenBank
AF003965; Iyengar et al. 1998); we confirmed this re-
ported location of the Bg/II site (R. C. Eisensmith, per-
sonal communication) by aligning our sequence of the
Bglll amplicon with the exon 1 and flanking sequence
found at the PAHdb Web site. The Pvull polymorphism
(commonly referred to as “Pyulla”) is in the 5’ end of
intron 2 ~1.4 kb downstream of exon 2. The Mspl
polymorphism is ~65 kb farther downstream; by align-
ing our sequence of the Mspl amplicon (GenBank
AF003967; Iyengar et al. 1998) with the exon 8 and
flanking sequence found at the PAHdb Web site, we
confirmed the reported position of the Mspl site (R. C.
Eisensmith, personal communication) to 268 bp up-
stream of exon 8, in intron 7. The Xmnl site is reported
to be 1.5 kb 3’ of exon 8 (R. C. Eisensmith, personal
communication), which we confirmed by obtaining a 2-
kb PCR product, using the 5’ primer of the Mspl pair
with the 3’ primer of the Xmmnl pair on genomic DNA.
This places these two sites ~1.8 kb apart. Little intronic
sequence is available, and no hard data have been pub-
lished to give the distance between the Pvulla polymor-
phism and exon 2. The distance estimates that we have
used derive from Goltsov et al. (1993), Dilella et al.
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(19864), and a personal communication from R. C. Ei-
sensmith. Although they may be revised when the region
is completely sequenced, they certainly reflect the relative
sizes accurately enough for the purposes of this study
(fig. 1). For each marker, the PCR product was digested
with the appropriate enzyme, according to the manu-
facturer’s protocol, and the fragments were electropho-
resed on agarose gels and were stained with ethidium
bromide.

Data Management and Simple Statistics

All typing results were entered, as individual pheno-
types, into PhenoDB2, our client-server database system
for genetic marker data (Cheung et al. 1996). The un-
derlying software has recently been converted from 4th-
Dimension-Sybase to Access-Oracle but otherwise re-
mains conceptually as originally described. Using the
phenotype-genotype correspondences entered for each
system (codominant for the SNPs in this study),
PhenoDB2 calculates allele frequencies and tests for
Hardy-Weinberg (H-W) ratios. Output files of specified
multisite phenotypes for each individual in each popu-
lation are generated for input into other programs.
FENGEN (A. J. Pakstis, unpublished data; source code
available from the Kidd Lab Home Page) also calculates
allele frequencies and tests for H-W ratios, provides or-
ganized summary tables, and prepares input files for
haplotype analyses.

Haplotype-Frequency Estimation

Since most population samples consisted of unrelated
individuals, family data could not be used to set phase
in multiply heterozygous individuals. Instead, maxi-
mum-likelihood estimates of haplotype frequencies and
the standard errors (jackknife method) were calculated
from the multisite marker-typing data, by use of either
the program HAPLO (Hawley and Kidd 199S5), which
implements the EM algorithm (Dempster et al. 1977),
or the derivative, HAPLO/P (Zhao et al. 1997, 1999).
HAPLO accommodates individuals with either missing
data at some sites or partial phase information, by giving
them unique phenotypes corresponding to the set of
underlying genotypes compatible with the information
available, as explained by Hawley and Kidd (1995). In
some cases, first-degree relatives could be used to fully
or partially determine the haplotypes on the basis of
transmission patterns, and that information was incor-
porated into the frequency estimates. In most cases,
known relationships were distant, and such individuals
were included as though they were unrelated. This does
not bias the estimates but does increase the sampling
error somewhat. Expected heterozygosities for individ-
ual sites and for the haplotypes have been estimated as
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Figure 1 Map of four RSPs at the PAH locus. The numbered

boxes correspond to the first 9 of the 13 exons. Relative spacing is
the best estimate from multiple sources (see the text).

1 — Ip?, where p, represents the allele or haplotype fre-
quencies for the system.

Disequilibrium

The standardized, pairwise linkage-disequilibrium
value D' (Lewontin 1964) was calculated for each pair
of markers, and the null hypothesis of linkage equilib-
rium (D' = 0) was tested with an asymptotically x* sta-
tistic (see eq. 3.10 in Weir 1996), by means of the com-
puter program LINKD (A. J. Pakstis, unpublished data;
source code available from the Kidd Lab Home Page)
and with the sample sizes and haplotype frequency es-
timates from HAPLO used as input. Overall disequilib-
rium, the deviation of observed (i.e., estimated from the
data) haplotype frequencies from those expected under
random association of alleles at all sites considered si-
multaneously, can be estimated in two ways. HAPLO
calculates a likelihood-ratio statistic that can, under
some circumstances, be interpreted as an asymptotic x*
statistic measuring overall nonrandomness. Alterna-
tively, a permutation test can be used to measure sig-
nificance of overall nonrandomness across multiple sites
with multiple alleles, without the assumption of a x?
distribution or any specific distribution (Zhao et al.
1997, 1999; Kidd et al. 1998). We used the program
HAPLO/P to generate 1,000 permuted samples for each
of the 29 population samples and measured significance
as the fraction of permuted samples with likelihood-ratio
statistics greater than the observed value.

Quantification of Overall Disequilibrium

Since the significance of the disequilibrium does not
quantify the amount of disequilibrium, we have devel-
oped a standardized coefficient, £, to allow compari-
sons among populations (Zhao et al. 1999): £ =
(\/Z/N)[(t — w/o]. This coefficient standardizes the ob-
served likelihood-ratio statistic, using the permutation
distribution, the sample size, and the complexity (or de-
grees of freedom [df]) of the haplotype system, where ¢
is the observed likelihood-ratio statistic, u and ¢ are,
respectively, the mean and SD of the permutation dis-
tribution, N is the number of individuals in the sample,
and v is the df of the system in that population.
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Segment Disequilibrium

In a multisite haplotype system, we can shift our tra-
ditional focus from disequilibrium between two sites to
disequilibrium across a segment of the DNA. Specifically,
in the case of PAH, we can consider the disequilibrium
that exists across the long middle segment (fig. 1). There
are four pairwise disequilibrium coefficients that provide
information relevant to this segment; but how to com-
bine them is not obvious.

The null hypothesis to be tested for the segment link-
age equilibrium is that there is no linkage disequilibrium
across the segment but that there can be linkage dis-
equilibrium for markers within the two groups on either
side of the segment. For the marker systems considered
here, the Bg/Il and Pyull sites form one group, and the
Mspl and Xmnl sites form the other group. Because the
asymptotic distribution may not always provide a good
approximation for assessment of statistical significance
in complex data sets such as this, we use a permutation
test to estimate statistical significance. For each per-
mutation, the permuted sample is constructed by inde-
pendently permuting the genotypes (phenotypes) at Bg/II
and Pvull as one group and the genotypes (phenotypes)
at Mspl and Xmmnl as the other group. The likelihood
ratio—test statistic is calculated for each permuted sample
for the null hypothesis of no linkage disequilibrium be-
tween (Bg/II,Pvull) and (Mspl,Xmnl). For both the per-
muted samples and the denominator of the likelihood
ratio, the phase ambiguity is preserved for double het-
erozygotes for either of the site pairs; thus, strictly con-
sidered, it is the paired phenotypes that are permuted.
After generation of a large number of permuted samples
and calculation of the likelihood ratio—test statistics, the
significance level of the observed sample is estimated as
the proportion of the permuted samples with likelihood-
ratio statistics larger than that for the observed sample.
We have used the segment disequilibrium test to deter-
mine the significance of linkage disequilibrium across the
central segment of PAH in each of the 29 population
samples.

Frequency Variation among Populations

Variation in allele and haplotype frequencies was mea-
sured as Fg, estimated as 0,/(p q) for each biallelic site
and as the weighted average of the standardized variance
for each haplotype for the combined four-site system.
To determine whether the haplotype-frequency profiles
for any two population samples were different from one
another (i.e., whether we were sampling from the same
or different groups), the genetic heterogeneity test of
Workman and Niswander (1970) was applied. This ge-
netic heterogeneity test resembles a likelihood-ratio x*
test and can handle the situation often found for our
multisite haplotypes when we have many alleles and a
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number of them will have very small expected values
even in large samples. The simple x> test cannot be ap-
plied appropriately in such situations. The Workman
and Niswander (1970) test finds the sum of the weighted
and squared frequencies of each allele, in turn, across
the groups being compared, and subtracts the square of
the weighted average of the ith allele. The weighting is
a function of the sample sizes, and the accumulated sum
is multiplied by twice the number of subjects in the sam-
ple, so that the resulting statistic follows the x* distri-
bution. In the population comparisons performed, the
df equal one less than the number of nonzero alleles.

Results

Marker typings for the four SNPs have been collected
on a total of 1,485 individuals in the 29 distinct pop-
ulations. Typing was >98% complete across all markers
and populations, with the missing data scattered in an
apparently random pattern. All individuals had multisite
phenotypes, with typing data at three or four of the sites.
In all, we observed 94 distinct four-site phenotypes
(counting the 32 that involved missing data) across all
29 populations (data not shown).

Individual Site Results

Allele frequencies and sample sizes for all four SNPs
in all 29 populations are given in ALFRED (Kidd Lab
Home Page), an Internet-accessible allele frequency da-
tabase (Cheung et al. 20004, 20000). Allele frequencies
at each polymorphic site were estimated by simple gene
counting, and binomial standard errors can be calculated
from the information given in the database. All four sites
are polymorphic in all 29 populations. In table 1, het-
erozygosities are given, for each RSP, as the mean and
the range seen in each geographic region. Only 3 of the
120 H-W tests (4 sites in each of 30 populations) were
significant at P < .01, one each at P<.01 (Druze at
BglIl), P<.005 (Ethiopian Jews at Pyull), and P <
.001 (Finns at Xmnl). Different populations and differ-
ent sites were involved in all three; for each of those
three populations, the other three sites did not show
significant deviation from H-W ratios. Consequently, we
do not consider any of these as being indicative of mean-
ingful deviation from H-W ratios and random mating.

For each site, there is highly significant allele-fre-
quency variation among the populations, but no attempt
has been made to test for significance of pairwise dif-
ferences in frequencies. The ranges of allele frequencies,
when we focus on the site-present allele in each case,
are .12-.84 for Bglll, .15-.89 for Puvull, .07-.81 for
Mspl, and .06-.94 for Xmmnl. The Fq; values across all
29 populations are .167 (Bglll), .145 (Pvull), .238
(Mspl), .314 (Xmmnl), and .169 (haplotype) (table 2). The
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Table 1

Expected Heterozygosity, by Site and Geographic Region
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AVERAGE EXPECTED HETEROZYGOSITY (RANGE)*

RSP
REGION (NO. OF POPULATIONS) Bglll Poull Mspl Xmnl Haplotype®
Africa (4) 46 (41-49) 45 (44-46) 39 (34-45) .36 (.29-.41) 81
Europe and southwestern Asia (9) .41 (.28-.49) .44 (.35-.50) .49 (.46-.50) .42 (.10-.50) 77
Eastern Asia (7) 32 (21-49) 37 (21-50) .21 (.14-.38) .18 (.11-.34) .55
Melanesia (1) 23 .19 .50 .50 .67
Siberia (1) 34 38 45 .50 77
North America (4) A1 (27-.50) .40 (26-.48) .37 (.31-.42) .33 (.29-.38) .58
South America (3) 41 (.36-49) .46 (.39-49) 43 (37-47) .41 (.33-.45) 74

* Calculated as the unweighted average of values for each site in the populations within a region. For each
population the heterozygosity values are calculated as (1.0 — Zp?), where p, represents the two allele frequencies
obtained by simple gene counting for each sample and site.

" For the heterozygosities in specific population samples, see table 2.

Fgr values, by geographic region, are also given in table
2. In all but one case, the regional values are smaller
than the global value.

Haplotype Frequencies and Patterns of Variation

The maximum-likelihood estimates of the frequencies
of the 16 possible haplotypes for each population are
given in table 3. From these frequencies and the total
number of chromosomes (2N) (in table 3, for each pop-
ulation), the binomial standard errors can be estimated.
For 24% of the non-zero frequency estimates, the jack-
knife standard-error estimates calculated by HAPLO
were almost the same as the binomial standard-error
estimate, mostly for the larger frequency estimates. For
72% of the frequency estimates, the jackknife estimates
were larger than the binomial estimates by up to twice
the amount. For only ~4% of the frequency estimates
were the jackknife estimates more than twice the bi-
nomial estimates, usually for frequency estimates <2 %.
Those jackknife estimates of the standard errors are
given in ALFRED (Kidd Lab Home Page).

Five of the 16 haplotypes never occur at a frequency
>.04 and are present in only a minority of the popula-
tions. Conversely, no haplotype was definitely present in
all population samples. Thus, every haplotype has a fre-
quency range across these 29 populations, with a min-
imum of 0 and a maximum that ranges from .02 (for
1122 and 2211 [where “1” denotes site absence, and
“2” denotes site presence]) to .78 (for 2121), depending
on the haplotype.

Ancestral and Derived Alleles

On the basis of the sequence of other hominoid spe-
cies, Iyengar et al. (1998) determined the ancestral states
of the BglII (site present), Pvull (site absent), and Mspl
(site present) polymorphisms. As part of the present
study, the same primers and PCR protocol that were

used to type humans were used to amplify the region
homologous to the Xmmnl polymorphism in two chim-
panzees and two gorillas. The PCR products do not cut
with Xmmnl, implying that site absence is the ancestral
human state. Iyengar et al. (1998) noted that, for the
Bglll, Pvull, and Mspl sites, whether the ancestral or
derived allele was the more common depended on which
human population was studied. The same holds for the
Xmmnl site, with the frequency of the ancestral allele (site
absent, or “1”) ranging from .061 in the Hakka to .944
in the Finns.

The haplotype with all four ancestral hominid alleles,
2121, was undoubtedly the original one from which the
other 15 haplotypes evolved through a combination of
mutations and crossovers. The ancestral haplotype has
its highest frequencies in Native American populations;
in six of the seven Native American populations (all but
the Karitiana), it is more frequent (range .41-.78) than
in any other population studied. Its next most frequent
occurrence is at .26 in the Biaka. In contrast, the quad-
ruply derived haplotype, 1212, is most frequent (range
46-.73) in the eastern-Asian populations.

Haplotype-Frequency Differences

The Workman and Niswander (1970) genetic-heter-
ogeneity test was employed to compare PAH haplotype
frequencies for all 29 population samples pairwise (406
tests), in order to test the null hypothesis that each paired
sample was drawn from the same population. Some 368
test comparisons have P < .001, whereas only 16 of the
comparisons are not significant (P >.050). Even such
(presumably) recently separated populations as the Han
from Taiwan and the Han from southern China (sam-
pled in San Francisco) are, by the Niswander and Work-
man (1970) test, significantly different samples. The 39
comparisons that are either nonsignificant or only
weakly to moderately significant are almost entirely be-
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Table 2
Fs;, by Geographical Regions and Globally, for Each PAH RSP and for the Four-Site Haplotype
FST
Sub-Saharan Europe and Eastern North South

PAH Global Africa Southwestern Asia Asia America  America
Bglll .16 .05 .03 .05 12 18
Pyull .14 .07 .03 .06 12 .07
Mspl 23 18 .02 .04 .01 .01
Xmnl 31 25 .10 .02 .01 .02
Haplotype 13 .06 .04 .05 .05 .08

tween populations within the same geographic region.
Of the pairwise comparisons that involved populations
in different geographic regions, all but 13 were signifi-
cant at P <.001. Eight were significant at .001<P <
.005: Cambodians with Yemenites; Yakut with Adygei,
Russians, mixed Europeans, and Atayal; and Karitiana
with Druze, mixed Europeans, and Nasioi. Only five
such pairwise comparisons had P >.005: three, involv-
ing the Karitiana (with Adygei, Russians, and Finns),
were P <.05; one, comparing Nasioi and Danes, was
P < .01; and one, comparing Yakut and Yemenites, was
not significant.

Pairwise Linkage Disequilibrium

All six pairwise D' values (table 4) were calculated,
and the significance level was evaluated by the asymp-
totic x> test statistic (see eq. 3.10 in the work of Weir
[1996]). On a global level, only the BgllI-Pvull and
Mspl-Xmnl values gave a consistent pattern. Bg/II-Pyull
comparisons gave mostly negative D' values, most of
which were even more extreme than —.6 and significant
at P <.001, with only five exceptions: two populations
(Biaka and Nasioi) did not have significant disequilib-
rium; one population (Ethiopian Jews) had a large pos-
itive D’ value of .63, significant at P < .05; and two pop-
ulations (Mbuti and Yoruba) had less-extreme negative
D' values, significant at P <.05 and P <.005, respec-
tively. For the Mspl-Xmmnl comparison, only one pop-
ulation (Hakka) did not have a significant D', and one
population (Finns) had a value significant at only .01;
all others had D’ values more extreme than —.79, with
P <.001. In combination, these two pairwise compari-
sons are sufficient to explain the significance of the over-
all nonrandomness indicated by the likelihood-ratio and
permutation tests (see below).

The four pairwise comparisons between sites at either
end of the large central region give a consistent pattern
of significance for only a subset of the populations: the
four North American Indian populations and the Ron-
donian Surui from Brazil. For these five populations, the
D' values are uniformly large (i.e., |D’| >.50) and are
significant at P <.001, for all four comparisons. Only
one other population, the Yoruba, has a value that

reaches this level of significance—and then for only one
of the four comparisons. In most of the remaining com-
parisons, the value is not significantly different from
zero.

Overall Linkage Disequilibrium

The asymptotic likelihood-ratio x* for overall linkage
disequilibrium is given in table 3. This x* has 11 df, and
the significance levels are <.0001 for all populations ex-
cept Ethiopian Jews, in whom significance reaches only
P <.001. By the permutation test with 1,000 permuta-
tions, all samples but one were significant at P <.001,
because none of the permutated samples gave a likeli-
hood-ratio statistic larger than the observed value; the
exception was the Yoruba, in whom two permuted sam-
ples exceeded the likelihood ratio of the observed value,
thereby giving a significance level of P = .002, with an
upper confidence level of .005. Thus, we can confidently
state that significant nonrandomness of alleles on chro-
mosomes exists in all populations studied. This is not
surprising, since we observed that most populations
showed significant disequilibrium within each of the two
pairs of sites at either end of the region.

Figure 2 graphs the estimate of the & coefficient for
the four-site-haplotype system, in 29 populations. This
standardized measure shows considerable variation
among populations, even within a geographic region.
The arrangement of the populations within geographic
regions is arbitrary. However, the clear impression is that
there are lower values within Africa and larger values
outside Africa, with an increase, on average, as the dis-
tance from Africa increases. The unweighted regional
average of the £ coefficients does increase from .92 in
Africa to 1.86 in Europe, 1.88 in eastern Asia, 2.64 in
North America, and 1.84 in South America. Although
this is not a simple linear trend, all averages outside
Africa are at least twice as large as the African average,
and the Native American populations, especially those
in North America, show more nonrandomness than is
seen elsewhere.



Table 3

PAH Four-Site Haplotype-Frequency Estimates, Sample Sizes, Expected Heterozygosities, and Global Tests of Linkage Disequilibrium, for 29 Population Samples

LINKAGE DISEQUILIBRIUM OF HAPLOTYPE?

EXPECTED LIKELIHOOD-
POPULATION (2N) HETEROZYGOSITY  RATIO %** 1111 1112 1121 1122 1211 1212 1221 1222 2111 2112 2121 2122 2211 2212 2221 2222
Biaka (140) .85 80.9 018 .136 .147 O 0 .019 .109 0 042 .055 260 O 0 .076 .131 .008
Mbuti (78) .78 57.4 0 382 .020 O 0o .116 .110 .038 0 .203 .07 0 .013 .043 O 0
Yoruba (112) .83 46.6 .039 .054 190 O 0 0 .265 .014 .029 .093 .213 .01§ O 0o .087 0
Ethiopians (62) .80 35.5 0 122 195 O 0 .118 .282 0 037 0 0 0 0 0 .227 .017
Yemenites (86) .81 77.7 .030 .025 .030 0 .044 .341 .133 014 O 135 176 O 0 .030 .018 .026
Druze (154) .74 245.0 0 .022 .044 0 .006 .331 .331 0 0o 127 132 0 0 0 .006 0
Samaritans (80) .85 63.1 0 0 112 0 .143 .126 .206 0 157 124 132 0 0 0 0 0
Adygei (108) 77 162.0 0 .022 .043 0 .019 .297 313 .010 0 .143 153 O 0 0 0 0
Russians (96) .75 119.8 010 0 .062 0 .027 .233 .407 0 035 .121 .104 O 0 0 0 0
Danes (102) .80 125.8 0 .018 .019 O 0 275 .268 0 .010 .146 .083 O 0 .042 .141 0
Finns (72) .67 49.5 032 0 0 0 .208 .028 .523 0 065 .028 .101 O 0 0 015 0
Irish (162) .80 84.2 .021 .050 .177 0 .089 .124 365 .007 .010 .073 .065 O 0 0 .020 0
Europeans (180) 77 191.2 0o .009 .047 0 .032 317 291 .012 O .090 .168 O .003 O .032 O
San Francisco Chinese (116) 5SS 84.0 0 .070 O 0 0 .643 .070 .009 .009 .173 .007 O 0o .018 0 0
Taiwanese Chinese (100) 51 70.3 0 .052 .040 0 .010 .672 .015 0 0o .173 .004 .010 O .012 .011 0
Hakka (82) .69 55.4 0 .037 0 0 .061 465 O 230 0 182 0 .026 O 0 0 0
Japanese (98) S1 80.1 0 .063 .029 0 .018 .678 .028 0 0o 157 .027 0 0 0 0 0
Ami (80) 45 73.1 0 .043 .020 O 0 .728 .060 0 0 .117 .021 .012 O 0 0 0
Atayal (84) .50 89.6 0 0 0 0 .040 .685 .157 0 .009 .100 .010 O 0 0 0 0
Cambodians (50) .64 44.3 0 .041 .019 .021 0 .459 .039 0 021 378 0 0 0 .021 0 0
Nasioi (46) .67 51.3 0o .072 0 0 0 302 474 .022 0 .037 O 0 0 .068 .026 O
Yakut (102) 77 76.5 032 0 .029 0 .126 .405 .180 .012 .030 .053 .111 O .011 O .011 0
Cheyenne (112) .70 182.6 0 0 0 0 .064 .185 .302 .029 O 0 411 0 0 0 .009 0
Arizona Pima (102) 57 109.8 .036 .048 O 0 0 .129 .042 0 029 0 633 0 .020 0 .064 O
Mexican Pima (106) .37 170.7 0 .009 0 0 .009 .112 .030 0 0 .058 .782 0 0 0 0 0
Maya (106) .68 124.4 019 0 .083 .010 .048 .214 .080 0 0 .010 .505 .010 O .010 .012 O
Ticuna (134) 72 88.0 0 0 .08 0 .013 .026 .126 .008 .039 .149 .484 .008 .008 .010 .070 O
Rondonian Surui (92) .72 138.4 0 0o 155 0 .025 291 .073 .033 O 0 411 0 0 013 0 0
Karitiana (108) .78 98.9 .008 .105 .065 0 .020 .138 .395 0 .013 .086 .135 O 0 0 .034 0
P<

* Comparison of data (as multisite phenotypes): estimated haplotype frequencies versus equilibrium haplotype frequencies. All values are statistically significant at

.0001— except for the Ethiopian Jews, in whom the values are statistically significant at P <.001.
" The four restriction sites of each haplotypes, listed in order from left to right, are Bgl/Il, Pvull, Mspl, and Xmmnl. The frequencies shown are maximum-likelihood estimates

calculated by the HAPLO program (Hawley and Kidd 1995).
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Table 4
D', x*, and P Values at the PAH Locus, for the Six Possible Pairings of Polymorphic Sites

BglIl, Pyull Bglll, Mspl Bglll, Xmnl Poull, Mspl Poull, Xmnl Mspl, Xmnl
Population D2 XZ b Pe D'? XZ b Pe D'® XZ b P D'a Xz b Pe D'® XZ b P D'a XZ b Pe
Biaka .13 9 NS A3 1.5 NS —-.17 23 NS 20 1.5 NS .01 0 NS -.96 101.2 .001
Mbuti —.48 4.2 .050 -.08 .1 NS -.10 .5 NS 42 9.6 .005 —-36 6.0 .050 -.92 57.5 .001
Yoruba —-.46 105 .005 —-.23 2.1 NS 31 3.0 NS 1.00 17.8 .001 -.78 8.5 .005 -.79 54.5 .001
Ethiopians .63 §.3 .050 .52 26 NS -.77 49 .050 .34 50 .050 —.18 1.3 NS -.90 459 .001
Yemenites -.68 382 .001 .29 69 .010 —-.13 12 NS -21 3.6 NS 29 6.3 .050 —-.82 50.7 .001
Druze -.96 107.1 .001 .01 .0 NS .00 .0 NS -.06 2 NS .05 .1 NS -1.00 150.3 .001
Samaritans -1.00 50.9 .001 -.29 3.9 .050 .14 .8 NS -.04 .1 NS .05 .1 NS -1.00 21.8 .001
Adygei -1.00 80.4 .001 -.00 .0 NS .02 .0 NS -.05 .1 NS .03 .1 NS —-96 95.8 .001
Russians -1.00 67.9 .001 -.30 4.2 .050 .17 1.8 NS A3 1.1 NS -.02 .0 NS -1.00 70.9 .001
Danes -.77 31.5 .001 .04 .1 NS -.07 3 NS 28 3.1 NS —-22 2.0 NS -1.00 98.0 .001
Finns -.91 53.6 .001 -.13 .6 NS 37 22 NS 30 34 NS -35 1.8 NS -1.00 7.6 .010
Irish —-.80 322 .001 -.20 2.3 NS 24 5.6 .050 .04 2 NS —-15 1.8 NS -96 87.1 .001
Europeans -.83 111.3 .001 .29 5.2 .050 —-.28 4.5 .050 —-.30 59 .050 .26 4.3 .050 —.95 147.1 .001
San Francisco Chinese —.88 67.5 .001 —-.61 1.0 NS .10 .0 NS 69 1.8 NS -.28 3 NS —-.88 91.0 .001
Taiwanese Chinese -.85 494 .001 .13 .6 NS 11 0O NS -—-.55 6.8 .010 .38 32 NS -—-.86 74.7 .001
Hakka -1.00 66.4 .001 —-.51 19 NS 1.00 14 NS 59 3.1 NS -1.00 1.7 NS 1.00 1.8 NS
Japanese -1.00 §8.0 .001 .17 1.1 NS -.10 S NS —-354 69 .010 .38 4.1 .050 -1.00 79.1 .001
Ami -1.00 52.2 .001 .17 1.6 NS -.07 2 NS —-33 40 .050 .24 2.0 NS -1.00 70.5 .001
Atayal -1.00 84.0 .001 -.50 .6 NS .26 .2 NS .50 6 NS -.26 .2 NS -1.00 61.1 .001
Cambodians -.90 32.0 .001 -1.00 3.1 NS 37 4 NS -.05 .0 NS .05 0 NS -—-.71 253 .001
Nasioi —.24 21 NS -.62 29 NS 60 2.5 NS 1.00 6.1 .050 -1.00 5.6 .050 -1.00 42.1 .001
Yakut —-.86 61.2 .001 34 6.1 .050 —.48 5.7 .050 —-.31 6.6 .050 .56 9.6 .005 —-.93 40.4 .001
Cheyenne -1.00 107.9 .001 1.00 26.9 .001 -1.00 22.1 .001 -1.00 25.9 .001 1.00 21.3 .001 -.82 61.8 .001
Arizona Pima -.56 31.8 .001 .78 59.4 .001 -1.00 64.1 .001 —.44 18.8 .001 .64 25.9 .001 -1.00 61.8 .001
Mexican Pima -1.00 99.0 .001 .77 S51.9 .001 -.70 45.8 .001 -.7§ 46.5 .001 .68 40.6 .001 -1.00 99.8 .001
Maya -.89 57.7 .001 .88 42.4 .001 —.78 26.7 .001 —.85 57.4 .001 .81 41.8 .001 —-.89 66.0 .001
Ticuna —-.66 49.7 .001 -.31 13 NS 27 .7 NS 11 2 NS -.16 3 NS -.89 83.1 .001
Rondonian Surui —-.93 449 .001 91 272 .001 —-.91 28.3 .001 -1.00 $58.6 .001 1.00 60.8 .001 —-.88 69.6 .001
Karitiana -.78 34.7 .001 .00 .0 NS -.03 .0 NS 27 6.8 .010 —-.29 6.2 .050 -1.00 90.2 .001

* Value has been tested for statistical significance, under the null hypothesis that D' = 0.

b1 df.

¢ Significance interval. “NS” indicates that P >.050. A probability of .050 is assigned when .050 < P >.010; a probability of .010 is assigned
when .010 < P >.005; a probability of .005 is assigned when .005 < P >.001; and a probability of .001 is assigned when P < .001.

Segment Linkage Disequilibrium

The results of the segment disequilibrium test are given
in table 3, for all 29 populations. The test compares the
likelihood ratio for the observed data with the distri-
bution of likelihood-ratio statistics from 1,000 permu-
tations, summarized as the mean and variance. The
probability is the fraction of the 1,000 permutations that
had a likelihood-ratio statistic greater than the observed
value. Not surprisingly, the test supports the consistent
pairwise results for highly significant nonrandomness
across the central segment in all of the North American
Indian populations and in the Rondonian Surui of Brazil.
Only two other populations give significant results: the
Mbuti, at P = .003; and the Taiwanese Chinese, at P =
.039; in the context of 29 tests, the value for the Tai-
wanese Chinese is probably not meaningful.

Discussion

Site and Haplotype-Frequency Variation

No previous studies of these polymorphisms have in-
cluded American Indian or African populations or large

numbers of eastern Asians. These SNPs were originally
discovered in populations of European ancestry, as tools
for genetic counseling of families with PKUj; heterozy-
gosities close to 50% were optimal for that purpose, and
all four of these SNPs have heterozygosities in the range
of 30%-50%, in most European populations. Although
each site is a simple biallelic system, all four sites are
also highly polymorphic globally. In our study, none of
the alleles at any of the sites has gone to fixation in any
population, and the minimum allele frequency in any
population at any of the sites is .056 at the Xmmnl site
(allele “2”) in Finns. The expected heterozygosity is like-
wise high for the four-site haplotypes, ranging from .85
in the Biaka to .37 in the Mexican Pima. Interestingly,
each of the heterozygosities for the four markers indi-
vidually and for the haplotype was higher, on average,
in the seven Native American groups than it was in the
seven Asian groups. Regional heterozygosities at a large
number of other loci in some of these same population
samples show lower average heterozygosities in Amer-
ican Indian populations than in eastern Asian popula-
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Figure 2 Overall linkage disequilibrium as the ¢ coefficient for

the four-site PAH haplotype in 29 populations. Coefficients are given
for each population ordered, left to right, in the same order as the
top-to-bottom sequence in tables 3 and 4. Geographic groupings are
indicated across the top and bottom, as in figure 4; M. = Melanesia
(Nasioi), and S. = Siberia (Yakut). All values are statistically significant
at P <.001, except for the Yoruba, in whom the values are statistically
significant at P = .002.

tions and similar levels of heterozygosity in the eastern
Asian and in the European populations (e.g., see Kidd
et al. 1991, 1993; Calafell et al. 1998; for data on other
loci, see ALFRED [Kidd Lab Home Page]). The pattern
here—of the lowest heterozygosities occurring in eastern
Asia—is clearly unusual.

The haplotype frequencies for the population can
be estimated directly by gene counting in a sample of
unrelated individuals, by use of either phase-known
genotypes obtained from family data (as in Dilella et
al. 1986b) or molecular haplotyping methods (Ruano
and Kidd 1991; Michalatos-Beloin et al. 1996). Alter-
natively, haplotype frequencies for the populations can
be estimated from the multisite phenotype data in a sam-
ple of unrelated individuals by use of maximum likeli-
hood as implemented in any of several computer pro-
grams (e.g., see Excoffier and Slatkin 1995; Hawley and
Kidd 1995; Long et al. 1995). We have estimated hap-
lotype frequencies by using the maximum-likelihood
method described by Hawley and Kidd (199S5). The jack-
knife estimate of the standard error specifically accounts
for the increased uncertainty in the haplotype-frequency
estimates versus estimates based entirely on gene count-
ing in a sample of the same size for which the binomial
standard-error estimates would be appropriate. The fact
that, in general, the jackknife estimates are not excep-
tionally larger than the binomial standard-error esti-
mates is a reflection of the high percentage of unambig-
uous chromosomes in these samples. In more than half
the populations, more than half the chromosomes in the
sample were unambiguously specifiable on the basis of
the multisite phenotype: either all sites were homozygous
or only one site was heterozygous (table 6). This level
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of specification greatly constrains the estimates that the
EM algorithm can produce. Additional constraint comes
from the large number of individuals heterozygous at
only two sites for whom only two possible genotypes
(of the total of 136 possible a priori) are possible. As a
fraction of all chromosomes sampled, these two cate-
gories of multisite phenotypes accounted for a minimum
of 51% (the Ethiopian sample) to >90% (the Atayal and
Cambodian samples) (table 6). All 16 of the possible
haplotypes were observed to be present in at least one
of the populations (table 3). Five haplotypes are globally
quite rare. Each is an “observed” haplotype—that is, at
least one individual heterozygous at only one of the four
sites implies the presence of the haplotype—in at least
one population. In some populations, each of these hap-
lotypes may have been inferred to be present only by
the maximum-likelihood method of estimation of hap-
lotype frequencies.

Our analyses of genetic similarity in subsets of these
29 populations, using different data sets (Kidd and Kidd

Table 5

Linkage Disequilibrium Segment Test Results Comparing
(Bg/l,Pvull) Paired Sites versus (Mspl,Xmnl) Paired Sites, at the
PAH Locus

Observed
Likelihood-

Population Ratio x* Mean*  Variance® PP

Biaka 11.97 9.02 15.44 206
Mbuti 19.40 9.12 10.43 .003
Yoruba 8.91 9.89 14.20 .560
Ethiopians 7.32 7.74 8.68 510
Yemenites 16.27 10.04 12.89 .057
Druze 1.38 4.74 8.20 951
Samaritans 7.75 4.95 9.40 172
Adygei 3.31 5.77 8.22 .808
Russians 5.87 4.15 7.43 224
Danes 6.43 5.21 6.52 263
Finns 5.41 5.40 7.72 417
Irish 7.19 8.30 11.88 562
Europeans 10.85 8.44 14.31 244
San Francisco Chinese 4.55 6.42 9.62 .691
Taiwanese Chinese 12.22 6.27 7.36 .039
Hakka 4.95 5.05 8.66 434
Japanese 4.99 3.60 4.27 .199
Ami 3.90 3.21 4.08 .280
Atayal .14 1.88 2.87 .887
Cambodians 7.71 6.54 9.29 316
Nasioi 6.76 5.93 8.22 .388
Yakut 7.38 8.37 12.57 566
Cheyenne 27.01 5.71 11.25 0

Arizona Pima 57.05 6.04 8.70 0

Mexican Pima 31.95 3.32 5.52 0

Maya 45.34 8.61 13.52 0

Ticuna 5.02 8.54 13.48 .846
R. Surui 56.33 8.34 13.35 0

Karitiana 5.08 6.23 10.02 .599

* For permuted distributions.
" Fraction of 1,000 permutations greater than that of the observed
likelihood-ratio x*.
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Table 6

Distribution of Individuals, by Number of Heterozygous Sites

NoO. OF HETEROZYGOUS SITES®
(No. of Individuals)

POPULATION (NO.) Zero or One® Two*
Biaka (70) 28 17
Mbuti (39) 21 8
Yoruba (56) 29 13
Ethiopians (31) 10 6
Yemenites (43) 12 19
Druze (77) 30 34
Samaritans (40) 12 13
Adygei (54) 22 21
Russians (48) 20 15
Danes (51) 21 18
Finns (36) 22 7
Irish (81) 35 23
Europeans (90) 28 27
San Francisco Chinese (58) 33 18
Taiwanese Chinese (50) 28 16
Hakka (41) 27 8
Japanese (49) 29 14
Ami (40) 25 10
Atayal (42) 23 15
Cambodians (25) 14 9
Nasioi (23) 13 7
Yakut (51) 21 18
Cheyenne (56) 29 16
Arizona Pima (51) 28 6
Mexican Pima (53) 34 9
Maya (53) 22 10
Ticuna (67) 35 23
Rondonian Surui (46) 22 3
Karitiana (54) 22 13

* Based on the assumption of codominant, biallelic genetic systems;
only the two least ambiguous phenotype classes are shown.

" Gene counting. Individuals are either homozygous at all four poly-
morphic sites or heterozygous at only one site; both haplotypes carried
by each individual are thus fully specified.

¢ Ambiguity. Individuals are heterozygous at two of the four sites,
resulting in cis-trans ambiguity.

1996; Calafell et al. 1998), as well as interim analyses
of multilocus data on all 29 populations (Kidd Lab
Home Page), are consistent in showing four groups of
populations corresponding to the geographic locations
of the populations—Africa, Europe and southwestern
Asia, eastern Asia, and the Americas—with genetic dis-
tances within each group that, in general, are smaller
than those between groups. The Nasioi from Melanesia
and the Yakut from Siberia are distinct and do not cluster
either with each other or with any of the four groups.
Simple inspection of site and haplotype-allele frequen-
cies at PAH (table 3) suggests that this locus gives a
concordant pattern that is supported by Fs, values be-
ing smaller for populations within each geographically
defined region than they are globally, for both the hap-
lotype data and the individual site data (with one ex-
ception) (table 2). It is also supported by a principal-
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components analysis (PCA) of the haplotype frequencies
at PAH (fig. 3). All of these analyses support the validity
of the regional summaries of heterozygosity (table 1) and
of haplotype-frequency data (fig. 4).

For haplotype frequencies, the pattern of results for
the pairwise comparison of the samples, with the Work-
man and Niswander (1970) genetic-heterogeneity test
(results not shown), is illuminating and both supports
the validity of the summaries in tables 1 and 2 and in
figure 4 and demonstrates that most samples represent
distinct populations, since the vast majority of the 406
pairwise comparisons differ significantly, at P < .001.

Nonrandomness of Alleles on Chromosomes

The presence of disequilibrium in a complex haplo-
type is determined by comparison of the maximum-like-
lihood estimates of the haplotype frequencies with the
haplotype frequencies predicted by multiplication of the
allele frequencies at the individual sites. Determining the
overall significance levels of any linkage disequilibrium
is straightforward by likelihood-ratio or “direct” x*
statistics if the haplotypes are simple, two-site systems;
however, when there are many sites involved, experience
demonstrates that the likelihood ratio-test statistic does
not always closely approximate a x* distribution, be-
cause (1) the expected number of some phenotypes may
be small for some populations and (2) not all markers
are typed on all individuals—that is, data are incomplete
(Kidd et al. 1998; Zhao et al. 1999); and both of these
conditions pertain in the present data set. Therefore,
instead of relying on the asymptotic theory, we have also
utilized the permutation test (Zhao et al. 1999), to ob-
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Figure 3 PCA (as described in Chang et al. 1996) of 29 pop-
ulations, on the basis of PAH haplotype-frequency data. African pop-
ulations are represented by circles, European and southwest-Asian
populations by squares, eastern-Asian populations by triangles, Native
American populations by crosses, the Melanesian population by a plus
sign, and the Siberian population by a diamond. These first two prin-
cipal components account for 68.0% of the variance.
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Average frequencies of the eight most frequent haplotypes, by geographic region. The averages are given as horizontally stacked

bars, on the basis of data in table 3, with the number of populations, averaged for each region, given in the right margin. Melanesia and Siberia
have only one population each—Nasioi and Yakut, respectively. The haplotypes are coded as in table 3: “1” indicates that the site is absent,
and “2” indicates that the site is present, for the sites ordered as in figure 1. The frequency of the ancestral haplotype is given, starting at the
left margin, and the frequency of the quadruply derived haplotype appears immediately to its right.

tain the statistical significance of observed likelihood-
ratio statistics (Good 1995). The statistical-significance
levels of overall linkage disequilibrium were determined
for each of the 29 populations, from both asymptotic
x> (by HAPLO) distributions and from 1,000 permu-
tations. Exact significance levels cannot be compared
between the two approaches. Likelihood-ratio x* values
were significant at P < .0001 for all populations but the
Ethiopian Jews (P <.001). In contrast, the permutation
results could give significance values of P <.001 only
when none of the 1,000 permutations exceeded the ob-
served value. By this test, only one population had a
significance value, for overall disequilibrium, that was
>.001: the Yoruba, at P =.002. The Yoruba also have
the smallest £ value of any population studied (fig. 2).
Interestingly, the likelihood-ratio x* for overall disequi-
librium was smaller for the Ethiopian Jews and the Cam-
bodians than for the Yoruba, highlighting the non-
identity of the two measures of significance. Although
the permutation test gives only an upper bound (deter-
mined by the number of permutations), it is not depen-
dent on the assumption of an asymptotic distribution
and is therefore preferable.

When overall linkage disequilibrium is significant, a
subsequent question that we address is how different
sites or segments of DNA contribute to that overall link-
age disequilibrium. Because the number of all pairwise

linkage-disequilibrium calculations is large, and because
there is no meaningful integration of the statistics for
multiple, nonindependent pairs, some researchers have
estimated and tested higher-order disequilibrium coef-
ficients (Piazza 1975; Long et al. 1995), but these higher-
order coefficients are difficult to relate to aspects of the
underlying biology, such as the distribution of disequi-
librium across specific segments within a haplotype. We
have, therefore, applied the Zhao et al. (1999; also, H.
Zhao, A. ]J. Pakstis, J. R. Kidd, and K. K. Kidd, unpub-
lished data) method of segment analysis.

Significance level is not a direct measure of amount
of disequilibrium, but, in this study, it tracks the D’ val-
ues reasonably well, since all sites are reasonably het-
erozygous in all populations and since sample sizes are
all in the range of 25 to slightly >100 individuals. Thus,
when all pairwise comparisons are significant for a pop-
ulation, there is no problem in interpretation of the re-
sults. However, in some cases, especially for the com-
parisons involving one site at each end of the locus, the
different pairwise comparisons do not give such consis-
tent results. Specifically, in the Yoruba one of the four
comparisons was significant at P <.001, one was sig-
nificant at P <.005, and the other two were not signif-
icant; in the Mbuti, one comparison was significant at
P <.005, one was significant at P < .05, and two were
not significant; in the Ethiopian Jews and Nasioi, two
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comparisons were significant at P < .05, and two were
not significant; in the Yemenites, Japanese, and Kariti-
ana, one comparison was significant at P < .01, one was
significant at P < .05, and two were not significant; in
the Samaritans, Russians, Irish, and Ami, one compar-
ison was significant at P < .05 and three were not sig-
nificant; in the Europeans and Yakut, all four compar-
isons were significant at P <.05 or less; and, in the
Taiwanese Chinese, one comparison was significant at
P < .01, and three were not significant. Especially in
these cases that have inconsistent significance levels, the
nonindependence of the four tests and the multiple tests
being done complicate interpretation. In these popula-
tions with inconsistent results of pairwise tests of dis-
equilibrium across the middle segment, the segment test
(table 5) gives a possibly significant result in only three
cases: the results in the Mbuti (at P = .003), the Yemen-
ites (at P =.057), and the Taiwanese Chinese (at P =
.039) can be considered to be possibly significant. In the
context of multiple populations being tested, the dis-
equilibrium in the Mbuti may be the only one that is
possibly significant. In the two cases in which all four
pairwise comparisons gave at least borderline (P < .05)
significance, the segment permutation test was clearly
not significant, at P = .24 and P = .57 for Europeans and
Yakut, respectively. In the other populations, either all
four pairwise comparisons were nonsignificant or all
four pairwise comparisons were significant at the P <
.001 level. The segment test gave concordant results in
these cases. We judge the segment test to be more ac-
curate and clearer than the compilation of possibly dis-
cordant pairwise tests, because it is a single measure
utilizing the information at all four sites and does not
assume an asymptotic distribution. Furthermore, the
segment test relates to the underlying biology in a more
straightforward manner than do the higher-order coef-
ficients. Part of the lack of concordance among the pair-
wise tests may be attributed to the assumption of as-
ymptotic distribution.

Comparison of these results with earlier results shows
that the distance between markers and the type of
marker are probably both important and that the his-
torical time frame for which disequilibrium at a hap-
lotype will be informative is related to both. At least for
SNPs, we see that linkage disequilibrium is highly sig-
nificant at a distance of ~1.8 kb, in essentially all pop-
ulations in all regions of the world. This global consis-
tency presumably reflects a pattern, established early in
human evolution, that, because of the low frequency of
recombination within this short molecular distance, has
not decayed. At CD4, the primary factor was the short
tandem-repeat polymorphism (STRP), which showed lit-
tle to no disequilibrium in Africa, with the biallelic
marker 10 kb away, but showed essentially complete
disequilibrium in non-African populations (Tishkoff et
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al. 1996a). At PAH, the comparably spaced markers
(BglIl and Pyull, at ~7 kb) show linkage disequilibrium
in some of the sub-Saharan populations, presumably be-
cause mutation rates are so much lower than those for
an STRP. However, the disequilibrium, as determined by
both £ and D/, is much stronger in the non-African pop-
ulations. At DRD2 (Kidd et al. 1998) and DM (Tishkoff
et al. 1998), disequilibrium was essentially complete be-
tween the outermost SNPs, ~25 kb apart in both cases,
in virtually all non-African populations but was much
less in sub-Saharan populations. At PAH, there is, as
yet, no pair of sites at that distance. At the larger distance
of ~65 kb across the central segment of PAH, we see
significant linkage disequilibrium in the American Indian
populations and, possibly, in one African population,
the Mbuti. Presumably, this longer distance, with a rel-
atively higher recombination rate, is probing more-
recent founder events. One of those is associated with
the American Indian lineage prior to both the spread
throughout the Americas and the diversification of those
populations. The other is more difficult to identify, if we
accept this as a significant result, as discussed earlier. It
could be a recent founder effect specific to the Mbuti,
or it could be more ancient and have involved the foun-
der population ancestral to several modern Pygmy
groups. The absence of significant linkage disequilibrium
in the other Pygmy group, the Biaka, could be attributed
to recent admixture with non-Pygmy groups, as has been
hypothesized by Cavalli-Sforza (1986, p. 406).

Evolutionary Implications

With mutation rates for single nucleotides estimated
at ~107* (Crow 19935; Li et al. 1996), any SNP must
represent effectively a single mutational event that has
reached polymorphic frequencies through random ge-
netic drift (or selection or hitchhiking). In other homi-
noids, the nucleotides at the position of the human SNP
determine the ancestral allele of the SNP if they corre-
spond to one of the human alleles (Iyengar et al. 1998).
All of the alleles of the derived type are identical by
descent (IBD) from either the original mutant or a later
copy. All of the alleles of the ancestral type are IBD from
some copy of the ancestral allele that may have existed
either earlier than the mutation event or more recently,
depending on the present frequency and the population
history. Coalescent theory can predict the probability
distributions of when those most recent common an-
cestors existed for alleles of both types, if enough is
known about the history of the population(s). By ex-
tension, the ancestral haplotype will be the one com-
posed entirely of ancestral alleles at the individual SNPs;
however, the pool of ancestral haplotypes will not nec-
essarily all be IBD, since recombination can regenerate
the ancestral pattern from haplotypes with derived al-
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leles at different sites. The probability of that is locus
specific and population specific, depending on both re-
combination rates between sites and the frequencies of
the appropriate heterozygotes.

Because the haplotype frequencies vary so much, even
among populations in the same large geographic regions,
it is difficult to make meaningful statistical statements
about how the haplotypes evolved from the ancestral to
the quadruply derived state. Moreover, from inspection
of haplotype frequencies (table 3 and fig. 4), one sees
that all populations have primarily ancestral and doubly
derived configurations, for both of the closely spaced
pairs of sites. Thus, for both of the two close pairs of
sites at either end of the haplotype, both “intermediate”
configurations—that is, 11 and 22—are rare to absent,
around the world. We must conclude that the frequencies
of those intermediate haplotypes in humans cannot pro-
vide information on the evolutionary history of the hap-
lotypes. Indeed, the low frequencies and patchy occur-
rences of these “intermediate” configurations could as
well reflect the chance survival of the uncommon cross-
overs in these small regions, since all populations are
reasonably heterozygous for the ancestral 21 and derived
12 configurations: these transitional stages of evolution
from the ancestral to derived haplotypes undoubtedly
existed but may not have survived. Thus, the present
“intermediates” may not be IBD with the original tran-
sitional haplotypes.

A problem in comparing our data to previously pub-
lished haplotype frequencies at PAH is that many studies
have based their frequencies only on the haplotypes that
could be unambiguously assigned; haplotypes in mul-
tiply heterozygous individuals were not counted unless
phase was resolved by the use of relatives. This intro-
duces a definite bias that can be strong if two common
haplotypes differ at multiple sites. As can be seen from
the frequencies in table 3 and figure 4, this is commonly
the case in most regions of the world. Figure 4 shows
that both the ancestral pattern (2121) and the quadru-
ply derived pattern (1212) are either the most common
haplotypes or among the most common haplotypes
everywhere but eastern Asia and Melanesia. The EM
algorithm, in contrast, provides unbiased maximum-
likelihood estimates, utilizing all available information.

Out of Africa

Our previous haplotype studies of CD4, DM, and
DRD?2 (Tishkoff et al. 19964, 1998; Kidd et al. 1998)
have provided strong evidence for the out-of-Africa
model of human expansion, with a very marked founder
effect associated with the expansion out of Africa. Those
loci show less linkage disequilibrium in sub-Saharan
populations than in the non-African populations, lead-
ing to the conclusion that the founder effect established
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a pattern of linkage disequilibrium that is preserved in
virtually all non-African populations studied. The data
for PAH haplotypes presented here are in general agree-
ment with this model but support it less strongly while
suggesting refinements of the model. The haplotype het-
erozygosity is higher, on average, in Africa than else-
where (table 1), but only barely so, and the difference
from the average heterozygosity in Europe (the next
highest value) is not significant. However, the PAH anal-
yses do not yet incorporate an STRP into the haplotype
system, in contrast to the studies of CD4, DM, and
DRD2. In these latter studies, the STRPs were a major
factor in the large differences seen between sub-Saharan
and non-African populations. Moreover, figure 4 gives
a clear impression that there are more haplotypes at
moderate frequencies in Africa than there are in any non-
African region.

The overall linkage-disequilibrium coefficient, £, is
lower for African populations, on average, but some
individual non-African populations have a value lower
than that of at least one of the sub-Saharan populations.
We also note that, in the samples of the larger African
populations, there is a tendency for the strength of dis-
equilibrium to be inversely related to the distance be-
tween sites. For the Mspl-Xmnl pair, separated by <2
kb, linkage disequilibrium is high for all the African
samples. For the Bg/l-Pvull pair, separated by ~7 kb,
the linkage disequilibrium is low (|D’| < .5 for the sub-
Saharan populations and |D’| = .63 for Ethiopians) and
is either not significant or of only borderline significance.
This contrasts sharply with the large and highly signif-
icant D’ for this pair of sites in most of the European
populations (table 4).

Homogeneity in Eastern Asia

In a previous study of eastern-Asian populations,
Daiger et al. (1989b) found one haplotype at ~80%
frequency. In contrast, the frequency of the comparable
haplotype in our study is 46%-73% among eastern-
Asian populations, with an unweighted average of 62%
(fig. 4). Since the four-site haplotype in our study would
comprise a superset of chromosomes, including the
eight-site haplotype identified by Daiger et al. (19895),
as well as other haplotypes that may be present, it seems
safe to conclude that the Daiger et al. (1989b) estimate
was at the upper end of the range in eastern Asia. That
range is still very homogeneous and part of a distribution
of haplotypes that is much different than that seen in
any other part of the world.

American Indians Compared with Eastern Asians

The North American Indians have a pattern of hap-
lotype frequencies that is markedly different from that
of eastern Asians; South American Indians have a pattern
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similar to that of the North American Indians. The dis-
tinction from the eastern-Asian pattern is supported by
both the PCA of haplotype frequencies (fig. 3) and the
segment disequilibrium test (table 5). In our previous
studies of most of these same population samples, for
CD4, DRD2, and DM haplotypes, we did not see such
a marked difference (Tishkoff et al. 19964, 1998; Kidd
et al. 1998). In those cases, the American Indian pop-
ulations were similar to each other, as were the eastern-
Asian populations, but the two patterns did not differ
dramatically. The populations were distinguished in the
second principal component—rather than in the first,
which is the case in PAH (fig. 3). The American Indian
pattern involved the same few haplotypes seen in eastern
Asia, but with evidence of more drift causing one of
those haplotypes to become more frequent and another
to become less frequent than they are in eastern Asia.
At PAH we see a very different pattern: a haplotype
nearly absent in eastern Asia (i.e., the ancestral, 2121
haplotype) is the most common haplotype in the Amer-
icas. PAH is not unique in that pattern: at DRD4, the
seven-repeat allele at the exon 3 VNTR is essentially
absent in eastern-Asian populations but is the most com-
mon allele in the American Indian populations (Chang
et al. 1996). DRD#4 is located on chromosome 11, at
11p15.5, a location that is not correlated—in any way
that we know—with the location of PAH on chromo-
some 12, at 12q22-q24.2. In the ancestry common to
American Indian populations, there is clearly an element
that makes it quite distinct from the ancestry common
to modern eastern-Asian populations. To the degree that
tree diagrams can represent history, the trees for genetic
distances calculated from multiple loci, including PAH
treated either as a single site or as the four-site haplotype,
show that the American Indian lineage diverged from
the eastern-Asian lineage considerably before diversifi-
cation of the modern eastern-Asian populations (Kidd
and Kidd 1996; Kidd Lab Home Page).

The observation that the ancestral haplotype is most
frequent in the Americas does not imply that it origi-
nated there. Drift can change haplotype frequencies in
any direction, and frequency need not provide any ev-
idence of origin. Indeed, if American Indians and eastern
Asians share a remote common ancestry, as is generally
accepted, and if that common ancestor was more similar
to Africans and Europeans, then drift evidently has
“pushed” the frequencies of ancestral and quadruply
derived haplotypes in opposite directions (figs. 3 and 4),
in the American Indian lineages and the eastern-Asian
lineages.

Random genetic drift has affected each locus inde-
pendently (if separated by just a few cM); and, for Amer-
ican Indian ancestry, the implications are unclear, be-
cause the data are mixed—with CD4, DM, and DRD2
showing one pattern and with PAH and DRD4 showing
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another. A distribution of similarities is expected as a
function of both how long ago the lineages divided and
the effective population sizes of the resulting lineages.
Since only a few loci have been studied to date, and since
the patterns of similarity differ substantially between the
two regions, it is obvious that a single locus is not a
good estimator of evolutionary histories of populations
in these two geographic regions and that the few loci
that so far have been studied do not allow a good es-
timate of the distribution of similarities expected for in-
dependently evolving (drifting) loci.

Future Studies

The use of haplotypes to study population and locus
histories is still new. We are beginning to titrate dis-
equilibrium with founder effects in populations and with
distance between polymorphisms within haplotypes. As
data are accumulated at more loci and in more popu-
lations, we shall be able to gain a much more compre-
hensive understanding of genome evolution and popu-
lation diversification. Our next step for PAH will be to
gather data to subdivide the distance between the Pyull
and Mspl sites and to extend the haplotype span. Sub-
dividing the distance may provide insights into the ev-
olution of the PAH locus and, in combination with in-
creasing the span of the haplotype, provide more data
on the idiosyncratic histories of the populations being
studied. Global surveys of haplotypes of comparable
molecular extent at other loci are also needed.

Ultimately, an understanding of the evolutionary his-
tories of haplotypes on normal PAH chromosomes may
be important in determining whether the distributions
of haplotypes with different PKU mutations might have
involved selection, as has been suggested by Kidd (1987),
or can, as now seems more probable to us, be explained
by the stochastic aspects of mutation and random genetic

drift.
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