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Abstract A four-site haplotype system at the dopamine Ofbsity in Africa, a slightly lower average heterozygosity in
receptor locus (DRDZ2) has been studied in a global sampBleope, and the lowest average heterozygosities in East
of 28 distinct populations. The haplotype system spafisia and the Americas. Across all populations, 20 of the 48
about 25 kb, encompassing the coding region of the gepessible haplotypes reached a frequency of at least 5% in at
The four individual markers include three Tagl restrictideast one population sample. However, no single population
site polymorphisms (RSPs) — Tagl “A”, “B”, and “D” siteshad more than six haplotypes reaching that frequency. In
— and one dinucleotide short tandem repeat polymorphigemeral, African populations had more haplotypes present
(STRP). All four of the marker systems are polymorphic in each population and more haplotypes occurring at a fre-
all regions of the world and in most individual populationguency of at least 5% in that population. Permutation tests
The haplotype system shows the highest average heteréaysignificance of overall disequilibrium (all sites consid-
ered simultaneously) were highly significa®<(.001) in

all 28 populations. Except for three African samples, the
pairwise disequilibrium between the outermost RSP mark-
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al. 1992), neuroscientists, psychiatrists, and geneticists h % *® % *

shown great interest in DRD2, the gene for this recept ar A2 9.1 kb 26kb | 7.6kb
DRD2 is one of five different dopamine receptor genes tt

have been identified in humans and are expressed inthe . 2 g GD. — ° ° 7 SSCP Hinll Taql
tral nervous system. Several polymorphisms have beenic «g» “p*  STRP “pq”»

tified in the DNA encompassing the coding sequences &

this gene; most are in the introns or downstream flanki et

DNA (Grandy et al. 1989b; Bolos et al. 1990; Hauge et E:g 1 Molecular locations of seven DRD2 polymorphisms. The four
1991; Sarkar et al. 1991; Pars'.an. etal. 1991; Seeman epolilmorphisms studied here (mark&dare shown relative 'to each
1993; Suarez et al. 1994; Castiglione et al. 1995), but SCother, to the exons of DRD2, and to several other known polymor-
are in coding regions (Gejman et al. 1994; Cravchik et phisms (lyengar et al. 1998). The (GAhort-tandem repeat polymor-
1996) and in the promoter region upstream of exonphism (STRP) in this study is shown as (GSipce that is the DNA

; i ; ; sequence, 5’ to 3’, on the sense strand. The Taqgl “B” site is 913 bp up-
(Arinami et al. 1997). Various of these polymorphisms hastream of the initiation codon in exon 2, and the Tagl “A” site is

been used to map the locus genetically to the long arn’jg 540 bp downstream of the termination codon in exon 8
chromosome 11 (Gelernter et al. 1989; Grandy et al. 198

Litt et al. 1995); some of the polymorphisms have been uscu
in linkage studies that have generally excluded this locuglas entire region, as revealed by the adjacent normal genet-
causative for several neuropsychiatric disorders (e.g., Migivariation. By this logic, if genetic variation at DRD2 does
ses et al. 1991; Su et al. 1993; Gelernter et al. 1990, 199%ifect some neuropsychiatric disorder(s), the measured
The Set!l- Cysltamino acid variant, identified by It-genotype approaches of Templeton et al. (1988; see also
akowa et al. (1993) and Gejman et al. (1994), is the ofilgmpleton and Sing 1993 and Templeton 1996), based on
common (>1%) protein variant identified to date and h#® cladistic relationships of the haplotypes, might then be-
been shown to differ significantly in function from the conreome relevant in identifying and quantifying that effect.
mon (“normal”) receptor (Cravchik et al. 1996). Arinami et As an aid in the interpretation of haplotype data, we
al. (1997) have recently reported promoter region variatibave precisely mapped several of the known polymor-
that alters expression of a reporter gene in cultured celldisms in the DRD2 region (Fig. 1) and converted them to
transiently expressing transfected D2 receptor sequenpatymerase chain reaction (PCR) based typing (Castiglione
The Arinami et al. (1997) association study of two varyirgg al. 1995; Kidd et al. 1996; lyengar et al. 1998) to facili-
sites in this region with schizophrenia in Japanese wiate obtaining allele frequencies in diverse human popula-
nominally significant for one of the sites, a single nucléens. In this study, we present the haplotype frequencies
otide insertion/deletion polymorphism. In summary, thend examine the linkage disequilibrium relationships of
role of genetic variation at this locus is under intense scfour of the DRD2 polymorphisms for a sample of 28 popu-
tiny for a variety of reasons (Gejman et al. 1994, for revielafions distributed around the world. These data are a super-
Arinami et al. 1997; Goldman et al. 1997). set of the data on three polymorphisms in 15 populations
Most of the studies of DRD2 and different disorders (pgpresented by Castiglione et al. (1995) and the data on Al-
marily alcoholism and substance abuse: for reviews, seataining haplotypes presented by Kidd et al. (1996). The
Gejman et al. 1994; Niswanger et al. 1995) have been aggobal pattern of variation revealed by these data reinforces
ciation studies comparing the frequencies of the presumatbly growing consensus from nuclear DNA studies that Afri-
neutral non-coding DNA polymorphisms in samples of paan populations have significantly more genetic variation
tients and either random or unaffected controls. Almost #lan non-African populations (Bowcock et al. 1994; Deka
of those studies have used only the Tagl “A” site, a singleal. 1995; Armour et al. 1996; Tishkoff et al. 1996, 1998;
nucleotide polymorphism (SNP) in a Tagl restriction sit€alafell et al. 1997). The data also indicate that, except for
located 10 kb downstream of the gene (Grandy et al. 198@tve haplotypes, a relatively small number of DRD2
Kidd et al. 1996; lyengar et al. 1998). The results of thesaplotypes occurs outside of Africa, but, especially in pop-
association studies have been inconsistent, at best (Gejmiations of European origin, no single polymorphic site can
et al. 1994). Association studies of the35éCys’! poly- serve as a surrogate for the evolutionarily distinct
morphism have been consistently negative for schizophretmgglotypes.
and alcoholism (Goldman et al. 1997).
As discussed in Kidd et al. (1996) and Suarez et al
(1994), use of haplotypes of multiple genetic markers difjaterials and methods
tributed through and around the gene is a powerful tool for
resolving the controversial issues of such association StHQp‘;ulations
ies based on individual polymorphisms. Haplotypes pro-
vide information on evolutionary histories, beyond whahe 28 populations we have typed for four markers in the DRD2 lo-
can be learned from individual markers, and we need to ous include seven African (Sekele San Bushmen, Central San Bush-
derstand the evolutionary histories of normal allelic vafen, Northern Sotho, Tsonga, Biaka, Mbuti, Ethiopians); five Euro-

. . n and Southwest Asian (Yemenite Jews, Druze, Adygei, Danes,
ants at the locus because, if a locus really has genetic v irths), henceforth referred to collectively as European; eight East

tion affecting susc_eptibility'to a compllex _trait, that Va_'riatioﬂsian (two Chinese groups — one from San Francisco and the other
also has an evolutionary history that is tied to the historyf@im Taiwan —Koreans, Japanese, Ami, Atayal, Yakut, Cambodians);
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one Australomelanesian (Nasioi); four North American (Cheyenne, thtically chi-square statistic (see Eq 3.10 in Weir 1996), by means of

mez Pueblo, Pima, Maya); and three South American (Karitiana, Rthve computer program LINKD (Pakstis, unpublished program) which

donia Surui, Ticuna). Most of the populations and samples have beses the sample sizes and the haplotype frequency estimates from

described elsewhere (Castiglione et al. 1995; Tishkoff et al. 1996). HAPLO as input. HAPLO also calculates a likelihood-ratio statistic
The samples of the Sekele San, Sotho, and Tsonga groups ar¢hdé-can, under some circumstances, be interpreted as an asymptoti-

scribed in Spurdle and Jenkins (1992). The Central San are a grougally chi-square statistic to test for significance of overall linkage dis-

sedentary G/wi- and G//ana- speakers from the Khutse area of the equilibrium. By “overall disequilibrium”, we mean deviation of ob-

tral Kalahari, who have been the subjects of a longitudinal health aedved (i.e., estimated) haplotype frequencies from the expected

hematological study initiated by Dr. Susan Kent (Kent and Dumequencies, considering all sites simultaneously and not just

1993). The Korean samples are unrelated residents of Seoul. paiewise.

Coriell Institute for Medical Research (NIGMS Human Genetic Mu-

tant Cell Line Repository), Camden, New Jersey, has at least five to

ten cell lines from sixteen of these samples available for distributignermutation tests

Biaka, Mbuti, Adygei, Chinese (SF), Japanese, Cambodians, Ami,

Atayal, Yakut, Maya, R. Surui, Karitiana, Nasioi, Druze, Jemez Pugls o se the likelihood-ratio statistic may not closely approximate a

lo, and Cheyenne. All samples were collected with informed .cons%g-square distribution for multi-site haplotype data, we also estimat-

from the participants and approval from the appropriate institutio

h LGN i significance of the overall disequilibrium for all 28 populations us-
review boards. The DNA in this study was purified by means of stafs 2" nermutation test (Good 1995). The use of permutation tests for
dard phenol-chloroform extraction and ethanol precipitatiq

(Sambrook et al. 1989) from Epstein-Barr virus-transform fhkage disequilibrium has been proposed by Zaykin et al. (1995) and

| hobl id cell l ; | aqf | h Slatkin and Excoffier (1996). In brief, the permutation approach
(g/t?]‘gr garr?psﬂtgé cell lines for most samples and from lymphocytes {las || the phenotypic and genotypic information on individuals in a

sample to determine significance of linkage disequilibrium by inde-
pendently permuting, 1000 times, the phenotypes at all sites in a hap-
) . lotype for all individuals in the sample. For each permutation, the da-
Polymorphism typing ta are entered into HAPLO to obtain the maximum-likelihood
estimates of haplotype frequencies and the likelihood-ratio statistic.
The four DRD2 markers typed for this study are three bi-allelic Taghder the null hypothesis of no disequilibrium, any observed pheno-
restriction fragment length polymorphisms (RFLPs) and a four- tygpe (or genotype) at one site is equally likely to occur with any ob-
six-allele (CA), short tandem repeat polymorphism (STRP), altogetkerved phenotype at a second site. Therefore, any set of randomly re-
er spanning a distance of 25.4 kb (Fig. 1). All of these markers haeastructed multi-site phenotypes, with the same numbers of
been described previously: Tagl “A” by Grandy et al. (1989b); Tanidividuals and the same marginal phenotype frequencies at each site,
“B” by Hauge et al. (1991); Taql “D” by Parsian et al. (1991); and tl® equally likely to occur by chance alone. An exact test, not depen-
STRP by Hauge et al. (1991). All typings are PCR-based, using tlemt on the assumption of a chi-square distribution, of the significance
primers and protocols described by Castiglione et al. (1995), Kiddoéthe overall disequilibrium in the observed sample is approximated
al. (1996), and lyengar et al. (1998). Allele frequencies at the indivim) the proportion of the permuted samples with more extreme likeli-
ual sites were calculated by gene counting. The assumption of Hattyed ratio statistics than the observed sample.
Weinberg ratios was tested for the separate sites in each sample by
means of an auxiliary program, FENGEN (unpublished by A.J. Paks-
tis), which also creates the input file for the program HAPLO fro@uantifying overall disequilibrium
raw data records.

Since thesignificanceof the disequilibrium does not quantify the
) amountof disequilibrium, we have developed a heuristic measure of

Haplotype frequency estimates the relative amounts of disequilibrium in different populations. We

proceeded via two steps. First, we calculated a standard deviation co-
The population samples studied consisted mainly of unrelated irefficient, D,;, which is the number of standard deviation units that the
viduals; therefore, family data could not be used to determinbserved likelihood ratio statistic falls from the mean of the distribu-
haplotypes in multiply heterozygous individuals. Instead, maximuion under the null hypothesis, as estimated by the 1000 permutations.
likelihood estimates of haplotype frequencies and the standard erArsong the tests for which none of the 1000 permuted samples is
(jackknife method) were calculated from the multi-site marker typimgore extreme than the observed, those qualitative results imply only
data, using the program HAPLO (Hawley and Kidd 1995), which irhighly significant disequilibriumR<0.001). The actual permutation
plements the EM algorithm (Dempster et al. 1977). HAPLO accoutistribution, however, does allow further quantification of the relative
modates individuals with either missing data at some sites or parsighificance levels of disequilibrium in different data sets, for the mo-
phase information, by giving them unique phenotypes correspondingnt simply approximated by,[pNote, however, that the distribution
to the set of underlying genotypes compatible with the informatiofithe likelihood ratio statistic for more complex multi-site haplotype
available, as explained in Hawley and Kidd (1995). In a few cassgstems is usually not a chi-square distribution (nor, so far as we have
first-degree relatives could be used to determine the haplotypes ffoomd, any other distribution with closed form) and, so, thjs/Blue
transmission patterns and the genotyped, unrelated members ofdties not translate into a significance level.
family were included in the data set. In most other cases, relationshipsAs a second step, we further standardized the manner sug-
were distant, or the set of relatives did not allow resolution gésted by simulation studies (Zhao et al. 1997; Zhao et al. unpub-
haplotypes and all the relatives were included as though they werelished). In these simulations, the averagg iB nearly linear with
related individuals. This does not bias the estimates, but it doess@mple size over the range of sizes present in this study. This is anal-
crease the sampling error somewhat. Heterozygosities for individagbus to the linear relationship of chi-square with sample size. There-
sites and for the haplotype have been estimated Hg2lwhere p fore, we have used the valug/2N for each population to allow the
represents the allele frequencies for any given system. amount of overall disequilibrium between populations to be compared

independently of sample size.

Disequilibrium

The standardized, pairwise linkage disequilibrium value D’
(Lewontin 1964) was calculated for each pair of markers, and the null
hypothesis of linkage equilibrium (D'=0) was tested with an asymp-
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A Africa Europe E. Asia N.Am. s.am.  cal or else differences in estimates began to appear at the
1 —= third decimal position) to those obtained by summing fre-
7—-—-—r/\\ r—f.\\ f, guencies of all the haplotypes containing a given allele.
\/ v This was, however, not true for the Arizona Pima popula-

tion, in which the EM algorithm in HAPLO estimated from
a data set that included a number of cases where typings

2 were missing for an individual site. However, even in this
) case, the difference was not statistically signific®0(8)
A and amounted to a shift of about six chromosomes between

0.9

0.8

0.7

0.6
0.5

0.4 Y \ ['\.'.“ the tallies for the two most common alleles.

) x A{P A Each of the four DRD2 sites was tested in each sample
0.3 for agreement with the underlying assumption of Hardy-
02 V_ Weinberg ratios and no systematic departures were found.

—& TaqiB2 —= TaqiD2 -e- TaglA2 Ofthe 112 possible tests (4 site28 samples), 7 were not
possible because only a single allele was present. Of 105
B Africa Europe E Asi NAmL S.A tests, 5 were significant at_the 5% level; this is approximate-
08 P A5 AM. 2AM  ly the expected number, given the large number of tests, and
these appeared to be randomly distributed across sites and
samples. There were, however, two other tests nominally
significant P<0.005), involving different sites and sam-
ples. One of these results from a modest excess of homozy-
gotes at the Tagl “D” site in the Ticuna sample, while the
other is due to an excess of heterozygotes at the Tagl “A”
site in the Atayal sample. Neither of these seems biological-
ly meaningful.

All four marker systems are polymorphic in nearly every
population studied (Fig. 2). The “B” site is fixed (for the B2
allele) only in the samples of the Mbuti and Ethiopians; the
“D” site is fixed (for the D2 allele) only in the Atayal, Je-
mez Pueblo, Arizona Pima, and Karitiana; the “A” site is
_ _ N ) fixed (for the A2 allele) only in the small Ethiopian sample.
Fig. 2 Allele fr nci he indivi | sites for all 2 la: .
tiogll’ls.é'll"htt)e poeplejlatei(()]rlljse a?eez%tetre% frgm?ézjfét1 t(s) tr?gsht(,) eE;(actEI;ype?splg:;i\?gn(,e B2 allele has a frequency greater than 74%,'” all of the
from top to bottom in Table 1. THearsacross the top indicate geo-African and European populations. In contrast, in all other
graphic groupings, with the single Australo-Melanesian populatigopulations, the B2 allele has a frequency of less than 65%,
(Nasioi) and the single North East Asian population (Yakut) in the 9éRcept for the Nasioi with a frequency of 75%. The overall

between the bars for East Asia and North Amerddarequencies of P WRY eiba f
the “enzyme-cutting” alleles (B2, D2, and A2) at the three Taqgl r attern of frequency variation at the Taql "B” site is of high

striction sitesb Frequencies of the two most common short tandeWfgquencies in Africa and Europe, frequencies closer to
repeat polymorphism (STRP) alleles, 14 repeats and 16 repeats 50% in the East Asian populations, and generally lower fre-

quencies in the Amerindian populations.
At the Taqgl “A” site, the pattern of frequency variation is

0.7

o6t
05

0.4

0.3

0.2

0.1

0
[ > _(CA)i® ~+-__(CA)14 |

Results virtually identical to that of the “B” site, in agreement with
the strong disequilibrium between them; except that the A2
Molecular mapping allele frequencies are somewhat lower in Africa than those

of the B2 allele. Outside of Africa, the A2 allele frequen-

cies are virtually identical to the B2 allele frequencies in
The molecular distances given in Fig. 1 are more accuratest populations (Fig. 2a). In Africa, the A2 allele frequen-
than in previous studies because we have now completes range from 52% to 73% (except for the small Ethiopi-
sequencing of the entire region from exon 8 to the Taqgl “ah sample, in which it is 100%), whereas the B2 allele fre-
site (GenBank accession #AF050737). This sequencipgencies range from 77% to 94% and to 100% in the Mbuti
confirms that the Tagl “A” site is 10 kb downstream frorand the Ethiopians. The Tagl “D” site shows a different pat-
the stop codon in exon 8: 10,542 bp, to be precise, baseteom, with moderately high frequencies from 60% to 90%
the sequence of cloned material and some templates foathe D2 allele in African populations, frequencies from
were amplified by means of PCR from genomic DNA. 38% to 52% in European populations and frequencies in

most Asian, Pacific, and New World populations of greater

than 90%. Two exceptions are the Nasioi at 75% and the
Allele frequencies at individual sites Ticuna at 80%.

The individual site allele frequency estimates by gene
counting (Fig. 2) were virtually identical (i.e., either identi-
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Table 1 Frequency estimates forA
the 20 common DRD2

Population Bl B1 B1 B1 B1 B1 B2 B2 B2 B2
Bﬁ%cg¥£§ ngrtlﬁ J%:h??gfgﬁ; sample D2 D2 D2 D2 D2 D2 D1 D1 D1 D1
the Tagl “D” site, a (CA)short- 17 16 15 14 12 14 15 13 16 15
tandem repeat polymorphism Al Al Al Al Al A2 Al Al A2 A2
(STRP), and the Tagl “A” site.
The 28 populations studied are Sekele San 0 0020 0 0 0.010 0.028 0011 008 0 0.086
populations grouped by broad N. Sotho 0 0.040 0.010 0 0.169 0 0 0.021 0 0.079
geographic region: sub-Saharan Tsonga 0.010 0.030 0.010 O 0.040 0 0 0.051 0 0.079
and North East Africa; Europe Biaka 0 0042 0 0 0.008 0.008 0 0.008 0 0.089
and South West Asia (“Europe” Mbuti 0 0 0 0 0 0 0110 0.013 0
for short); East and South East  Ethiopians 0 0 0 0 0 0 0 0 0.156  0.156
Asia (“East Asia” for short); Yemenites 0 0037 0 0 0 0 0 0012 0024  0.407
Australo-Melanesia; North East p,e 0 0070 0 0 0 0 0037 0 0086  0.353
ﬂ%’riggr?hé?r%%ﬁ%’nigdegﬁum Adygei 0 0085 0 0 0 0 0.024 0 0.069  0.467
mates for the 20 haplotypes with Danes 0 0.105 0 0 0 0 0.034 0 0.030  0.477
frequency estimates @B% in at  FinS 0 0161 0021 O 0 0020 0 0 0.018  0.305
least one population are given inHan (SF) 0 0463 0 0012 0 0 0 0 0.006  0.036
the columns under the haplotypeHan (TWN) 0 0378 0 0 0 0 0 0 0 0.067
labels. Estimates that do not cor-Koreans 0.004 0.332 0.016 0.004 0 0 0 0 0 0.038
respond to discrete observationsJapanese 0 0360 0031 0023 O 0011 O 0 0.022  0.021
are an inherent aspect of using Ami 0 0286 0 0.013 0 0 0 0 0.013
the EM algorithm to obtain max- Atayal 0 0509 0 0 0012 0 0 0 0
imum likelihood estimates of  cambodians 0 0420 0 0 0 0 0 0 0 0.017
haplotype frequencies. Nasioi 0 0227 0 0 0 0 0 0023  0.159
Haplotypes are listed across the vy 0019 0284 0 0 0 0 0 0 0015  0.045
f&% :g‘? trhe:l?o\ﬁrgi(t::!yﬁsetgi,al_ Cheyenne 0.098 0.607 0020 0011 0 0 0 0 0 0.041
D1, and Al alleles represent the > PuePlo 0 0670 0 0 0 0 0 0 0 0
site-absent state for the RFLP  Pima(Az) 0 0605 0 0 0 0 0 0 0 0
sites while B2, D2, and A2 are Maya 0.047 0.504 0.010 0.087 0.021 0012 0 0 0018 0
the Site_present alleles. STRP a|.TiCUHa 0 0.416 0 0 0 0 0.070 0 0 0.018
leles are labeled according to theR. Surui 0 0.531 0.011 0.011 0 0.066 0 0 0.022 0
number of CA repeats present Karitana 0 0595 0 0 0 0.028 0 0 0 0
B
Population B2 B2 B2 B2 B2 B2 B2 B2 Residual:
D1 D1 D2 D2 D2 D2 D2 D2 sum of 17
14 13 14 13 12 15 14 13 uncommon
A2 A2 Al Al Al A2 A2 A2 haplotypes
Sekele San 0 0 0.104 0.042 0 0.013 0.456 0.026 0.119
C.San 0 0 0.051  0.083 0.021 0.048  0.375 0 0.033
N.Sotho 0 0 0.102  0.086  0.041 0.041 0.258 0.142 0.011
Tsonga 0 0 0.036  0.153  0.060 0.011  0.384 0.126 0.010
Biaka 0015 0 0.103  0.047  0.008 0 0.484 0.133 0.055
Mbuti 0 0 0049 0130 O 0.051 0.395 0.208 0.031
Ethiopians 0.039 0.055 0 0 0 0 0.411 0.183 0
Yemenites 0.038 0.031 0 0010 0 0.067  0.181 0.166 0.027
Druze 0.008 0 0 0 0 0.032 0.117 0.281 0.008
Adygei 0010 O 0021 0 0 0 0.094 0.183 0.036
Danes 0 0 0 0 0 0.011  0.109 0.141 0.025
Finns 0070 0042 0O 0 0 0 0.149 0.128 0.086
Han(SF) 0 0 0014 0 0 0 0.362 0.063 0.018
Han (TWN) 0 0 0022 0 0 0 0.500 0.033 0
Koreans 0.006 0003 0032 0 0 0.008 0.459 0.048 0.025
Japanese  0.021 0 0 0 0 0012 0434 0 0.033
Ami 0025 0 0013 0 0 0 0.574 0 0.012
Atayal 0 0 0.039 0 0 0 0.188 0.190 0.012
Cambodians 0.023 0 0 0 0 0.043 0.357 0.140 0
Nasioi 0049 0 0 0 0 0 0.269 0.227 0.046
Yakut 0 0 0 0.015 0 0 0.543 0.017 0.016
Cheyenne 0 0 0 0 0 0 0.156 0.010 0.057
J.Pueblo 0 0 0 0 0 0 0.205 0.102 0
Pima (Az) O 0 0 0 0 0.016 0.262 0.082 0.035
Maya 0 0 0011 0 0 0 0.142 0.040 0.026
Ticuna 0.042 0022 0010 0010 O 0 0.309 0.018 0.063
R. Surui 0 0 0 0 0 0 0.268 0.035 0.044
Karitana 0 0 0 0 0 0 0.377 0 0
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Fig. 3 Relative frequencies of SEKELE SAN [
the nine most common DRD2 ﬁ";'(—)f:g
haplotypes shown astacked TSONGA
barsfor 28 populations. The key BIAKA
for the shading is given across MBUTI
the bottom in run-on allele sym- iy
bols, where B1, D1, and Al rep- DRUZE
resent the “non-cutting” alleles ADYGEI
at the three Tagql sites; B2, D2 e F
and A2 the three “cutting” alle- CHINESE (F) [
les; and the initial number CHINESE (TW) [
(12-16) gives the short-tandem v’
repeat polymorphism (STRP) al- AMI ;
lele, out of genomic order for AtavaL [
ease of reading °A':;g‘$‘l‘"5 :
YAKUT
CHEYENNE
J. PUEBLO
PIMA (AZ)
MAYA
TICUNA
R. SURUI
KARITIANA

0 02 04 0.6 0.8
% B &= [

16B1D2A1 14B2D2A2 13B2D2A2 15B2D1A2 16B2D1A2 13B2D1A1 13B2D2A1 14B2D2A1 12B1D2A1 OTHER

Fig. 4 Permuted-sample distributions (histograms) of the likelihoddaplotype frequencies and distributions

ratio statistic for the null hypothesis of no overall disequilibrium are

shown for five populations. Each distribution is based on evaluation of

1000 independent permutations of the observed phenotypes atF[F@quenCy estimates of the 20 “most common” of the pos-

four markers. The relative position of the likelihood ratio statistic for .
the observed data is shown by tireow to the right of each distribu- Sible 48 haplotypes, those estimated to occur at a frequency

tion. The number of degrees of freedom are shown in parenttese@f@5% in at least one of the 28 populations, are given in Ta-
df) next to the name of each population sample, so that it is convenldet 1. To save space, frequency estimates of the remaining
to observe how different the mean of the 1000 permutations caryfifge and absent haplotypes, and all of the jackknife standard

from its expectation. Summary statistics for these distributions ; ;
given in Table 5 Hfrors are not given (but are available from the authors).
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Fig. 5 The standardized SEKELE SAN -
amounts of overall linkage dise- CNTL SAN
quilibrium. The values are calcu- ’;'ssgfgf
lated as /2N using the num- BIAKA
bers in Table 5. The populations MBUTI -
are arranged as in Tables 1-5 an ETHIOPIANS
Fig. 3 by geographic region from YEMENITES z‘\
sub-Saharan at thepto South prived »
American at théottom an or- DANES
dering generally correlated with FINNS <
increasing disequilibrium. The CHINESE (SF) T
staggered vertical barat the R —
right identify the geographic JAPANESE j
groupings as in Fig. 2 AMI
ATAYAL
CAMBODIANS —e
NASIOI 1
YAKUT Z I
CHEYENNE
J. PUEBLO 7
PIMA (AZ) L |
MAYA <
TICUNA I
R. SURUI
KARITIANA .

0 0.1 0.2 0.3 0.4 0.5 0.6

Table 2 Haplotypes not in Table 1. Of the 48 theoretically possibiicating that one phenotype could not be resolved by the
multi-site haplotypes in this study, 11 haplotypes have frequency eEti algorithm and one of the possible genotypes involved
;“ates of zero (g(g“g’ccu”'”g list) and a?c’ther 17 are ‘;‘1‘ uncomm®iat haplotype; it was absent in all other samples. Such es-
< - . .
Sr:gﬁggles (<5% but non-zero) in at least one of the populatighs .. " 4" 45 not correspond to discrete observations are

an inherent aspect of using the EM algorithm to obtain

Uncommon “Non-occurring” maximum likelihood estimates for multi-site haplotypes.
Figure 3 shows graphically the haplotype frequency da-
B1-D1-16-Al B1-D1-17-Al ta (from Table 1) with the rarest haplotypes clustered in
B1-D1-14-Al B1-D1-15-Al “other”. This figure makes it clear that a subset of nine
B1-D1-13-Al B1-D1-12-Al haplotypes accounts for a minimum of 70% of all chromo-
B1-D1-16-A2 B1-D1-17-A2 somes, in all samples, and for more than 80% of all chro-
B1-D1-15-A2 B1-D1-13-A2 mosomes in all but four populations (Central San, Finns,
B1-D1-14-A2 B1-D2-17-A2 Maya, and Ticuna). In most populations from East Asia and
B1-D1-12-A2 B1-D2-12-A2 the Americas, only three haplotypes — B1-D2-16-Al, B2-
B1-D2-13-Al B2-D1-17-Al D2-14-A2, and B2-D2-13-A2 — account for the majority of
B1-D2-13-A2 B2-D1-17-A2 all chromosomes. In Europe, a fourth haplotype becomes
B2-D1-16-Al B2-D1-12-A2 guite common, B2-D1-15-A2. These four most common
B2-D1-14-Al B2-D2-17-Al haplotypes account for between 52% and 74% of all chro-
B2-D1-12-Al mosomes in the African populations, between 74% and
B2-D1-14-A2 83% in the European populations, between 82% and 97% in
B2-D2-16-Al the east Asian populations, and between 67% and 95% in
B2-D2-15-Al the Amerindian populations.
B2-D2-17-A2 In total, more than 3100 chromosomes were examined,
B2-D2-12-A2

including some related individuals excluded from gene fre-
guency estimates. Table 3 gives the number of chromo-
somes typed in each population for at least three of the four

The jackknife estimates were generally somewhat largearkers.

than the corresponding binomial standard error estimates.

In addition to the 20 haplotypes in Table 1, 17 other

haplotypes (listed in Table 2) are estimated to occur o@gnetic diversity

rarely, at a frequency of less than 5%, but may occur in

more than one of the samples. Eleven of the possibBla each population, Table 3 gives the within-population
haplotypes do not appear (zero frequency estimates) in gesetic diversity, estimated as the expected heterozygosity
study, but some of them may exist at very low frequencies the observed haplotype frequencies and the genetic di-
and might be detectable in larger samples. One of thevérsity (heterozygosity) for each of the four component
“rare” haplotypes (B1-D1-13-Al in the Sekele San) haspalymorphisms. Heterozygosity for the haplotyped multi-
frequency estimate corresponding to half an occurrence,dite system ranges from 50% to 86% and, except in Africa
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Table 3 Haplotype statistics. For each population, the table gives the number of chromosomes with typing results for at least three of the four
sites, the expected heterozygosities based on the intact haplotypes and on each of the four sites individually, the number of haplotypes prese
and the number found at common (greater than 5%) frequencies (frq)

Population ya) Expected heterozygosity Count of haplotypes with:
sample
Haplotype “B” “D” (CA)N “A” Frq >0% Frgq >5%
Sekele San 100 0.76 0.18 0.33 0.57 0.46 17 4
C. San 98 0.81 0.35 0.31 0.67 0.48 15 6
N. Sotho 100 0.86 0.35 0.18 0.74 0.50 12 6
Tsonga 100 0.80 0.18 0.24 0.69 0.48 13 6
Biaka 138 0.72 0.11 0.27 0.57 0.39 13 4
Mbuti 78 0.76 0 0.26 0.57 0.44 9 6
Ethiopians 32 0.74 0 0.48 0.70 0 6 5
Yemenites 82 0.76 0.08 0.50 0.65 0.16 11 4
Druze 128 0.77 0.15 0.50 0.70 0.19 10 5
Adygei 104 0.73 0.21 0.47 0.67 0.27 11 5
Danes 92 0.72 0.21 0.49 0.64 0.26 10 5
Finns 66 0.83 0.38 0.50 0.72 0.33 12 5
Han (SF) 84 0.65 0.50 0.11 0.58 0.50 11 3
Han (TWN) 90 0.60 0.47 0.13 0.57 0.48 5 3
Koreans 254 0.68 0.47 0.12 0.60 0.48 17 2
Japanese 94 0.68 0.49 0.12 0.56 0.50 11 2
Ami 80 0.58 0.46 0.10 0.48 0.44 9 3
Atayal 84 0.67 0.49 0 0.59 0.49 7 4
Cambodians 50 0.67 0.49 0.08 0.66 0.49 6 3
Nasioi 44 0.80 0.38 0.37 0.74 0.39 8 4
Yakut 66 0.62 0.45 0.12 0.57 0.44 9 2
Cheyenne 114 0.60 0.37 0.11 0.56 0.35 10 3
J. Pueblo 88 0.50 0.43 0 0.47 0.44 4 3
Pima (AZ) 86 0.56 0.48 0 0.56 0.46 5 3
Maya 100 0.71 0.40 0.06 0.56 0.42 14 4
Ticuna 134 0.72 0.50 0.32 0.62 0.49 15 3
R. Surui 92 0.64 0.45 0.06 0.54 0.50 11 3
Karitiana 106 0.50 0.47 0 0.48 0.48 3 2
B2-D2-A2 —» B2-D1-A2 and Europe, is often not much greater than the heterozygos-
ity of the STRP. Table 3 also gives the total number of
®—>B2-DI-Al haplotypes estimated to be present in each population and
B2-D2-A1 ®—» BI-D2-A2 the number of those that have commp5%) frequencies.

B1-D2-A1 ®—BI1-DI-A2

&— B1-DI-A1 Disequilibrium
Recombination: ® —»
Mutation: Ancestral — Derived Table 4 presents the three pairwise standardized D’ values
for the three bi-allelic markers, Tagl “B”, Tagl “D”, and
Fig. 6 Evolutionary relationships of DRD2 haplotypes defined byad! “A”., and_ the six pairwise D’ values between each of
three Taq | restriction site polymorphisms. The ancestral alleles (B20se bi-allelic markers and the two most common STRP
D2, and A1) are all identical in sequence to those in chimpanzees,#lfsles; those with 16 and 14 repeats. With one exception,

rillas, and orangutans (lyengar et al. 1998). The frequency data in the : ; : ; ;
different human populations, especially those in Africa, suggest th éﬂl populations in which both sites are polymorphic have

lustrated sequence of events by which three mutational events re§ighly significant disequilibrium (with D’>0.8) between
ed in four of the eight possible haplotypes. The other four were tile “B” and “A” sites; the most distantly separated sites,
generated by at least one crossover between two of these mutatigsiaysically. The exception to statistical significance is the
ly derived haplotypes. The data are insufficient to exclude other pegskele San with a non-significant D'=0.41. In contrast, the
sible evolutionary schemes ) L P W o
D’ values and patterns of significance for the “B” to “D
and the “D” to “A” site comparisons are less consistent and
only occasionally significant, with no clear pattern.
Pairwise disequilibrium comparisons of the bi-allelic
markers with specific STRP alleles are more consistent.
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Table 5 Summary statistics for

the permutation test distribu- Population Figure Mean Variance Maximum Observed 4 D DF
tions. For each population sam-

ple the table shows, for the per- gekele San  4a 25.0 32.8 45.0 64.7 6.9 32
g}gé%tb?l?btﬁjﬁf‘;ﬁgiﬂespOn 4. C-San 31.0 36.8 58.4 1111 132 32
ing mean and variance of the  N- Sotho 28.8 32.2 49.1 98.4 12.3 32
distribution of the likelihood ra- Tsonga 28.9 34.4 53.0 923 10.8 39
tio statistic, the maximum value Biaka 25.6 35.2 54.7 125.8 16.9 39
found in 1000 permutations, the pMputi 9.8 14.2 28.9 31.6 5.8 10
value calculated from the ob- P

served data. the Qvalue, and Ethiopians 4b 3.8 8.3 17.0 17.7 4.8 3
Eg‘fgﬂfgf ees of freedom. THe  Yemenites 16.1 19.4 37.0 59.3 98 25
five geographically representa- Druze. 21.3 27.9 42.3 143.2 23.1 25
tive population distributions dis- Adygei 23.3 29.1 43.2 143.3 22.2 25
played i_n Fig. 4. The “Obs” val- Danes 4c 21.8 26.8 454 114.0 17.8 25
ue in this table could be _ Finns 27.0 27.3 48.3 76.3 9.4 25
interpreted as a chi-square with

the degrees of freedom indicatedgp, (SF) 19.8 25.8 46.6 125.1 20.8 25
if one can validly make the as- ) ) 19.5 24.1 39.5 194.2 36 25

sumption that the distribution

under the null hypothesis is a Koreans 25.6 34.6 48.1 374.7 59.3 32
chi-square distribution. That as- Japanese 4d 16.3 19.7 33.3 136.5 27.1 18
sumption appears to be invalid Ami 12.5 15.3 28.6 101.8 22.9 18
for most samples in this study  Atayal 11.3 18.6 33.8 98.9 20.3 7
Cambodians 18.2 21.0 36.1 102.9 18.5 25
Nasioi 24.2 21.1 42.3 68.2 9.6 25
Yakut 20.6 23.0 44.9 101.7 16.9 32
Cheyenne 22.3 27.1 46.5 155.1 25.5 32
J. Pueblo 8.6 15.5 24.6 136.8 32.6 7
Pima(AZ) 10.7 13.4 28.1 118.1 29.4 10
Maya 4e 22.2 25.8 40.6 81.1 11.6 39
Ticuna 27.2 39.3 48.6 206.4 28.6 25
R. Surui 13.3 17.1 36.3 114.1 24.4 25
Karitiana 4.5 9.6 20.7 182.5 57.5 4

The 14-repeat allele shows significant to highly significamias often much less than 0.001. For the permutation test,
disequilibrium with both the “B” and “A” sites in all exceptall observed sets of haplotype frequencies show disequilib-
the European and Southwest Asian populations. Even fiam that is nominally significant &<0.001 because, in all
those five populations, the D’ values are generally negatieases, none of the 1000 random permutations was more ex-
often -1.0, indicating a low frequency or absence of onetcdme than the observed. Thg,Malues are often quite
the possible haplotypes in the same general pattern of aksge, suggesting that the significance level is much less
ciation seen elsewhere, though it is not statistically signifitran 0.001 in those cases, but much larger numbers of per-
cant. In contrast, the 14-repeat allele and the Taql “D” siteutations would be required to properly estimate lower val-
show highly significant disequilibrium in the European (exes.
cept for the Finns) and Southwest Asian populations. ThatThe empiric distributions of the likelihood ratio statistic,
disequilibrium is also strongly negative and significant generated by the 1000 permutations of the four-site pheno-
highly significant in the African populations; it is rarelytype data for five representative populations (Ethiopians,
significant in the remaining populations. The 16-repeat &ekele San Bushmen, Danes, Japanese, Maya) are shown in
lele gives highly significant positive disequilibrium valueBig. 4. These distributions show that there can be major dif-
with the “B” site in all populations and with the “A” site inferences in how deviant the observed value is, as indicated
all non-African populations. Disequilibrium with the “D”by the 4 values in Table 5, even though all are assigned
site is only occasionally statistically significant with no pathe same significance levé?<0.001, because none of the
tern across the populations. 1000 random permutations was more extreme than the ob-
Statistical tests of overall disequilibrium for each sarserved.
ple are given in Table 5 — both the observed likelihood ratioFigure 5 graphs the P2N values for the 28 popula-
statistic, with its degrees of freedom if interpreted as clhibns, arranged in the same order as in Fig. 3. This measure
square, and the values from the permutation test. For ewarthe amount of overall disequilibrium shows a pattern of
population, both tests of overall linkage disequilibriunow disequilibrium in Africa, somewhat higher disequilibri-
gave statistical significance with a probability value of lessn in Europe, and still higher disequilibrium in East Asia
than 0.001. For the chi-square test, the significance leaatl the Americas. This pattern is the “inverse” of the pat-
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tern of number of common (5% or more) haplotypes in eathe maximum likelihood estimates of the frequencies (Ta-
population (Table 3). ble 1) were obtained using the EM algorithm; such esti-
mates and gene-counting estimates based on molecular
haplotyping are generally quite similar (Tishkoff et al.
Discussion unpublished analyses), but it is possible that some rare
haplotypes were misidentified by the EM algorithm.
All regions of the world share the same set of common
By combining into the same study (1) multi-site haplotypésaplotypes, with only four haplotypes (B1-D2-16-Al, B2-
based on non-coding regions encompassing the codinglde-15-A2, B2-D2-14-A2, and B2-D2-13-A2) accounting
guences of the DRD2 locus and (2) many samples regde-at least half of the chromosomes in every population
senting indigenous populations from around the world, WEig. 3). However, only one haplotype is found in every
can begin to learn both about some of the genetic charagtepulation studied — B2-D2-14-A2 — with a frequency
istics of the locus (mutation rate, recombination histomgnge of 9.4% in the Adygei and up to 57.4% in the Ami.
etc) and about the population histories (migration, etc.) Tis haplotype occurs at frequencies greater than 25% in all
the ethnic groups. The tools for this include examining tkeb-Saharan populations. In previous studies, we showed
pattern of haplotype frequencies, linkage disequilibrium tifat the B2, D2, and A1l alleles are the ancestral hominid al-
the various haplotypes in populations, and knowledge lefes that are shared with other hominoids (lyengar et al.
ancestral haplotype. This data set on DRD2 also represd®@8). Therefore, given that the small STRP alleles occur in
one of the small, but growing, number of data sets examiwth Pan species and that the 13-repeat allele is found es-
ing disequilibrium and haplotype frequencies in humaentially only in Africa, it seems likely that the B2-D2-13-
populations on a global scale. There are similarities to soAte and B2-D2-14-A1 haplotypes represent the most an-
of the others, as well as differences. cient human haplotypes. Both of these are rare outside of
Africa, but are found in all sub-Saharan populations at fre-
guencies of up to 15%.
Global haplotype frequency distributions The globally common haplotype, B2-D2-14-A2, differs
from one of these ancestral haplotypes by the mutation cre-
The 28 populations studied here are sufficient in numlzing the Tagl “A” restriction site, the A2 allele. Another of
with diverse enough geographic origins to allow many gethe globally common haplotypes, B2-D2-13-A2, differs
eral conclusions about the DRD2 locus, in most indigendusm the globally ubiquitous haplotype just at the STRP
populations, in most regions of the world. As discussedsdite, but shows the least clear geographic pattern. In most
several of the papers that describe the sampling of the ifrican and European populations, it occurs at frequencies
vidual populations, efforts were made to sample only indietween 12% and 30%, though it is uncommon to absent in
viduals whose ancestors, so far as could be determirtbd, San populations. Elsewhere, it occurs with no obvious
were all from the same area and ethnic group. Thus, whilequency pattern. The differences in frequencies between
recognizing that there is no such thing as a “pure” humatherwise similar populations may reflect mutation inter-
population, these samples should be representative ofabtng with drift.
different geographic regions. Additional support for the The other two common haplotypes show stronger re-
general representativeness of these populations comes fgn-specific patterns. In Europe (and Southwest Asia),
the observation that geographically close populations tehdre is one common haplotype (B2-D1-15-A2 at 30—-48%)
to have similar sets of alleles and haplotypes at similar fthat is not as common in any other population in any other
guencies. This pattern can be seen in Figs. 2 and 3 and igedgraphic region. This haplotype is uncommon or absent
so seen in analyses of many of these same samples foriatthe New World populations. This argues for some ances-
er loci (Tishkoff et al. 1996, 1998; Kidd and Kidd 1996ry common to the European populations, but distinct from
Chang et al. 1996; Calafell et al. 1997). that of any other populations in this study, during which this
In all the populations studied here, the DRD2 loctimaplotype drifted to a higher frequency than found else-
shows highly significant overall linkage disequilibrium fowhere in the world. The B1-D2-16-A1 haplotype was seen
this set of markers spanning the coding region. This is sé@ealmost all populations, but is least common (even rare) in
using both the likelihood ratio chi-square and the permugsrican and European populations. In the rest of the world,
tion test. However, significance tests of overall disequilibthis haplotype is usually seen at frequencies greater than
um define neither where in the haplotype the disequilibri88% and has become the most common haplotype in the
exists, nor the patterns of disequilibrium. Therefore, to ddew World. This pattern argues for the East Asian and
velop an evolutionary perspective for DRD2 variation, bofkmerindian populations sharing some common ancestry,
the pattern and significance of the overall disequilibriudistinct from that of Europeans and Africans, during which
must be considered. drift preserved and/or increased the frequency of this haplo-
One approach to examine the pattern is, simply, to tgpe at the expense of others.
spect the distributions of the various haplotypes. Of the 48As noted above, the population samples available for
possible haplotypes, 36 have been estimated to be pretd@satstudy are a diverse sampling from the different regions
in at least some population(s) and one other is possibfithe world, though they are not uniformly representative
present in one population (B1-D1-13-Al in Sekele Samf. any geographic region. There are obvious similarities
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Table 6 Haplotypes that are common in only one region of the worlMost of the rarest and “missing” haplotypes are those con-
“Common” is defined as occurring in at least one populatia®®  tajning the smallest or largest (12 or 17 repeats) allele at the
(CA),.

Region Haplotype Maximum Number of
frequency (%) Populatiors=s%

Disequilibrium

Africa: B1-D2-12-Al 16.9 1
B2-D1-13-Al 11.0 3 . : _
B2-D1-13-A2 55 1 In all the populations sampled, the overall disequilibrium at
B2-D2-14-A1 10'6 4 this locus is highly significant. Among the SNPs, the Taq|l
B2-D2-13-A1 15'3 4 “B” and the Taqgl “A” sites always show significant pairwise
B2-D2-12-A1 6.0 1 disequilibrium, with a proportionate excess of B1-Al and
E. Asia: ' B2-A2 haplotypes. That excess is most clearly seen in the
. Asia: B1-D2-16-A2 5.1 2 . X - e . .
N. America: Asian and American populations, but it exists also in Afri-
. America: B1-D2-17-Al 9.8 1 . - .
S. America: ca. A previous study of African Americans also found the
. America: B1-D2-14-A2 6.6 1 . I . \
B2-D1-15-A1 70 1 same pattern of disequilibrium for these two sites (O’Hara

et al. 1993).

The “D” site does not show such a universal pattern of
disequilibrium, partly because it has low heterozygosity in
among many of the populations within each region. In subany populations and there is not sufficient power in those
Saharan Africa, in addition to the single haplotype (B2-D2ases to detect weaker disequilibrium. However, where it is
14-A2) which occurs at a frequency greater than 25% inmlbre heterozygous, in Europe especially, disequilibrium is
of the populations, several others occur at frequenciessobng and significant; the D1 allele is primarily found on
5-20% in most populations. Most of the haplotypes seerB@-A2 haplotypes. By means of pairwise tests, the (CA)
frequencies of greater than 5% in any population in the &FRP is shown to be in linkage disequilibrium with at least
gion are found in most of the populations. These data argne of the other polymorphisms in all populations. The 14-
that all of these populations have had large effective popepeat allele shows significant to highly significant disequi-
lation sizes for a long time and that drift has not resultedliiorium, with both the “B” and “A” sites in all except the
distinctly different sets of haplotypes in the different popiuropean populations. In most European populations, the
lations. Since the study includes both Pygmies and Sainvalue is at -1.0, indicating absence of the B1-14 haplo-
Bushmen, populations thought to be quite remotely relatgge, but the result is not significant. In contrast, the 14-re-
based on several lines of evidence, the occurrence of sipgiat allele and the Tagl “D” site show highly significant
lar sets of haplotypes argues that both sets have had ldigequilibrium in the European populations, except for the
effective population sizes since they separated because Bihas. That disequilibrium is also strongly negative and sig-
er data argue against significant gene flow between themificant to highly significant in the African populations; it

The mitochondrial (mt) data from Vigilant et al. (1989is rarely significant in the remaining populations. The 16-
showed considerable difference between the locationsreeat allele shows highly significant disequilibrium with
the San Bushmen and Pygmies in the mtDNA gene trdee “B” site uniformly and, outside of Africa, with the “A”
Using classical genetic polymorphisms, Cavalli-Sforza site. Clearly, this pattern of disequilibrium indicates both a
al. (1994) failed to show any close affinity between the Pyigw recombination rate across the 25 kb of this locus and a
mies and San Bushmen in tree analyses, although principal mutation rate at the STRP.
component analysis showed “clustering” with the second The analyses of disequilibrium show a somewhat differ-
principal component. mtDNA studies have shown that aé@at pattern than we have found for other loci in that there is
bp deletion polymorphism attains significant frequenciessignificant disequilibrium across the 25 kb interval in all
the Pygmies and the Central and Southeast Africans, mipulations that have variation at both sites. At other loci,
though it is not present in the Khoisan populations testddies of many of the same populations have found no dis-
(Soodyall et al. 1996). Other nuclear haplotype data sheguilibrium between markers more than 10 kb apart in Af-
the converse pattern: a high frequency of a haplotype in tlvan populations, but highly significant disequilibrium
San Bushmen that was not seen in the Pygmies (Tishkothetween those markers in all non-African populations. At
al. 1998). All these data suggest that Pygmies and S disequilibrium was greatly reduced to absent across
Bushmen have had minimal contact in recent times. 10 kb in sub-Saharan African populations, but was essen-

As can be seen from Table 1, we observe very féially complete in all non-African populations that had vari-
haplotypes that reach a frequency of more than 5% in oation for the bi-allelic deletion polymorphism (Tishkoff et
one region of the world; these are summarized in Tablea6.1996). The PAH locus also shows that pattern of disequi-
Most such cases, six of the ten, occur in Africa. Outsidelibfrium, extending across a shorter distance in African pop-
Africa, chance fluctuations — random genetic drift or samkations than in non-African populations (unpublished da-
pling error — is sufficient to explain these observationsy). At the DM locus, the pattern of bi-allelic markers across
Thus, most haplotypes are either common in multiple pd&% kb involves, essentially, complete disequilibrium with
ulations in several parts of the world or are rare to absenty two haplotypes in all non-African populations and
everywhere. This is clearly shown by the pattern in Fig. S8milar, but less, disequilibrium in the sub-Saharan African
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populations (Tishkoff et al. 1998). When we quantify ovethat one of the three smaller alleles is the ancestral human
all disequilibrium using /2N (Fig. 5), we see a patterrallele for the STRP. This is supported by the finding that, in
that is similar to the PAH and DM patterns. There are threleimpanzees, the STRP allele sizes ranged from six repeats
populations, Taiwanese Chinese, Maya, and Karitiana, ttatwelve repeats based on the size of the PCR product
appear to deviate from the general pattern. While the staf@@astiglione et al. 1995). However, since more sequencing
tical significance of these “deviations” is questionable, twamuld reveal differences among the repeat alleles across pri-
of them are expected from what is known of these popufaates, as we demonstrated elsewhere (Deinard and Kidd
tion samples: Maya and Karitiana. 1995), it cannot be considered as certain that the ancestral
hominoid only had STRP alleles with low repeat numbers.
Among the uncommon occurrences of this ancestral back-
Haplotype evolution ground haplotype outside of Africa, the 12-repeat STRP al-
lele has not been seen, the 13-repeat STRP allele has been
We have shown previously (Castiglione et al. 1995; Kiddsden only three times (once each in the Yemenites, Yakut,
al. 1996; lyengar et al. 1998) that the B2, D2, and Al alead Ticuna), and the 14- and 16-repeat alleles have been
les are the ancestral alleles, because they are the DNAssen most often.
guences present in chimpanzees, gorillas, and orangutang.he three background haplotypes that differ from the an-
We have sequenced the regions around all of the Tagl sttestral haplotype by one mutation are B1-D2-Al, B2-D2-
in other great apes (lyengar et al. 1998). Ignoring the sifgd and B2-D1-Al. The B1-D2-Al background is uncom-
that are polymorphic in humans, the differences ankt;mg mon in Africa (and absent in the Mbuti and Ethiopian
mo, Pan andGorilla vary from 1.2% to 1.8% in 550—750samples), but common in all other parts of the world. The
bp of homologous sequence, depending on the species cti?zarepeat and 13-repeat STRP alleles are both seen on this
pared. In 301 bp of DRD2 intron 3, Deinard and Kiddackground, but essentially only in Africa; the 14-, 15-, and
(1997) found no human or gorilla polymorphism, but extefi7-repeat alleles are seen occasionally on this background,
sive chimpanzee polymorphism. The nucleotide differendast the 16-repeat allele is seen on this background in every
between species were 1-2% felomo—Pan,1-3% for population, often exclusively. Outside of Africa, the fre-
Homo-Gorillg and 2—-3% foPan—Gorilla Given the rela- quency of this background haplotype ranges from 0.037
tive amounts of time separating the species, these differgiYemenites) to greater than 0.7 (Cheyenne). This haplotype
es are consistent with other molecular evolution studieshafs the greatest diversity of STRP alleles in sub-Saharan
these species (Koop et al. 1989). There is no evidence ffaica with the highest average frequency of 12-repeat alle-
the Tagl sites are hypermutable, and the time frame for nks-and even a rare 17-repeat allele. Thus, the B2 to B1 mu-
tral polymorphic variation to persist in human populationiation appears to be quite old.
is almost certainly less than a million years (Takahata The B2-D2-A2 background is common in all parts of the
1993). Considering the SNPs as defining backgroumdrld, with frequencies ranging from a low of 0.166 (in
haplotypes (upon which STRP alleles are found) and c@heyenne) to a high of 0.666 (Mbuti). Both the 13-repeat
sidering estimates for mutation rates for single nucleotidasd 14-repeat STRP alleles occur commonly on this back-
on the order of 1@ (Crow 1995; Li et al. 1996), we con-ground; the 12-repeat allele has been seen on this back-
clude that the B2-D2-A1 background haplotype (ignorirground only in the Sekele San; and 15-repeat and 16-repeat
the STRP) is the ancestral hominid haplotype, and that a#leles are seen sporadically in all parts of the world. This
current mutation is not a factor influencing the allele fré&taplotype and the Al to A2 mutation that created it also ap-
guencies for these polymorphisms. While we cannot eear to be quite old.
clude a very low number of alleles occurring due to The B2-D1-Al haplotype, in contrast with the other two,
recurrent mutation, the phenomenon is negligible at the lewuncommon in sub-Saharan Africa (0.02 to 0.14), rare in
el of our analysis. Europe and southwest Asia (0.012 to 0.042), and virtually
If we consider each derived allele to have arisen orefesent everywhere else. In sub-Saharan Africa, the predom-
and then drifted to high frequency, how did the differemant STRP allele on this background is 13 repeats, where-
haplotypes arise? We have published one likely possibiléty in Europe it is 15 repeats, suggesting a different ancestry
to explain the origins of the background haplotypes (Kiddr this haplotype in Europe than in Africa. The rarity of
et al. 1996), but our additional data on African populatiotisis background haplotype and the lower diversity of STRP
now suggest a different scenario (Fig. 6). The ancestifieles suggest that its origin is more recent than the other
background human DRD2 haplotype, B2-D2-Al, is conwo singly derived background haplotypes.
mon in sub-Saharan Africa (0.158 to 0.249), but rare to ab-The three doubly derived background haplotypes are
sent elsewhere. In Africa, three STRP allele sizes are iBd~D1-Al, B1-D2-A2, and B2-D1-A2. The first two of
quently found on this background, the 12-, 13-, anldese and the triply derived haplotype, B1-D1-A2, are ab-
14-repeat alleles. The EM algorithm estimates two occgent or only sporadically present at low frequencies in all
rences of the 15-repeat allele on this background in tegions of the world. In contrast, B2-D1-A2, is present at
Sekele San and the possibility of one occurrence of thatdest frequencies (8% to 15%) in all African samples, ex-
STRP allele with this background in the Central San. Nept the Mbuti, and becomes quite common in Europe. The
occurrences of a 16-repeat or 17-repeat allele occurredl&rrepeat STRP allele seems to be the common one on this
this background haplotype in Africa. This would suggebBackground in African and non-African populations. This
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pattern suggests that the D2 to D1 mutation occurred ondhne these are not independent because of shared ancestry,
B2-D2-A2 background, rather than on the ancestral bathe least significant value is still less than 0.028.
ground, on a chromosome that also had the 15-repeat allelelable 5 gives the details of all the permutation test distri-
According to this scenario, the B1-D1-Al haplotype woulsltions and Fig. 4 shows the actual distributions for a rep-
have arisen from at least two successive crossovers, star@sgntative sample of five populations with different het-
with the B2-D1-A2 haplotype and others with the B1 aretozygosities and different apparent patterns of
Al alleles. These observations also suggest that larger siisdquilibrium. As noted before, none of the permutations
STRP alleles have arisen more recently and tend to occustesved more disequilibrium than the observed. Thus, at
part of haplotypes with one or more derived alleles at ttiés first level of comparison, the permutation test gives sig-
three Tagl sites. nificance levels comparable to those using a likelihood ra-
tio chi-square test, i.eR<0.001. However, the validity of
the likelihood ratio chi-square test rests on the assumption
STRP mutation that the underlying distribution of the likelihood ratio statis-
tic follows a chi-square distribution. The mean of that dis-
It is clear from Fig. 3 that haplotype frequencies tend to tibution should approximate the degrees of freedom and
similar within broad geographic regions (continents the variance should be twice the mean. Only three of the 28
hemispheres). Therefore, as one way to view the STRP gisrmutation distributions even came close: the Ethiopians,
tributions, we have pooled all samples in each region aleiez Pueblo, and Karitiana. Interestingly, these are the
plotted the four resulting histograms and the global distpepulations with the three lowest means of the permutation
bution (not shown, but largely retrievable from Table 1fest, and all have at least one site that has gone to fixation.
Given the diversity among continents, the global distribthese are also the populations with the lowest estimated de-
tion is dependent on the numbers of samples in each ageees of freedom (see following discussion). In general (Ta-
Within an area, however, the individual population distribbe 5), the variance of the distribution of likelihood ratio
tions were sufficiently similar that the pooled distributionstatistics from 1000 permutations was only somewhat larg-
are reasonably accurate continental estimates. It is cleathan the mean and smaller than the variance expected for
that Africa has the highest proportion of smaller alleles, Eachi-square distribution. Thus, if this observation is gener-
rope has significantly more larger alleles than Africa, amdizable, the implication is that the likelihood ratio chi-
East Asia and the Americas have bimodal distributiorsgjuare test, which assumes an asymptotic chi-square distri-
These bimodal distributions reflect the preponderanceknftion, is in general not valid for multi-site haplotype
only two haplotypes in these populations, one with a 16-systems but, if used, gives a conservative result.
peat STRP allele and the other with a 14-repeat STRP allel&\ likelihood ratio chi-square test requires determination
(Fig. 3). Thus, the distributions of STRP alleles reflect raaf the degrees of freedom, but it is not clear how to estimate
dom genetic drift of whole haplotypes. the degrees of freedom for a complex haplotype system cor-
The nearly complete association of the 15-repeat STRIetly. The set of multi-site phenotypes can have many po-
allele with the B2-D1-A2 background haplotype, which igntial observations that do not occur, and many haplotypes
very common only in Europe and Southwest Asia, and tiivat could potentially occur are estimated to be absent.
strong to nearly complete association of the 16-repébAPLO estimates the degrees of freedom as the number of
STRP allele with the B1-D2-A1 haplotype in most non-Afossible haplotypes in the specific population minus the
rican populations both argue for a relatively low mutatiorumber of independent parameters estimated minus one.
rate of this STRP over the span of time since humans h@ite number of possible haplotypes is the product across all
been out of Africa. The strong association of the 14-repgatymorphic sites of the numbers of alleles with non-zero
allele with the B2-D2-A2 haplotype in all regions of th&equency estimates at each site. HAPLO prints a clear
world, but especially in the non-African populations, alsearning that this estimate may not be valid for any particu-
supports this conclusion. lar data set. For example, if the product of an allele frequen-
cy and sample size is such that the allele would occur few-
er times than there are haplotypes defined by the other sites,
Implications for testing the significance of disequilibriumnot all possible haplotypes could appear in a sample. Since
HAPLO allows for missing data at a site, the number of ob-
We conclude that the overall disequilibrium is statisticalserved occurrences of an allele is not necessarily the criteri-
significant in every population, whether evaluated by a liken when there are missing data.
lihood ratio chi-square test or a permutation test. Our objec-Our experience with simpler systems (Castiglione et al.
tive with the permutation test is not to estimate the signifi995; Tishkoff et al. 1996) has suggested that the degrees of
cance level accurately when it is less than 0.001, adréedom were accurately estimated and that the likelihood
clearly is for all populations in this study. Greater numeriatio chi-square test was a valid statistic for significance of
accuracy would require that severalfold more random pewerall disequilibrium. These results support that experi-
mutations of the data be evaluated and would not alter §mee in those cases where fixation at some sites resulted in
conclusion that disequilibrium does exist in all populationswuch simpler haplotype systems. However, for the general-
Even applying a correction for multiple independent testg,much more complicated system in this study, it is clear
that (1) the degrees of freedom are not, in general, estimat-
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ed accurately and (2) the underlying distribution does raikeles found in African Americans. These apparently arose
follow a chi-square distribution. We note that a simple coritem variation at the next Tagl site on either side of the “A”
parison of the means from the permutation analyses ofté#e and were detected by Southern blotting. These variants
differ considerably from the degrees of freedom estimatak presumably of African origin, but could not be detected
as described above (Table 5). by the PCR typing system used for this study. DNA se-
guence across the upstream Taqgl site is now available
(GenBank #AF050737) and could be used to confirm the
Population evolution nature of those variant RFLP alleles and to evaluate their
origins, but that was not done in this study. The great rarity
One obvious observation from these data is that the non-éffthese alleles outside of Africa is documented by their ab-
rican populations tend to have fewer haplotypes than Afsence in an earlier large survey of the Tagl “A” site in pri-
can populations. In general, only three haplotypes accomarily non-Africans using Southern blotting (Barr and
for most of the non-African chromosomes. From Africa t€idd 1993).
Europe and then across to East Asia, we see a pattern of tHEhe large number of haplotypes in each of the sub-Sa-
average heterozygosity in the regions decreasing and lhean African populations and the similar sets of common
numbers of haplotypes and common (>5%) haplotypes aimplotypes in those populations suggest both that much of
decreasing (Table 3). The values for the Americas a&he variation observed today arose some time ago and was
roughly comparable with those for East Asia, but therepgesent in the ancestral African population from which
more variation in these values (except the number of caimese modern populations descended and that all of these
mon haplotypes). The overall disequilibrium (Fig. 5) irpopulations have had large effective population sizes, al-
creases as the number of common haplotypes decre&semg them to maintain all the different haplotypes. The
(Table 3). These observations are in general agreement differences among these populations are most likely attrib-
the observations we have made for CD4 and DM (Tishkaofiable to recent effects of random genetic drift, but the
et al. 1996, 1998) of decreasing genetic variation, in a paRallness of the differences also argues that effective popu-
tern starting with highest variation in Africa, then decrealstion sizes have been large for the entire period since diver-
ing from west to east in Eurasia, then decreasing separagelyce from the common ancestor. In contrast, in the non-
into the Pacific and into the Americas, with still less vari&frican populations, there are fewer common haplotypes,
tion in South America. Though the decrease in variatitine frequencies of those haplotypes vary across the different
coming out of Africa is less dramatic for these markersragions, and, though their frequencies differ, the same few
DRD2 than for the markers studied at CD4 and DM, theplotypes account for the majority of chromosomes in all
general pattern is the same and supports the Out of Afriéathe non-African populations. This small subset of the
model of recent human origins (see Takahata (1993) draplotypes in sub-Saharan African populations is consis-
Tishkoff et al. (1996) for discussions of the different modent with the hypothesis of a significant founder effect asso-
els). ciated with a single migration of modddomo sapiensut
We found no evidence for distinct old haplotypes in Easit Africa and additional loss of variation as that initial non-
Asia, which would have been expected if there was substafrican founder population grew and expanded to the East
tial genetic continuity frorHomo erectusaand/or archaic and later into the Americas. Both the recombination rate
Homo sapienand modern populations. Additional indeamong the sites and the mutation rate at the STRP appear to
pendent loci will need to be studied, of course, to be mdre sufficiently low that significant numbers of new
certain of which patterns are general and which differ. Thaplotypes have not been generated since that founder
B-globin locus, for instance, has certainly been much stdent.
ied for extended haplotypes, initially because of mutant al-
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