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Abstract
To dissect the haplotype structure of candidate genes for disease association studies, it is important to understand the nature of genetic

variation at these loci in different populations. We present a survey of haplotype structure and linkage disequilibrium of chemokine and

chemokine receptor genes in 11 geographically-distinct population samples ðn ¼ 728Þ: Chemokine proteins are involved in intercellular

signalling and the immune response. These molecules are important modulators of human immunodeficiency virus (HIV)-1 infection and the

progression of the acquired immune deficiency syndrome, tumour development and the metastatic process of cancer. To study the extent of

genetic variation in this gene family, single nucleotide polymorphisms (SNPs) from 13 chemokine and chemokine receptor genes were

genotyped using the 50 nuclease assay (TaqMan).

SNP haplotypes, estimated from unphased genotypes using the Expectation-Maximization-algorithm, are described in a cluster of four

CC-chemokine receptor genes (CCR3, CCR2, CCR5 and CCRL2) on chromosome 3p21, and a cluster of three CC-chemokine genes [MPIF-1

(CCL23), PARC (CCL18) and MIP-1a (CCL3)] on chromosome 17q11-12. The 32 base pair (bp) deletion in exon 4 of CCR5 was also included in

the haplotype analysis of 3p21. A total of 87.5 per cent of the variation of 14 biallelic loci scattered over 150 kilobases of 3p21 is explained

by 11 haplotypes which have a frequency of at least 1 per cent in the total sample. An analysis of haplotype blocks in this region indicates

recombination between CCR2 and CCR5, although long-range pairwise linkage disequilibrium across the region appears to remain intact on

two common haplotypes. A reduced-median network demonstrates a clear relationship between 3p21 haplotypes, rooted by the putative

ancestral haplotype determined by direct sequencing of four primate species. Analysis of six SNPs on 17q11-12 indicates that 97.5 per cent

of the variation is explained by 15 haplotypes, representing at least 1 per cent of the total sample. Additionally, a possible signature of

selection at a non-synonymous coding SNP (M106V) in the MPIF-1 (CCL23) gene warrants further study. We anticipate that the results of this

study of chemokine and chemokine receptor variation will be applicable to more extensive surveys of long-range haplotype structure in

these gene regions and to association studies of HIV-1 disease and cancer.
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Introduction

Chemokine signals play a key role in immune and inflamma-

tory responses, wound healing and angiogenesis. Chemokines

are ‘chemoattractants’, directing the migration of cells along a

concentration gradient1 by binding receptors expressed on the

surface of leukocytes, natural killer cells, epithelial cells,

endothelial cells and smooth muscle cells.2 The two major

subfamilies of chemokine proteins are defined as CC, with

two adjacent cysteine residues, or as CXC, with an interve-

ning non-conserved amino acid. Other chemokines have

cysteine residues separated by more than one intervening

amino acid (eg CX3CL1 or fractalkine),3,4 or have only one

cysteine (eg XCL1 or lymphotactin).5,6 Chemokine receptors

are defined by the subfamily of chemokine ligand that they

bind. The chemokine and the chemokine receptor genes are

generally clustered in four distinct chromosomal regions:

CC on 17q11-21, CXC on 4q12-21, both CCR and CXCR

on 3p21-24 and CXCR on 2q21-35.

The most studied chemokine receptor, CCR5 on 3p21, has

been proven to bind the human immunodeficiency (HIV)-1

virus during infection of the host cell.7–9 Mutations in

this gene have been implicated in resistance to HIV-1

infection,10–12 accelerated progression to the acquired
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immune deficiency syndrome (AIDS)10,13,14 and AIDS-related

conditions.15,16 Other chemokine receptors, also co-receptors

of the HIV-1 virus, are implicated in affecting disease

status.17,18 Chemokines also have an impact on this infec-

tious disease, presumably by direct interaction with the

receptors that serve as entry mechanisms of HIV-1 into the

host cell.19–22 In addition, chemokines and their receptors

are a vital part of the cancer process, specifically in

tumour development23–25 and metastasis of cancer cells to

a secondary site.26 Because of this wealth of functional

and genetic evidence, chemokine and chemokine receptor

genes are ideal candidates for further disease association

analyses.

Analyses of genetic polymorphisms and haplotypes in

3p21 have focused primarily on the CCR5 and CCR2

genes and their impact on HIV-1 disease.10,13,18,27–29

A recent resequencing survey of variation in the CCR5

promoter in four continental population samples has yielded

evidence of past balancing selection in this region.30

Previous work has demonstrated that a high degree of linkage

disequilibrium between single nucleotide polymorphisms

(SNPs) extends out from CCR5, possibly by several hundred

kilobases (kb).31 Assessments of haplotype structure in

chemokine genes on chromosome 17q11-12 are limited to

RANTES (CCL5)22 and MCP-1 (CCL2) and Eotaxin

(CCL11).32

An understanding of the nature of genetic variation in a

diverse population sample is important for a complete assess-

ment of these disease candidate loci. Comparing haplotype

frequencies and patterns of linkage disequilibrium between

populations can determine the detailed structure of genetic

variation and fine-map haplotype ‘blocks’.33 Also, assaying

a diverse sample to find common variants can determine

haplotype-tagging SNPs that capture most of the variation in a

‘block’ to reduce the genotyping for an association analysis.34

In order to rigorously describe haplotype structure, it is

necessary to have either resequencing data readily available

(such as the analysis of the LPL35,36 and APOE37 genes), or

to have a dense array of SNPs, perhaps at minimum intervals

of 5 kb.38

To further describe the global distribution of genetic

variation in chemokine and chemokine receptor genes, we

have analysed the haplotype structure of bi-allelic loci in

three CC-chemokine genes on chromosome 17q11-12

and four CC-chemokine receptor genes on chromosome

3p21 in 11 population samples. Genotype data were also

collected from SNP loci in the fractalkine receptor gene

(CX3CR1) on 3p21.3 and CXC-chemokine genes on

chromosome 4q12-21. The analysis presented here is not

intended to be an exhaustive study of variation, but part of

an ongoing effort in our laboratory to catalogue SNPs and

characterise linkage disequilibrium in chemokine and

chemokine receptor genes to aid in association studies of

HIV-1 disease and cancer.

Samples and methods

DNA samples
Forty Centre d’Etude Polymorphisme Humain (CEPH)

families, comprising 489 individuals, were genotyped for

28 SNPs, and these data were used to validate each

genotyping assay and to determine haplotype phase by

pedigree analysis. These 28 SNPs were also genotyped

in a panel of 625 individuals from ten populations: 96

Mende and 95 Temne from Sierra Leone in West Africa,

49 Papua New Guineans (PNGs) from highland and

lowland groups, 50 Indonesians, 37 Mixe Indians, 57

Mixteca and 45 Zapotecs from Oaxaca, Mexico, 31

Chinese, 107 African-Americans, 24 Hispanic-Americans

and 34 European-Americans. Two common chimpanzees,

two pygmy chimpanzees, two gorillas and two orangutans

were genotyped by direct sequencing to determine the

ancestral haplotype for each gene region. All human

DNA samples were collected with informed consent

under the guidelines of the institutions involved in

sample collection. The use of all anonymous DNA samples

was either reviewed by the National Institutes of Health

Internal Review Board or determined as ‘exempt’ from

review.

Genomic regions and SNPs
Table 1 describes the 28 chemokine and chemokine receptor

SNPs on chromosomes 3p21, 17q11-12 and 4q12-21. The

relative position of each SNP included in the haplotype

analysis of 3p21 and 17q11-12 is indicated under ‘haplotype

position’ and ‘contig position’ in Table 1. The allelic

composition of each SNP is indicated as ‘allele 1/allele 2’

under ‘nucleotide position’ in the Table.

SNP detection strategy
The SNPs typed in this study were derived from three sources:

SNPs previously characterised in our laboratory; SNPs

validated from public database information;39 and SNPs

determined by resequencing and subsequent analysis with the

POLYPHRED software package.40 SNPs in chemokine and

chemokine receptor genes discovered by searching public

databases were validated in a panel of 16 individuals from four

ethnic groups (European-Americans, African-Americans,

Asians and self-identified Hispanics) by direct sequencing.

Four (CCR2, 23433T/C, 24866G/C, 25048G/T and

25983G/A) of the 28 SNPs have not previously been

reported and were discovered by direct resequencing of 3 kb of

the CCR2 promoter region in the aforementioned panel of 16

individuals. Details of this sequencing survey are discussed

elsewhere.41 The putative ancestral allele at each SNP (see

Table 1) was determined by direct sequencing of the eight

primate samples.
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The TaqMan (50 nuclease assay) method
All SNPs were genotyped using the 50 nuclease assay under a

set of universal assay conditions.41–43 The polymerase chain

reaction (PCR) was performed in 96-well plates that included

positive genotypic controls (for both homozygote states and

the heterozygote state for each SNP) and reactions with no

DNA as a negative control. All 50 nuclease assay plates were

read on the ABI 7700 Sequence Detector, and analysed under

dye components with the SDS v1.6.3 or v1.7 software package

(Applied Biosystems). Genotype determinations for each

reaction were made manually by visual inspection of a scatter-

plot of the data, with reference to the results of the genotype

control samples.

Description of haplotype data
After compliance with Mendelian inheritance had been

established for all of the CEPH family data using

PedCheck,44 the haplotype phase of the multi-site genotypes

on chromosomes 3p21 and 17q11-12 was determined by

visual inspection of the genotype data for all 40 families (a total

of 489 individuals).41 Haplotype states and frequencies were

estimated in sets of unphased genotype data from the

population samples with MLOCUS,45,46 which uses the

Expectation-Maximization (EM) algorithm47—a maximum

likelihood-based method. The most likely set of haplotypes

for each population sample was determined by a previously

described three-step procedure.48 Average haplotype diversity

was calculated for haplotypes in each population sample using

Nei’s heterozygosity statistic.49

Haplotypes estimated using MLOCUS were used to cal-

culate FST statistics in ARLEQUIN.50 These data were

analysed by a non-parametric approach, where haplotypes

are permuted both within and among populations to create a

null distribution of FST values.51 An exact test of population

differentiation provided in ARLEQUIN is also used here to

describe differences in haplotype frequencies between popu-

lations.52 Haplotype blocks on 3p21 were assessed using

HaploBlockFinder,53 which performs the four-gamete test

(FGT)54 between each pairwise combination of SNPs to

identify past recombination events.55 The minimal-D0
method56,57 (with minimum D0 ¼ 0:80) was also used to assess

haplotype block structure in the 150 kb region of 3p21.

Haplotype tag SNPs (htSNPs) were chosen using the htSNP

utility, which analyses haplotypes generated by SNPHap.34,58

Reduced Median (RM) networks59,60 were calculated using

Network 3.1.1.161 to visualise the mutational relationships

between the haplotypes inferred by MLOCUS in population

genotype data.

Estimating linkage disequilibrium in
population data
Linkage disequilibrium between pairs of SNPs on chromosomes

3p21 and 17q11-12 was estimated in unphased genotype data

from each population sample. The D0 statistic was calculated

and graphical results were generated using the linkage

disequilibrium utility on the Innate Immunity website.62

Results

SNP allele frequencies and Hardy–Weinberg
equilibrium
Of the potential 20,384 genotypes generated for this analysis

(728 individuals typed for 28 loci), 517 (or 2.53 per cent) were

unable to be resolved by the Applied Biosystems SDSv1.6.3

genotyping software. The remaining 19,867 genotypes were

included in the estimation of SNP allele and genotype fre-

quencies for each population sample. For each SNP, the most

frequent allele in a panel of 88 individuals (from different

ethnic groups) is designated as ‘allele 1’. The frequency of

‘allele 1’ for each SNP is reported in Table 2, and those SNP

genotype distributions that deviate from the Hardy–Weinberg

equilibrium (HWE) are indicated with an underline. Seven-

teen out of the 28 SNPs typed were polymorphic in all

11 populations. Of the 308 tests performed to check for

conformity to HWE, 21 had significant ( p , 0.05) deviations.

No one SNP showed deviation from HWE in all populations.

Most deviations appear to be due to small numbers of rare

homozygotes in some sample sets. Some deviations, primarily

in the Indonesian and PNG samples, could be due, in part, to

substructure in the sample.

Six SNPs (CCR2(N260N), CCR5(303G/A),

MCP-1(2362C/G), MPIF-1(M106V), ENA-78(Q56Q) and

GRO1(1086G/A) show large differences in allele frequencies

(high-deltas) between at least two populations. Two SNPs have

at least a 60 per cent difference in allele frequencies between

Native Africans and European-American populations: a

coding variant in the MPIF-1 chemokine on chromosome

17q11-12, M106V, has a frequency difference of 75.3 per cent.

Position 1086G/A, in an intron in GRO1, a CXC chemokine

on chromosome 4, has a frequency difference of 68.2 per cent.

A promoter SNP (2362) in the MCP-1 CC-chemokine gene

on chromosome 17q11-12 differs in frequency between the

Mixtecs in Mexico (0.108) and European-Americans (0.713)

by 65 per cent. The promoter SNP at position 303 in CCR5

has a frequency difference of 60.2 per cent, where allele 1

(303G) is 0.847 in the PNG sample and 0.245 in

the Temne in West Africa. A synonymous change in

ENA-78(Q56Q) on chromosome 4 has a frequency difference

of 46.2 per cent between the Chinese sample (0.962) and

the Temne in Sierra Leone (0.500).

Haplotypes and heterozygosity on
chromosome 3p21
The EM algorithm generated 48 distinct haplotypes from the

14 SNPs typed in the four genes on chromosome 3p21 (only

those 25 haplotypes above 3 per cent in any one population are
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listed in Table 3). The haplotype order of these 14 SNPs is

indicated in Table 1.Nine of these haplotypes, listed in Table 3,

have previously been resolved unambiguously by pedigree

analysis of 40 CEPH families.41 Eight of the nine pedigree-

phased haplotypes were among the most frequent in the global

set of haplotypes in the population samples, and the remaining

haplotype (11111111112111) is defined by the CCR5(L55Q)

allele, which is apparently specific to European-derived

populations.

MLOCUS was unable to resolve haplotypes for 37 of the

728 individuals in the analysis of all population samples

because of missing genotype data. MLOCUS will drop indi-

viduals with two or more missing genotypes from the haplo-

type estimation. This yields an analysis dropout rate of 5.1 per

cent for the 3p21 data. Of the 14 SNPs typed for this analysis,

only seven were polymorphic in all 11 population samples. All

polymorphic SNPs, even those with low frequency (1 per

cent), were included in the haplotype estimation for each

population sample. Of the 25 haplotypes presented in Table 3,

two are present in every population: those designated as

haplotype 1 (11111111111111) and haplotype 5

(11211211111111). The 11 haplotypes that have a frequency

of at least 1 per cent in the total sample ð2n ¼ 1; 382Þ com-

prise 87.5 per cent of the total variation of all haplotypes. The

remaining 12.5 per cent of the variation is explained by 37

haplotypes, all of which are found in four or fewer population

samples.

Almost half (22) of the total number of haplotypes (48)

are unique to one population sample. One unique haplotype

(11111121211111), which was confirmed empirically by a

previous pedigree analysis of the CEPH grandparent

sample41 (included here in the European-American group),

was determined by direct sequencing of primates to be the

ancestral or ‘root’ haplotype. Nearly half of the unique

haplotypes (nine out of 22) are found in the African-

American sample. The African-American sample is the most

diverse, with a total of 27 haplotypes. The heterozygosity

values calculated from the haplotype frequencies confirm

this, as the African-American sample has the highest het-

erozygosity at 0.92 ^ 0.008. The Mixe sample from Mexico

is the least diverse, with only six haplotypes. The hetero-

zygosity for the Mixtec-E and the PNG samples were

the lowest of the 11 population samples, with values of

0.70 ^ 0.028 and 0.66 ^ 0.047, respectively.

Population-specific patterns of linkage
disequilibrium in 3p21
Pairwise comparisons between all polymorphic SNPs using

unphased genotypes yields a generally high degree of linkage

disequilibrium across the entire 150 kb region in most of the

populations (Figure 1). Notable patterns include the relatively

intact strong linkage disequilibrium between SNPs in CCR2

and CCR5 in the Native African populations [Mende (1a) and

Temne (1b)]. In these populations, there is a distinct lack of

linkage disequilibrium between CCR3(Y17Y) and other

SNPs in the region. By comparison, the African-Americans

(1c) appear to have the least linkage disequilibrium of any of

the populations, with CCR3(Y17Y) (SNP 1) and

CCR2(N260N) (SNP 7) showing the most evident break-

down in pairwise linkage disequilibrium with other SNPs.

Compared with the Native African populations and the

African-Americans, linkage disequilibrium ðD0 ¼ 1Þ is main-

tained between SNPs CCR3(Y17Y) and CCRL2(I243V) at

opposite ends of the region in the Mixteca (1f) and the

Chinese (1i), and somewhat less so in the European-Americans

ðD0 ¼ 0:8Þ (1d). The less frequent alleles at these SNPs occur

almost exclusively on haplotype 4 (21111121211121) in these

populations. Although the intact haplotype 4 is absent in

African-Americans and Africans [as CCRL2(I243V) is not

polymorphic in these populations], some long-range linkage

disequilibrium is evident in these samples. The other SNP

typed in CCRL2, 1137C/G, is polymorphic in Africans, and

shows significant linkage disequilibrium ðD0 ¼ 1:0Þ with
CCR3(Y17Y) in the Temne (1b) specifically.

Long-range linkage disequilibrium ðD0 ¼ 1:0Þ exists
in the Mende (1a) between an SNP in the CCR2 promoter

(25983G/A) and CCRL2(1137C/G). The less frequent

alleles at these SNPs ( 25983A and 1137G) are both carried

on the same high frequency haplotype 10 (12111112211112)

almost exclusively in the Native Africans populations. Of the

Native American populations, the Zapotecs (1h) show a dis-

tinct lack of long-range linkage disequilibrium, particularly in

pairwise comparisons with CCR3(Y17Y), when compared

with the Mixteca (1f) and the Mixe (1g) populations. Finally,

the Chinese (1i), Indonesians (1j) and PNGs (1k) all exhibit a

relative breakdown in linkage disequilibrium between

CCR2(-3455) (SNP 5) and SNPs in CCR5.

Haplotype blocks and ‘tag’ SNPs on 3p21
Haplotype blocks and htSNPs were accessed in all 11 popu-

lation samples; these results are catalogued in ftp://

ftp.ncifcrf.gov/pub/users/goldb/. For seven of these popu-

lation samples, the two tests, the FGT and the minimal-D0
method (set to D0 ¼ 0:80), indicate the same haplotype block

structure for 3p21. For the remaining four populations (Afri-

can-Americans, Mixteca, Mixe and Zapotecs), the FGT

detects more blocks than the minimal-D0 test. For example,

the minimal-D0 analysis finds four blocks in the African-

American data, while the FGT generates seven blocks by

splitting CCR2(V64I), CCR5(208) and CCRL2(1137) each

into separate blocks. With the FGT, ten of the 11 populations

(all except the PNG) demonstrate a break between

CCR2(N260N) and CCR5(208). This result indicates a past

recombination event somewhere in the 20 kb between CCR2

and CCR5. The CEPH pedigree haplotypes support this, as,

although there is no direct observation of a recombination
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event in the pedigree data, one haplotype (11112121211121)

appears to be a recombinant of haplotypes 4

(211111121211121) and 7 (11112121111111).41 Only three

analyses (Mixteca, Chinese and Indonesians) indicate that

CCR3 and CCR2 are in the same block, while the data from

the other eight populations all indicate a break in block

structure in the 80 kb between these two genes. Additionally,

the FGT detects an intact block that includes SNPs in the

CCR5 and CCRL2 genes (30 kb apart) in five populations

(African-Americans, European-Americans, Hispanics, Mix-

teca and Indonesians). Conversely, the FGT analysis of the

Temne (African) and the Zapotec (Native Mexican) samples

shows breaks in both of these intergenic regions (ie between

CCR3-CCR2 and CCR5-CCRL2), which supports the

linkage disequilibrium patterns illustrated in Figure 1.

Analysis of the total sample ðn ¼ 728Þ indicates that nine
htSNPs are sufficient to explain all of the haplotypes above 1 per

cent (of haplotypes listed in Table 3). The htSNP utility53 gen-

erated eight equivalent sets of nine SNPs (see supplementary data

on page 272). This analysis demonstrated that CCR2(25983)

and CCRL2(1137) are binary equivalents, which corroborates

the linkage disequilibrium results for the Native African popu-

lations (the Mende and Temne samples). The 32 bp deletion in

CCR5 (del32) was chosen as an htSNP, as it describes a distinct

haplotype in all populations in which it is polymorphic.

CCR5(L55Q)—a relatively rare SNP specific to European-

Americans—was not chosen as an htSNP, although it would

need to be genotyped to capture that particular haplotype

(number 8 in Table 3) in European-derived populations.

Ancestral haplotypes and networks on 3p21
The ‘root’ haplotype, determined by sequencing four primate

species for each SNPs, was found very infrequently in the total

set of estimated haplotypes of SNPs in 3p21 and 17q11-12.

The root haplotype is indicated by an ‘A’ in the RM haplo-

type network of the 3p21 SNPs described in Figure 2. The

3p21 ‘root’ haplotype (11111121211111) differs from the most

common haplotype (11111111111111), which is found at

nearly 30 per cent in the total sample, by two mutations. The

‘allele 2’ of these two SNPs, CCR2(N260N_C) and

CCR5(303A), are at high frequencies in the African

populations (at 0.42 and 0.75, respectively, in the Temne

population sample). These two SNPs are polymorphic in all

11 populations surveyed.

Figure 1. (a–k) The D0 statistic for pairwise comparisons of the 14 SNPs genotyped in 3p21 in each population sample. The axes of

each plot indicate those polymorphic SNPs included in each analysis. SNP labels refer to numbering system described in Table 1.

Abbreviations: Euro-Americans ¼ European-Americans; PNG ¼ Papua New Guineans.
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The ‘root’ haplotype differs from the most common

haplotype in the African samples (111121121211111), by the

change from a C to a G at CCR2(24866), a SNP that is

virtually African-specific. The only other populations that are

polymorphic at this locus are the Mixtec and the Zapotecs

from southern Mexico, and this is probably due to a recurrent

mutational event. The ‘root’ haplotype also differs from hap-

lotype 4 (21111121211121) by two mutational events at the

extremes of the 150 kb region.

Haplotypes and heterozygosity on
chromosome 17q11-12
The EM algorithm generated 30 distinct haplotypes (22 hap-

lotypes above 2 per cent in any one population are listed in

Table 4) from the six SNPs typed in three chemokine genes in

the 79 kb region of chromosome 17q11-12. Twelve of these

haplotypes were found in the CEPH grandparent sample and

were phased unambiguously by pedigree analysis of 40 CEPH

families.41 MLOCUS estimation was unable to determine

haplotypes for 22 of the 724 individuals (in 11 population

samples) because of missing genotype data, which yielded

a dropout rate of 3.1 per cent for the 17q11-12 haplotype

analysis. The two most frequent haplotypes (111111) and

(211111) out of the 30 haplotypes in the total set are found

in all 11 population samples. These two haplotypes differ by

just one mutation, a change from A to G at MPIF1(M106V).

‘Allele 2’ (106V) at this SNP is at very high frequency in the

African populations surveyed, and the haplotype defined by

this SNP (211111) is the most frequent in these samples

(Mende at 0.49 and Temne at 0.51).

The 15 most frequent haplotypes (at least 1 per cent in the

total sample) comprise 97.5 per cent of the total variation of all

haplotypes. All 15 of these haplotypes are present in more than

one population sample. Of the 15 haplotypes that comprise

the remaining 2.5 per cent, 11 are unique to just one popu-

lation. The ‘root’ haplotype (121112) — determined by direct

sequencing of four primate species — is only found in the

Temne, a population in West Africa, at a frequency of 0.02.

The most haplotypes were found in the African-American

(14), Temne (14) and PNG (13) samples. While the African-

American sample exhibited one of the highest heterozygosity

values (0.81 ^ 0.019), however, the Temne (0.68 ^ 0.029)

and the PNG (0.67 ^ 0.054) had the lowest of the 11 popu-

lation samples. This is because the haplotype distributions of

both the Temne and PNG samples were dominated by one

haplotype with a frequency of at least 0.50, while the distri-

butions of the haplotypes is more dispersed in the African-

American sample. Two Asian populations, the Chinese

(0.84 ^ 0.023) and the Indonesians (0.84 ^ 0.022), also had

relatively high heterozygosity values compared with the rest of

the samples.

Figure 2. Reduced median (R-M) Network of haplotypes of 14 SNPs in 3p21. Haplotypes indicated comprise nearly 80 per cent of

the variation in the total population sample ðN ¼ 690Þ: The size of the circle for each haplotype indicates the frequency of the

haplotype in the pooled sample.
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Population-specific patterns of linkage
disequilibrium in 17q11-12
Figure 3 describes the results of pairwise comparisons (D0) for the
six SNPs typed inMPIF-1, PARC andMIP-1a in each of the 11

population samples.Overall, there appears to be more hetero-

geneity in patterns of linkage disequilibrium when compared

with the 3p21 region, although it must be noted that this analysis

of 17q11-12 has a somewhat lower resolution. Pairwise com-

parisons between SNPs indicate strong linkage disequilibrium

(D0 . 0.8) in seven of the populations between PARC(6793)

andMIP-1a(-1541), which are 20.5 kb apart. The notable
exception is a Native African population sample (Temne) which

has very little linkage disequilibrium between these two SNPs

ðD0 ¼ 0:1Þ: It is interesting to note that the two African popu-

lations (theMende and Temne) have distinctly different patterns

of linkage disequilibrium across the 79 kb region, by contrast

with the similarity of the analyses of the 3p21 SNPs.

Strong linkage disequilibrium is observed in the Chinese,

and less so in the Mixe, between SNPs in the PARC gene (311

and 6793) andMPIF1(M106V),which is 50 kb away.This result

is distinctly different from the pattern observed in the other nine

populations as well as the pedigree-phased CEPH grandparents

ðn ¼ 103Þ; in which there is no significant linkage disequili-

brium betweenMPIF1(M106V) and any of the other five SNPs

included in the 79 kb region.41 Whereas the other populations

exhibit more moderate long-range linkage disequilibrium

across this region, pairwise comparisons in Mixteca and

Zapotec population samples indicate that strong linkage

disequilibrium is maintained at the extremes of the region,

as every SNP is in linkage disequilibrium with MIP-1a
(21541), even MPIF1(M106V).

Ancestral haplotypes on 17q11-12
The ancestral haplotype (121112) is infrequent in the total

population sample (less than 1 per cent). The EM algorithm

results indicate that the Temne population sample was the

ancestral haplotype, at a frequency of 2 per cent. The minor

alleles as the distinguishing loci for this haplotype [PARC

(2116 T) and MIP-1a(-1541C)] are at relatively high

frequencies in all population samples, particularly in the

Figure 3. (a–k). The D0 statistic for pairwise comparisons of the 6 SNPs genotyped in MPIF-1, PARC, and MIP-1a on 17q11-12 in each

population sample. The axes of each plot indicate those polymorphic SNPs included in each analysis. SNP labels refer to numbering

system described in Table 1.

Abbreviations: Euro-Americans ¼ European-Americans; PNG ¼ Papua New Guineans.
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African populations, where they range between 40 and 50 per

cent. Only two haplotypes in the set of the 15 most frequent

are just one mutation away from the ancestral haplotype:

haplotype 12 (111112) and haplotype 15 (121212) — both

of which are found at around 1 per cent in the total population

sample and in populations other than the Africans.

Recombination, in particular, seems to have generated the

diversity of haplotypes observed in the combinations of six

SNPs on 17q11-12. This recombination hampers efforts to

distinguish the structure of relationships between haplotypes.

Attempts to find a definitive haplotype network was impossible

due to the parallel pathways that exist in this dataset. To define

the overall pattern of variation, and to determine the relation-

ship between haplotypes in each ‘block’, it will be necessary to

type more SNPs within these genes and in intergenic regions.

Patterns of population differentiation
The distributions of estimated haplotype frequencies for both

the 3p21 data and the 17q11-12 data were compared between

the 11 population samples to calculate FST statistics, or the

proportion of haplotype diversity that is attributable to dif-

ferences between populations. Significance of the FST statistic

was determined by randomly permuting haplotypes among

populations, and those values that were not significant are

highlighted in italics in Tables 5 and 6. For the 3p21 region

(Table 5), several populations exhibited limited differentiation,

apparently due to geography. The Mende and Temne — two

populations in Sierra Leone, in West Africa — did not show

significant differences in the distribution of haplotypes.

Likewise, the Hispanic sample did not have a significantly

different haplotype composition from the populations sampled

in southern Mexico: the Mixteca, Mixe and the Zapotecs.

This could be a result of Native American admixture in the

Hispanic individuals sampled. The only two populations not

to have significant results for the exact test of population

differentiation for the 3p21 haplotypes52 were the Mixe

sample and the Zapotecs. The most diverse populations were

the Temne and the PNGs, with an FST of 0.210.

The 17q12 haplotypes showed a similar pattern of popu-

lation clustering (Table 6), although for this dataset the

distribution of haplotypes in the Indonesian sample showed

similarity to the Chinese ðFST ¼ 0:002Þ and, surprisingly, the
Hispanic sample ðFST ¼ 0:011Þ: The overall level of higher

population differentiation is apparent with the 17q11-12 data,

as the FST values were generally greater than those

determined by the analysis of the 3p21 SNPs. Again, the

Temne and the PNG sample showed the most differentiation,

with an FST of 0.303.

Discussion

Interpretations of haplotype structure on 3p21
A haplotype block can be defined as a region in which a small

proportion of pairwise comparisons of markers show evidence

for historical recombination.57 Under this definition, often

greater than 90 per cent of the sample possesses only two

to five haplotypes within a block.57,63 Using the methods

described by Gabriel et al.,56 allelic association between pairs

of SNPs is estimated by the D0-statistic and haplotype blocks

consist of regions of contiguous SNPs with adjacent pairwise

D0 values over a threshold value (set at D0 . 0.8 for this

analysis). Others propose a haplotype block definition that

describes the distribution of recombination crossovers between

loci using a modification of the FGT.56

These different ‘philosophies’ underlying haplotype block

definitions can result in ambiguity in the reconstruction of

haplotype structure in a region of interest, such as the che-

mokine receptor genes on chromosome 3p21. For the 14

polymorphisms scattered over the 150 kb region of 3p21, the

variation in the total population sample is explained by 11

haplotypes above 1 per cent in the 11 population samples. All

of these haplotypes are found in more than one population.

There is evidence that long-range linkage disequilibrium exists

between SNPs in the extremes of the 150 kb region, and that

linkage disequilibrium has remained intact on one haplotype

(haplotype 4) long enough to be present (at relatively low

frequencies) in several populations on different continents.

Moreover, linkage disequilibrium has remained intact between

two SNPs, one in the CCR2 promoter ( 25983G/A) and the

other in CCRL2(1137C/G), approximately 50 kb from each

other, long enough for the haplotype bearing both

these mutations haplotype 10 to reach nearly 30 per cent in

the African population sample.

Despite what appears to be long-range linkage disequili-

brium, a potential past recombination event between CCR5

and CCR2 is evident in ten geographically distinct popu-

lations. The ‘global’ presence of this break between CCR2 and

CCR5 could indicate a relatively old recombination event

between two common haplotypes (haplotypes 4 and 7), or

recurrent recombination in this region. Under both defi-

nitions used here (the minimum-linkage disequilibrium and

the FGT), the 150 kb on 3p21 consists of at least two haplo-

type blocks in each of the 11 population samples. Where the

results differed between the two methods, the FGT

consistently generated a greater number of haplotype blocks.

While the resolution of the analysis of 3p21 presented here is

low (14 SNPs in 150 kb), these results indicate that definitions

of haplotype blocks are very dependent on the method used to

detect them — even in a region of relatively strong linkage

disequilibrium. Additionally, the population-specific patterns

of haplotype blocks observed here in 3p21 echoes a previous

cautionary note about using a single population sample to

describe the structure of variation and haplotypes in a disease

candidate region.33 The variation in haplotype structure

between populations can affect which SNPs are chosen as

haplotype ‘tags’. As indicated from the results presented here,

using the htSNPs determined from the CEPH grandparent

sample (Europeans) would not be sufficient to describe
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the overall haplotype structure of the Temne of Sierra Leone,

particularly in detecting population-specific haplotypes (such

as haplotype 10).

Root haplotypes and ascertainment bias
Fullerton et al. found that the ‘root’ haplotype of SNPs in the

APOE gene, derived from a chimpanzee sequence, was found

at a low copy number (only two copies in a total of 196

chromosomes) in their sample, one in a sample of African-

Americans from Jackson, Mississippi, and one in a sample of

non-Hispanic Caucasians from Rochester, New York.37 In

our analysis of 3p21 haplotypes, only one copy of the ‘root’

haplotype (11111121211111) was present, and it was found in

the CEPH grandparent sample (included in the European-

Americans). Unlike this present survey of chemokine receptor

SNPs, however, the study of APOE by Fullerton et al. found at

least one copy of the ‘root’ haplotype in a population sample

of African origin (African-Americans from Jackson, Missis-

sippi)37. Their finding is consistent with other studies that have

found ‘root’ haplotypes in populations of African origin.64,65

It is possible that the ‘root’ haplotype on chromosome 3p21

is not found in the African, or African-derived, population

samples in the present analysis simply due to sampling error.

As no sub-Saharan populations were included in this analysis

(indeed, the sampling is limited to Sierra Leone in West Africa

and African-Americans from metropolitan centres in the

eastern USA), the ‘root’ haplotype could have been missed in

Africa by this particular analysis. Hacia et al. found that in a

survey of 397 SNP sites throughout the genome, the most

frequent allele at an SNP is generally the ancestral allele;

however, there were exceptions.66 Of course, determining

which allele is the ‘most common’ at the SNP site is subject

to ascertainment bias in sampling of human populations.67

In our study of 3p21 haplotypes, the ‘root’ haplotype

(11111121211111) differs from the most common haplotype

(11111111111111) by two SNPs [CCR2(N260N) and

CCR5(303)] which are present at an appreciable frequency

in every population sample.

In an analysis of 9 biallelic loci in 20kb on 3p21 (8 loci in

CCR5 and V64I in CCR2), Gonzalez et al. find that the

ancestral haplotype is at high frequency in African populations.

This current analysis, which includes loci spread over

150 kb, does not include some of the SNPs genotyped in

the aforementioned study, namely CCR5-29 A/G, CCR5-

627 T/C, CCR5-630 C/T and CCR5-927 C/T. However,

those SNPs that were typed in both studies, CCR2-V641,

CCR5-208 G/T, CCR5-303 G/A, CCR5-676 A/G and the

CCR5-32bp deletion, present the same ancestral allele.

Gonzalez et al. demonstrate that the ancestral haplotype has

a high frequency in Africans and African-Americans (71 per

cent in Pygmies, 24 per cent in non-Pygmy Africans and 21

per cent in African-Americans).29 Likewise, when the

distribution of haplotypes that includes only the SNPs

common to the Gonzalez et al. study and the analysis presented

here is assessed, the frequency of the ancestral haplotype is

high, particularly in the African (34 per cent) and African-

derived samples (27 per cent). The scarcity of the ‘root’ hap-

lotype with all 14 SNPs in the total sample may be a result of

the relative age of CCR2(N260N) and CCR5(303). ‘Allele 2’

at both of these SNPs, CCR2(N260N_C) and CCR5(303_A),

has a wide frequency distribution, at 39 per cent and 71

per cent in African and 9 per cent and 15 per cent in PNGs,

for example. Population genetics theory states that the oldest

neutral SNP sites will generally involve cases where the

derived allele is drifting toward fixation, and the ancestral allele

is drifting to extinction.66,68 The observed frequency distri-

bution, and composition of the ancestral haplotype at 3p21,

could be a result of drift acting upon these SNPs. Another

possibility is the effects of balancing selection at the CCR5

promoter region.30

Selection in chemokine and chemokine
receptor genes
Bamshad et al. resequenced 1.1 kb of the CCR5 promoter

region in 124 chromosomes from four populations in the ‘Old

World’: Africans, non-Indian Asians, Europeans and South

Indians.30 Based on comparisons of nucleotide diversity

(p, a direct estimate of per-site heterozygosity derived from

the average pairwise sequence difference) in the CCR5

promoter with other regions in the genome, the authors

conclude that the higher-than-average p values and SNP

density in the CCR5 promoter are probably a result of

balancing selection. As balancing selection increases the intra-

population nucleotide diversity relative to the diversity in the

total sample, loci under balancing selection are expected to

have very different patterns compared with those loci under

no selection (neutral loci).69 As the analysis presented here

includes no sequences from the CCR5 promoter (only

previously discovered single SNPs), we cannot assess

comparable statistics in our own study.

Bamshad et al. also report much lower than average

FST values (an average of 0.016 for the pooled continental

populations, although this was not significant, at p . 0.09),

however, which they interpret as being further evidence of

the effects of balancing selection at CCR5.30 The estimates

of FST for the CCR5 promoter are about five-fold lower

than estimates of FST generated by genotype data in Alu

sequences in these same individuals.30 Our estimates of

the proportion of total haplotype variation over 150 kb

of 3p21 that is between population samples (as described by

the FST values) are generally higher than those reported in

Bamshad et al.30 It would be expected that any effect

balancing selection has on polymorphisms in the CCR5

promoter would be diluted by variation in the other genes

included in the entire 150 kb haplotype. It should be noted,

however, that, overall, the FST estimates determined by
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haplotypes in 3p21 are lower than those from haplotypes in

the chemokine genes on chromosome 17q12.

Our analysis of SNPs in the 17q12 chemokine gene region

yields an interesting result that warrants further study. The

non-synonymous change (M106V) in the MPIF-1 chemokine

gene has a great difference in frequency between African and

non-African populations (75 per cent between populations in

Sierra Leone and European-Americans). It is also evident that

the most frequent allele at this site (106V) in the African

sample is nearly fixed (95–96 per cent) and is not the ancestral

allele (M106), based on sequence data from non-human pri-

mates. The ancestral allele (M106) is found at a much greater

frequency in non-Africans, from 56 per cent in Indonesians to

80 per cent in European-Americans. The lowest frequency of

M106 (allele 1) outside of Africa is 28 per cent in the PNGs.

While there are not enough data here to make any definitive

assessments about the effects of selection at MPIF-1, the pat-

tern observed at this locus is intriguing. Genotype data at

more SNPs within and around the gene will be necessary for

further analyses of the patterns of variation, and possible effects

of selection on MPIF-1.

Supplementary materials

ftp://ftp.ncifcrf.gov/pub/users/goldb/
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