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Admixture Mapping of White Cell Count:
Genetic Locus Responsible for Lower White Blood Cell
Count in the Health ABC and Jackson Heart Studies

Michael A. Nalls,1 James G. Wilson,2 Nick J. Patterson,3 Arti Tandon,3 Joseph M. Zmuda,4

Scott Huntsman,5 Melissa Garcia,1 Donglei Hu,5 Rongling Li,6 Brock A. Beamer,7 Kushang V. Patel,1

Ermeg L. Akylbekova,8 Joe C. Files,9 Cheryl L. Hardy,9 Sarah G. Buxbaum,8 Herman A. Taylor,10

David Reich,3,11 Tamara B. Harris,1,* and Elad Ziv5

White blood cell count (WBC) is an important clinical marker that varies among different ethnic groups. African Americans are known

to have a lower WBC than European Americans. We surveyed the entire genome for loci underlying this difference in WBC by using

admixture mapping. We analyzed data from African American participants in the Health, Aging, and Body Composition Study and

the Jackson Heart Study. Participants of both studies were genotyped across R 1322 single nucleotide polymorphisms that were pre-

selected to be informative for African versus European ancestry and span the entire genome. We used these markers to estimate genetic

ancestry in each chromosomal region and then tested the association between WBC and genetic ancestry at each locus. We found a locus

on chromosome 1q strongly associated with WBC (p < 10�12). The strongest association was with a marker known to affect the expres-

sion of the Duffy blood group antigen. Participants who had both copies of the common West African allele had a mean WBC of 4.9 (SD

1.3); participants who had both common European alleles had a mean WBC of 7.1 (SD 1.3). This variant explained ~20% of population

variation in WBC. We used admixture mapping, a novel method for conducting genetic-association studies, to find a region that was

significantly associated with WBC on chromosome 1q. Additional studies are needed to determine the biological mechanism for this

effect and its clinical implications.
Introduction

Peripheral white blood cell count (WBC) is a common clin-

ical measurement, used to determine evidence of acute

inflammation or infection. Peripheral WBC is the sum of

several cell types including neutrophils and lymphocytes,

which are the most common types of WBC, as well as

less common cell types such as eosinophils, basophils,

and monocytes. Elevated WBC has been associated with

risk of coronary heart disease,1 cancer,2 and all-cause mor-

tality.3 White blood cell levels have widespread clinical

applications including assessment of patients undergoing

chemotherapy4 and evaluation of infection.5

Peripheral WBC is known to vary among different racial

and ethnic groups. WBC is lower among African Ameri-

cans when compared to European Americans6,7 (NEUTRO-

PENIA, CHRONIC FAMILIAL [MIM %162700]). Nonge-

netic factors that influence WBC include smoking,

socioeconomic status, systemic inflammatory diseases,

and acute infection.8,9 However, the difference in WBC be-

tween racial and ethnic groups has not been explained by

any of these factors. In addition, some studies have dem-

onstrated a familial component to variation in WBC.10
Th
Admixture mapping is a technique for localizing genetic

variants in recently mixed populations11 in which linkage

disequilibrium (LD) extends tens of megabases because

the chromosomes have not had much time to break up by

recombination.12,13 The extended LD implies that in popu-

lations like those of African Americans, whole genome asso-

ciation studies are possible with 1,000–2,000 markers.14,15

Admixture mapping in African Americans has already iden-

tified putative loci affecting hypertension, prostate cancer,

multiple sclerosis, and serum inflammatory markers.16–21

We studied variation in WBC among participants in the

Health, Aging, and Body Composition study (Health ABC).

We first compared WBC among African Americans and

European Americans in the study and thus confirmed a sig-

nificant difference. We then used ancestry informative

markers to estimate the individual ancestry of the African

Americans in the study and demonstrated that there was

a significant association of low WBC with a higher propor-

tion of African ancestry. Finally, we utilized an admixture

mapping approach to identify a novel locus that influences

WBC levels, which we also independently identified in

a separate admixture scan in the Jackson Heart Study

(JHS). The peaks of association in both studies localize to
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a region ~0.9 Mb centered on the Duffy Antigen Receptor

for Chemokines gene (DARC [MIM 110700]).

Subjects and Methods

Description of the Health, Aging, and Body

Composition Cohort
Health ABC is a cohort of 3075 community-dwelling men and

women between the ages of 70–79. The participants in the Health

ABC study were recruited from among Medicare beneficiaries re-

siding in the metropolitan areas of Pittsburgh, PA, and Memphis,

TN, and were selected to have high functional status at baseline.

This study focuses on the African American subset of Health

ABC. The clinical collection and genetic analysis for the Health

ABC study has been approved by the institutional review boards

of the University of Pittsburgh, the University of Tennessee, Mem-

phis, and the University of California, San Francisco.

Genotyping
Within the Health ABC population, 1281 participants identified

themselves as African American. From this subsample, 1184 par-

ticipants were genotyped at the Broad Institute at 1536 single

nucleotide polymorphisms (SNPs) with whole-genome amplified

DNA and an Illumina BeadLab platform.22 Details of the genotyp-

ing for this experiment are described by Reich et al.19 After quality

checks, including the requirement that at least 85% of SNPs were

successfully genotyped for each sample and that none of the SNPs

were in linkage disequilibrium in the ancestral populations, 201

SNPs were excluded. The physical genome positions used in this

study are based on build 35 of the public genome reference, and

the genetic positions are based on the Oxford high-resolution

map.23,24

Health ABC Samples Used in Admixture Scanning
A total of 863 African Americans and 1339 European Americans

from Health ABC were used in the analysis. Included in the anal-

ysis were participants with WBC who were within two standard

deviations of the population mean and who also had information

on all relevant covariates. For ANCESTRYMAP analyses, we identi-

fied 216 cases in the highest quartile of WBC levels and 216 con-

trols in the lowest quartile of WBC levels. Related participants

were not included in the admixture scan.

Phenotypes Used in the Analysis
The phenotype we studied is total white blood cell count (WBC)

measured on a Coulter counter and expressed in terms of thou-

sands of white blood cells per microliter. This measurement was

taken at the third year of the Health ABC clinic visit. No differen-

tial counts were available for Health ABC.

Covariates included gender, age at enrollment in Health ABC,

smoking status (from the year 3 exam), Health ABC study site

(Memphis or Pittsburgh), and percentage of European ancestry.

Gender, age, and smoking status (current or nonsmoker) were all

self-reported. The percentage of European ancestry was estimated

for each individual on the basis of the STRUCTURE software.25 A

larger set of covariates initially examined in analyses also included

body-mass index, socioeconomic status, self-reported comorbidity,

medications (for cancer, hypertension, hypercholesterolemia, and

diabetes), recent hospital stay, alcohol consumption, and physical-

activity levels; these factors were not significant in models that
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included an association to our genomic region of interest, and so

in what follows, we do not report analyses including any of these

factors.

Admixture Scan
We used STRUCTURE, ADMIXMAP, and ANCESTRYMAP to per-

form admixture mapping analyses. We used STRUCTURE 2.125

to obtain locus-specific ancestry estimates, by using the ‘‘linkage’’

model within STRUCTURE to obtain multilocus estimates of

genetic ancestry in each region. This program utilizes an expecta-

tion maximization algorithm within a Bayesian Markov Chain

Monte Carlo (MCMC) to calculate probabilities that a particular

genotype or group of genotypes derive from a particular ancestral

population.26 Ancestry is output as a probability per locus as well

as an overall estimate for each individual. We calculated the per-

cent ancestry at each locus for each individual based on the prob-

ability of 0, 1, or 2 European chromosomes across 2500 iterations

of the MCMC, with a burn-in period of 500 iterations. We used

linear regression models to test for the association of the locus

specific ancestry from STRUCTURE and the WBC outcome, adjust-

ing the models on the basis of the covariates of genome-wide

ancestry estimate, study site, smoking status, gender, and age.

This analysis provided us with an output of T statistics and

p values.

We also used the program ADMIXMAP v.3.5.3.27 ADMIXMAP

uses a similar MCMC algorithm as STRUCTURE to model probabil-

ity distributions conditional on genotype, phenotypic values, and

a priori ancestral genotype frequencies.28 In our ADMIXMAP runs,

we adjusted for study site, individual ancestry, locus-specific

ancestry, smoking status, gender, and age over 2500 MCMC itera-

tions, with 500 burn-in iterations. The models from ADMIXMAP

calculate results in terms of standard normal Z statistics and

p values.

We finally used the ANCESTRYMAP software, which also uses

a MCMC-based methodology.12 ANCESTRYMAP is optimized for

dichotomous phenotypes, and so we did not perform a quantita-

tive trait analysis on all samples with this software. After remov-

ing individuals with WBC greater than two standard deviations

from the mean, we designated all individuals with WBC values

in the highest quartile to be cases, and all individuals with WBC

in the lowest quartile were assigned to be controls; this totaled

437 participants for analysis. We tested risk models of 1.1, 1.3,

1.5, 1.7, 1.8, 2.1, 2.4, 2.7, and 3.0 for cases, and 0.05, 0.1, 0.15,

0.2, 0.25, 0.3, 0.35, and 0.4 for controls. To accumulate evidence

of association in these models, we averaged the Bayes factors

emerging from each model at each point in the genome, taking

the log-base-10 of this number to produce a LOD score. As re-

ported in Reich and Patterson (2005), a LOD score for association

at a particular locus of >5 is approximately genome-wide

significant.29 To obtain a formal assessment of statistical signifi-

cance on a genome-wide level, we calculated an additional statis-

tic that averaged the risks specified in the models as genome-wide

Bayes factors and took the log-base-10; a value >2 indicates

statistically significant association to the phenotype (we report

a genome-wide Bayes factor of a LOD score of ~6.2).12,29 We ran

ANCESTRYMAP for a burn-in period of 100 iterations with 200

follow-on iterations, which yielded almost identical results to

runs with 200 iteration burn-in and 500 follow-on iterations. To

calculate the 99% confidence interval for the position of the dis-

ease locus once we found an association, we first summarized

the evidence for association by taking the sum of the likelihood

ratios across the entire locus. Then, starting at the peak of the
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Table 1. Descriptive Statistics of Analysis Populations

African American Population Used in Genome-Wide Scans

European AmericansMale Female Total

Study Health ABC JHS Health ABC JHS Health ABC JHS Health ABC

n Individuals 350 1107 513 1739 863 2846 1339

Age—Mean (SD) 73.6 (2.7) 55.6 (11.5) 73.3 (2.9) 57.2 (11.4) 73.4 (2.8) 56.6 (11.5) 73.8 (2.9)

Percentage of Memphis Site 50.8 N/A 54 N/A 52.7 N/A 48.9

Percentage of Current Smoker 14.1 17.8 11 9.8 7.5 12.9 4.6

White blood Cell —Mean (SD) 5.36 (1.49) 5.16 (1.41) 5.57 (1.49) 5.55 (1.39) 5.48 (1.50) 5.40 (1.41) 6.35 (1.65)

Percentage of European

Ancestry—Mean (SD)

21.8 (14.3) 15.5 (3.9) 22.8 (15.5) 15.6 (4.0) 22.4 (15.0) 15.6 (4.0) N/A

White blood cell measurements in thousands/ml are shown. White blood cell count differences between genders are not significant, although differences

between African American and European American Health ABC participants were significant as evaluated by t tests (p % 10�12). All extreme statistical

outliers were removed.
locus, we moved in both directions until the region included 99%

of the value of the sum. This corresponds to a LOD score decrease

of 2.2.

Independent Detection of Admixture Association

in the Jackson Heart Study
We independently carried out an admixture scan for variants af-

fecting WBC in African Americans from the Jackson Heart Study

(JHS),30 a community-based cohort of men and women ages 21–

84 from three counties surrounding Jackson, Mississippi. To carry

out a whole genome admixture scan on these samples, we used the

Illumina BeadLab technology22 and an updated version of the

panel of 1536 markers that had been studied in Health ABC. The

SNPs used in our final analyses included those that were typed

in both the Health ABC and JHS panels. These two SNP panels

are highly comparable because the updated JHS panel includes

all of the SNPs from the Health ABC panel that had passed neces-

sary quality-control measures in both studies. A complete list of

SNPs used is included in Table S1 available online. A total of

4581 individuals were successfully genotyped. We restricted the

present analysis to one randomly chosen individual from each

family in JHS to remove related individuals who could confound

analyses. We also excluded individuals with WBC greater than

two standard deviations from the mean (the same procedure

that was used to prepare the Health ABC data set). These exclu-

sions resulted in a final analysis population of 2846 participants

from the JHS cohort. For ANCESTRYMAP runs, we identified 775

cases in the top quartile of WBC levels and 775 controls in the bot-

tom quartile of WBC levels. Replication of the STRUCTURE and

ADMIXMAP analyses from Health ABC were also later carried

out in the JHS cohort with the same covariates (see Table 2 for

a comparison of results).

Results

High WBC Levels Are Associated

with European Ancestry

There is a significant difference (p < 10�12) in mean WBC

between African Americans and European Americans in

the Health ABC study (Table 1). Within African Americans,

European ancestry estimates obtained by STRUCTURE

analysis vary from 0.1% to 71.1%. WBC increases signifi-
Th
cantly with percent European ancestry (Figure 1) (p ¼
3.3 3 10�9 from regression of residual), consistent with the

difference across ethnic groups shown in Table 1.

Admixture Mapping to Search for Loci Affecting

WBC Levels

We used three methods to screen for loci affecting WBC

levels. By using the locus-specific ancestry estimates from

STRUCTURE, we found a strong association between a lo-

cus on chromosome 1 and WBC (Table 2). The strongest

associations were between 152.72 Mb and 158.68 Mb

with the strongest single association at rs2817784 at

155.99 Mb (p< 10�12). We found very similar results by us-

ing the program ADMIXMAP (Table 2). These results from

STRUCTURE and ADMIXMAP were similarly replicated

within the JHS cohort using identical analytic methods

(Table 2).

We also used the program ANCESTRYMAP to search for

associated loci. Significant scores for the genotype-pheno-

type association with ANCESTRYMAP were found on chro-

mosome 1 in the same region (Figure 2) (LOD score of

13.4). No score of greater than LOD 2.2 was observed else-

where in the genome. The 99% confidence interval of

153.98–158.39 Mb includes rs2814778 and none of the

other SNPs in our scan (Figure 3).

Independent Admixture Association

in the Jackson Heart Study

We next carried out a screen for loci affecting WBC levels

in the Jackson Heart Study. With this larger sample size,

we obtain a score for association of LOD ¼ 96.8, centered

at rs2814778. This result far exceeds the threshold of

LOD ~5 for statistical significance. The 99% confidence in-

terval for the position of the disease causing variant is

~900,000 bp in this study, spanning 155.46–156.36 Mb.

In both data sets, a single SNP, rs2814778, is at the center

of the peak, and the posterior probability distribution ex-

cludes the neighboring SNPs as consistent with explaining

the peak (rs11264422 at 152.72 Mb and rs1962508 at

158.68 Mb; see Figure 3).
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Effect at rs2814778, the DARC Gene

The SNP in our scan that gives the strongest association is

rs2814778 at 155.99 Mb on chromosome 1. This is a SNP in

the DARC gene that is known to eliminate expression of

the Duffy blood group antigen (FYþ or FY�).31 This is

one of the SNPs in the genome with the largest allele fre-

quency difference between West Africans and European

Americans. It has been hypothesized that this is due to

the null allele conferring protection to malaria in West

Africans.32 However, there has never been any suggestion

that it affects WBC levels as well.

Figure 1. Association of White Blood Cell Count with Increas-
ing Percent European Ancestry from STRUCTURE Estimates in
the Health ABC Population
Results from nonparametric lowess smoothing analysis, trend sig-
nificance p ¼ 3.3 3 10�9.
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We next tested whether African Americans who are

homozygous for the functional allele at this SNP (the one

more common in Europeans) have a WBC level compara-

ble to that in Europeans (see Table 3). African Americans

who are homozygous for the functional allele have mean

WBC of 7.1 k/ml, significantly higher than in European

Americans (t test, p ¼ 0.009). Thus, this SNP is, by itself,

sufficient to account for the difference in WBC levels

across populations and explained 20.4% of the variance

in WBC among African Americans.

We finally sought to determine whether there is evidence

of residual association with any other SNPs in the region

after adjustment for the rs2814778 genotype. Regression

models adjusted for SNP rs2814778 indicate that the flank-

ing SNPs show marginal association with WBC at best (p ¼
0.07). Further mapping is necessary to test whether the

FY- variant itself is causative or whether other variants in

the ~0.9 Mb confidence interval might be responsible for

some or all of the effect.

Discussion

We utilized a genome-wide admixture scan to localize on

chromosome 1 a region that affects baseline WBC among

African Americans. We found a remarkably strong associa-

tion between African ancestry at this region and lower

WBC. At least one genotype at this locus explains ~20%

of the variance in baseline WBC among African Americans,

indicating the presence of a genetic variant with a pro-

found influence on WBC. After adjustment for ancestry

at this locus, there is no association between overall
Table 2. Genome-Wide Admixture Scan Results

Location on Chromosome 1

(Physical Position in Mb)

Locus-Specific

Ancestry Association Z

Statistic from ADMIXMAP

Locus-Specific

Ancestry Association T

Statistic from STRUCTURE

Locus-Specific

Ancestry LOD Scores

from ANCESTRYMAP

Health ABC JHS Health ABC JHS Health ABC JHS

SNP

rs6702883 104.96 5.1* 6.4** 4.1* 4.8* N.S N.S

rs4311917 107.44 5.6* 6.5** 4.3* 4.5* N.S N.S

rs345275 108.21 6.0* 7.1*** 4.3* 4.4* N.S N.S

rs2365669 112.07 6.8** 9.1*** 5.2** 2.6 5.9 7.9

rs7523839 115.89 6.7** 10.1*** 5.5** 0.12 6.9 13

rs850610 116.66 6.7** 10.4*** 5.7** 0.7 7.2 14.3

rs10923929 120.22 6.8** 12.3*** 6.1** 2.77 7.7 18.5

rs11240089 144.29 7.7*** 15.0*** 6.3*** 6.1** 8.8 29.9

rs12740969 151.3 12.8*** 22.4*** 10.3*** 12.9*** 20.6 61.7

rs11264422 152.72 13.7*** 24.3*** 11.1*** 13.8*** 22.4 69.1

rs2814778 155.99 17.3*** 31.7*** 13.9*** 16.0*** 30.1 96.8

rs1962508 158.68 13.9*** 25.1*** 11.8*** 11.9*** 25.8 71.7

rs2806424 159.42 13.2*** 23.5*** 11.4*** 11.0*** 24.5 65.5

rs6426893 161.76 10.5*** 17.3*** 9.6*** 8.4*** 19.3 44.6

rs919679 162.99 9.7*** 15.5*** 8.9*** 7.8*** 17.6 37.3

SNPs were tested so that association of loci with WBC in both studies could be evaluated. SNPs less significant than p < 1 3 10�5 or LOD < 5 have been

omitted; 95% CI for associations with WBC are in the shaded area. Significance levels indicated by *p < 10�5; **p < 10�9; and ***p < 10�12. Only SNPs

used in both Health ABC and JHS were reported in the table; 95% CI for associations between SNPs and WBC is denoted by shaded area.
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European ancestry and higher WBC among African Amer-

icans; this locus appears to explain most (possibly all) of

the difference in mean WBC between individuals of Afri-

can and European ancestry.

All 3 statistical programs used (ADMIXMAP, STRUC-

TURE, and ANCESTRYMAP) demonstrate a very strong

association at rs2814778. It is difficult to directly compare

the significance values from the three programs because

each program calculates a different statistic for association.

In addition, our analysis with ANCESTRYMAP is not di-

rectly comparable to the others because it was restricted

to individuals with the most extreme phenotypes. To com-

pare the significance levels from the different methods by

using p values, we need to rely on the assumptions used to

derive p values from the statistics for each distribution.

However, for each analysis, the peak represents such an ex-

treme outlier in the distribution that it is unclear whether

Figure 2. LOD Scores of Case-Control Analysis
Results from ANCESTRYMAP for initial genome-wide scan in Health
ABC, as well as replication in the Jackson Heart Study cohort.
Broken line signifies significance threshold.

Figure 3. Posterior Probability Distribution for the Position
of the Disease Locus, Based on ANCESTRYMAP Scans in the
Health ABC Study, Represented by the Black Line, and Jackson
Heart Study, Represented by the Gray Line
The 99% confidence interval for the position of the disease locus in
the Jackson Heart Study is 155.46-156.36 Mb and is centered on
rs2814778.
Th
the assumptions used to approximate p values are appro-

priate for comparison across the unique distributions

used in the calculations carried out by the different analy-

sis packages. Thus, throughout the paper, we report p < <

10�12 for extremely significant results, rather than trying

to provide a precise p value.

The signal for association with WBC is very strong. In

the JHS study, we are able to narrow the 99% confidence

interval to a ~0.9 Mb region in the q terminal arm of chro-

mosome 1 from 155.46–156.36 Mb in Build 35 of the refer-

ence sequence. The region is centered on SNP rs2814778,

known to be within the DARC gene.31 Additional studies

with more markers should be able to determine whether

this SNP is actually causal.

Although an effect of the FY variation on WBC has never

previously been suggested, the known biology at the DARC

locus is consistent with it affecting levels of WBC. Other

studies have suggested that production of arginine 91 at

this locus might influence leukocyte activity in nitric oxide

metabolism in the lungs.33 Duffy antigen null (FY�) mice

have been shown to have attenuated recruitment of neu-

trophils into the lungs.34 It is biologically plausible that

the DARC gene is involved in leukocyte recruitment,

most probably related to its function of chemokine-recep-

tor binding and leukocyte trafficking. The presence of the

FY� allele of this SNP has been shown to alter the expres-

sion of Duffy antigen on red blood cells and thus render

individuals homozygous for this allele resistant to infec-

tion from Plasmodium vivax malaria (malaria, susceptibility

to [MIM #611162]), which uses the Duffy antigen as a re-

ceptor.32,35 Haplotype diversity studies suggest a history

of natural selection at this locus, consistent with its protec-

tive effect from malaria infection.36 There is no statistical

association between rs2814778 and red blood cell count,

therefore allowing us to conclude that this association is

not directly a result of generalized bone-marrow function

but is specific to WBC.

Variation in baseline WBC is perhaps most clinically rel-

evant as a factor in clinical decision making. Clinical stud-

ies would be needed to determine whether knowledge of

genotype leads to any more useful clinical assessments or

outcomes. Variation in WBC is often a determinant of dos-

ing of cytotoxic therapies such as chemotherapy or ther-

apy for autoimmune diseases.37 Ranges of the expected

Table 3. Summary of WBC Mean Values in Health ABC,
Comparing African American Genotypic Variation in WBC

Mean (SD)

Frequency of Genotype

in Analysis Population

DARC homozygote (FY�/�) 4.9 (1.3) 62.60%

DARC heterozygote (FYþ/�) 6.3 (1.4) 32.00%

DARC homozygote (FYþ/þ) 7.1 (1.3) 5.30%

European American 6.3 (1.6) �

Mean WBC measured in 10�9 cells per liter. The third column shows the

percentage of participants possessing the related genotype. European

Americans are included as a reference group for comparison.
e American Journal of Human Genetics 82, 81–87, January 2008 85



baseline WBC in individual patients could be inferred ge-

netically in African Americans by genotyping rs2814778

and might help clinicians titrate the dose of these drugs

in a more individualized way. Further work on this locus

should allow for the identification of the causative vari-

ant(s) underlying the phenotype and shed light on their

biological and clinical implications.

Supplemental Data

One table is available at http://www.ajhg.org/cgi/content/full/82/

1/81/DC1/.
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