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Hematological traits are important clinical indicators, the genetic determinants of which have not been fully
investigated. Common measures of hematological traits include red blood cell (RBC) count, hemoglobin con-
centration (HGB), hematocrit (HCT), mean corpuscular hemoglobin (MCH), MCH concentration (MCHC), mean
corpuscular volume (MCV), platelet count (PLT) and white blood cell (WBC) count. We carried out a genome-
wide association study of the eight common hematological traits among 7943 African-American children and
6234 Caucasian children. In African Americans, we report five novel associations of HBE1 variants with HCT
and MCHC, the alpha-globin gene cluster variants with RBC and MCHC, and a variant at the ARHGEF3 locus
with PLT, as well as replication of four previously reported loci at genome-wide significance. In Caucasians,
we report a novel association of variants at the COPZ1 locus with PLT as well as replication of four previously
reported loci at genome-wide significance. Extended analysis of an association observed between MCH and
the alpha-globin gene cluster variants demonstrated independent effects and epistatic interaction at the
locus, impacting the risk of iron deficiency anemia in African Americans with specific genotype states. In
summary, we extend the understanding of genetic variants underlying hematological traits based on ana-
lyses in African-American children.

INTRODUCTION

Disorders of the hematopoietic system are associated with a
variety of diseases. Several studies have now been reported
on the genetic determinants of blood cell traits, primarily in
adult populations of European ancestry (1–9) or East Asian
ancestry (10–12). Combined, these studies have identified
more than 100 loci associated with blood cell quantitative
traits (13). Among common measures were white blood cell
(WBC), red blood cell (RBC), hemoglobin concentration
(HGB), hematocrit (HCT), mean corpuscular hemoglobin

(MCH), MCH concentration (MCHC), mean corpuscular
volume (MCV) and platelet count (PLT).

In African Americans, WBC and neutrophil counts have
been associated with the Duffy antigen receptor for chemo-
kines (DARC) locus by admixture mapping (14,15). Two
genome-wide association (GWA) studies have been reported
on WBC (16) and PLT phenotypes (17). The WBC genome-
wide association study (GWAS) reported association at a
locus on 4q13 (16), whereas the PLT GWAS uncovered 10
PLT associated loci and three loci for the mean platelet
volume (MPV) (17). Finally, in a custom chip study by Lo
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et al., including just over 7000 African-American samples
typed on the Illumina IBC iSelect array that includes 49K
single nucleotide polymorphisms (SNPs), association of an
SNP (rs1050828) located in the canonical glucose-6 phosphate
dehydrogenase (G6PD) gene was observed with multiple RBC
traits in African Americans which had not been previously
identified in Caucasians (18).

Here, we report a GWAS in our pediatric population of
7943 African-American children and 6234 Caucasian children.
We examined the above eight common hematological traits
and further meta-analyzed the results from the two ancestry
specific analyses. We identified five novel associations in
African Americans and one novel association in Caucasian
children and further revealed independent effects and epistatic
interaction at the alpha-globin gene cluster, the specific geno-
type states of which influence the risk of iron deficiency
anemia in African Americans.

RESULTS

We conducted a GWA study in our pediatric population of
7943 African-American children and 6234 Caucasian children,
examining the eight common hematological traits, WBC,
RBC, HGB, HCT, MCH, MCHC, MCV and PLT. The charac-
teristics of each blood cell trait and other phenotypes are sum-
marized in Supplementary Material, Table S1. We further
meta-analysed the results from the two ancestry specific ana-
lyses. Quantile–quantile plots for each analysis are shown in
Supplementary Material, Figure S2. The genomic inflation
factor for each analysis was 1, indicating that there was no
substantial stratification in the analysis.

A total of 15 SNPs at five loci reached genome-wide signifi-
cance for the eight blood trait phenotypes among Caucasian
children (Supplementary Material, Fig. S3), including a novel as-
sociation between variants in COPZ1 gene and PLT (rs4326844,
P ¼ 4.57 × 1028). The remaining four genome-wide significant
loci were replications of previously reported associations; two
loci with MCH and MCV: TMPRSS6 (rs855791, P ¼ 5.32 ×
10214 for MCH; and rs855791, P ¼ 2.03 × 1029 for MCV) and

HBS1L-MYB (rs7775698, P ¼ 3.98 × 10213 for MCH; and
rs7775698, P ¼ 1.55 × 1029 for MCV); one locus with PLT:
ARHGEF3 (rs1354034, P ¼ 4.35 × 1029) and one locus with
WBC (rs389884, P ¼ 2.09 × 1028) (Supplementary Material,
Table S3).

In the African-American cohort, 447 SNPs at six loci sur-
passed genome-wide significance (Supplementary Material,
Fig. S3). The large SNP count was inflated by the association
at the DARC locus with WBC count. We report novel
genome-wide significant associations between variants at the
epsilon-globin gene cluster and HCT (rs2213169, P ¼
4.94 × 10211) and MCHC (rs2213169, P ¼ 1.21 × 10213)
and the alpha-globin gene cluster with both RBC
(rs7203560, P ¼ 2.01 × 10223) and MCHC (rs7203560, P ¼
1.31 × 10233) and ARHGEF3 variants (Table 1), which had
previously been associated with MPV in Caucasians (4,6),
with PLT in African Americans (rs1354034, P ¼ 9.32 ×
10213). We also replicated at genome-wide significance, the
previously reported associations between variants at the alpha-
globin gene cluster and HGB, MCH and MCV (18) (Table 1),
the association between the DARC locus and the WBC (14) as
well as the BAK1 gene and PLT (18). Restricting our analysis
to African-American females, we also found that SNP,
rs5987027, on the X chromosome was associated with RBC
and MCV (Table 1), thus replicating the G6PD association
reported by Lo et al. (18).

In addition to the results of the individual ancestry-specific
cohorts described above, in a meta-analysis of both cohorts
(n ¼ 14 177), variants at the 6p22.2 (HFE) and 6q24.1
(CITED2) loci that were previously reported in the
CHARGE consortium study (1) reached genome-wide signifi-
cance for association with MCH. The 6q24.1 locus was also
genome-wide significant for MCV (Supplementary Material,
Table S4). Further, three SNPs at the ATP2B4 gene
approached, but did not surpass the genome-wide significance
level for association with MCHC in the meta-analysis
(rs1541252, P ¼ 8.892 × 1028; rs1419114, P ¼ 9.887 ×
1028; rs10900588, P ¼ 1.04 × 1027). The three SNPs
showed association in both ancestry-specific GWAS with
P-values of 1025 and 1024 in the African-American cohort

Table 1. Genetic variants associated with hematological traits in African-American children

Trait SNP Chr Position
(hg18)

Gene Minor/
major allele

MAF b SE P(AA) Ref Additional
number
of SNPsa

HCT rs2213169 11 52 596 39 HBE1/HBB/HBD/
HBBP1/HBG1 cluster

T/C 0.1362 20.4471 0.06792 4.94×10211 2

HGB rs7203560 16 124 390 16p13.3 G/T 0.06081 20.199 0.03555 2.23×1028 18 0
RBC rs7203560 16 124 390 16p13.3 G/T 0.06081 0.1452 0.01451 2.01×10223 1

rs5987027 X 153 667 301 MPP1 T/C 0.2462 20.07447 0.01095 1.199×10211 18 0
MCH rs7203560 16 124 390 16p13.3 G/T 0.06081 21.255 0.07487 5.18×10262 18 37
MCHC rs7203560 16 124 390 16p13.3 G/T 0.06081 20.5311 0.04375 1.31×10233 8

rs2213169 11 52 596 39 HBE1/HBB/HBD/
HBBP1/HBG1 cluster

T/C 0.1362 0.2227 0.02997 1.21×10213 2

MCV rs7203560 16 124 390 16p13.3 G/T 0.06081 22.555 0.1851 7.79×10243 18 20
rs5987027 X 153 667 301 MPP1 T/C 0.2462 0.9159 0.1458 3.679×10210 18 0

PLT rs1354034 3 568 247 89 ARHGEF3 C/T 0.27 11.44 1.599 9.32×10213 0
rs210134 6 33 648 187 BAK1 A/G 0.2675 28.923 1.582 1.78×1028 18 0

WBC rs4657616 1 157 237 710 DARC G/A 0.09945 0.06124 0.004225 5.48×10247 14 401

aAdditional number of genome-wide significant SNPs.
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and Caucasian cohort, respectively, with consistent direction
of effect yet the final P-value decreased on meta-analysis.
In total, we replicated 95 out of the 107 previously reported
loci at nominal significance (Supplementary Material,
Table S5).

The association at the alpha-globin gene clusters and MCH
in African Americans spans 1.458 Mb and contains multiple
genome-wide associated SNPs. We carried out conditional re-
gression analyses to identify potential independent signals
within the locus. To avoid confounding of the conditional re-
gression due to the admixture in the African-American indivi-
duals, we first inferred local ancestry using the HAPMIX (19)
package and selected the subset of 1642 individuals with only
African ancestry in the region (hg18 chr16:37354-651906).
Within the subset of samples, rs1211375 showed the most sig-
nificant association (P ¼ 1.53 × 10219) (Table 2) with MCH.
Following conditional analysis on rs1211375, three SNPs in
this region still showed significant or borderline significant as-
sociation with MCH (Table 2), indicating the presence of at
least one independent signal. In a second round of conditional
analyses on rs1211375 and rs6600191, all of the primary asso-
ciations were ablated; however, genome-wide association at
rs1203981 was restored. Similarly, association at rs7203560
was restored after conditioning on rs1211375, rs6600191 and
rs1203981 (summarized in Table 2). These results suggest
the presence of at least two independent signals associating
with MCH at the 16p13.3 locus as well as epistatic interactions

between some of the variants. To estimate the population at-
tributable risk of these variants on the MCH phenotype, we
carried out a mixed linear model analysis of variance
explained by these SNPs. The proportion of phenotypic vari-
ance explained by rs1211375 and the seven other genome-
wide significant SNPs in LD with it was estimated at 5.45%,
while the addition of rs6600191, the independent signal at
the locus, increased the proportion of phenotypic variance
explained to 7.38%. We were unable to test the effects of
these SNPs in African-American individuals which were
homozygous for European ancestry alleles at this locus, as
there were no such individuals in our study.

To further explore the potential epistatic interactions at the
16p13.3 locus, we carried out pairwise epistasis tests between
the top significant SNPs of each conditional test as detailed in
Table 2 against all other SNPs at the locus. We first tested for
epistasis amongst the subset of African-American children
who have no Caucasian local ancestry at this locus. Two pair-
wise interactions surpassed significance threshold (P ¼
0.0083) adjusting for multiple tests, the first between SNPs
rs7203560 and rs6600191 with a P-value of 0.00716; the
other between SNPs rs1211375 and rs1203981 with a
P-value of 7.41 × 1027 (Table 3). We subsequently expanded
the analysis to the entire African-American cohort, which
yielded P-values of 0.001015 and 7.12 × 10230, respectively,
confirming the significance of these interactions. The inter-
action between rs1211375 and rs1203981 reached well

Table 2. Conditional analysis for variants associated with the MCH trait at the 16p13.3 locus

SNP Chr Position (hg18) Minor/major allele MAF b SE P

rs1211375 16 180 281 A/C 0.2722 20.8062 0.08801 1.53×10219

rs7203560 16 124 390 G/T 0.08869 21.142 0.139 4.22×10216

rs7200589 16 289 332 A/G 0.1113 21.033 0.1299 3.46×10215

rs1203957 16 181 211 T/G 0.3426 0.6516 0.08415 1.71×10214

rs11248914 16 233 563 C/T 0.3971 0.5447 0.08067 2.03×10211

rs17136255 16 340 476 T/C 0.2112 20.598 0.09585 5.63×10210

rs2562182 16 73 946 T/C 0.2356 0.5609 0.09428 3.31×1029

rs1203981 16 205 160 C/T 0.1966 20.5858 0.09943 4.68×1029

rs6600191/rs1211375 16 235 796 C/T 0.253 0.5028 0.09059 3.33×1028

rs7203560/rs1211375 16 124 390 G/T 0.08869 20.7881 0.1466 8.73×1028

rs7200589/rs1211375 16 289 332 A/G 0.1113 20.7248 0.135 9.11×1028

rs1203981/rs1211375,rs6600191 16 205 160 C/T 0.1966 20.557 0.1006 3.64×1028

rs7203560/rs1211375,rs6600191,rs1203981 16 124 390 G/T 0.08869 20.8147 0.1489 5.14×1028

Table 3. Interactions between SNPs at the 16p13.3 locus for RBC traits

Phenotype Interacting SNPs AA (subset)a AAb

SNP1 SNP2 BETA
(interaction)

P BETA
(interaction)

P Adjusted BETAc

(interaction)
Adjusted Pc

MCH rs1211375 rs1203981 20.7463 7.41×1027 20.7488 7.124×10230 20.5383 3.32×10214

rs7203560 rs6600191 0.7323 0.00716 0.4564 0.001015 0.2775 0.04585
HCT rs1211375 rs1203981 20.05289 0.7787 20.2218 0.01444 20.03295 0.7188
HGB rs1211375 rs1203981 20.1618 0.01865 20.1916 4.731×1029 20.1117 7.58×1024

RBC rs1211375 rs1203981 0.07872 0.003756 0.06902 1.244×1028 0.06007 1.15×1025

MCHC rs1211375 rs1203981 20.3908 2.095×1026 20.2824 1.432×10214 20.2335 1.41×1028

MCV rs1211375 rs1203981 21.425 0.0001849 21.607 1.303×10221 21.122 2.05×10210

aA subset of African-American children who have no Caucasian local ancestry at this region.
bAll African-American children in this study.
cBETA and P-value in the linear regression models adjusting for local ancestry and other covariates.
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beyond genome-wide significance (P ¼ 4.0 × 10213) for pair-
wise epistatic interactions. In addition to the MCH phenotype,
significant interactions between rs1211375 and rs1203981
were also present for the other RBC phenotypes (Table 3).
This pair of interaction also reached genome-wide significance
with P-values of 1.43 × 10214 and 1.30 × 10221 for MCHC
and MCV, respectively, in the entire African-American
cohort. Controlling for local ancestry and all other covariates,
as specified above, in the larger African-American cohort the
interactions between rs1211375 and rs1203981 remained sig-
nificant for all the RBC phenotypes except HCT. Furthermore,
this pairwise interaction still surpassed genome-wide signifi-
cance for phenotype MCH (P ¼ 3.32 × 10214) (Table 3). Im-
puting genotypes at this locus up to the density of the 1000
Genomes data did not reveal any additional independent
signals or novel epistatic interactions; however, the interaction
between rs1211375 and rs1203981 was confirmed in the
imputed data (Supplementary Material, Table S6).

We further examined the effect of interaction of SNPs,
rs1211375 and rs1203981, on the MCH phenotype. We strati-
fied the sample set by rs1211375 genotype and plotted the
MCH value for each rs1203981 genotype (Fig. 1C). The pres-
ence of the minor C allele of the rs1203981 SNP on a back-
ground of the rs1211375 minor allele A was associated with
a significant additive decrease in the MCH value. The mean
MCH level for individuals with an AA/CC genotype at
rs1211375/rs1203981 was 23.42 (SD ¼ 2.34), compared with
the population mean of 27.19 placing within the range of
iron deficiency anemia (http://www.compsim.com/demos/
d60/Anemia.htm, date last accessed 21 December 2012).
Returning to the medical records, we confirmed an enrichment
of iron deficiency anemia in children with an AA/CC geno-
type, 20% versus 8.24%. Comparison using Fisher’s exact
test yielded a two-side P-value of 0.023, suggesting that
African Americans with an rs1211375 AA and rs1203981
CC genotype are at higher risk of developing iron deficiency
anemia than the rest of African-American population. We
also found that the group of the children with an rs1211375
AA and rs1203981 CC genotype had a lower median value of
HCT, HGB, MCHC, MCV and a higher median value of
RBC, compared with other genotype groups. Statistical analysis
indicated that among African-American children with
rs1211375 AA genotype, rs1203981 showed nominal signifi-
cant association with each of the RBC phenotypes (Fig. 1D
and Supplementary Material, Table S7).

DISCUSSION

To the best of our knowledge, this is the first study to have
examined associations between multiple hematological traits
and SNP genotypes in a pediatric cohort. We assessed eight
common hematological traits in two pediatric cohorts of dif-
ferent ancestries. Among the previously reported loci, 95
were replicated at nominal significance; four loci reached
genome-wide significance in the African-American cohort
and four loci reached genome-wide significance in the Cauca-
sian cohort. We also found five novel associations that have
not been previously reported in African Americans and an

additional novel association among Caucasian children.
Finally, we identified independent signals and epistatic inter-
actions at the alpha-globin cluster, which impact the risk of
iron deficiency anemia in African Americans.

With several large studies now reported for the same hema-
tological traits in cohorts of different ancestries, it is possible
to begin to compare the underlying genetic architectures
between these populations. Comparing our results with those
previously published in populations of European and East
Asian ancestries highlights loci that show differential associ-
ation with the traits between the different ancestral groups.
While most loci show consistent patterns of association
across ethnicities others such as the epsilon-globin gene
cluster on chromosome 11p15.4 show striking differences. In
African Americans, the locus is highly associated with HCT
and MCHC; however, neither our study nor the two recent
large-scale GWAS by the HaemGen (6) consortium and the
CHARGE consortium (1) report association of this locus in
subjects of European ancestry.

In addition to such categorical differences, qualitative dif-
ferences in the effect sizes and span of association between
the different ancestral groups are also evident. The alpha-
globin cluster on 16p13.3 is associated with MCV and MCH
in both Caucasians and African Americans; however, the
effect sizes are larger in the African Americans and the asso-
ciated region extends over 1.458 Mb, similarly to the extended
association of the DARC locus with WBC traits, which may
reflect selective pressure during evolution.

Our study also adds to the increasing number of pleiotropic
loci underlying the hematological traits. Among African
Americans, the epsilon-globin gene cluster is significantly
associated with HCT and MCHC and the alpha-globin gene
cluster is associated with HGB, RBC, MCH, MCHC and
MCV. One consistent trend is for higher correlation between
the RBC indices, or ratios: MCH (HGB/RBC), MCV (HCT/
RBC) and MCHC (MCH/MCV) than for the absolute counts
hemoglobin concentration (HGB), hematocrit (HCT) and
RBC count. Such phenomena have been generally observed
among other ethnic groups too (1,6,10). Okada and Kamatani
attributed this finding to a difference of robustness of con-
founding factors (13).

Finally, we identified independent signals in the region of
alpha-globin gene cluster, demonstrating the presence of
allelic heterogeneity at the locus in African Americans, and
identified a novel epistatic interaction that increases the risk
of iron deficiency anemia. As discussed above, the two
SNPs that show independent effects and epistatsis in the
African Americans are not associated with RBC traits in Cau-
casians which would preclude this discovery being made in the
Caucasian cohorts published to date. The study by Lo et al.
(18) in which the associations between this locus and HGB
and MCV were first reported in African Americans was con-
ducted on the iSELECT array which does not include
rs1203981 one of the SNPs that we now show interact.

In iron deficiency anemia, a lack of iron results in a reduced
number of RBCs. Both environmental factors and genetic
factors can cause iron deficiency anemia. Several loci have
been identified to be associated with serum iron concentration
or markers of serum iron levels (20–22), such as genes
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HFE (hemochromatosis), TMPRSS6 (transmembrane serine
protease 6), TF (transferrin) and TFR2 (transferrin receptor
2). Several genes have also been related to iron deficiency
anemia. For example, polymorphism GPIa-C807T in platelet
collagen receptor GPIaIIa was found to affect iron deficiency
anemia in young women (23). Mutations in the TMPRSS6
gene have also been reported to cause iron-refractory iron de-
ficiency anemia (24–27). In our study, the two interacting
SNPs are both located in introns of gene LUC7L flanking
the alpha-globin gene cluster with 25 kb distance in

between. Missing or defective alpha-globin genes can cause
alpha thalassemia trait which phenotypically is similar to
iron deficiency anemia (28). However, iron supplement is
not useful to relieve the anemia clinical phenotype (http://
labtestsonline.org/understanding/conditions/thalassemia/start/1,
date last accessed 21 December 2012). In conclusion, we
demonstrate for the first time that epistatic interactions of
variants flanking the alpha-globin gene cluster are associated
with increased risk of iron deficiency anemia in African
Americans.

Figure 1. Box plot showing the distribution of the RBC traits in each of the genotype groups and the corresponding linear regression line. The x-axis shows the
genotypes at each SNP indicated, and the y-axis shows the level of the RBC trait. (A) Box plot for the MCH level and genotype at rs1211375; (B) Box plot for
MCH level and genotype at rs1203981; (C) Box plot for the MCH level and genotype combinations at rs1211375 and rs1203981; (D) Box plot for RBC traits
HCT, HGB, MCHC, MCV, RBC and genotype combinations at rs1211375 and rs1203981. ∗P , 0.05, ∗∗∗P , 5 × 1028; linear regression.
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MATERIALS AND METHODS

Ethics statement

The study was approved by the Institutional Review Board at
the Children’s Hospital of Philadelphia, and written informed
consent for sample collection and DNA genotyping was pro-
vided by the parents of all participating children.

Sample description

A total of 17 324 children were recruited to the study. Blood
samples were taken and each phenotype was measured at the
Children’s Hospital of Philadelphia. Blood-related diseases
were diagnosed according to the standard criteria. Only genet-
ically inferred Caucasian and African-American children were
included in the analyses and subjects with missing data or
measurement beyond 3SD of the mean were excluded from
the study for the particular trait examined. The final analyses
encompassed 7943 African-American children and 6234 Cau-
casian children.

Iron deficiency anemia was defined in our pediatric sample
cohort using the following criteria: (1) hemoglobin level
,110 mg/ml of whole blood, and hematocrit of ,33%; (2)
altered RBC distribution width and/or reduced MCV and/or
MCHC; (3) decrease in serum ferritin levels if available; (4)
increase in serum-transferring levels and total iron binding
capacity if available and (5) evidence of small pale RBCs
on a smear, consistent with hypochronic microcytic anemia.
In addition to these criteria, we were able to exclude alpha
thalassemia as a cause of the anemia using the results of a neo-
natal genetic screen of the alpha and beta globin genes that are
present in the electronic medical record.

SNP genotyping and quality control
We performed SNP genotyping of 4497 African-American
samples and 3292 Caucasian samples on the Illumina 550 k
chip with the remaining samples genotyped on the Human610-
Quad version 1 array. After data normalization and canonical
genotype clustering according to Illumina standard protocols,
we only included samples with a call rate of .98% for
further analysis. For genotyping markers, we only included
those SNPs that were common to both 550 k chip and
610-Quad chip (n ¼ 544 917) and with a genotype missing
rate of , 5%, minor allele frequency .0.01, as well as
Hardy-Weinberg equilibrium P . 0.0001. We used multi-
dimensional scaling, as implemented in PLINK (version 1.06)
(29), for inferring population structure in the cohort. Follow-up
association analyses were performed within each ethnicity
group separately. We detected cryptic relatedness between
samples which have identity-by-descent (IBD) scores . 0.25
among Caucasians and that .0.50 among African Americans,
and then removed one sample from each pair. We also con-
ducted principal component analysis among African Americans
and Caucasians separately using EIGENSTRAT (30) to further
quantify population relationships among these samples.

Statistical analyses

As all the blood phenotype traits of interest were approximate-
ly normally distributed (Supplementary Material, Fig. S1), we

used a linear regression model to evaluate the genetic associ-
ation between SNP genotypes and the quantitative blood traits.
Age, sex and hematological disease status (Supplementary
Material, Table S2) were incorporated in the analysis as cov-
ariates. The first three principal components from the EIGEN-
STRAT (30) analysis were also included as covariates in the
association analysis of the African-American children and in
the analysis of Caucasian children for MCH, MCV and RBC
to control for population stratification. Software PLINK (29)
was used for all the aforementioned regression analyses.
Finally, we performed a meta-analysis of both cohorts by com-
bining the results from each group through an inverse variance-
based analytical strategy implemented in the software METAL
(31) with the inclusion of heterogeneity analysis.

Local ancestry estimation

HAPMIX (19) software was used to infer local ancestry of each
African-American participant, which was defined as 0, 1 or 2
European chromosomes. Phased CEU [CEPH (Utah residents
with ancestry from northern and western Europe)] and YRI
haplotypes from HapMap3 were used as reference panels in
local ancestry estimation. A total of 1642 African-American
individuals with no CEU ancestry in the region of
chr16:37354-651906(hg18) were selected for further analysis.

Conditional analysis and epistasis tests

Association analysis for blood trait MCH was performed
among African-American children without any CEU ancestry
at the locus of alpha-globin gene cluster and a similar associ-
ation analysis was performed, conditional on the topmost sig-
nificant SNP, via software PLINK (29). Then additional
rounds of analyses were conducted, conditional on topmost
significant SNPs arisen from preceding analyses. Pairwise
epistasis tests between the top significant SNPs of each condi-
tional analysis were conducted via PLINK (29) and software R
when adjusting for covariates including local ancestry, age,
sex, hematological disease status and the first three principal
components from the EIGENSTRAT analysis. The proportion
of phenotypic variance explained by the significant SNPs was
estimated using the GCTA software package (32).

SNP imputation

Imputation of the alpha-globin gene locus was performed
using the IMPUTE2 package (33,34). The reference panel
was the 1000 Genome Phase I integrated variant set (http://
mathgen.stats.ox.ac.uk/impute/data_download_1000G_phase1_
integrated.html, date last accessed 21 December 2012). Asso-
ciation analysis of the imputed genotypes, taking the imput-
ation uncertainty into account, was conducted using the
SNPTEST v2 package (34) missing data-likelihood score test.
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