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Abstract
Background—The DARC (Duffy blood group, chemokine receptor) gene encodes for a
transmembrane glycoprotein that functions as a chemokine transporter, is a receptor for
Plasmodium vivax and knowlesi, and expresses the Duffy blood group antigens (Fy). The Fy(a−b
−) phenotype found in people of African descent is typically associated with a −67t>c mutation in
the 5′ untranslated region (UTR), which prevents red blood cells being invaded by Plasmodium
vivax and knowlesi. The aim of this study was to establish DARC allele frequencies in an African
American blood donor cohort, determine a phylogenetic tree for DARC, and compare human and
Neandertal DARC genes.

Methods—The DARC nucleotide sequence of 54 African American blood donors was
determined from genomic DNA. Heterozygous substitutions were resolved by sequencing of
haplotype specific amplifications. A phylogenetic tree for DARC was established using the
neighbor-joining method with Pan troglodytes as root.

Results—108 haplotypes of the DARC gene could be unambiguously determined from
nucleotide position −300 in the 5′ UTR to +300 in the 3′ UTR. 11 different alleles were found,
including the clinically relevant FY*A, FY*B, FY*B-67C, FY*B298A, and FY*X alleles. All
phenotype predictions based on genotypes matched exactly the serologically determined
phenotypes: 52% Fy(a−b−), 28% Fy(a−b+), and 20% Fy(a+b−).

Conclusions—The nucleotide sequencing approach using one amplicon is a practical
genotyping method for DARC and allows the determination of haplotypes even in heterozygous
constellations. We developed a phylogenetic tree for DARC alleles and postulated a distinct FY*B
allele as ancestral for the extant DARC alleles in humans.

Introduction
The DARC (Duffy blood group, chemokine receptor) gene encodes for a trans-membranous
glycoprotein expressing the Duffy blood group antigens (Fy) that functions as a chemokine
transporter and as a receptor for the malaria parasites Plasmodium vivax and knowlesi.1-4

DARC is located on chromosome 1 (1q21-q22) and transcribed in two mRNA variants
leading to two different protein isoforms. The initially described mRNA variant has one
exon and encodes for a protein with 338 amino acids.5 The later described mRNA variant
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has two exons, the intron encompassing the initial part of the first mRNA variant, and
encodes for a protein with 336 amino acids.6,7 Despite encoding for a shorter protein, the
second mRNA variant is longer than the first because of a longer 5′ untranslated region
(UTR). DARC proteins are expressed on red blood cells (RBC) and in various tissues such
as endothelium, brain, heart, kidney and pancreas.7 While some DARC mRNA is expressed
by mesenchymal stem cells, Fy antigens cannot be detected.8

Antithetical antigens, Fya and Fyb, are encoded by co-dominant allele groups FY*A and
FY*B, which differ by a single nucleotide polymorphism (SNP) 125G>A with an amino
acid substitution Gly42Asp.5,6 A homozygous single nucleotide substitution in the 5′ UTR,
−67t>c, also called GATA box mutation, leads to a lack of DARC protein in red blood cells
(RBC), serologically detected as Fy(a−b−), which prevents invasion by P. vivax and P.
knowlesi.2,3,9,10 These FY*B-67C alleles have become the most prevalent DARC alleles in
populations living in regions with endemic malaria.11,12 In contrast to null alleles, which are
rare causes of Fy(a−b−) phenotypes,13 the FY*B-67C alleles lead to an expression of the
Duffy glycoprotein in non-erythroid tissues.5,9,14 These FY*B-67C alleles remained an
effective escape mechanism from infections by certain malaria parasites for a long time.
They also represent a striking example for evolution and expansion of advantageous alleles
under selective pressure.11 However, infections of Fy(a−b−) individuals by certain P. vivax
strains have recently been reported.15

While genotype and allele frequencies for DARC are known for various populations, a
nucleotide sequencing approach had not been applied to the African American population.
Typically, specific known polymorphisms are used for genotype screening. Alternatively,
serologic findings may trigger a search for novel mutations. We chose a random approach
and nucleotide sequencing of the DARC gene for the current study. The aim of this study
was to establish frequencies of DARC alleles at high resolution. We screened for novel
mutations and gained more detailed haplotype information with the intention of determining
the phylogenetic tree for the DARC alleles.

Materials and Methods
Blood samples and Fy phenotype

EDTA blood samples were drawn from 54 African American blood donors at the NIH
Blood Bank from October 2009 to March 2010 after obtaining written informed consent.
They were random with respect to the Duffy (Fy) phenotype determined by indirect
antiglobulin tube method with FDA licensed polyclonal reagents (derived from pools of
human sera; Ortho, Raritan, NJ). We used fresh RBC or thawed RBC that were
cryopreserved with a sucrose/dextrose freezing solution and maintained in liquid nitrogen
for less than 3 months.16

DARC nucleotide sequencing
DNA was extracted (Qiagen EZ1 DNA blood kit on the BioRobot EZ1; Qiagen, Valencia,
CA) and sequenced by a method similar to one previously published for RHD.17 One
amplification reaction covering the complete DARC gene was run for each sample (total
volume 50 μl): 41.75 dH2O, 5 μl 10x buffer, 1 μl dNTP (10 mM), 0.5 μl each of FyAF and
FyAR primers (10 μM; Table 1; Eurofins MWG Operon, Huntsville, AL), 0.25 μl Taq
enzyme (FastStart High Fidelity PCR System, dNTPack; Roche Applied Science,
Indianapolis, IN), and 1 μl DNA (~100 ng/μl). Thermocycler (Bio-Rad C1000; Bio-Rad,
Hercules, CA) conditions were 94°C for 3 min; 10 cycles with 94°C for 30 sec, 60°C for 30
sec, 68°C for 5 min; 35 cycles with 94°C for 30 sec, 60°C for 30 sec, 68°C for 5:20 min and
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extended by 20 sec/cycle. PCR cleanup of the 2493 bp long amplicon was accomplished by
QIAquick PCR purification kit (Qiagen) with an elution volume of 40 μl.

Eight sequencing reactions were run for each amplicon using 1 μl amplicon, 1.25 μl primer
(Table 1), 1.8 μl BigDye v3.1 Terminatory Mix (Applied Biosystems, Carlsbad, CA), and
16 μl dH2O. Thermocycler conditions were 25 cycles of 96°C for 15 sec, 58°C for 10 sec,
60° for 4 min. Unincorporated dye was removed using DyeEx 96 well plates (Qiagen), the
sequences dehydrated (Savant SPD 2010 SpeedVac Concentrator; ThermoScientific,
Wilmington, DE) and resuspended in 10 μl formamide (Hi-Di; Applied Biosystems) before
chromatography analysis on an AB 3730 DNA analyzer (Applied Biosystems). Nucleotide
sequences were aligned (CodonCode Aligner; CodonCode, Dedham, MA) to NCBI RefSeq
NG_011626.1 and nucleotide positions defined using the first nucleotide of the coding
sequence (CDS) of the NM_002036.2 isoform as nucleotide position 1.

Haplotype specific sequence analysis
Heterozygous mutations were resolved by haplotype specific amplifications (Fy-67T or
Fy-67C with FyAR primers; modified PCR program applying an annealing temperature of
63°C and extension of 72°C for 4 min in all cycles) followed by sequencing reactions of the
haplotype amplicons as described above.

Terminology
We propose and apply in this study a terminology that is based on prior nomenclatures,13,18

but additionally allows the specification of alleles at high resolution as obtained by
haplotype specific sequence analysis. Numbers after a colon, assigned according to the allele
frequency, are used to distinguish between alleles with identical exon and GATA box
sequences.

Neandertal genome
The published data of the Neandertal genome19 was analyzed using the SAMtools.20

Alignments to the human genome (hg18)21 in the region chr1:157,441,074-157,443,164
were used for analysis of the summary 1x Neandertal genome sequence and the 3 fossils
with highest genome coverage: Vi33.16 (54.1%), Vi33.25 (46.6%), and Vi33.26 (45.2%).
The other 3 fossils reported to date were analyzed with ≤ 2% coverage, lacked nucleotide
sequences for DARC in the UCSC Genome Browser, and were excluded from analysis.19,21

Phylogenetic tree
The topologic associations between the various alleles were analyzed using a neighbor
joining clustering method (CodonCode Aligner).22 Each single nucleotide substitution was
counted as one event. The DARC sequence from chimpanzee (Pan troglodytes,
NC_006468.2, nucleotides 138460591 to 138471719) was used for external rooting, as
previously described for RHD.23

Statistics
95% confidence intervals (CI) for allele frequencies using the Poisson distribution and χ2

test were calculated with MedCalc (MedCalc Software, Mariakerke, Belgium).

Results
Genotype

We developed a nucleotide sequencing method for DARC based on one amplicon (Table 1).
Nucleotide sequence analysis of DARC in 54 African American blood donors revealed 10
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single nucleotide polymorphisms in the range of −300 nucleotides in the 5′ UTR to +300
nucleotides in the 3′ UTR (see genotype details in the supplementary Table S1). One
polymorphism occurred in the GATA box in the 5′ UTR, 4 in the intron, 3 in exon 2, and 2
in the 3′ UTR. An intron nucleotide substitution (IVS1+54t>c) was found in all samples and
also in the chimpanzee and Neandertal reference sequences indicating a likely error in the
currently used reference sequence NG_011626.1.

All haplotypes could be unambiguously determined revealing 11 different alleles in the
studied population (Table 2). Based on the number of analyzed samples, alleles not found in
this study may have a population frequency of < 3.4% (upper limit of 95% CI, Poisson
distribution). For comparison to previous studies, we clustered the alleles into 5 clinically
relevant, i.e. phenotypically differing or potentially differing, allele groups based on exon
and GATA box mutations (Table 3).

Phenotype
All phenotype predictions based on the genotype matched the serologically determined
phenotype. Twenty-eight donors were Fy(a−b−), 15 Fy(a−b+), and 11 Fy(a+b−), in
accordance with reference Duffy phenotype occurrences in African Americans.24 The
observed phenotype distribution did not differ significantly from the expected distribution
predicted by the observed alleles (p = 0.49, χ2 test; supplementary Table S2). We found no
evidence that any of the detected intron polymorphisms affected the phenotypes that were
predicted by the exon and GATA box polymorphisms.

DARC alleles in Neandertals
We analyzed the currently available Neandertal nucleotide sequence19 (Table 4), which
covers 80% of DARC. Among the 11 SNP described in the current study (Table 2), no
difference was found between the predicted ancestral human and the Neandertal alleles (6
equal to and 5 without sequence data in the Neandertal genome). Among the 13 SNP
differing between P. troglodytes and H. sapiens, 10 nucleotides in the Neandertal genome
were identical to the human genome, 1 was heterozygous for the human and chimpanzee
nucleotide, and 2 lacked data.

Phylogenetic tree of DARC alleles
Using the DARC sequence of the chimpanzee for external rooting, a distinct FY*B allele
could be determined to be ancestral to all known DARC alleles (Fig. 1). Other alleles are
younger, in particular all alleles with the GATA box mutation −67t>c and also all alleles
that lead to Fya expression. Characteristic nucleotides of this predicted ancestral human
FY*B allele (IVS1+115c and 3′ UTR+268g) were also found in the Neandertal genome
(Table 4).

Discussion
The aim of this study was to determine DARC alleles at high resolution and their
frequencies in an African American population. For the present study, all haplotypes could
be determined unambiguously in the range of −300 nucleotides at 5′ UTR to +300
nucleotides at 3′ UTR. This DNA stretch covered all nucleotides of the two published
mRNA variants.5-7

The frequencies of the DARC allele groups (Table 3) were comparable to the results of
earlier studies.13,14 This detailed study of complete haplotypes allowed us to determine the
phylogenetic tree of DARC alleles. Using the reference sequence for the chimpanzee DARC
gene as root, a distinct ancestral human DARC allele can be predicted, which represents a
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FY*B allele (Fig. 1). Our results confirm previous studies25,26 that a FY*B allele is the
ancestral allele. A recent claim that FY*A is ancestral11 was explained to be a typographical
error and should have stated that FY*B is the ancestral allele (written communication, Dr
Philip W Hedrick, July 27, 2011). Our conclusion is also supported by comparison of this
ancestral human FY*B allele with the Neandertal DARC gene (Table 4).

Future studies on DARC alleles at such a high resolution will reveal additional alleles and
allow even more differentiation of the phylogenetic tree. In the current study we focused on
alleles occurring in individuals of African descent, because knowledge of human evolution
from the African continent27 may give us a better chance of revealing ancestral alleles.

Despite the limitation of an 80% coverage of the DARC gene locus in the Neandertal
genome, the comparison of 24 characteristic nucleotides revealed a close similarity with the
predicted human DARC allele: 16 nucleotides were identical to the human genome, 1 was
heterozygous for the human and chimpanzee genomes, while information for 7 nucleotides
was lacking. This reflects the similarity of human and Neandertal genomes with common
ancestors within the last 500,000 years and potential interbreeding,19 whereas common
ancestors of humans and chimpanzees lived around 6.1 million years ago.28 While the
current Neandertal genome data lacks the nucleotides indicative for the Fya/Fyb and GATA
box polymorphisms, two nucleotides (IVS1+115c and 3′ UTR+268g) were identical to
polymorphisms found in human FY*B but not in FY*A alleles, which indicates that the
Neandertal individuals studied19 may have had a Fy(a−b+) phenotype.

We describe a practical nucleotide sequencing system that allows haplotype specific
determination of DARC alleles from genomic DNA with one amplicon. The described
approach encompassed the nucleotide sequence that is known to be relevant for blood group
genotyping (from −67 in the 5′ UTR to the end of the CDS) and the complete nucleotide
sequences of the two published mRNA variants5-7 known at the time of study design
(NM_001122951.2 and NM_002036.2). However, an update of the mRNA reference
sequence NM_002036.3 after 11 November 2010 presents a 5′ UTR that is not completely
covered by our approach. If this longer mRNA, which is based on a cDNA nucleotide
sequence (AK291593.1) found in placenta, is representative for prevalent DARC transcripts,
future studies should encompass the nucleotide sequence of this longer mRNA as well.

Terminology of DARC alleles, genotypes, and Fy phenotypes have evolved over time
reflecting the increasing depth of resolution and detail of information. Currently used
terminologies have the limitation that they cannot discriminate the detail of our genotyping
approach covering the range of −300 nucleotides in the 5′ UTR to +300 nucleotides in the
3′ UTR. Hence, we propose an extension of the current terminologies (Table 2). The alleles
can be clustered in biologically and clinically relevant allele groups (Table 3), and the group
names may be used when genotyping methods with lower resolution than nucleotide
sequencing are applied.

Genotyping reports should not only describe the genotype and predicted phenotype for RBC
and non-erythroid tissues (if applicable), but also document the applied genotyping
approach, including method/system and version, its quality/resolution, and particularly the
range of the effectively analyzed nucleotide sequence. This range can be a few nucleotides
in single nucleotide polymorphism (SNP) typing or up to several hundred or thousand base
pairs in sequence based typing (SBT). Current information technology software is capable of
handling this kind of data in nested clusters. This suggested approach for DARC would also
be useful for other blood group systems.
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Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Phylogeny of DARC alleles in humans
A phylogenetic tree of DARC is shown for the 11 alleles found in this study using the
DARC sequence from Pan troglodytes (NC_006468.2) for external rooting. Clustering of the
described DARC alleles is based on neighbor-joining method.22 For each evolutionary step,
the event is indicated; the depicted distances of the alleles are arbitrary, as previously
described for RHD.23
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Table 1

Primer sequences

Name Use Location Nucleotide sequence (5′ to 3′)

FyAF Amplification 5′ UTR cttttgaactgcctttccttgg

FyAR Amplification 3′ UTR cttccccaccactgtcctaatc

Fy-67Tf Amplification 5′ UTR GATA box specific T cctcattagtccttggctcttat

Fy-67Cf Amplification 5′ UTR GATA box specific C cctcattagtccttggctcttac

FySF1 Sequencing 5′ UTR gatggaggagcagtgagagtc

FySF2 Sequencing Intron 1 atccctatgcccctcatttc

FySF3 Sequencing Intron 1 cctgctttgtccttttccac

FySF4 Sequencing Exon 2 AGTGCCCTCTTCAGCATTGT

FySF5 Sequencing Exon 2 TGGGCCTGGTTTATTTTCTG

FySR1 Sequencing Intron 1 ccaagagaccaggatggaac

FySR2 Sequencing Exon 2 CGTGCTGTATATCAGGGTGC

FySR3 Sequencing 3′ UTR atgactcccctcatgctctg
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