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Hemagglutination-based assays have several clinical
shortcomings. To overcome this difficulty, we have
developed a multiplex-PCR SNaPshot assay adapted to
the Southern French population, which includes in-
dividuals from sub-Saharan Africa and the Comoros
archipelago. Single nucleotide polymorphisms (SNPs)
associated with clinically relevant blood antigens as
well as with null phenotypes were profiled (i.e. , K/k,
Fya/Fyb/Fybw/Fynull, S/s/U–/U�var, Jka/Jkb, Doa/Dob,
Yta/Ytb, and Coa/Cob). A single multiplex-PCR reac-
tion was used to amplify nine gene regions encom-
passing 11 SNPs. Identification was obtained by incor-
poration of the complementary dye-conjugated single
base at the 3� end of each probe primer annealed
proximal to the target SNP. After optimization, the
SNaPshot assay was validated with 265 known allele
or phenotype pairs. Results were found fully concor-
dant with those of hemagglutination, allele-specific
PCR, and/or sequencing. The assay was then evalu-
ated on 227 blood samples in a clinical context. A total
of 203 derived-phenotypes were generated, including
82 atypical phenotypes [i.e. , Fy(b�w) (n � 32); K�

(n � 22); Co(b�) (n � 8); Yt(b�) (n � 18); S–s�U�var

(n � 2), 105 null phenotypes, i.e. , Fy(a–b–) (n � 97);
S–s–U– (n � 6); S–s–U�var (n � 2)] and sixteen Fy-
positive samples carried a FY*Fy allele. The findings
show that this assay can provide a low-cost and fast
genotyping tool well adapted to local ethnically
mixed populations. (J Mol Diagn 2010, 12:453–460; DOI:
10.2353/jmoldx.2010.090222)

Hemagglutination is the traditional method for testing
donor and patient blood group antigens and irregular
antibodies. Although hemagglutination is a highly sensi-
tive and specific tool that is inexpensive and easy to
perform, it presents several clinical shortcomings that

could benefit from newer technology.1 In this regard mo-
lecular analysis of genomic DNA now permits prediction
of blood group phenotypes based on identification of
single nucleotide polymorphisms (SNPs).2,3 This ap-
proach has great potential for resolving problems beyond
the reach of conventional immunohematologic techniques
(e.g., determination of blood group in patients who have
undergone massive transfusion or have red cells covered
with immunoglobulins and identification of fetal RhD sta-
tus in pregnancies involving a risk for hemolytic disease
of the new-born).4,5 Molecular analysis can also be useful
for diagnosis in situations involving weakly reactive anti-
bodies, weak or altered antigen expression, and genetic
variability between populations requiring use of rare
antibodies.

Determination of blood group antigens other than
those of the ABO and RH systems depends mainly on the
presence of one or more SNPs in the coding sequence of
the relevant blood group gene. As a result blood group
alleles can be predicted using DNA base assays such as
allele-specific polymerase chain reaction (AS-PCR) and
polymerase chain reaction restriction fragment length poly-
morphism (PCR-RFLP). However, these assays cannot be
used routinely because throughput is too low. In the last few
years, several large-scale genotyping assays (e.g., the
BeadChip,6 Bloodchip,7 GenomeLab SNPstream,8,9 and
other DNA microarray-based platforms) have been de-
veloped for identification of blood group SNPs.10–12 Be-
cause these assays are suitable for large-scale process-
ing, they hold forth the possibility of routine SNP blood
screening in hematological laboratories. The main obsta-
cle to high-throughput genotyping platforms based on
these technologies is that the necessary investment ex-
ceeds the resources and activity of most laboratories that
require genetic support for a limited number of patients
with unusual antibody combinations and/or phenotypes.
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To overcome this limitation, we have developed and
evaluated a rapid, sensitive, and low-cost three-step mul-
tiplex assay. The first step consists of a multiplex-PCR
reaction to generate amplicons encompassing the target
SNPs. The second step consists of a multiplex-PCR sin-
gle-base extension assay of probe primers using the
commercial (CE) SNaPshot Kit (Applied Biosystems, Fos-
ter City, CA).13 In this step, DNA polymerase incorpo-
rates the complementary dye-conjugated dideoxy nucle-
otide base at the 3� end of each probe primer annealed
proximal to the target SNP. In a third step, capillary
electrophoresis is performed to determine the size of
extended probe primers and fluorescence dye types.

The SNaPshot method has already been used for typ-
ing Y chromosome and mitochondrial SNPs in population
analysis14,15 and for identifying mutations commonly as-
sociated in human gene expression and pathologies.16,17

In 2004, a Japanese team reported development of a
39-multiplex primer extension assay including 15 blood
group loci.18 Trial data showed it to be a highly discrim-
inating method allowing detection of SNP types even
from short stretches of DNA, like in degraded DNA spec-
imens. In July of the same year, the same team reported
the simultaneous detection of six SNP sites in the ABO
gene.19 More recently Chaudhuri’s group at the New York
Blood Center reported detection of 17 blood group SNPs
using three independent multiplex SNaPshot reactions.20

The single PCR-multiplex SNaPshot reaction described
herein was optimized to identify red cell SNPs determining
well characterized clinically relevant blood group pheno-
types (K/k, Fya/Fyb, Fybw, Fynull, S/s, U–, U�var, Jka/Jkb,
Doa/Dob, Yta/Ytb and Coa/Cob).21 Selection of these phe-
notypes was based on i) the genetic variability of blood
groups in different population groups living in the south of
France that includes individuals from sub-Saharan Africa
and the Comoros archipelago,22 and ii) the absence of
specific antibodies directed against antigens of DO, YT,
and CO systems and the description of hemolytic trans-
fusion reactions caused by antibodies to these anti-
gens.23 The goal was to develop a simple clinically useful
genotyping tool for simultaneous detection of 11 SNPs
defining 18 blood group alleles adapted to the local
population. After optimization this genotyping assay was
validated against data from serological, allele-specific,
and sequencing investigations and tested clinically for
one year.

Materials and Methods

Blood Samples

Ethylenediaminetetraacetate-anticoagulated (EDTA) pe-
ripheral blood samples were collected with informed con-
sent by the Etablissement Français du Sang Alpes Méditer-
ranée (Marseille, France). Detection of KEL2 (k, Cellano),
FY1(Fya), FY2(Fyb), JK1(Jka), JK2(Jkb), MNS3(S), and
MNS4(s) antigens was performed by tube tests or column
agglutination (Scangel Biorad, France) using two different
commercial sera for each antigen. Typing of KEL1(K) anti-
gen was performed using Olympus microplate technology

according to manufacturer’s instructions (Diagast, France).
In clinical context, patients (n � 227) including 50% from
sub-Saharan Africa and Comoros archipelago were
genotyped.

Genomic DNA Extraction

Genomic DNA was extracted from 200 �l of total blood
sample using the QIAmp Blood DNA Mini kit (Qiagen,
Courtaboeuf, France) according to the manufacturer in-
structions and quantified by optical density absorption
measurement.

Blood Group Genotyping by Singleplex PCR

Allele-specific PCR genotyping was performed to identify
SNPs determining the following alleles: CO*1, CO*2,
KEL*1, KEL*2, YT*1, YT*2, JK*1, JK*2, FY*1, FY*2, FY*Fy,
FY*X, DO*1, DO*2, MNS*3, and MNS*4 using previously
described primer sets and methods.24–30

PCR and Probe Primer Design

All primers were designed using the Primer 3 program
(http://frodo.wi.mit.edu/primer3, version: 0.4.0, 2000). In-
tegrated DNA Technologies program (http://www.idtdna.
com/analyzer/applications/oligoanalyzer, version: 3.0, 2008)
was used to test for potential primer-dimer conflicts and
second hairpin structures. Forward and reverse primers
used in the nine-pair multiplex reaction for blood group
gene amplifications are shown in Table 1. Primers used as
probes were designed to anneal immediately adjacent
to the SNP site on either the sense or anti-sense DNA
strand (for JK838G�A and FY-33T�C). Their lengths
differ from at least five bases by addition to the 5� end
of a polyT tail to distinguish them by capillary electro-
phoresis (Table 2). All probe Primers were synthesized
by Eurogentec (Seraing Belgium) and purified by
HPLC to remove incomplete synthesis products.

PCR Multiplex Amplification and Probe Primer
Extension SNaPshot Reaction

The first step consisted of multiplex PCR using primers
flanking each blood group SNP site that was developed
to coamplify nine genomic fragments ranging from 97 to
986 bp (Figure 1). Multiplex PCR amplification was per-
formed from 250 ng of genomic DNA in a final volume of
25 �l containing 1.8� PCR buffer, 3.6 mmol/L MgCl2, 0.2
mmol/L of each dNTP, 0.1 unit of TaqDNA-polymerase
(Invitrogen, Cergy Pontoise, France), and a defined con-
centration of each primer (for final concentration see
Table 1). Amplification was performed under stringent
conditions (i.e., 95°C for 5 minutes for 1 cycle; 95°C for 30
seconds, 60°C for 45 seconds, 72°C for 120 seconds for
40 cycles; 72°C for 7 minutes for 1 cycle). Multiplex PCR
amplicons were controlled on 3% (w/v) agarose gel be-
fore treatment with Exo/SAP master mix containing 10
U/�l of Exonuclease-I and 0.5 U/�l of Shrimp Alkaline
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Phosphatase (Euromedex, Souffelweyersheim, France)
to remove unincorporated primers and dNTPs. PCR
product (10 �l) was incubated with 3.3 �l of Exo/SAP
master mixture for 1 hour at 37°C followed by 15 minutes
at 80°C for enzyme inactivation.

The second step consisted of a multiplex single-base
primer extension reaction using the SNaPshot kit (Ap-
plied Biosystems, Courtaboeuf, France) according to the
manufacturer’s protocol. The final reaction volume was
10 �l containing 3 �l of the treated first-step PCR
reaction, 5 �l of SNaPshot ready reaction premix con-
taining fluorescent dideoxy nucleotides (A � dR6G,
green; C � dTAMRA, black; G � dR110, blue; T �
dROX, red), and probe primers (for final concentration
see Table 2). The reaction was performed under strin-
gent conditions (95°C for 10 seconds, 50°C for 10
seconds, 60°C for 30 seconds for 25 cycles). An ali-
quot of SNaPshot extension reaction (10 �l) was then
treated with 1 unit of SAP for 1 hour at 37°C followed by
15 minutes at 80°C for enzyme inactivation, before the
third step of capillary electrophoresis.

Capillary Electrophoresis Conditions

The fluorescence and size of extended products were
determined by capillary electrophoresis on an ABI PRISM
3130 genetic analyser (Applied Biosystem) using POP-7
polymer and 36-cm length capillary. Before loading onto
the genetic analyzer, an aliquot of treated SNaPshot mul-
tiplex extension reaction (0.5 �l) was mixed with 9.25 �l
of deionized formamide (Applied Biosystems) and 0.25

�l of size standard (GeneScan-120 LIZ ladder, Applied
Biosystem). Injection was performed during 16 seconds
at 1.2 kV and electrophoresis for 20 minutes at 15 kV and
5 �A at 60°C. The laser was set at a constant power of 9.9
mW. Data were analyzed using GeneMapper v4.0 with
specific detection parameters.

Sequence Analysis

Whenever discordance was found, PCR products were
sequenced on both strands by BigDye Terminator v1.1
Sequencing Kit (Applied Biosystems) and analyzed on
an automated fluorescence-based ABI PRISM 3130 Ge-
netic analyser.

Results

The Multiplex-Assay

An assay based on a multiplex PCR coupled with a single
base extension assay using genomic DNA was designed
for simultaneous detection of 11 SNPs defining 18 blood
group alleles. These alleles belong to 7 common clinically
relevant blood group systems (i.e., Kell, Duffy, MNS,
Kidd, Dombrock, Cartwright, and Colton). This assay in-
cluded primer extension reactions for the 230C�T and
IVS5, �5g�t nucleotide changes reported to silence
GYPBS alleles namely respectively GYPBS�230 and
GYPBS-Int5,31 for the FY-33T�C change known to silence

Table 1. Primer Sequences Used for Blood Group Amplification in the 9-Pair Multiplex PCR

System

GenBank
accession
number Allele Forward Reverse

Amplicon
size (bp)

Conc.
(�M)

CO NM_198098 CO*1/CO*2 5�-gCTCTCAGAGGGAATTGAGC-3� 5�-GACACCTTCACGTTGTCCTG-3�† 214 0.06
KEL NM_000420 KEL*1/KEL*2 5�-gagggagatggagatggaaa-3� 5�-GACTGGTGTGTGTGGAGAGG-3� 350 0.12
YT NM_015831 YT*1/YT*2 5�-ACTGGTGGGAATGACACAGA-3� 5�-ggagggatgcagagaaagag-3� 398 3.80
JK NM_015865 JK*1/JK*2 5�-ctttcaatcccaccctcagt-3� 5�-ctcaataggctcctgccttc-3� 435 0.24
FY NM_002036 FY*Fy 5�-ATGGCCCTCATTAGTCCTTG-3� 5�-CATGGCACCGTTTGGTTCAG-3�† 97 2.00

FY*1/FY*2/FY*X 5�-TCCCCCTCAACTGAGAACTC-3�† 5�-AAGGCTGAGCCATACCAGAC-3�† 392 0.23
DO NM_021071 DO*1/DO*2 5�-GACAGCATCATGGAGAATGG-3� 5�-TGTGCTCAGGTTCCCAGTTG-3� 315 0.80
MNS NM_002100 MNS*3/MNS*4 5�-cctccagaaaagaaaaacgt-3� 5�-ACAGTGAAACGATGGACAAGTT-3� 986 2.60

GYPBS�230/GYPBS-Int5 5�-ctgtcttatttttctattgctatg-3� 5�-ctgtttctcttctgagtttaactg-3� 260 0.70

Multiplex PCR primers were selected according to following three criteria: (1) similar Tm value (60°C), (2) calculated �G between 0 and �10 kcal
per mol, and (3) PCR products length less than 1000 bp and easily differentiable on agarose gel electrophoresis. Seven fragments encompassed one
target SNP and two fragments encompassed two SNPs. Coamplification in the same fragment were performed to detect 230C�T and IVS5 � 5g�t
changes in the GYPBS gene and 125G�A and 265C�T changes in the FY gene. Lower case letters refer to intron sequences.

†Sequence primers already published by Reid team.6

Table 2. Probe Primer Sequences Used for Multiplex Detection of 11 Blood Group SNPs

System Allele Polymorphism

Position

change Location

Forward/

reverse Extension primer

Size

(b)

Conc.

(�M)

FY FY*1/FY*2 Gly42Asp 125G�A Exon-2 Forward 5�-TGAATGATTCCTTCCCAGATGGAGACTATG-3� 30 0.04
FY C-wt/FY*X Arg89Cys 265C�T Exon-2 Forward 5�-13T-GCTTTTCAGACCTCTCTTC-3� 32 1.20
DO DO*1/DO*2 Asn265Asp 793A�G Exon-2 Forward 5�-TTGTTTAAAGTTATAAATATGAGCTACCACCCAAGAGGA-3� 39 0.25
MNS MNS*3/MNS*4 Met29Thr 143T�C Exon-4 Forward 5�-cttatttggacttacattgaaattttgctttatagGAGAAA-3� 41 2.30
JK JK*1/JK*2 Asp280Asn 838G�A Exon-9 Reverse 5�-16T-TGTTGAAACCCCAGAGTCCAAAGTAGATGT-3� 46 0.35
CO CO*1/CO*2 Ala45Val 134C�T Exon-1 Forward 5�-20T-TTCAAATACCCGGTGGGGAACAACCAGACGG-3� 51 0.28
MNS g-wt/GYPBS-Int5 IVS5, �5 �5g�t Intron-5 Forward 5�-24T-TTACASTATTCGCCGACTGATAAAGgtga-3� 53 0.016
KEL KEL*1/KEL*2 Met193Thr 698T�C Exon-6 Forward 5�-24T-TGGTAAATGGACTTCCTTAAACTTTAACCGAA-3� 56 0.3
YT YT*1/YT*2 His353Asn 1057C�A Exon-2 Forward 5�-40T-CTCATCAACGCGGGAGACTTC-3� 61 1.60
MNS C-wt/GYPBS�230 Thr58Met 230C�T Exon-5 Forward 5�-43T-TGATGGCTGGTATTATTGGAA-3� 64 2.30
FY FY*wt/FY*Fy Gata wt/mt -33T�C Promoter Reverse 5�-48T-AGCGCCTGTGCTTCCAAG-3� 66 0.02

Lower case letters refer to intron sequences. Bold characters refer to the 5� poly-thymidine tail.
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the FY*2 allele namely FY*Fy allele and for the FY265C�T
change corresponding to the FY*X allele.32–34

Optimization

First, the specificity of each amplicon was evaluated in
singleplex reaction and in multiplex reactions, the PCR
conditions, DNA template, and primer concentrations
were adjusted to obtain amplicon bands of same intensity
(Figure 1). Then, the results of the entire assay including
the multiplex-PCR, primer extension, electrophoresis,
and fluorescent typing steps were evaluated, and the
volume of the first multiplex-PCR used as well as the
concentrations of probe primers were balanced so that
peak height was at least 700 but not greater than 4000
relative fluorescence units (rfus). Probe primer concen-
trations for the balanced 11-multiplex detection are
shown in Table 2. Because the mobility of the extension
product and the signal intensity depend on the fluores-
cent dye labeled dideoxy nucleotide added, concomitant
tests using samples exhibiting various known allele com-
binations were performed. Four different fluorescent dye
combinations [i.e., black-red (6xC-T), blue-green (3xG-
A), blue-red (1xG-T), and green-black (1xA-C)] were
used to take into account the alleles present at the 11
SNPs and the reverse orientation of extension primers for
JK838G�A and FY-33T�C. The signals from the different
fluorescent nucleotide added were roughly balanced ex-
cept for A–C SNP because of the difference in yield of the
two dyes (1/3.5). Finally, the length of some extension

primers was adjusted via thymidine number of the tail to
obtain an electrophoretic peak at similar intervals to each
locus.

Figure 2, A–G shows the typical GeneMapper electro-
pherograms obtained by a series of 7 multiplex reactions
after capillary electrophoresis in a POP7 polymer system,
exhibiting allele variation for each polymorphic site tested
in the multiplex SNaPshot assay. Alleles were identified
according to the fluorescent dideoxy nucleotide added to
the 3�-end of probe primer and the distance of migration.
A single peak representing a single fluorescent dideoxy
nucleotide added was observed in a homozygous posi-
tion, whereas two peaks with somewhat different mobili-
ties representing two different fluorescent dideoxy nucle-
otides added were generated in a heterozygous position.
Homozygous and heterozygous signals were observed
for all blood group SNPs tested except the homozygote
genotypes FY*X/*X, CO*2/*2, KEL*1/*1, and YT*2/*2,
which were not sufficiently available or prevalent.

Figure 1. Multiplex PCR amplification of nine blood gene fragments. A 3%
agarose gel of the PCR products from two common blood samples (lanes 1
and 2). Eight amplicon bands were observed on the agarose gel because YT
and FY bands have similar molecular weights (398 and 392, respectively).
Lane 3 shows control PCR without gDNA. Arrows indicate the two missing
fragments (260 and 986 bp) when GYPB gene deletion occurred in blood
sample phenotyped S–s–U–. Figure 2. GeneMapper electropherograms of SNaPshot reactions. Plots of

size (nt) versus relative fluorescence units (rfus) for 7 DNA samples exhibit-
ing variations at the 11 SNP sites analyzed. The electropherograms corre-
spond to extended genotype following: A: FY*1/*1, DO*1/*2, MNS*3/*4,
JK*2/*2, CO*1/*1, KEL*1/*2, YT*1/*1; B: FY*Fy/*Fy, DO*2/*2, MNS*4/*4, JK*1/*1,
CO*1/*1, KEL*2/*2, YT*1/*1; C: FY*1/*Fy, DO*1/*2, GYPBS-Int5/GYPBS-Int5,
JK*1/*1, CO*1/*1, KEL*2/*2, YT*1/*1; D: FY*Fy/*Fy, DO*1/*1, MNS*3/GYPBS-
Int5, JK*1/*1, CO*1/*1, KEL*2/*2, YT*1/*1; E: FY*1/*X, DO*1/*2, MNS*3/*4,
JK*1/*2, CO*1/*1, KEL*2/*2, YT*1/*2; F: FY*1/*X, DO*1/*2, MNS*3/*3, JK*2/*2,
CO*1/*2, KEL*2/*2, YT*1/*1. G shows the electropherogram for a rare patient
in whom homozygous T230 and T243 for GYPB gene was identified, sug-
gesting a GYPBS�230 allele either in double or single dose in trans with the
GYPB gene deletion. Its extended genotype was as follows: FY*Fy/*Fy,
DO*1/*2, GYPBS�230/GYPBS�230, JK*1/*1, CO*1/*1, KEL*2/*2, YT*1/*1. All
plots were collected using POP-7 polymer under the described conditions.
The top line indicates positions and blood allele names.
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For most antithetical blood group markers, genotype-
to-phenotype determination was straightforward based
on electropherogram reading of one SNP. Conversely,
more than one SNP was required to achieve genotype-
to-phenotype determination for the Duffy and MNS sys-
tems. This raises the possibility that the FY*2 allele was
either silent because of the �33T�C change in the GATA
box corresponding to FY*Fy with a Fy(b�) phenotype or
weakened because of C�T change at position 265 for a
FY*X allele corresponding to a Fyx [Fy(b�weak)] pheno-
type.32–34 For the prediction of the S, s and U (�/�, �var)
antigen status by GYPB gene analysis, it is necessary to
take the two silencing nucleotide changes IV5, �5g�t
and 230C�T into account in addition to the T�C nucle-
otide change at position 143 driving the MNS*3 and
MNS*4 alleles.31

Validation

DNA blood samples partially phenotyped by hemagglu-
tination and/or genotyped by allele-specific PCR reaction
were used as controls to test the accuracy and reproduc-
ibility of our multiplex SNaPshot assay (Table 3). Results
were found to be 100% in concordance with 63 hemag-
glutination phenotypings for KEL, JK, FY, and MNS. How-
ever, comparison of primer extension results with those of
202 allele pairs determined by allele specific PCR reac-
tions showed five discordances (2.47%) involving the
MNS and DO systems. Analysis of these discordances by

sequencing reactions confirmed the accuracy of the mul-
tiplex SNaPshot assay. These discordances most prob-
ably result from visual misinterpretations on agarose
electrophoresis. Thus, the multiplex SNaPshot assay was
fully validated by results of allele specific PCR reaction,
serology, and sequencing.

One Year of Clinical Use

Since validation the multiplex SNaPshot assay has been
evaluated for one year in the immunohematology labora-
tory of Marseille, France. Of the 406 patient blood sam-
ples addressed to the laboratory for molecular analysis,
the multiplex tool has been used on 227 including 50% of
patients from sub-Saharan African and Comore archipel-
ago (Table 4). A total of 2497 SNP typings and 1589
DNA-derived phenotypes have been generated. Multi-
plex SNaPshot results were fully concordant with those
partially provided by hemagglutination and/or sequenc-
ing. A number of atypical and null DNA-derived pheno-
types have been identified including 32 samples geno-
typed FY*1/*X (n � 30) or FY*Fy/*X (n � 2) with,
respectively, Fy(a�b�w) and Fy(a–b�w) derived pheno-
types, 97 samples homozygous for the FY*Fy allele with
Fy(a–b–) phenotype, and 22 samples genotyped
KEL*1/*1 (n � 3) or KEL*1/*2 (n � 19) with a K-positive-
derived phenotype.

In the MNS system, GYPB gene deletion was identified
in six individuals of African descent who exhibited the

Table 3. Comparison of Results Obtained by Primer Extension, Allele-Specific PCR, and Serology

System Genotypes
Primer extension

results
Serology/primer

extension
Allele specific/primer

extension
Sequencing/primer

extension

CO CO*1/*1 27 27/27
CO*1/*2 1 1/1
CO*2/*2

KEL KEL*1/*1 1 1/1
KEL*1/*2 2 1/1 2/2
KEL*2/*2 30 26/26 11/11

YT YT*1/*1 26 26/26
YT*1/*2 3 3/3
YT*2/*2 1 1/1

JK JK*1/*1 6 4/4 6/6
JK*1/*2 17 7/7 17/17
JK*2/*2 8 2/2 8/8

FY FY*1/*1 4 3/3 2/2
FY*1/*2 10 4/4 6/6
FY*2/*2 12 4/4 11/11
FY*2/*Fy 6 1/1 6/6
FY*1/*Fy 1 1/1
FY*Fy/*Fy 5 5/5
FY*1/*X 4 4/4

DO DO*1/*1 4 4/4
DO*1/*2 19 16/17 1/1
DO*2/*2 9 9/9

MNS MNS*3/*3# 12 4/4 11/12 1/1
MNS*3/*4 15 5/5 12/14 2/2
MNS*4/*4# 5 2/2 4/5 1/1
GYPBS-Int5/MNS*4 2 2/2
GYPBS-Int5/ GYPBS-Int5# 1 1/1
GYPBS�230/GYPSB-230#

Total 231 63/63 197/202 5/5

Primer extension reaction results are compared with serological and allele-specific PCR results when available; whenever a discordance appeared,
a sequencing reaction was performed. # or single dose in trans with the GYPB gene deletion cannot be excluded.
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S–s– phenotype associated with the absence of the high
prevalence U antigen. Four of the six samples showed
both S–s–U– and Fy(a–b–) predicted phenotypes result-
ing from a FY*Fy/*Fy genotype. One sample appeared to
be homozygous for GYPBS-Int5/GYPBS-Int5 or GYPBS-
Int5 in trans with the GYPB deletion with a S–s–U�var

derived phenotype. Two other serologically phenotyped
S_s� samples were identified as heterozygous for
GYPBS-Int5/MNS*4 with a S–s�U�var derived pheno-
type. Altogether these findings are consistent with a cor-
relation between IVS5, �5g�T and the GYPBS allele.
Similarly, the 230C�T silencing change detected at ho-
mozygote state in one sample correlated with the GYPBS

allele and a S–s–U�var derived phenotype (see Figure
2G). As described above, the GYPBS�230 allele can be
in either double or single dose in trans with the GYPB
deletion. In addition, 681 genotype-to-phenotype deter-
minations not obtained serologically were defined for DO,
YT, and CO systems including identification of 26 atypical
genotypes CO*1/*2 (n � 8), YT*1/*2 (n � 15), and YT*2*/2
(n � 3).

In this clinical setting (i.e., a pretransfusional immunol-
ogy laboratory), our multiplex assay has proven to be a
reliable tool that generated reproducible results in the
hands of different operators. In addition, laboratory ex-
perience showed that this tool was time- and cost-effi-
cient because results could be obtained within 24 hours
after collection of blood samples and reagent cost per
SNP detected was low in comparison with other genotyp-
ing technologies. Unit cost for one DNA extraction and
one SNaPshot assay including technician and machine
times, and kit cost is around of $2.9 per SNP analyzed.

Discussion

Because of the various limitations associated with agglu-
tination-based assays and the need to manage patients
to avoid alloimmunization with future transfusion-related
complications, the challenge of this work has been to
develop a multiplex assay to reliably predict common
clinically relevant blood group antigens. Two strategies
can be used to improve the accuracy of antigen typing.
The first is to perform both phenotyping and genotyping
in the same laboratory. The second consists in maintain-
ing a database of blood group SNPs as a mining source
for alleles and their blood gene products to accelerate
the quest for matched bloods. The multiplex assay pre-
sented here is aligned with both these strategies.

Our assay is based on the well-known SNaPshot
method and uses quality-controlled reagents from a com-
mercial company. We selected primer sets to simulta-
neously amplify nine genomic regions of seven blood
group genes [KEL, DARC(FY), GYPB, SLC14A1(JK),
ART4(DO), ACHE(YT), and AQP1(CO)] in a single PCR
reaction and then 11 probe primers for multiplex exten-
sion reaction at SNP sites defining 18 blood group al-
leles.21 Comparatively, Chaudhuri’s team used three in-
dependent multiplex SNaPshot reactions to determine 17
SNPs.20 Detection of single-base extended probe prim-
ers is based on extended length and fluorescence de-
tected by capillary electrophoresis on a sequencing ma-
chine. It is a direct determination of the nucleotide type
present at SNP site, which is visualized by one or two
different color peaks on the electropherogram. This elim-
inates the problem of the negative extension reaction
because all probe primers must incorporate one or two
nucleotide types at the SNP site except in the case of
gene deletion. This is an advantage over large-scale
genotyping technologies based on microarrays or mi-
croarrayed fluorescent beadships probing blood gene
amplicons can lead to negative hybridization reactions
with false-negative results. Another advantage of the
SNaPshot approach described here is not to require
expensive development of new siliconchips or microbeads
for typing of new SNP sites.

The 18 blood group alleles corresponding to the 11
SNPs detected by our multiplex assay were chosen in
function of clinical significance and frequency in popula-
tion groups living in the south of France. Because per-
sons from sub-Saharan Africa and the Comoros archipel-
ago account for local population, there is a high risk of
patients with a known predisposition to alloimmunization,
such as those with sickle cell or thalassemic disorders
that require multiple blood transfusions to ensure sur-
vival. For this reason the multiplex assay included probe
primes against nucleotide changes known to impair the
GYPB and DARC genes reported in individuals of African
descent.31,32 Detection of SNPs defining the alleles of the
DO, YT, and CO systems was also included because
there are hemolytic transfusion reactions caused by an-
tibodies to DO, YT, and CO system antigens and no
available commercial antibodies to determine these
antigens.23

Table 4. Rare and Null Blood Samples Genotyped

One year

Number of blood samples
Addressed 406
Analyzed by Multiplex SNaPshot (%) 227 (54)

Total number of SNPs tested 2.497

Genotype (n) Derived phenotype

Atypical or null blood types
FY*1/*X 30 Fy(a�b�w)
FY*Fy/*X 2 Fy(a–b�w)
FY*Fy/*Fy 97 Fy(a–b–)
FY*1/*Fy or 16 Fy(a�b–) or
FY*2/*Fy Fy(a–b�)
GYPB deleted 6 S–s–U–
GYPBS-Int5/GYPBS-Int5# 1 S–s–U�var

GYPBS-Int5/MNS*4 2 S–s� U�var

GYPBS�230/GYPBS�230# 1 S–s–U�var

KEL*1/*1 3 K�k–
KEL*1/*2 19 K�k�
CO*1/*2 8 Co(a�b�)
YT*1/*2 15 Yt(a�b�)
YT*2/*2 3 Yt(a–b�)
Total 203

# or single dose in trans with the GYPB gene deletion cannot be
excluded.
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This multiplex SNaPshot assay was initially validated
by comparison with available allele-specific PCR, sero-
logical, and/or sequencing results. Clinical experience
with this multiplex assay in our regional pretransfusion
laboratory demonstrated that it was a powerful and highly
accurate (100%) molecular tool that saves both time and
money. Data analysis and interpretation are simple, thus
making this assay relatively easy to use for technicians
having a period of specialist training. During this year trial
period, genotyping of 227 patient samples including
characterization of 203 atypical or null blood types was
performed. Genotyping in addition to the classical phe-
notyping by serology facilitated matching of blood com-
ponents to the recipient’s blood type and probably con-
tributed to lowering alloimmunization of patients receiving
multiple transfusions.

Nevertheless, providing compatible donors with spe-
cific antigen-negative blood remains problematic, partic-
ularly in cases involving chronically transfused patients
with unusual antibody combinations and phenotypes. To
overcome this problem, we will soon test the feasibility of
automating our multiplex tool in a 96-well microplate for-
mat to allow genotyping of donor cohorts and identifica-
tion of rare phenotypes at lower cost. This technique
would provide an alternative to serological screening,
reduce the need for rare antisera, and save time.

This study demonstrates that multiplex SNaPshot as-
say can provide a simple robust tool for DNA genotyping
in clinical contexts not easily amenable to serological
analysis. In our regional pretransfusional laboratory typ-
ing of 18 blood alleles using this approach proved to be
a reliable complementary tool with a turnaround time of
24 hours. This molecular tool also provides much more
information regarding donor/recipient compatibility than
is possible by using serological methods alone. However,
because genotype does not always reflect phenotype
because novel mutations arise continually, serological
phenotyping still remains an essential test to confirm
donor/recipient compatibility when specific antibodies
are available. In conclusion, we believe that our multiplex
SNaPshot assay in tandem with serological methods is an
effective RBC genotyping tool to reduce transfusion-re-
lated immunizations and to avoid hemolytic complica-
tions of transfusions in ethnically mixed populations.
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