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The most clinically important blood group systems in transfusion
medicine, excluding the ABO system, are the RH, Kell, and Kidd
systems. Alloantibodies to antigens of these systems may be
produced following blood transfusion or during pregnancy and can
result in serious hemolytic transfusion reactions and hemolytic
disease of the newborn.We developed rapid and robust techniques
for RHD, RHCE, KEL, and JK genotyping with the use of a real-time
polymerase chain reaction instrument. Two fluorescence-based
methods for the detection of amplification products were used: for
KEL1/KEL2, JK1/JK2, and RHE/RHe (exon 5) we used the
hybridization probes protocol; for RHC/RHc the analysis was done
in sequences of exon 1 for RHC and exon 2 for RHc; and for RHD,
analysis was done in sequences of intron 4, exon 7, and exon 4
pseudogene using the SYBR Green I protocol. The genotyping tests
were validated with samples from 85 Caucasian Portuguese and 15
Black European blood donors. Complete phenotype-genotype
correlations were obtained. The potential use of the presented
methods can be predicted in clinical transfusion medicine,allowing
appropriate monitoring, early intervention, and improved care.
When blood group genotyping techniques are necessary, this
methodology is highly competitive for a routine laboratory.
Immunohematology 2002;18:59–64.
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The blood group antigens are present on red blood
cell (RBC) surface molecules,but also in many other tis-
sues,exhibiting a wide structural diversity and a variety
of biological functions.1 With few exceptions, i.e., SC
(Scianna), P, and RAPH (MER2), all the 26 blood group
systems have a well-defined molecular basis, allowing
the possibility of developing new methods of genotyp-
ing and diagnosis.1

Reliable immunohematology tests play a critical
role in the safe blood transfusion practices used today.
Certain circumstances,e.g., recently transfused patients

or RBCs that are coated with immunoglobulin, make
phenotyping by classic hemaglutination methods com-
plex, time-consuming, and difficult to interpret.2,3 In
these cases, molecular biology techniques can be used
to predict the blood group antigen profile of a patient.

The genetic mechanisms for the generation of
structural diversity of blood groups include nucleotide
substitution (the most common, producing amino acid
change or modification of splice site or alteration of
glycosylation), exon duplication, exon skipping,
unequal crossover, and gene conversion.

The K antigen is a strong immunogen and can
cause severe reactions to transfusion of incompatible
blood. It has a frequency of about 9 percent in
Europeans. The K antigen is antithetical to k and it
results from a single transition located within exon 6,
which gives rise to an amino acid substitution (698
C>T) in the Kell glycoprotein (Met193Thr).4–7 Anti-K is
the most common immune RBC antibody outside of
the ABO and Rh systems.

The Kidd (JK) antigens are located on a RBC urea
transporter. The observation that RBCs from Jknull indi-
viduals lacking the JK antigens exhibit an increased
resistance to lysis in aqueous 2 M urea established the
link between these antigens and the urea transport
function.8 This fact was confirmed several years later,
by the demonstration that Jknull RBCs have a selective
defect in urea transport.9 The JK gene consists of 11
exons, of which exons 4 to 11 contain all the coding
information for the protein.The molecular basis of the
JK1/JK2 blood group polymorphism was shown to be
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a single transition (G838A), resulting in an Asp280Asn
amino acid substitution.10,11 These two codominant 
alleles define three common phenotypes, Jk(a+b–),
Jk(a–b+), and Jk(a+b+).The Jk(a–b–) phenotype (Jknull)
has been reported mainly in individuals of Asian and
Polynesian origin, but has also been found in
Caucasians.Two genetic backgrounds may account for
this: the homozygous inheritance of a “silent” allele JK
at the JK locus, caused by at least four distinct mecha-
nisms that may affect either JK2 (splice site mutations;
missense mutation S291P) or JK1 allele (non-sense
mutation Tyr194stop and gene deletion removing
exons 4 and 5), or the inheritance of a dominant
inhibitor gene In(Jk), which is not linked to the JK
locus.1,12–14 These individuals do not suffer from a 
clinical disorder, except for a urine concentrating 
deficiency.9

The RH locus is composed of two homologous
genes, RHD and RHCE (96% identity between the pro-
teins), which are closely linked on chromosome
1p34–p36. Both are composed of 10 exons and share a
similar exon/intron organization. In RhD-positive
Caucasian individuals (85%) both RHD and RHCE
genes are present at the RH locus,whereas in the RHD-
negative individuals (15%) the RHD gene is missing,
most likely following a deletion event. However, in
other populations (Black, Japanese), where the RHD-
negative phenotype is rare, the D gene may be either
intact or rearranged by partial deletion, by recombina-
tion between the D and the CE genes (conversion), by
single point mutation, or by other rare mechanisms.15

This varied genetic basis for D– individuals and partial
D phenotypes obliges the laboratory to use more than
one molecular biologic approach to have a sufficient
degree of certainty in the genotyping result.16–19

The molecular basis of the C/c specificity resulted
from four amino acid differences: Cys16Trp (exon 1 of
the CE gene) and Ile60Leu, Ser68A, and Ser103Pro
(exon 2). However, it seems that only the Ser103Pro
substitution is relevant to the C/c genetic polymor-
phism.15–17 The E/e polymorphism resulted from a 
single amino acid substitution: Pro226Ala (exon 5 of
the CE gene).15

These blood group systems are clinically important
in transfusion medicine, as the antibodies may cause
severe immediate or delayed hemolytic transfusion
reactions and hemolytic disease of the newborn
(HDN). In the case of Kell antibodies, the evolved
mechanisms are hemolytic but can also suppress 
erythropoiesis.20

Our purpose was to develop new molecular tools
for diagnostic determination of a patient’s blood
groups, complementing classic methods used in trans-
fusion services, with results available in a few minutes,
allowing them to be used on a routine basis.To achieve
that, we used the LightCycler® (Roche Molecular
Systems, Somerville, NJ) polymerase chain reaction
(PCR) instrument, a microvolume fluorometer integrat-
ed with a thermal cycler that combines rapid-cycle PCR
with real-time fluorescence monitoring. This assay is
based on the fluorescence resonance energy transfer
(FRET) principle. Incorporation of labeled hybridiza-
tion probes with the initial reaction mix and target
nucleic acid allows detection and analysis of PCR prod-
ucts with the LightCycler system in a closed reaction
vessel. In our protocols we used the two fluorescence-
based methods for the detection of amplification prod-
ucts: DNA binding dye SYBR Green I, and hybridization
probes.

Materials and Methods
Blood samples from 85 Caucasian Portuguese and

15 Black European blood donors, obtained by
venipuncture of the antecubital vein after informed
consent,were phenotyped by routine hemagglutination
with reagents from DiaMed AG (Cressier sur Morat,
Switzerland), according to the instructions of the manu-
facturer. DNA was extracted using the Magna Pure LC
(Roche, Mannheim, Germany) and the analysis was car-
ried out on a LightCycler,using the SYBR Green I or the
hybridization probes protocol. DNA that was not used
immediately was frozen at –70°C until assayed.

With these assays, a short fragment harboring the
particular polymorphic site is amplified. In the
hybridization probes protocol, the amplicons are
detected by fluorescence using a 3'-fluorescein-labeled
probe and a 5'-LightCycler Red 640-labeled probe that
are in FRET when hybridized to the same strand inter-
nal to the unlabeled PCR primers. Homogeneous geno-
typing is achieved by positioning one of the probes
over the polymorphic nucleotide. When fluorescence
is monitored as the temperature increases through the
melting point (Tm) of the probe/product duplex,a char-
acteristic melting profile is obtained, depending on the
presence or absence of a base pair mismatch in the het-
eroduplex. The fluorescence signal is then plotted in
real time against temperature to produce melting
curves for each sample, and then converted to deriva-
tive melting curves by plotting the negative derivative
of the fluorescence with respect to temperature
against temperature.
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In this study, for KEL1/KEL2, JK1/JK2, and
RHE/RHe (exon 5), we used the hybridization probes
protocol; for RHC/RHc, the analysis was done in
sequences of exon 1 (RHC) and exon 2 (RHc); and for
RHD, analysis was done in sequences of intron 4, exon
7, and exon 4 pseudogene using the SYBR Green I 
protocol. We used the primers listed in Table 1; the 
PCR reaction mixes are described in Table 2 in accor-
dance with the amplification conditions listed in 
Table 3. In the case of RHE/RHe, the primers were
designed to amplify only the RHCE gene, and the
probes to genotype the alleles. In any case, less than 
1 hour was needed to perform the entire analysis,
including amplification and detection.

For confirmation of the KEL1/KEL2 genotypes,
PCR restriction fragment length polymorphism (RFLP)
was performed,4 and for JK1/JK2 PCR allele-specific
primers (ASP) was done.13 For confirmation of the
results regarding RHC/RHc, RHE/RHe, and RHD geno-
types, classical PCR reactions were applied.16–19 DNA
testing was done without previous knowledge of the
phenotype.

Results

KEL1/KEL2 
The phenotypes obtained were all confirmed by

both genotyping methods (64 heterozygous for
KEL1/KEL2, 34 homozygous for KEL2, and 2 homozy-
gous for KEL1),with no discrepant results. The melting
point for KEL1 was at 66°C and for KEL2 at 59°C.In dif-
ferent runs, the positions and distances of the melting
peaks were identical and differed by less than 1°C for
the same allele (see Fig. 1A and Fig. 2).

JK1/JK2 
The phenotypes obtained were all confirmed by

both genotyping methods (48 heterozygous for
JK1/JK2, 26 homozygous for JK1, and 26 homozygous
for JK2), with no discrepant results.The melting point
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Table 1. Sequences of the primers and probes used to genotype the
KEL1/KEL2, JK1/JK2, RHD, RHC/RHc, RHE/RHe alleles, and
the length of the PCR product

PCR 
Primers product
and probes* Sequences (bp)

KEL 5'-GCTTGGAGGCTGGCGCAT-3'
5'-CTGGATGACTGGTGTGTGTGGA-3' 148

Anchor AGTCAGTATGGCCATTTCCCTTTCTTCA
Sensor TTAACCGAACGCTGAGACTTCTGA

JK 5'- ATCCCACCCTCAGTTTCCT-3'
5'- ATGAACATTCCTCCCATTGC-3' 165

Anchor ACTCTGGGGTTTCAACAGCTCTCTG 
Sensor CCCCATTTGAGAACATCTACTTTG

RHC 5'-GATGCCTGGTGCTGGTGGAAC-3' 112
5'-GCTGCTTCCAGTGTTAGGGCG-3'

RHc 5'-TCGGCCAAGATCTGACCG-3' 177
5'-TGATGACCACCTTCCCAGG-3'

RHE/RHe 5'-GCAACAGAGCAAGAGTCCATC-3'
5'-GAACATGGCATTCTTCCTTTG-3' 392

Anchor CGCCCTCTTCTTGTGGATGTTCTG
Sensor CCAAGTGTCAACTCTGCTCTGCT

RHD (intron 4) 5'-TGACCCTGAGATGGCTGT-3'
5'-ACGATACCCAGTTTGTCT-3' 600

RHD (exon 7) 5'-AGCTCCATCATGGGCTACAA-3'
5'-ATTGCCGGCTCCGACGGTATC-3' 96

RHD (exon 4) 5'-GCCGACACTCACTGCTCTTAC-3'
5'-TCCTGAACCTGCTCTGTGAAGTGC-3' 381/418

*Primers and probes were synthesized by TIB MOLBIOL (Berlin, Germany)

Table 3. Conditions of amplification used in the LightCycler

Denaturation Denaturation Annealing Extension
(Temperature (Temperature (Temperature (Temperature Melting curve*

–Time) –Time) –Time) –Time) Cycles (Temperature)

KEL1/KEL2 62°C–10s† 72°C–10s 45 50°C–75°C
JK1/JK2 95°C–30s 55°C–10s 72°C–10s 40 45°C–75°C
RHE/RHe 56°C–60s 72°C–16s 40 53°C–90°C

RHC 95°C–0s 72°C–3s 72°C–6s 40 86°C–95°C
RHc 63°C–4s 72°C–8s 40 78°C–95°C
RHD (intron 4) 95°C–600s 70°C–3s 72°C–72s 45 84°C–99°C
RHD (exon 7) 71°C–1s 72°C–10s 40 80°C–95°C
RHD (exon 4) 66°C–5s 72°C–17s 45 80°C–95°C

* Cooling and Heating Temperatures (0.1°C/s)
† Seconds

Amplification

Table 2. PCR reaction mixes used in the protocols of the LightCycler

MgCl2 Primer Probe Master DNA
H2O (µµ) (µµ)* (µµ)* Mix (µµ)
(µµL) mM µµM µµM (µµL) ng

KEL1/KEL2 10.8 1.6 0.8 2†
JK1/JK2 3 5
RHE/RHe

RHC/RHc 13.2 0.8
2

RHD 12.8 1.2
(intron 4) 2.5 1 – 2‡ 2

RHD 12.4 1.6 10 100
(exon 7) 3

RHD 12.4 1.6
(exon 4) 3

* Each primer and each probe
† DNA-Master Hybridization Probes
‡ FastStart DNA Master SYBR Green I protocol



for JK1 was at 56°C and for JK2 at 62°C. In different
runs, the positions and distances of the melting peaks
were identical and differed by less than 1°C for the
same allele (see Fig. 1B).

RHD
The phenotypes obtained were all confirmed by

both genotyping methods (68 RHD-positive, 32 RHD-
negative).There were no discrepant cases between the
two real-time PCR methodologies (see Fig.3 and Fig.4).
In one Black European who was RHD-negative by
serotyping, the pseudogene was detected.

RHCE
The phenotypes obtained were all confirmed by

classic and real-time methods (20 RHC/RHC, 55
RHC/RHc, 25 RHc/RHc; 6 RHE/RHE; 38 RHE/RHe;
and 56 RHe/RHe). The melting point of RHE was at
62°C and of RHe at 68°C. In different runs, the posi-
tions and distances of the melting peaks were identical
and differed by less than 1°C for the same allele (see
Fig. 1C).

Discussion
Blood group genotyping techniques are necessary

when we must resolve inconsistent, weak, or posttrans-
fusion mixed-field reactions or positive direct antiglob-
ulin tests or in HDN. The classic genotyping methods
pose several problems by (1) using separate tubes for
specifically amplifying each allele (PCR-ASP needs
amplification of internal control fragments) or by (2)
using restriction enzymes (used in PCR-RFLP, they pose
the risk of incomplete digestion of amplicons or 
of generating falsely
positive results if
silent mutations occur
near the mismatch,
not allowing the
enzyme to cut.) The
potential benefits of
homogeneous detec-
tion systems, in rela-
tion to the classic
methods, have long
been recognized:simple
processing and rapid
analysis and no 
postampli f icat ion
processing, eliminat-
ing sampling track-
ing errors and end-
product contamination.

The methods we
describe are reliable
and have few 
manual processing
steps, allowing high
throughput and

F. ARAÚJO ET AL.

Fig. 2. KEL genotyping by PCR-RFLP. Lane 1: 100-bp marker; Lanes 2–4:
PCR product from individuals homozygous for KEL1/KEL1 (one
fragment with 740 bp); Lane 5: negative control (water); Lanes
6–7: PCR product after digestion with BsmI, from individuals het-
erozygous for KEL1/KEL2 (two fragments,with 540 and 200 bp).

Fig, 3. Example of genotyping using the
DNA binding dye SYBR Green I
protocol (in this case for the
exon 7 of the RHD gene).

Fig. 1. A. KEL genotyping showing the melting peaks at 59°C and 66°C; B. FY genotyping showing the melting peaks
at 56°C and 62°C; C. RHE/e genotyping showing the melting peaks at 62°C and 68°C (heterozygous: two peaks;
homozygous: one peak; negative control: no peak).
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rapid results in an
economical process.
Beyond these advan-
tages, they can also
detect other muta-
tions under the
probes (a characteris-
tic not achieved using
PCR-ASP or PCR-
RFLP), which can 
be very useful.21 In
theory, our system for
the JK genotyping
could also detect one
of the causes of the
rare Jk(a–b–) pheno-
type, the T871C mis-
sense mutation.13

However, when
we intend to use the
molecular genotyping
results in clinical prac-

tice, we must be alert that in rare situations the geno-
type may not correlate with the antigen expression on
the RBCs. A dominant inhibitor gene that is not linked
to the locus analyzed,mutations in a location other than
that being studied, mutations in the GATA box, or the
problem of hybrid genes could generate false interpre-
tations with clinical significance.2 In addition, many
DNA-based techniques still must be evaluated. In a
recent workshop report on the genotyping of RBC
alloantigens, a 5.2 percent rate of mistyping in the ABO
system was found,demonstrating that further efforts are
needed to improve the precision of the genotyping
techniques.22 The real-time fluorescence PCR has
proved its real value in this specific area,as was the case
of genotyping the FY blood group locus23; nevertheless,
larger comparative studies are needed before we can
rely solely on genotyping information.

Since this paper was accepted for publication,
another procedure was added (using the same technol-
ogy) to genotype the RHC allele by amplifying intron 2,
looking for the insertion of a 109 bp length.18 This was
done because some cases involving cde or cDe pheno-
types could generate false results.However, in our study,
we did not have such a case.
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In the United States, the Food and Drug Administration mandates that red blood cells (RBCs) for antibody detection possess the following
antigens: C, D, E, c, e, M, N, S, s, P1, Lea, Leb, K, k, Fya, Fyb, Jka, and Jkb.Although not required, it is generally agreed that homozygosity for C, D,
E, c, e, Fya, and Jka is also preferable.There is no requirement for low-frequency antigens to be present. However, manufacturers of antibody
detection RBCs receive requests for these RBCs to possess Cw,Kpa,and Wra.There are no data to support the considerable expense and effort
involved in providing RBCs that possess low-frequency antigens such as Cw, Kpa, and Wra.
The risk of clinically-significant hemolytic transfusion reactions occurring when such antibodies are not detected because antibody
detection RBCs lack such antigens is about 1 in 500,000 to 1 in 1 million transfusions. Immunohematology 2002;18:71–77.

Screening for RBC antibodies—
what should we expect from
antibody detection RBCs
G. GARRATTY

Sixty-two samples from 62 donors were investigated to determine the significance of warm IgG autoantibodies that were detected using a
gel system during compatibility testing. The presence of autoantibodies on the red cells was confirmed by elution studies. Twelve of 23
strongly positive samples, 7 of 19 moderately positive samples, and 6 of 11 weakly positive samples were studied. The remaining nine
samples were found positive during crossmatching, then negative when it was repeated.These nine samples were not included in this study.
With a tube test, most of the antibodies had titers from 4 to 8. IgG subclass studies showed that 14 of 25 samples with reactive eluates
contained IgG1, one contained IgG1+IgG2, one contained IgG1+IgG4, and two contained IgG1+IgG3 weak.The frequency of donors with
a positive direct antiglobulin test (DAT) was ~ 1 in 3000 and males were twice as likely to be DAT positive (8 females vs. 17 males in this
study). None of the donors had hemolysis. Two donors showed low-titer anticardiolipin antibodies.We conclude that DAT-positive donors
can be a problem during compatibility testing when sensitive methods are used. Immunohematology 2002;18:78–81.

The investigation of the
significance of a positive direct
antiglobulin test in blood donors
M. BELLIA, J. GEORGOPOULOS,V. TSEVRENIS, E. NOMIKOU, N.VGONTZA,AND I. KONTOPOULOU-GRIVA



An algorithm to locate hrB–
donors for individuals with 
sickle cell disease
R.R. GAMMON AND N.D.VELASQUEZ, JR

Many African Americans with sickle cell disease (SCD) develop alloantibodies to antigens in the Rh blood group system. Others have shown
that from D– individuals, those lacking the high-incidence hrB antigen (> 98% prevalence) may be found among r'r African Americans. We
describe an algorithm to locate units for African Americans with SCD and anti-hrB and -D.From 46,539 donations,5136 listed African American
as race. Our primary reference laboratory performed Rh phenotyping (D, C, c, E, e) for first-time donors and those not tested previously.
Specimens typing r'r were sent to a secondary reference laboratory for hrB phenotyping after each donation. Hemoglobin S screening was
performed.Of 24 donors (27 donations) who phenotyped r'r,seven donors,29.2 percent (nine donations) were hrB–.Two of seven who donated
twice consistently tested hrB–. One of 24 donors initially tested hrB–, but hrB+ on repeat donation.The donor tested hrB– by a second reference
laboratory. Reagents for phenotyping high-incidence antigens are often not readily available, requiring a specialized reference laboratory that
adds cost and turnaround time. Our algorithm selected r'r African American donors most likely to lack hrB for further evaluation by a second
reference laboratory.We felt this was the most judicious use of resources and provided the greatest opportunity to find compatible components
for individuals with SCD and anti-hrB and -D. Immunohematology 2002;18:82–84.


