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1 Introduction 

1.1 Rh blood group system 

The Rh blood group system is the most complex of all blood group systems with 

48 antigens and numerous phenotypes (Daniels et al. 2001), (Issitt et al. 1998), 

(Wagner et al. 2004a). 

 

The Rh antigens are expressed by proteins encoded by two tightly linked and 

highly homologous genes RHD and RHCE. Both of the RH genes are at the RH 

locus, located at chromosome 1p34.3-36.1 (Cherif-Zahar et al. 1991), (MacGeoch 

et al. 1992). RHD and RHCE genes, each consist of 10 exons and produce 

transcripts of 1,251 bp (Cherif-Zahar et al. 1994), (Cherif-Zahar et al. 1997). Both 

Rh proteins are 417 amino acids long (Cherif-Zahar et al. 1990), (Le Van Kim et al. 

1992) and predict a 30 kDa protein with 12 membrane-spans, 6 extracellular loops, 

7 intracellular protein segments and cytoplasmic N- and C-termini (Avent et al. 

1990), (Avent et al. 1992), (Wagner et al. 1999). 

 

The RHD and RHCE genes are composed of 57,295 and 57,831 bp, respectively 

(Okuda et al. 2000), with a short intervening 7 exons gene between them named 

SMP1 (small membrane protein 1) (Wagner et al. 2000a). The RHD and RHCE 

genes are arranged tail-to-tail (5’RHD3’ – 3’RHCE5’) (Wagner et al. 2000a), with 

RHD centromeric of RHCE (Suto et al. 2000). The RHD is flanked by two regions 

of 98.6 % homology of identical orientation, dubbed the Rhesus box (Wagner et al. 

2000a).  

 

The RHCE gene encodes both the C/c and the E/e antigens, while the other RHD 

gene gives rise to the D antigen. Point mutations in the RHCE gene generate the 
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C/c and E/e polymorphisms, while it has been shown that an RHD gene deletion 

can generate the D negative phenotype (Le Van Kim et al. 1992), (Gassner et al. 

1997), (Wagner et al. 2000a). 

 

There are forty nucleotide differences between the RHD gene and the RHCE 

gene; RhD and RhCE are differed in 35 amino acids (Mouro et al. 1993), (Simsek 

et al. 1994). 

 

There are eight different common RH haplotypes. The frequencies of RH 

haplotype distributed differently in different populations (Mourant et al. 1976). The 

frequencies of Rh phenotype and haplotype in the population of Baden- 

Württemberg in Germany are listed in table 1.  

 

Table 1. Frequency of Rh phenotype and RH haplotype * 

Phenotype Frequency Haplotype Frequency 

CcD.ee 35.6 % CDe 0.431 
CCD.ee 19.5 % cde 0.394 

ccddee 15.8 % cDE 0.136 
CcD.Ee 12.5 % cDe 0.021 

ccD.Ee 11.3 % Cde 0.011 
ccD.EE 2.0 % cdE 0.0056 

ccD.ee 1.7 % CDE 0.0015 
Ccddee 0.8 % CdE <0.0001 

ccddEe 0.4 %   
CCD.Ee 0.2 %   

other 0.1 %   

* From Wagner et al. (Wagner et al. 1995). 

 

 

 



 
Introduction 

 3 

1.2 Clinical importance of the antigen D 

The first example of anti-D was found in 1939. So far, 48 antigens have been 

described, but they vary in respect to their clinical importance. From a clinical 

viewpoint, D is the most important blood group polymorphism encoded by a 

protein. It is still the leading cause of hemolytic disease of the newborn (Mollison 

et al. 1993) and also involved in hemolytic transfusion reactions and autoimmune 

hemolytic anemia. 

 

1.3 Variant of antigen D  

Although most people are either D positive or D negative, variants of the antigen 

D exist. Single nucleotide polymorphisms in both RHCE and RHD cause 

numerous RH variant alleles. Rh variant phenotypes arise from at least 2 

mechanisms: (1) rearrangements of the tandemly arranged RHCE and/or RHD; (2) 

point mutation(s) in either gene causing amino acid change(s), with subsequent 

loss of some epitopes and/or expression of a low-incidence antigen (Avent et al. 

2000).  

 

1.3.1 Weak D 

The weak D phenomenon was first observed in 1946 (Stratton. 1946). This 

antigen was formerly called Du, later weak D. The difference between the normal 

D and weak D phenotype was gradually realized to be quantitative, not qualitative 

(Issitt et al. 1998). In 1999 the molecular basis of weak D was found (Wagner et al. 

1999). The weak D phenotype is characterized by red blood cells with a reduced 

RhD expression compared to its expression in the vast majority of D positive 

individuals. All weak D antigen expression is caused by missense RHD mutations. 

The amino acid substitutions of weak D types are located in intracellular and 

transmembraneous protein segments and clustered in four regions of the protein 
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(amino acid positions 2 to 13, around 149, 179 to 225, and 267 to 397) (Wagner et 

al. 1999). Weak D alleles evolved independently in the different haplotypes, each 

distinct event being associated with a change in the RhD protein sequence 

(Wagner et al. 2000b). Weak D red blood cells have all epitopes of D, which are 

however weakly expressed. The Del phenotype is the extreme form of weak D, in 

which the antigen D is expressed so weakly that it could only be demonstrated by 

adsorption and elution tests (Okubo et al. 1984).  

 

1.3.2 Partial D 

Partial D are observed, when individuals who were typed RhD positive had 

produced alloanti-D after exposure to D positive blood. The antigen D harbors a 

large number of epitopes. In partial D phenotype, one or more D epitopes are 

missing, the remainder are expressed normally. Individuals expressing a partial D 

phenotype can form alloantibodies against the missing epitopes, when they are 

exposed to the complete antigen D. The molecular basis of the partial D 

phenotypes is RHD/CE hybrid alleles, in which parts of the RHD gene were 

substituted by the respective segments of the RHCE gene; missense mutations 

associated with amino acid exchanges in exofacial positions and dispersed 

missense mutations (Flegel et al. 2002).  

 

1.4 Population frequency of variant D in Africans and in Europeans 

The expression of RH does not only have differences between the qualitative and 

quantitative expression. Additionally, there are considerable variations of RHD 

alleles in different ethnic groups. Racial difference exists in the genetic 

background. The variability of RHD alleles in the African population exceeds the 

variability in the European population by far.  
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Only about 1 % of Europeans carry aberrant RHD alleles encoding variant antigen 

D. In whites about 0.2 % to 1 % have red blood cells with a reduced expression of 

the antigen D (weak D) (Wagner et al. 1995), (Mourant et al. 1976). The frequency 

of weak D phenotype in white blood donors is 0.42 % (Wagner et al. 1995). The 

prevalent weak D types in Europeans are weak D type 1, weak D type 2 and weak 

D type 3, accounting for 93.49 % among all weak D types. Weak D type 4 and 

weak D type 5 account for 1.3 % and 0.84 %, respectively. Weak D type 1 is the 

most frequent weak D allele associated with CcDee phenotype. Weak D type 2 is 

the most frequent cause of weak D among ccDEe (Wagner et al. 1999). The 

cumulative frequency in South African blacks of the weak D type 4 is 17.2 % 

(Hemker et al. 1999); the cumulative frequency of weak D type 4 in white blood 

donors is 0.0055 % (Wagner et al. 1999). Therefore, the weak D occurs more 

frequently in the African population. 

 

Some partial D alleles are also more frequent in African populations. For example, 

DIIIa, DIIIb and DIVa occur frequently in people of African descents (Tippett et al. 

1996), (Avent et al. 1999). The frequency of DAR is 1.5 % in South African blacks 

(Hemker et al. 1999) and no whites carrying this variant have been found so far. 

DAU alleles occur frequently in Africans, too. Among the DAU cluster, only DAU-0 

was found in Whites, but the population frequency of DAU-0 is very low (1 : 3,159). 

The other four DAU alleles were only observed so far in Africans (Wagner et al. 

2002b). In a random survey performed in Mali, it was reported that DAU-0 (19 %) 

is the most frequent aberrant RHD allele found in the African population; the next 

most frequent allele is the RHDΨ (7 %), and Ccdes accounts for 4 % (Wagner et al. 

2003b). 

 

RHDΨ is an RHD pseudogene which carries a 37 bp insertion at the intron 3/exon 



 
Introduction 

 6 

4 boundary, missense mutations in exon 5 and and also harbors a stop codon in 

exon 6. RHDΨ is a frequent D negative allele in Africans, but its frequency is 

diminished amongst Afro-American and Afro-Caribbean populations (Singleton et 

al. 2000). Ccdes is an RHD-CE-D hybrid gene (Blunt et al. 1994), (Faas et al. 

1997), (Daniels et al. 1998). Ccdes is an RHD positive antigen D negative allele 

which is also frequent in Africans. Among Europeans, the presence and absence 

of the antigen D on the red blood cells correlate closely with the presence of the 

"standard" RHD allele and a deletion of the whole RHD gene, respectively. 

 

DNB is the most prevalent partial D in whites. The frequency of DNB is 1 : 292 in 

Switzerland. DNB results from an RHD(G355S) allele associated with a CDe 

haplotype and its phenotype represents a normal antigen D in routine typing 

(Wagner et al. 2002a). The partial D DVII is caused by an RHD(L110P) allele 

associated with a CDe haplotype (Rouillac et al. 1995b). The frequency of DVII is 

1 : 900 in the white population (Flegel et al. 1996). DHMi results from a mutation in 

RHD exon 6 encoding a substitution of threonine by isoleucine at position 283 in 

the fifth extracellular loop of RhD (Jones. 1995), (Liu et al. 1996). 

 

The RHD(M295I) allele was first observed in ccDee phenotype indicating a cDe 

haplotype and expressed a weak D phenotype: weak D type 11 (Wagner et al. 

1999). However, RHD(M295I) also occurs in the haplotype CDe, in which it 

expresses a Del phenotype (Wagner et al. 2001). In our study, we investigated the 

frequency of RHD(M295I) in ccDee phenotype and CcDee phenotype, 

respectively.  

 

N152T is the characteristic mutation of the DIVa cluster and associated with the 

cDe haplotype. Among the Rhesus Immunization Registry (RIR) samples, N152T 
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was found in a CCDee phenotype donor (RIR sample number 84. URL: 

http://www.uni-ulm.de/~wflegel/RH/RIR/rirres.html). This recent observation 

prompted us to test, if N152T occurs frequently in CcDee phenotype. Therefore, 

we investigated the frequency of N152T in our study not only in the ccDee 

phenotype but also in the CcDee phenotype.  

 

1.5 Phylogeny of RHD alleles 

Carritt et al. 1997 first depicted the mechanisms shaping RH heterogeneity in 

Eurasian populations and provided a phylogeny model for the RH haplotypes 

(Carritt et al. 1997). Recently, these haplotypes were recognized to represent 

Eurasian D cluster (Flegel et al. 2000). The Eurasian D cluster is represented by 

normal RHD(in cDe). The D category V type I (DV type 1) allele also belongs to 

this Eurasian D cluster. 

 

DV type 1 represents an RHD-CE-D hybrid allele involving exon 5, arose from 

gene conversion by unidirectional replacement of RHD gene fragments with its 

RHCE gene counterparts, spanned from position F223V to E233Q; alanine is 

retained at position 226, which indicates the presence of the e allele of RHCE. 

The ultimate, D-typical lysine is maintained in exon 5 at codon 267 (Rouillac et al. 

1995a), (Omi et al. 1999a). 

 

Compared to the "Eurasian" D cluster, there are 3 "African" D clusters that are 

primarily observed in African populations and generally associated with the cDe 

haplotype. The DIVa cluster is characterized by a N152T substitution and 

represented by alleles with DIII type 4, DIVa, and Ccdes and DIII type 5. In 

addition, DIII type 4 (Wagner et al. 2000b) and DIII type 5 (Wagner et al. 2002b) 

as well as all DIVa (Rouillac et al. 1995a) and Ccdes (Faas et al. 1997), (Daniels et 
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al. 1998) samples investigated also carried L62F and A137V. The L62F and 

A137V substitutions were likely remnants of very old RHD alleles because 

identical amino acids at these positions are present in extant RH alleles of the 

chimpanzee (Salvignol et al. 1994), (Mouro et al. 1994). 

 

The weak D type 4 cluster is characterized by a F223V substitution and 

represented by alleles with RHDΨ, DOL and many alleles sharing T201R and 

F223V. For this cluster, the RHD(F223V) allele has been observed, although this 

donor was heterozygous and carried the G667 mutation along with the wild type 

T667 nucleotide (Noizat-Pirenne et al. 2002). 

 

Wagner et al. 2002 (Wagner et al. 2002b) found the DAU cluster. The DAU cluster 

is characterized by several RHD alleles that share a T379M substitution, which is 

found in an isolated form in the DAU-0 allele. DAU-0 allele thus represented the 

primordial allele of the DAU cluster. The other four known DAU alleles harbored 

one or two additional substitutions dispersed in the various segments of the 

protein. DAU forms an independent allele cluster, separates from the DIVa, weak 

D type 4, and Eurasian D clusters. Alleles of the DAU cluster add to the RHD 

phylogeny diversity and represent a third "African" cluster. 

 

In summary, within the phylogeny of the RHD alleles, there are 4 known clusters 

of RHD alleles: DIVa cluster, weak D type 4 cluster, DAU cluster and the Eurasian 

D cluster (Figure 1).  
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Figure 1. The phylogenetic tree of RHD alleles. The phylogenetic tree of RHD 

is shown for most “African” alleles and representative “Eurasian” alleles. The tree 

is mainly based on RHD allelic variability. The characterization of the RH 

phylogeny provides a framework for future studies on RH alleles (Wagner et al. 

2002b), (Wagner et al. 2004a). 
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1.6 Rationale of the study 

Variant D occur frequently in Africans; variant D are considered rare in Europeans. 

A comprehensive survey of the variability of RHD alleles among D positive 

European population at the molecular level was lacking. It is important to establish 

the frequency of weak D and partial D, because of their impact on transfusion 

strategies and management of pregnancies. Because anti-D immunization may 

occur in carriers of partial D alleles, our systematic study at the molecular level 

could provide information for evaluating the clinical relevance in transfusion 

recipients. Establishing the necessary population data will keep pace with the 

rapidly improving technologies in genotyping (Flegel et al. 1998).  

 

1.6.1 PCR-SSP performed in random donors 

We performed a systematic PCR-SSP study in random donors for the D variant 

that were known to be more prevalent in Europeans, because of the known 

population data detailed in paragraph 1.4. This rationale prompted us to 

determine the molecular causes of such alleles and their population frequencies 

in a random survey among D positive European blood donors. The molecular 

characteristics of the variant RHD alleles that we screened in this study are listed 

in table 2. 



 

 

Table 2. The Molecular basis of variant RHD alleles detected in this study 

Trivial name Allele Nucleotide change 

Effect on  

protein sequence 

Exon 

involved 

Membrane 

localization * Haplotype 

Weak D type 1 RHD(V270G) T->G at 809 Val to Gly at 270 6 TM CDe 

Weak D type 2 RHD(G385A) G->C at 1154 Gly to Ala at 385 8 TM cDE 

Weak D type 3 RHD(S3C) C->G at 8 Ser to Cys at 3 1 IC CDe 

Weak D type 4 RHD(T201R, F223V) C->G at 602 Thr to Arg at 201 4 IC cDe 

  T->G at 667 Phe to Val at 223 5 TM cDe 

  G->A at 819 No change 5 TM cDe 

Weak D type 5 RHD(A149D) C->A at 446 Ala to Asp at 149 3 TM cDE 

Weak D type 11 RHD(M295I) G->T at 885 Met to Ile at 295 6 TM cDe, CDe 

DAU RHD(T379M) C->T at 1136 Thr to Met at 379 8 TM cDe 

DHMi RHD(T283I) C->T at 848 Thr to Ile at 283 6 EF cDE 

DNB RHD(G355S) G->A at 1063 Gly to Ser at 355 7 EF CDe 

DVII RHD(L110P) T->C at 329 Leu to Pro at 110 2 EF CDe 

N152T RHD(N152T) A->C at 455 Asn to Thr at 152 3 TM cDe 

* IC, intracellular; TM, transmembraneous; EF, exofacial. 
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1.6.2 Systematic nucleotide sequencing of RHD exon 5 in random donors 

Systematic nucleotide sequencing of any RH exon was not done before in random 

donors. The number of the known substitutions in different RHD exons are shown 

in table 3. Although there are more mutations known to occur in RHD exon 6 and 

7 than in RHD exon 5, nucleotide sequencing of RHD exon 5 is more stable and it 

is known that a large part of the amino acid substitutions is caused by variations in 

RHD exon 5. It has been demonstrated that the genetic variability in the RHD 

exon 5 is considerable. The molecular bases are generally gene conversions, 

point mutations and splice site mutations. Exon 5 encodes amino acids that 

characterizes the difference between E and e. This rationale prompted us to 

sequence RHD exon 5 in this random survey among D positive European blood 

donors. 



 

  

Table 3. The molecular basis of RHD alleles with single nucleotide polymorphism (SNP) in the 10 RHD exons * 

Nucleotides Amino acids 
Exon 

Range Number  Range Number 

Known amino acid substitutions 
Total number of known 

substitutions in the exon 

1 1-148 148  1-49 49 S3C, R7W, V9D, R10Q, W16C, W16X, C41X 7 

2 149-335 187 
 

50-112 63 
L54P, I60L, L62F, S68N, R70Q, W90X, S103P, 

L110P 
8 

3 336-486 151  113-162 50 R114W, A137V, A149D, N152T 4 

4 487-634 148  163-211 49 H166P, M170T, T201R, S182T, K198N, I204T 6 

5 635-801 167 
 

212-267 56 
G212C, G212V, W220R, P221S, F223V, R229K, 

S230I, E233K, E233Q 
9 

6 802-939 138 
 

268-313 46 
V270G, A276P, G277E, V279M, G282D, C285Y, 

T283I, A294P, M295I, G307R, P313L 
11 

7 940-1073 134 
 

314-358 45 
G314V, I342T, Y330X, S333N, L338P, G339E, 

E340M, I342T, D350H, G353R, A354D, G355S 
12 

8 1074-115

3 
80  359-384 26 T379M, T384T 2 

9 1154-122

7 
74  385-409 25 G385A, W393R, W408C, K409K 4 

10 1228-125

1 
24  410-417 8 F417S 1 

* According to Rhesus site, excluding RHD-CE-D hybrid alleles.  

Available at: http://www.uni-ulm.de/~wflegel/ 
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1.7 The aim of this study 

It is well known that variant D are frequent in some populations, like in Africans. 

However, variant RHD alleles are considered rare in Europeans. So far, this 

assumption has not been confirmed by a systematic study at the molecular level. 

For example, systematic nucleotide sequencing of RHD exon 5 in random donors 

was not done before. For this reason, we surveyed the variability of the RHD 

alleles at the molecular level among D positive Europeans.  

 

Therefore, the detailed objectives in this study are as follows: 

1. To screen of 1,000 blood donors by PCR-SSP.  

2. To sequence RHD exon 5 in these 1,000 samples. 

3. To reconfirm the phenotype frequency of partial D and weak D alleles. 

4. To determine the genetic variability of RHD alleles in exon 5. 
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2 Materials and Methods 

2.1 DNA Isolation 

2.1.1 Blood samples 

500 Rh phenotype ccDee, 250 CcDee and 250 ccDEe EDTA-anticoagulated 

blood samples were collected from blood donors in South-Western Germany at 

random from October 2003 to March 2004. Phenotype of the red blood cells was 

performed according to the standard protocols. Written informed consent of the 

donors was obtained by the regular blood donation process. 

 

2.1.2 Extraction of DNA by a modified salting-out procedure 

DNA was isolated by a modified salting-out procedure following the technology 

described by Miller et al. (Miller et al. 1988). 

 

Firstly, 40 ml of erythrocyte lysis buffer (1 : 10) (207.2 g NH4Cl, 19.77 g NH4HCO3, 

0.925 g EDTA NH4Cl and 2,500 ml H2O) was pipetted in a 50 ml plastic tube 

(Greiner Bio-One GmbH, Frickenhausen, Germany) and was added by 5 ml 

whole blood or buffy coat then was incubated 30 min at room temperature at lying 

position. The mixture was centrifuged at 650 g for 10 min and the supernatant 

was removed by decantation. The pellet was resuspended in the residual fluid by 

vortexing, then was added by 15 ml of erythrocyte lysis buffer and was 

centrifuged again for 10 min and the supernatant was removed by suction. The 

pellet was resuspended by vortexing. The sediment was added by 5 ml leukocyte 

lysis buffer (2.44 g Tris, 46.72 g NaCl, 1.48 g EDTA (Merck, Darmstadt, Germany), 

2,000 ml H2O, adjusted to pH 8.2), 1 ml 10 % SDS (100 g SDS in 1,000 ml H2O), 

1 ml Proteinase K (Boehringer Mannheim, Mannheim, Germany; 1 mg/ml) and 
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was mixed thoroughly. The sample was incubated in a water bath at 37 °C 

overnight.  

 

On the subsequent day, samples were equilibrated at room temperature for 30 

min. Each sample was added by 1 ml of 5 M NaCl solution and was shaked 

vigorously for 15 sec until an emulsion formed and centrifuged at 1,700 g for 15 

min to separate the phases. Foam was removed and the residual supernatant 

was transferred into a new 15 ml plastic tube (Greiner); the sediment was 

discarded. The mixture was centrifuged again for 15 min and the sediment was 

decanted as above. Two volumes of 100 % ethanol was added to the supernatant 

and was rotated thoroughly until the DNA visibly precipitate as a thread. This 

white precipitate was transferred with a glass Pasteur-pipette into 70 % ethanol 

swiveled briefly and dissolved in a tube containing 1 ml HPLC water. The tube 

was rotated for 30 min at room temperature to dissolve the white precipitate (DNA) 

and was stored at – 20 °C.  

 

2.2  Polymerase chain reaction with sequence specific priming (PCR-SSP) 

A PCR with sequence specific priming (PCR-SSP) was used to detect specific 

alleles and worked under similar PCR conditions as a PCR-SSP system 

previously developed for RHD typing (Wagner et al. 2001), (Gassner et al. 1997). 

To screen for weak D type 4, weak D type 11, N152T and DAU in RHD alleles, 500 

random ccDee donations were screened for the 602C>G, 667T>G, 885G>T, 

455A>C and 1,136C>T substitution by PCR-SSP. Weak D type 1, weak D type 3, 

weak D type 11, DVII, N152T and DNB were detected in 250 CcDee phenotype. 

Weak D type 2, weak D type 5 and DHMi were detected in 250 ccDEe phenotype. 
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In each PCR, the positive control was a 434 bp fragment of the human growth 

hormone gene (locus position 5,559 to 5,992) (Chen et al. 1989). If a specific 

product is present, the 434 bp control product derived from the HGH gene may be 

lacking because of competition. 

 

Amplification was carried out in a final volume of 10 µl, each containing 1 µl of 

genomic DNA, 0.25 mM (0.1 µl) of each dNTPs (peqLab Biotechnologie GmbH, 

Germany), 0.4 U Taq polymerase (Qiagen, Hilden, Germany), 26 mM (0.1 µl) 

cresol red (10 mg/ml), 55 µM (0.2 µl) glycerol (Merck, Darmstadt, Germany), 1 µl 

PCR-buffer 10 x with 1.5 mM MgCl2 (Qiagen, Hilden, Germany, typing of the weak 

D type 2 was added 2 µl 6.5 mM MgCl2). Specific primers as well as control 

primers (Table 4) were used. Primer concentrations were 0.1 µM for DAU; 0.15 

µM for weak D type 1; 0.2 µM for weak D type 3, weak D type 4.0 (F223V), weak 

D type 11, N152T and DVII; 0.25 µM for DNB; 0.3 µM for weak D type 2, weak D 

type 4.0 (T201R), weak D type 5 and DHMi. As internal control, two primers 

amplifying a HGH gene fragment were added in concentrations of 0.05 µM for 

weak D type 2; 0.1 µM for weak D type 4.0 (F223V), DVII, N152T and DNB; 0.15 

µM for weak D type 1, weak D type 3, weak D type 4.0 (T201R), weak D type 5, 

weak D type 11 and DHMi; 0.2 µM for DAU. The reactions worked under similar 

PCR conditions on a DNA thermocycler (Programmable Thermal Controller 

PTC-100; MJ Research, Watertown, Massachusetts, USA): cycling conditions 

consisted of an initial denaturation of 2 min at 94 °C, followed by ten cycles of 10 

sec denaturation at 94 °C and 1 min annealing/extension at 65 °C, and finally 22 

cycles of 30 sec denaturation at 94 °C, 1 min annealing at 61 °C and 30 sec 

extension at 72 °C. After amplification 10 µl of the final PCR products were 

analyzed on 2 % agarose gels.  
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Table 4. Primers for the PCR-SSP detection of weak D types and partial D 1 

Specificity Name Nucleotide sequence Position 2 
Orien

tation 

Amplic-

on size 

gwd1a acacgctatttctttgcagACTTATGG -19 to 809 5’-3’ 153 bp Weak D 

type 1 gwd1b GGTACTTGGCTCCCCCGAC 934 to 916 3’-5’  

      
gwd2a2 ctccaaatcttttaacattaaattatgcatttaaacagC -38 to 1154 5’-3’ 126 bp Weak D 

type 2 rg94 cctcctgcaatgctccttactc 142 to 120 3’-5’  

      

gwd3a acagagacggacacaggATGAGATG -17 to 8 5’-3’ 166 bp Weak D 

type 3 gwd3b CTTGATAGGATGCCACGAGCCC 148 to 127 3’-5’  

      
gwd4a AGACTACCACATGAACATGATGCACA 489 to 514 5’-3’ 138 bp 

gwd4b CAGACAAACTGGGTATCGTTGCTC 625 to 602  3’-5’  

Weak D 

type 4 

(T201R)      

      
Rh223vf TTGTGGATGTTCTGGCCAAGTG 646 to 667 5’-3’ 164 bp 

ga51 CTGCTCACCTTGCTGATCTTCCC 787 to 758 3’-5’  

Weak D 

type 4 

(F223V)      

      
gwd5aneu GGTGCTGGTGGAGGTGACGGA 446 to 466 5’-3’ 112 bp Weak D 

type 5 gwd5b gagcttttggcccttttctccc 51 to 29 3’-5’  

      
ga62 TTATGTGCACAGTGCGGTGTTGG 804 to 826  5’-3’ 101 bp Weak D 

type11 Rh295Ib cagccacaagacccagcaca 904 to 885 3’-5’  

      

DAU dau1b TTGGCCATCGTGATAGCTCACAT 1114 to 1136 5’-3’ 140 bp 

 daub ggagatggggcacatagacatc 100 to 79 3’-5’  

      
DHMi gHMia  AGGAGGCGTGGCTGTGGCTAT 827 to 848 5’-3’ 108 bp 

 gHMib  GGTACTTGGCTCCCCCGAC 925 to 917 3’-5’  

      
DNB re77 TCTCCACAGCTCCATCATGGG 966 to 986 5’-3’ 118 bp 

 DNBb cagtgacccac ATGCCATTACT 11 to 1063  3’-5’  

      
DVIIa TCTGAGAAGGTGGTCATCACACC 307 to 329 5’-3’ 280 bp DVII  

re23 aaaggatgcaggaggaatgtaggc 251 to 227 3’-5’  

      
N152T ga31 TTGTCGGTGCTGATCTCAGTGGA 362 to 383 5’-3’ 119 bp 

 Rh152Tb GATATTACTGATGACCATCCTCATGG 480 to 455 3’-5’  

      
HGH hgh1 3 tgccttcccaaccattccctta 665 to 686 5’-3’ 434 bp 

HGH hgh2 3 ccactcacggatttctgttgtgtttc 1098 to 1073 3’-5’  

1 From Wagner et al. (Wagner et al. 1999), (Wagner et al. 2002b), (Wagner et al. 2002a), (Müller et al. 

2001). 

2 The positions of the synthetic oligonucleotides are indicated relative to their distances from the first 

nucleotide position of the start codon ATG for all primers in the promoter and in the exons, or relative to 

their adjacent exon/intron boundaries for all other primers. 

3 From Gassner et al. (Gassner et al. 1997).  
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2.3 Agarose gel electrophoresis 

Dried agarose (Seakem LE; Cambrex Bio Science Rockland, Rockland, ME, USA) 

was dissolved in the 50 ml 1 x TAE buffer consisting of 40 mM Tris, 20 mM acetic 

(97 %) and 1 mM EDTA by heating. After the gel solution cool to 50 °C – 60 °C, 

the gel was casted into a mold which was fitted with a well-forming comb. The 

agarose gel was submerged in electrophoresis buffer within a horizontal 

electrophoresis apparatus (Hoefer HE 33, Amersham Biosciences, San Francisco, 

CA, USA). 

 

After amplification, the PCR products and a DNA-ladder marker (peqLab 

Biotechnologie GmbH, Erlangen, Germany) were loaded into the samples wells to 

aid in fragment size determination. PCR fragments were separated by size in the 

agarose gel. Electrophoresis was performed at 80 V for 30 min with the gene 

power supply (GPS 200/400, Pharmacia, Freiburg, Germany) at room 

temperature. Then the gel was dyed in the presence of 50 ml 1 x TAE buffer 

containing 2.5 µM ethidium bromide (10 mg/ml; Pharmacia Biotech, Uppsala, 

Sweden) for 30 min. The DNA bands were visualized with ultraviolet light 

(Transilluminator, UVP Inc., Upland, CA, USA) and photographed with a viedo 

camera (MWG Biotech AG, Ebersberg, Germany).  

 

2.4 Nucleotide sequencing of RHD exons from genomic DNA 

Samples that tested positive in one of the PCR-SSP were sequenced in full length 

for all ten RHD exons using the method as described before (Wagner et al. 1999), 

(Wagner et al. 2000b), (Wagner et al. 2001). All 1,000 DNA samples were 

sequenced for RHD exon 5. If a nucleotide substitution was detected in RHD 

exon 5, we sequenced all other nine RHD exons, too. 
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2.4.1 Polymerase chain reaction (PCR) 

PCR is an in vitro technique for the amplification of a region of DNA that lies 

between two regions of known sequence. The Expand High Fidelity PCR System 

(Boehringer Mannheim, Mannheim, Germany) is especially optimized to 

efficiently amplify DNA fragments up to 5 kb and is designed to generate PCR 

products of high fidelity and high specificity because of the thermostable Taq DNA 

and Pwo DNA Polymerase. 

 

50 µl master mix was pipetted together on ice as stated: 5 µl 10 x Expand high 

fidelity buffer with 15 mM MgCl2, 0.25 µl (0.875 U) [except for exon 2, 0.5 µl (1.75 

U)] Expand high fidelity enzyme mix, 0.4 µl 250 µM dNTP mixture, 1 µl forward 

and 1 µl reverse primers (10 pmol/µl each) (Table 5) and 41.35 µl (except for exon 

2, 41.1 µl) HPLC water; 1 µl template DNA was added. Samples were placed in a 

Programmable Thermal Controller PTC-100.  

 

The PCR conditions of exons were identical for exon 1 and exon 3 to exon 10. 

Thermocycler and PCR are performed with the following conditions: initial 

denaturation at 92 °C for 2 min, then denaturation at 92 °C for 20 sec, annealing 

at 60 °C for 30 sec, elongation at 68 °C for 10 min, elongation time was increased 

by 20 sec for each cycle after the 10th cycle. After 35 cycles, the reaction was 

held at 72 °C for 15 min to increase the yield of completely elongated products.  

 

The PCR condition for exon 2 is different from other exons as follows: after an 

initial denaturation step of 2 min at 92 °C, 35 cycles of amplification with 

denaturation at 20 sec at 92 °C, annealing 30 sec at 65 °C, elongation 1 min and 

30 sec at 68 °C, followed by a final elongation step at 72 °C for 10 min was 

performed. After amplification 5 µl of the PCR products were separated by 1 % 

agarose gels.  
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Table 5. Primer used for exon PCR and sequence-PCR 1  

 

Name 

 

Nucleotide sequence 

Genomic 

region 

 

Position 2 

 

Orientation 

RHD- 

specific 

rb11 tacctttgaattaagcacttcacag Intron 4 161 to 185 Sense Yes 

rb12 tcctgaacctgctctgtgaagtgc Intron 4 198 to 175 Antisense Yes 

rb21s ccaccaaatggagcttttggc Intron 3 61 to 41 Antisense No 

rb22 gggagattttttcagccag Intron 4 82 to 64 Antisense No 

rb24 agacctttggagcaggagtg Intron 4 -53 to -34 Sense No 

rb25 agcagggaggatgttacag Intron 5 -111 to -93 Sense No 

rb46 tggcaagaacctggaccttgacttt Intron 3 -1,279 to -1,255 Sense No 

re01 atagagaggccagcacaa Promotor -149 to -132 Sense Yes 

re012 tccactttccacctccctgc Promotor -1,137 to -1,119 Sense Yes 

re11d agaagatgggggaatctttttcct Intron 1 129 to 106 Antisense No 

re12d attagccgggcacggtggca Intron 1 -1,188 to -1,168 Sense Yes 

re13 actctaatttcataccaccc Intron 1 -72 to -53 Sense No 

re23 aaaggatgcaggaggaatgtaggc Intron 2 251 to 227 Antisense No 

re28 ccaggtgggtagaaatcttgtc Intron 2 -152 to -131 Sense No 

re38 tcttgctatgttgcccagctcgg Intron 3 324 to 302 Antisense Yes 

re621 catccccctttggtggcc Intron 6 -102 to -85 Sense  Yes 

re623d ctactcatagtgtggtccgtagacc Intron 6 -280 to -256 Sense Yes 

re71 acccagcaagctgaagttgtagcc Exon 7 1,008 to 985 Antisense Yes 

re721 ctggaggctctgagaggttgag Intron 7 -348 to-326 Sense Yes 

re73 cctttttgtccctgatgacc Intron 7 -67 to -48 Sense No 

re83 gagattaaaaatcctgtgctcca Intron 8 -56 to -34 Sense Yes 

re91 caagagatcaagccaaaatcagt Intron 9 » -40 Sense No 

re93 cacccgcatgtcagactatttggc Intron 9 » 300 Antisense No 

rex2 ggggctatggttgtctctgtagaag Intron 7 1,061 to 1,037 Antisense No 

rez2 ccttggtctgccagaattttca 3’ UTR 3 2,738 to 2,717 Antisense Yes 

rf52 tgagagctgagggtgtcaga Intron 5 -761 to -742 Sense No 

rh2n 4 agaagggatcaggtgacacg Exon 6 870 to 851 Antisense No 

rr4 agcttactggatgaccacca 3’ UTR 1,541 to 1,522 Antisense Yes 

Ex5c-f gggtgagtggtctcctacttg Intron 4 15 to 35 Sense  Yes 

Ex5c-r actacccccagaaagcctttg Intron 5 222 to 202 Antisense No 

1 From Wagner et al. (Wagner et al. 1999), (Wagner et al. 2000b), (Wagner et al. 2003a).  

2 The positions of the synthetic oligonucleotides are indicated relative to their distances from 

the first nucleotide position of the start codon ATG for all primers in the promoter and in the 

exons including the 3' untranslated part of exon 10, relative to their adjacent exon/intron 

boundaries of RHD for primers in introns; and according to the numbering in the genomic 

sequences indicated. 

3 3' UTR: 3' untranslated region of exon 10. 

4 From Beckers et al. (Beckers et al. 1996).  
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2.4.2 Purification of PCR product 

The QIAquick PCR Purification kit (Qiagen) removes primers, enzymes, 

unincorporated nucleotides, mineral oil, salts, ethidium bromide, dyes etc. The 

QIAquick system uses a bind-wash-elute procedure. DNA fragments were 

purified through DNA adsorbing to the silica-membrane in the presence of high 

salt while contaminants passing through the column. Impurities were efficiently 

washed away, and the pure DNA was eluted with Tris buffer. The DNA were 

mixed with the appropriate binding buffer and then applied to the spin columns 

where the DNA bounded to the silica-gel membrane. The impurities were washed 

away and the pure DNA was eluted in a small volume of the low-salt elution buffer. 

The purified DNA was ready for use in subsequent application. 

 

Total 45 µl PCR product was added to 250 µl Buffer PB and were mixed in a 

QIAquick spin column then centrifuged for 10,000 g for 1 min. The flow-through 

was discarded, and 750 µl Buffer PE was added to the QIAquick spin column and 

centrifuged for 10,000 g for 1 min to wash. The flow-through was discarded again 

and centrifuged for 15,000 g for 2 min. Then QIAquick spin column was placed in 

a clean 1.5 ml microcentrifuge tube. 50 µl Buffer EB (10 mM Tris.Cl, PH 8.5) was 

added to the center of QIAquick membrane and the column was centrifuged 

10,000 g for 1 min to elute the PCR product.  

 

2.4.3 Cycle sequencing 

The sequences of PCR products are obtained by the cycle sequencing method 

developed by Wagner et al. (Table 6) (Wagner et al. 1999). Nucleotide 

sequencing was performed with a DNA sequencing unit (ABI PRISM Big Dye 

Terminator v1.1 Cycle Sequencing Kit; PE Applied Biosystems, Weiterstadt, 



 
Materials and Methods 

 23 

Germany). In the ready reaction format, thermally stable AmpliTaq DNA 

polymerase, modified dNTP and a set of dye terminators labeled with 

high-sensitivity dyes are provided. 

 

The cycle sequencing reaction was composed of a total volume of 11.2 µl as 

follows: 4.5 µl purified PCR product, 0.7 µl (10 pmol/µl) sequence primer (Table 5) 

and 6 µl terminator ready reaction mix (1 µl Big Dye, 2 µl Big Dye buffer, 3 µl 

HPLC H2O). The cycle sequencing was performed in the Programmable Thermal 

Controller PTC-100. The sequencing reaction program was: 25 cycles of 15 sec 

at 94 °C, 15 sec at 58 °C and 4 min at 60 °C. 

 

Table 6. Sequencing method for all 10 RHD exons from genomic DNA * 

RHD PCR primers Sequencing RHD- 

exon Sense Antisense 

RHD- 

Specific primers specific 

Exon 1 re012 re11d Yes re01 Yes 

Exon 2 re12d re23 Yes re13 No 

Exon 3 re28 re38 Yes rb21s No 

Exon 4 rb46 rb12 Yes rb22 No 

rb11 rh2n Yes rb24 No 
Exon 5 

Ex5fc-f Ex5fc-r Yes Ex5fc-r No 

Exon 6 rf52 re71 Yes rb25 No 

Exon 7 re623d rex2 Yes re621 Yes 

Exon 8 re721 re93 Yes re73 No 

Exon 9 re721 re93 Yes re83 No 

Exon 10 re91 rez2 Yes rr4 Yes 

* Method from Wagner et al. {Wagner, 1999 3844 /id}.  
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After the sequencing reaction, the reaction mixture (PCR extension products) was 

transferred to a microcentrifuge tube, 1 µl 3M sodium acetate (pH 4.6), 1 µl EDTA 

(125 mM) and 25 µl 100 % ethanol were added to precipitate DNA fragment. The 

solution was kept at room temperature for 30 min in darkness and centrifuged at 

15,000 g for 15 min. The supernatants were discarded, 125 µl 70 % ethanol was 

added and the mixture was centrifuged at full speed (approximately 15,000 g) for 

5 min, then the DNA pellet was dried at 37 °C for 30 min in an incubator. The 

purified samples were frozen and stored at – 20 °C until used for sequence 

analysis. The frozen samples were further resuspended in 25 µl Hi-Di Formamide 

(99.5 % formamide, 0.11 % EDTA, 0.39 % H2O) loading buffer and denatured for 

2 min at 90 °C in Thermomixer 5437 (Eppendorf, Hamburg, Germany). Capillary 

electrophoresis and data collections were carried out on the ABI PRISM 3100 

Genetic Analyzer (PE Applied Biosystems). 

 

2.5 Detection for RHD specific mutations by restriction fragment length 

polymorphism (RFLP) 

2.5.1 PCR-RFLP  

Mutation at some nucleotide position gives rise to restriction site changes. 

Restriction endonucleases are capable of cleaving defined DNA recognition 

sequences. Nucleotide substitution was confirmed by PCR-RFLP when 

applicable. PCR-RFLP methods were developed to characterize distinct 

nucleotide substitutions detected in three novel RHD alleles: the A to T 

substitution at position 700 in RHD(R234W) led to introduction of a BstXI 

restriction site in amplicons obtained with primers rb11 and ga51; the C to T 

substitution at position 636 in RHD(G212G) led to loss of an SfoI restriction site in 

amplicons obtained with rb11 and ga51; the G to C substitution at position 733 in 
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RHD(V245L) led to introduction of a BfaI restriction site in amplicons obtained 

with primers rb24 and ga51 (Table 7). The PCR reactions were performed using 

non-proofreading Taq polymerase (Qiagen). Conditions for the PCR reaction 

were described in PCR-SSP. 

 

Table 7. PCR-RFLP analysis of the three new RHD alleles 

PCR primers   

Allele 

Nucleotide 

substitution Sense   Antisense  

Restriction 

enzyme 

Reaction 

temperature 

RHD(G212G) C->T at 636 rb11       ga51 
 

SfoI 37 °C 

RHD(R234W) A->T at 700 rb11       ga51 
 

BstXI 55 °C 

RHD(V245L) G->C at 733 rb24       ga51 
 

BfaI 37 °C 

 

PCR amplicons were digested with the specific restriction enzymes. 12 µl PCR 

amplicons were mixed with 4 µl 10 x buffer 3 (New England Biolabs, Beverly, MA), 

2 µl BstXI (10 U/µl) and 22 µl HPLC H2O were added to make up a final volume of 

40 µl. The reaction mixture was incubated at 55 °C overnight to achieve 

quantitative digestion. After BstXI restriction enzyme was inactivated at 65 °C for 

20 min, fragments were resolved using a 12 % polyacrylamide gel. 

 

12 µl PCR amplicons were mixed with 4 µl 10 x buffer 2 (New England Biolabs), 2 

µl SfoI (10 U/µl) and 22 µl HPLC H2O were added to make up a final volume of 40 

µl. The reaction mixture was incubated at 37 °C overnight to achieve quantitative 

digestion. After SfoI restriction enzyme was inactivated at 65 °C for 10 min, 

fragments were resolved using a 2 % agarose gel electrophoresis (Seakem).  

 

12 µl PCR amplicons were mixed with 4 µl 10 x buffer 4 (New England Biolabs), 2 

µl BfaI (10 U/µl) and 22 µl HPLC H2O were added to make up a final volume of 40 

µl. The reaction mixture was incubated at 37 °C overnight to achieve quantitative 
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digestion. After SfoI restriction enzyme was inactivated at 80 °C for 20 min, 

fragments were resolved using a 4 % agarose gel electrophoresis (NuSieve GTG, 

Cambrex Bio Science Rockland, Rockland, ME, USA). 

 

2.5.2 Polyacrylamide electrophoresis 

12 % acrylamide solutions were prepared and were poured into a mold which was 

fitted with a well-forming comb and polymerized completely at room temperature 

(normally for 1 hour). The gel was mounted in the electrophoresis apparatus. The 

reservoir of the electrophoresis tank was filled with 1 x TBE electrophoresis buffer 

consisting of 89 mM Tris, 89 mM boric acid and 2 mM EDTA. After digestion, the 

PCR products were mixed with loading buffer and loaded to the bottom of the 

sample wells with a micropipette; DNA size markers (New England Biolabs) were 

also loaded with DNA samples to aid in fragment size determination. 

Electrophoresis was performed for about 60 min at 150 V at room temperature 

until the tracking dye reached the bottom of the gel layer. The gel apparatus was 

disassembled and the glass sandwich containing the gel was removed. The gel 

was transferred into an appropriate container with enough ethidium bromide 

staining solution for 30 min and rocked gently to distribute the dye evenly over the 

gel. After the gel was stained, the gel was placed on an ultraviolet light box and 

pictures of the fluorescent ethidium bromide stained DNA separation pattern were 

taken with a video camera. 

 

2.6 Software used 

ABI PRISM 3100 sequence detector collected the amplification data. All 

nucleotide sequence data were analyzed by using Sequence Detection System 

software (PE Applied Biosystems). 
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The alignment of nucleotide sequence of the ten RHD exons was performed in 

BioEdit software (version 5.0.6; URL: http://www.mbio.ncsu.edu/BioEdit/bioedit. 

html). 

 

2.7 Statistical analysis 

The 95 % confidence intervals of the phenotype frequency of an RHD allele in the 

population were calculated according to the Poisson distribution (Sachs. 1992).  
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3 Results 

We performed a systematic study at the molecular level in 1,000 D positive blood 

donors of Europeans to determine the molecular structure and frequency of RHD 

alleles present in South-Western Germany and found variant RHD alleles. 

 

3.1 Population survey 

In this random survey, blood samples from 1,000 blood donors in South-Western 

Germany were checked by RHD PCR-SSP: 500 samples of Rh phenotype ccDee, 

250 CcDee and 250 ccDEe. In the 500 ccDee phenotype, these blood donors 

were screened for T201R and F223V (weak D type 4); M295I (weak D type 11) 

N152T and T379M (DAU-0). Among these samples, 8 samples were positive for 

T201R and F223V mutations, both representative for weak D type 4.0; 5 samples 

for T379M only; 1 sample both for F223V and T379M; 1 sample for M295I. No 

sample was found that carried the N152T mutation (Table 8).  

 

Table 8. Screening for aberrant RHD alleles in ccDee phenotype by PCR-SSP 

Sample  weak D type 4.0 weak D type 11 DAU-0 

(n) T201R F223V M295I N152T T379M 

8 + + - - - 

5 - - - - + 

1 - + - - + 

1 - - + - - 

0 - - - + - 

485 - - - - - 

 

In the 250 CcDee phenotype, they were tested for V270G (weak D type 1); S3C 

(weak D type 3); M295I in CDe (weak D type 11); L110P (DVII); N152T; G355S 

(DNB). Among these samples, there were 2 DNB samples (Table 9).  
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Table 9. Screening for aberrant RHD alleles in CcDee phenotype by PCR-SSP 

Sample 
(n) 

weak D 
type 1 
V270G 

weak D 
type 3 
S3C 

weak D 
type 11 
M295I 

DVII 
L110P N152T 

DNB 
G355S 

2 - - - - - + 

248 - - - - - - 

 

In the 250 ccDEe phenotype, these blood donors were tested for G385A (weak D 

type 2), A149D (weak D type 5) and T283I (DHMi). No variant RHD allele was 

found among these samples (Table 10). 

 
Table 10. Screening for aberrant RHD alleles in ccDEe phenotype by PCR-SSP 

Sample 
(n) 

weak D type 2 
G385A 

weak D type 5 
A149D 

DHMi 
T283I 

250 - - - 

 

3.2 RHD nucleotide sequencing in 17 positive samples 

All PCR-SSP positive samples shown in tables 8-10 were further analyzed by 

nucleotide sequencing of the ten RHD exons from genomic DNA. By nucleotide 

sequencing the 15 PCR-SSP positive samples in ccDee phenotype, 5 samples (1 

%) were positive for weak D type 4.0; 3 samples (0.6 %) for weak D type 4.1; 5 

samples (1 %) for DAU-0; 1 sample (0.2 %) for DV type 1 + DAU, dubbed DAU-5.  

 

3.3 Population frequencies 

The frequency of a given aberrant RHD allele in its haplotype was calculated from 

the number of observed samples divided by the number of the corresponding 

haplotypes under observation. Phenotype frequencies in the population were 

calculated from the population frequency of the RhD phenotype in South-Western 

Germany (Wagner et al. 1995). Confidence intervals were calculated according to 

the Poisson distribution (Sachs. 1992). The most frequent allele was DNB, with a 

frequency of 1 : 351. The frequency of RHD(T201R, F223V) allele was 1 : 3,765. 

The estimated population frequencies of the alleles were calculated (Table 11).



 

 

Table 11. Estimated population frequencies for tested alleles in Europeans 

  
Frequencies 

  
Phenotype in population 

 
Within haplotype 

 
Allele 

 
Trivial name 

 
Estimate 

 
95% confidence interval 1 

  
Estimate 

 
Haplotype 

RHD(T201R, F223V) weak D type 4.0 1:6,024 1:2,695 - 1:15,291  1:105 cDe 

RHD(W16C, T201R, F223V) weak D type 4.1 1:10,040 1:3,717 - 1:36,822  1:175 cDe 

RHD(W16W/C, T201R, F223V) weak D type 4.0+4.1 1:3,765 1:2,018 - 1: 9,169  1:66 cDe 

RHD(T379M) DAU-0 1:6,024 1:2,695 - 1:15,291  1:105 cDe 

RHD(F223V, E233Q, T379M) DAU-5 1:30,120 1:5,658 - 1:590,597  1:525 cDe 

RHD(M295I) in cDe weak D type 11 1:30,120 1:5,658 - 1:590,597  1:525 cDe 

RHD(N152T) in cDe n.a. 2 n.a. 2 < 1:9,174 3  n.a. 2 cDe 

RHD(G355S) DNB 1:351 1:105 - 1:1,979  1:426 CDe 

RHD(N152T) in CDe n.a. 2 n.a. 2 < 1:214 3  n.a. 2 CDe 

RHD(M295I) in CDe weak D type 11 n.a. 2 < 1:214 3  n.a. 2 CDe 

 

1 Confidence intervals were calculated according to the Poisson distribution for the donor (D positive and D negative) population tested. 
2 n.a. - not applicable. 
3 Upper limit of 95 % confidence interval. 
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3.4 DAU-5 

One sample (0.2 %), Q1-280, was both positive for F223V and T379M by 

PCR-SSP. Sequencing the 10 RHD exons of this sample found three nucleotide 

substitutions: T>G at 667, G>C at 697, C>T at 1,136. The molecular basis of the 

sample was determined as RHD(F223V, E233Q, T379M). Because T379M only 

was found in DAU-0, which represented the primordial allele of the DAU allele 

cluster (Wagner et al. 2002b), the new allele is dubbed DAU-5 (Figure 2). It 

formed a recombination between DAU cluster and an RHD-CE(5)-D hybrid allele 

with a partial gene conversion of RHD exon 5 by RHCE exon 5.       

Figure 2. Affected amino acids in DAU-5. Rh protein in the red blood cell 

membrane. The Rh protein forms twelve transmembrane helices and six 

extracellular loops. T379M is typical for the DAU cluster, which is located in the 

twelfth transmembrane protein segment; F223V and E233Q are indicative of DV 

type 1. The F223V substitution is located in the seventh transmembrane protein 

segment; the E233Q substitution is located in the fourth exofacial loop. 
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3.5 Nucleotide sequencing in RHD exon 5 

The nucleotide sequence of RHD exon 5 was tested in 1,000 samples. In total, 

three novel variant RHD alleles were found. The molecular structure of these 

three new alleles RHD(R234W), RHD(G212G) and RHD(V245L) were determined 

by RHD exon-specific sequencing from genomic DNA and PCR-RFLP (Table 12). 

By sequencing the other nine RHD exons other possible additional nucleotide 

substitutions were excluded.  

 

Table 12. Nucleotide sequence analysis of the three novel alleles  

 
Allele 

Nucleotide 
change  

Protein 
sequence  

Pheno- 
type 

Number of 
proband  

Membrane 
localization *  

RHD(G212G) C->T at 636 normal CcDee 1 TM 

RHD(R234W) A->T at 700 Arg to Trp at 234 ccDee 1 EF 

RHD(V245L) G->C at 733 Val to Leu at 245 ccDEe 1 TM 
 

* TM, transmembraneous; EF, exofacial. 

 

By nucleotide sequencing of RHD exon 5 of the Q1–110 sample from the ccDee 

phenotype, both an A and a T were detected at nucleotide position 700 which 

characterized as a heterozygous sequence (Figure 3). RHD(R234W) had a single 

missense mutation A to T at position 700, encoded an arginine (Arg) to tryptophan 

(Trp) substitution at position 234 located in the fourth extracellular loop of the RhD 

polypeptide.  

 

Another new allele, RHD(G212G), was observed in the Q2–023 sample of CcDee 

phenotype. RHD(G212G) was a variant of the regular RHD allele and carried one 

silent mutation in the seventh transmembraneous region that differed from the 

regular RHD alleles. The mutation is located in the splice site at the intron 4/exon5 

junction. 

 

The third new allele, RHD(V245L), was observed in the Q3–038 sample of ccDEe 

phenotype. RHD(V245L) had a single missense mutation G to C at position 733, 
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encoded a valine (Val) to leucine (Leu) substitution at position 245, which is 

located in the eighth transmembraneous segment of the RhD protein.  

 

codon 234 AGG (Arg) -> TGG (Trp) 

 
 
Figure 3. Nucleotide sequencing of RHD exon 5 in the RHD(R234W) allele. At 

the first base of codon 234, both a T and an A nucleotide are detected. This 

indicates the heterozygous occurrence of an RHD(R234W) allele in trans to a 

normal RHD allele. 

 

3.6 PCR-RFLP to confirm the observed SNP 

A 442 bp PCR product was amplified from the genomic DNA using rb11 and ga51 

primers. One additional T nucleotide in A position at 700 of RHD(R234W) 

obtained a BstXI restriction site (CCAN/NNNN/NTGG) which cut the 442 bp 

product into two segments: 331 bp and 111 bp. But it occurred as a heterozygous 

compound together with the regular RHD allele, partly undigested 442 bp 

products still could be seen on the gel, in consistence with the additional presence 

of a normal RHD allele. Thus, in RHD(R234W) three specific 442 bp, 331 bp and 

111 bp fragments were observed instead of a single 442 bp fragment (Figure 4).  

 

The C to T mutation at position 636 of RHD(G212G) obliterated an SfoI restriction 

site (GGC/GCC). After digestion with restriction enzyme SfoI in PCR-RFLP, an 
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RHD(G212G) specific 442 bp fragment was observed instead of two 269 bp and 

173 bp fragments (Figure 5). 

 

The 228 bp PCR product was amplified from the genomic DNA using rb24 and 

ga51 primers. The G to C mutation at position 733 of RHD(V245L) encompassed 

a BfaI restriction site (C/TA/G) which cut the 228 bp product into two fragments of 

152 bp and 76 bp length (Figure 6). 
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Figure 4. PCR-RFLP for the BstXI-restriction site in RHD(R234W). The 

700A>T nucleotide change in the Q1-053 sample introduces a BstXI-restriction 

site that occurs in the RHD(R234W). Lanes 1 and 2 DNA of the Q1-053 sample, 

lanes 3 and 4 DNA of a ccDee control sample. Lane 5 – DNA size marker. 
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Figure 5. PCR-RFLP for the lack of an SfoI-restriction site in RHD(G212G). 

The 636C>T nucleotide change in the Q2-023 sample destroys an SfoI-restriction 

site that is present in the standard RHD allele. Lane 1 – 100 bp DNA size marker. 

Lanes 2 and 3 DNA of the Q2-023 sample, lanes 4 and 5 DNA of a CcDee control 

sample. 
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Figure 6. PCR-RFLP for the BfaI-restriction site in RHD(V245L). The 733G>C 

nucleotide change in the Q3-038 sample introduces a BfaI-restriction site that 

occurs in the RHD(V245L). Lane 1 – DNA size marker. Lanes 2 and 3 DNA of the 

Q3-038 sample, lanes 4 and 5 DNA of a ccDEe control sample. 
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4 Discussion 

In this systematic population investigation comprising 1,000 antigen D positive 

blood donors from South-Western German, we identified 17 variant RHD alleles 

by a PCR-SSP screen. These findings are consistent with the previous 

observation in this lab and other reports (Wagner et al. 1999), (Wagner et al. 

2000b), (Wagner et al. 2002b), (Wagner et al. 2002a), (Müller et al. 2001). A new 

allele RHD(F223V, E233Q, T379M) was dubbed DAU-5 and represented a 

recombination between two known alleles of the Eurasian D and DAU clusters. 

Three novel alleles RHD(G212G), RHD(R234W) and RHD(V245L) were found by 

nucleotide sequencing RHD exon 5. Hence, a total of 4 alleles were novel in such 

a limited screen among 1,000 donors.  

 

4.1 Population survey in Europeans 

It was worthwhile to analyze these normal phenotype samples because we 

detected several weak D types among the ccDee phenotype and the partial D: 

DNB among the CcDee phenotype.  

 

We determined the population frequency of the detected alleles. The most 

frequent allele was DNB, with a frequency of 1 : 351, which corroborated the 

results from the previous study that DNB was the most frequent partial D detected 

so far in whites (Wagner et al. 2002a). We also found that the weak D type 4 

represented the vast majority of samples of ccDee phenotype. It was reported 

(Wagner et al. 1999) that the cumulative frequency of weak D type 4 in white 

blood donors is 0.0055 % (1 : 18,182). In our study, we calculated that the 

cumulative frequency of the weak D type 4 allele was 0.02666 % (1 : 3,765). The 

95 % confidence interval is 0.0109 % – 0.0495 % (1 : 2,018 – 1 : 9,169) (Table 11). 

Our results indicate that weak D type 4 is more frequent than previously observed. 

One possible explanation is that we checked weak D type 4 among random D 

positive samples. Previously, weak D type 4 frequency was determined among 

weak D samples only (Wagner et al. 1999). This could be the reason for the 
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different results in population based molecular analysis in the same region. The 

cumulative frequency of the weak D type 4 in South African blacks is 17.2 % 

(Hemker et al. 1999). Hence, it is more frequent in Africans than in Europeans and 

represents a larger variability of weak D type 4 alleles among Africans.  

 

The frequency of the DAU-0 phenotype in the German population was calculated 

to be 1 : 6,024 (95 % confidence interval: 1 : 2,695 – 1 : 15,291). As expected all 4 

other DAU alleles were not observed in this study, because they have been 

observed so far among Africans only. Compared to the previous study in this lab 

the frequency of the DAU-0 phenotype in the German population of 1 : 3,843 

(Wagner et al. 2002b). Thus, DAU alleles were observed with similar frequencies 

in our population study. Interestingly, we found a new allele harboring the 

characteristic DAU mutation, T379M, which is discussed below.  

 

4.2 Phylogeny of RHD alleles 

4.2.1 D clusters  

As described in the Introduction, there are 4 known D clusters within the RHD 

phylogeny: DIVa cluster, weak D type 4 cluster, DAU cluster and Eurasian D 

cluster. Each of the D clusters are represented by a number of distinct alleles. The 

characterization of the RH phylogeny provides a framework for future studies on 

RH alleles (Wagner et al. 2002b). Eurasian D cluster is prevalent in Eurasian 

populations and most often occur in CDe and cDE haplotype (Wagner et al. 

2004a). Compared to the "Eurasian" D cluster, there are 3 "African" D clusters that 

are primarily observed in African populations and generally associate with the cDe 

haplotype (Wagner et al. 2002b). 

 

4.2.2 Recombinations 

Within the phylogeny of the RHD alleles, there are two known recombination 

events between the clusters. DIII type 5 derived from the recombination between 

alleles of the DIVa cluster and the weak D type 4 cluster (Wagner et al. 2002b). 
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Additionally, DIII type 4 is also formed by recombination event between the DIVa 

cluster and the Eurasian D cluster (Wagner et al. 2004b).  

 

4.2.3 DAU-5 

Here, we described a new recombination between two D clusters, which was 

represented by a new allele found in this study. DAU-5 was formed by a 

recombination event between the DAU and Eurasian D clusters (Figure 7). One 

allele involved in this recombination event was DAU-0, which is the primordial 

allele of the DAU cluster (Wagner et al. 2002b). The specific allele of the Eurasian 

D cluster involved in this recombination event was DV type 1 (Figure 8). 
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Figure 7. D clusters and recombinations. The phylogenetic tree of RHD alleles is 
shown. Within the phylogeny, there are 4 known D clusters: DIVa cluster, weak D type 4 
cluster, DAU cluster and Eurasian D cluster. These four known D clusters are 
represented by the DIVa allele (DIVa cluster), RHD(F223V), RHD(T201R, F223V) and 
weak D type 4.0 (weak D type 4 cluster), DAU-0 (DAU cluster) as well as RHD(in cDe) 
and DV type 1 (Eurasian D cluster). The recombination between the DIVa and weak D 
type 4 clusters was reported before and is represented by the DIII type 5 (Wagner et al. 
2002b). The recombination between the DIVa and Eurasian D clusters is a 
re-interpretation of data and represented by the DIII type 4 allele (Wagner et al. 2004b). In 
this study the DAU-5 allele was reported, which documents a recombination event 
between the DAU and Eurasian D clusters. 
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Figure 8. DAU-5 represents a recombination between DAU-0 and DV type 1. 

The positions of nucleotide mutations that lead to amino acid substitutions are 

indicated by bars. DV type 1 represents an RHD-CE-D hybrid allele involving RHD 

exon 5, which arose from the gene conversion in exon 5 introducing the F223V to 

E233Q substitution deriving from RHCE. DAU-0 represents the primordial allele of 

the DAU cluster and harbors a T379M substitution. DAU-5, a new RHD allele, 

evolved by a recombination between the DAU-0 and DV type 1 alleles. 
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This novel variant RHD allele was found among ccDee donors. The molecular 

basis of this allele was defined as RHD(F223V, E233Q, T379M). This new allele 

harbors a 1,136 C>T single nucleotide polymorphism at exon 8 causing the 

T379M substitution, which is the characteristic variation representative for the 

DAU cluster and found in an isolated form in the DAU-0 allele. In accordance with 

the previous nomenclature, this new allele was dubbed DAU-5. However, it is 

interesting that this new allele contains another two additional substitutions F223V 

and E233Q, which are the same mutations of the RHD gene as DV type 1.  

 

DV type 1 generated from gene conversion involving the e allele of RHCE 

between RHD-specific fragments and the RHCE gene in relatively small regions 

and possessed from the F223V to E233Q substitution maintaining the ultimate, 

D-typical lysine in exon 5 at codon 267 (Figure 9) (Rouillac et al. 1995a), (Omi et 

al. 1999). DV type 1 (Kou) belongs to the Euriasian D cluster and was first 

reported in the Japanese population (Rouillac et al. 1995a). This allele has not 

been observed so far in African or European people.  

 

                    2          2  2      2    2      2  2              2   2 

                    1          2  2      3    3      4  4              6   6 

                    2          3  6      3    8      5  8              3   7 

RHD                 GALFLWMFWPSFNSALLRSPIERKNAVFNTYYAVAVSVVTAISGSSLAHPQGKISK   

RHE                 GALFLWMFWPSVNSPLLRSPIQRKNAMFNTYYALAVSVVTAISGSSLAHPQRKISM   

RHe                 GALFLWMFWPSVNSALLRSPIQRKNAMFNTYYALAVSVVTAISGSSLAHPQRKISM   

DAU-5               GALFLWMFWPSVNSALLRSPIQRKNAVFNTYYAVAVSVVTAISGSSLAHPQGKISK   

DV type 1(Kou)       GALFLWMFWPSVNSALLRSPIQRKNAVFNTYYAVAVSVVTAISGSSLAHPQGKISK 
 

Figure 9. Amino acid sequences of the RH exon 5. The amino acid sequence 

of RHD and the E and e alleles of RHCE exon 5 are shown. DV type 1 represents 

an RHD-CE-D hybrid allele involving exon 5, which arose from the gene 

conversion in exon 5 introducing the F223V to E233Q substitution.  

 
Thus, DAU-5 represented another example for an allele that was formed by a 

recombination event. In this case, the DAU-5 represents a recombination between 

the DAU cluster and Eurasian D cluster and adds to the RHD phylogeny diversity. 

The phylogenetic models (Carritt et al. 1997), (Flegel et al. 2000), (Wagner et al. 

2002b) of the RHD alleles in humans were further extended and contributed to the 
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understanding of the phylogeny of RHD alleles in humans. 

 

The knowledge of the known alleles in different branches of RH phylogeny is 

useful to predict hypothetical but possibly extant alleles and determine the 

phylogenetic relation of some alleles. One can predict alleles that may be 

expected to occur, even if they have not yet been observed, and may consider 

their possible clinical relevance for genotyping. The understanding of RH 

phylogeny is of practical importance because molecular characterization of the 

RH alleles is instrumental for evaluating the clinical relevance in transfusion 

practice. It defines the framework for determining the clinically relevant RH alleles 

in any population (Wagner et al. 2002b) and can be used for genotyping 

approaches for detection these alleles. 

 

There are likely more recombination events among the D clusters. There could be 

recombination events between the DIVa cluster and the DAU cluster, between the 

DAU cluster and the weak D type 4 cluster and between the Eurasian D cluster 

and the weak D type 4 cluster. There also could be other examples for alleles that 

were formed by recombination events among clusters involved in the known 

recombinations. However, no example for such possible events have been 

observed so far (Table 13 and Figure 10). 

 
Table 13. RHD alleles caused by recombination between D clusters 

D cluster 
D cluster 

Eurasian D  DIVa  DAU Weak D type 4 

Eurasian D  n.a. 1 DIII type 4  DAU-5 n.o. 2 

DIVa - n.a. n.o. DIII type 5 

DAU - - n.a. n.o. 
 

1 n.a. - not applicable  
2 n.o. - not observed 
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Figure 10. Recombination events between the four known D clusters. There 

are 4 independent D clusters: the Eurasian D cluster, DIVa cluster, DAU cluster 

and weak D type 4 cluster. DIII type 4 derived from the recombination between the 

DIVa and Eurasian D clusters (Wagner et al. 2004b). DIII type 5 formed the 

recombination between the DIVa and weak D type 4 clusters (Wagner et al. 

2002b). In this study, the DAU-5 allele was found, which documents a 

recombination event between the DAU and Eurasian D clusters. There are three 

more possible recombination events among the D clusters. However, no example 

for such possible events have been observed so far. n.o. - not observed. 

 

4.3 Nucleotide sequencing of RHD exon 5  

In our study, we also investigated the genetic variability of RHD alleles in RHD 

exon 5. Systematic nucleotide sequencing of any RHD exon was not done before 

in random donors. Exon 5 was chosen as one of the 10 exons to sequence due to 
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the fact that the nucleotide sequencing of RHD exon 5 is more stable and there 

are many mutations known to occur in RHD exon 5, for example RHD(W220R), 

RHD(P221S), RHD(R229K) and RHD(S230I). The molecular causes comprise 

gene conversions, point mutations and splice site mutations.  

 

Nucleotide sequencing of RHD exon 5 in 1,000 random D positive blood donors of 

distinct Rhesus phenotypes revealed three new RHD alleles. These alleles were 

RHD(G212G), RHD(R234W) and RHD(V245L). All 10 RHD exons were 

sequenced in these three donors. There was no other nucleotide substitution 

observed.  

 

4.3.1 RHD(R234W) 

This allele harbors a point mutation at nucleotide 700 in RHD exon 5. The 

mutation introduced an amino acid substitution at position 234 in the fourth 

extracellular loop of the RhD protein. The allele was observed in a ccDee donor. 

Hence, this allele represents a cDe haplotype. It was intriguing to note that it 

occurred as a heterozygous compound together with the regular RHD allele. It is 

difficult to determine whether RHD(R234W) expresses a partial D or a normal D 

phenotype, because the allele was observed in conjunction with a normal RHD 

allele, which masks the possible aberrant RhD expression of the RHD(R234W) 

allele. 

 

4.3.2 RHD(G212G) 

This allele harbors a nucleotide substitution from C to T at position 636 in RHD 

exon 5. The mutation did not introduce an amino acid substitution because it 

represents a silent mutation. The allele was observed in a CcDee donor. Hence, 

this allele likely represents a CDe haplotype, but could also be associate with a 

cDe haplotype. According to the haplotype frequencies in the population 

investigated (Wagner et al. 1995), the haplotype was assumed to be CDe. The 

exact haplotype association can only be established by a family study or by 
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detecting more samples of this allele. 

 

The molecular base of RHD(G212G) allele is characterized by a splice site 

mutation. Different base mutations at codon 212 were reported before. A mutation 

in exon 4 from G to T in the first base of codon 212 detected in a Japanese weak 

D sample introduced an amino acid substitution, RHD(G212C), which was called 

weak D type 23 (Kamesaki et al. 2001). RHD(G212V), a mutation in exon 5 from 

G to T in the second base of codon 212 at position 635 resulting in conversion of 

Gly to Val at amino acid residue 212 carried a single amino acid substitution at the 

same position, which represents a different haplotype and phenotype: the 

haplotype is Cde; the phenotype is D negative (Wagner et al. 2001). 

 

In this study, we found that the mutation from C to T in the third base of codon 212 

at 636 carried a silent mutation at codon 212 (Table 14). These three findings 

demonstrated that the mutations at every base of at codon 212 in splice site could 

represents different haplotype and phenotype: weak D, D negative and normal D. 

 

Table 14. Molecular basis of variant RHD alleles found at codon 212 

Trivial name Allele 
Nucleotide 
change 

Effect on  
protein sequence 

Exon 
involved 

weak D type 23 RHD(G212C) G->T at 634 Gly to Cys 4 

D negative RHD(G212V) G->T at 635 Gly to Val 5 

normal D RHD(G212G) C->T at 636 Gly to Gly 5 
 

Gly is an ambivalent amino acid. In D negative RHD(G212V), Gly changes to an 

internal amino acid Val. In weak D type 23, RHD(G212C), Gly only changes to 

another ambivalent amino acid Cys. In our study, the amino acid Gly at position 

212 is not substituted, which is compatible with its demonstrated normal D 

phenotype. Although only one base is different from each other at codon 212, the 

phenotype differed considerably at the same codon in splice site mutation. 
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It is interesting to note that if the first base G of codon 212 which is the last 

nucleotide of the RHD exon 4 or the second base G which is the first nucleotide of 

the RHD exon 5 was substituted by any other 3 bases, it could lead to different 

amino acid substitution. However, if the third base C of codon 212 which is the 

second nucleotide of the RHD exon 5 was substituted by any other 3 bases, all of 

them are silent mutations. Another example for a splice site mutation RHD(G314V) 

(Okuda et al. 1997) also expresses D negative phenotype; however, a silent 

mutation at a splice site RHD(K409K) (Wagner et al. 2001) expresses the Del 

phenotype. A mutation that is not located at a splice site, for example the internal 

amino acid Val at position 270 substituted by an ambivalent amino acid Gly, may 

lead to weak D type 1 (Wagner et al. 1999). At the same position Val is substituted 

by a external glutamic acid which still expresses a weak D phenotype in weak D 

type 34 (Lin et al. 2003) first found in Taiwan, China. Additionally, T379M is 

associated with DAU-0, which is the only known RhD protein carrying a single 

amino acid substitution and is expressing a normal D phenotype (Wagner et al. 

2002b). The results suggest that RHD gene mutations, not only the properties of 

amino acid but also the mutation site are associated with RHD antigen expression. 

Our findings provide examples for the fact that both the mutation site and the 

chemical characteristics of the amino acid substitution involved play an important 

role in the expression of the RhD protein. 

 

4.3.3 RHD(V245L) 

This allele harbors a point mutation at nucleotide 733 in RHD exon 5. The 

mutation introduced an amino acid substitution at position 245 in the eighth 

transmembraneous segment of the RhD protein. The allele was observed in a 

ccDEe donor. Hence, this allele likely represents a cDE haplotype, but could also 

be associate with a cDe haplotype. According to the haplotype frequencies in the 

population investigated (Wagner et al. 1995), the haplotype was assumed to be 

cDE. The exact haplotype association can also only be established by a family 

study or by detecting more samples of this allele.  
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Previously, RHD(V245L) was observed in the form of RHD-CE-D hybrid allele, 

generated from the gene conversion between the RHD gene and the RHCE gene 

in regions comprising a substitution of Val by Leu at position 245, for example, DV 

type 2 (Hus) (Rouillac et al. 1995a), DV type 3 (ISBT49) (Avent et al. 1996), DV 

type 6 (MK/TT) (Omi et al. 1999), DV type 7 (DAL) (Müller et al. 2001) , In this 

study, RHD(V245L) was found in the isolated form of the short gene conversion. 

The observation of this allele added to the understanding of the genetic 

mechanism of these partial D phenotypes. 

 

4.4 Conclusions 

We performed a survey at the molecular level to test the variability of RHD alleles 

among random D postive Europeans by screening 1,000 samples by PCR-SSP 

and by nucleotide sequencing these samples for RHD exon 5.  

 

In our study, we have arrived at the following conclusions: First, by a PCR-SSP 

screen, we found 17 variant RHD alleles which are consistent with expectations. 

Second, the new allele RHD(F223V, E233Q, T379M) dubbed DAU-5 represents a 

recombination between two known alleles of the Eurasian D and the DAU clusters 

and adds to the understanding of the RHD phylogeny. Third, nucleotide 

sequencing of 1,000 random donors RHD exon 5 three new alleles RHD(G212G), 

RHD(R234W) and RHD(V245L) were found. Our findings demonstrated that even 

in such a limited screen the genetic variability in the RHD exon 5 is considerable. 

 

Finally, it was unexpected to detect in such a limited screen, a total of 4 new 

alleles among 1,000 donors. The molecular basis were alleles comprising 

RHD/RHCE hybrid, missense mutations, silent mutation and splice site mutation. 

We conclude that even within the European population, the variety of RHD alleles 

may be larger than anticipated and biologic relevant information may be gleaned 

from such systematic studies. The polymorphisms of a gene, their population 

frequencies are important in the practical application of DNA typing (Flegel et al. 
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1998). Population based data can be derived from such systematic screens. This 

systematic knowledge could have considerable impact for typing and transfusion 

strategy in populations; possible difficulties in transfusion therapy and in 

genotyping could be anticipated and appropriately improved strategies devised 

(Wagner et al. 2003b). These detected gene polymorphism provide valuable 

information for the biologic evolution, differentiation and diversity.  
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5 Summary 

 

Aberrant RHD alleles are much more frequent in Africans than in Europeans. A 

comprehensive survey of the variability of RHD alleles among D positive 

Europeans at the molecular level was lacking. Systematic nucleotide sequencing 

of any RHD exon was not done before in random donors. We performed a random 

survey among blood donors in South-Western Germany: 500 samples of Rhesus 

phenotype ccDee, 250 CcDee and 250 ccDEe. They were tested by PCR-SSP for 

selected nucleotide variations that are coding for S3C (indicative of weak D type 

3); L110P (DVII); A149D (weak D type 5); N152T; T201R and F223V (weak D type 

4); V270G (weak D type 1); T283I (DHMi); M295I (weak D type 11); G355S (DNB); 

T379M (DAU-0); and G385A (weak D type 2). All PCR-SSP positive samples were 

confirmed by nucleotide sequencing of the ten RHD exons from genomic DNA. 

The nucleotide sequence for RHD exon 5 was tested in all 1,000 samples. 

 

In the ccDee phenotype, 5 samples were positive for weak D type 4.0; 3 samples 

for weak D type 4.1; 5 samples for DAU-0; 1 sample for weak D type 11; 1 sample 

for DV type 1 + DAU; the molecular basis of the latter sample was determined as 

RHD(F223V, E233Q, T379M) and dubbed DAU-5. There were 2 DNB in the 

CcDee samples. No variant RHD allele was found in the ccDEe samples. We 

determined the population frequency of the detected alleles. Nucleotide 

sequencing RHD exon 5 revealed three new alleles RHD(G212G), RHD(R234W) 

and RHD(V245L).  

 

There are four known D clusters within the RHD phylogeny: DIVa cluster, weak D 

type 4 cluster, DAU cluster and Eurasian D cluster. Within the phylogeny of the 

RHD alleles, there are two known recombination events between the clusters. The 

recombination between the DIVa cluster and weak D type 4 cluster is represented 

by the DIII type 5 allele. The recombination between the DIVa cluster and 



 

Summary 

50 

Eurasian D cluster is represented by the DIII type 4 allele. In this study, we found 

the DAU-5 allele, which represents another example for an allele that was formed 

by a recombination event. In this case, the DAU-5 represents a recombination 

between the DAU cluster and Eurasian D cluster. The specific allele of the 

Eurasian D cluster that is involved in this recombination event was DV type 1. 

 

In conclusion, we found 17 variant RHD alleles by a PCR-SSP screen, which are 

consistent with previous reports. The novel allele RHD(F223V, E233Q, T379M) 

was dubbed DAU-5 and represented a recombination between two known alleles 

of the DAU cluster and Eurasian D cluster. By sequencing RHD exon 5 three 

novel alleles were found. In such a limited screen, we characterized 4 novel RHD 

alleles: DAU-5, RHD(G212G), RHD(R234W) and RHD(V245L). DAU-5 added to 

the understanding of the RHD phylogeny. Our approach showed that - even within 

the European population - the variety of RHD alleles may be larger than 

anticipated and biologic relevant information may be gleaned from such 

systematic studies. 

 

 

5.1 Zusammenfassung 

 

Reihenuntersuchung für RHD-Allele unter D positiven Europäern 

 

Abweichende Rhesus D (RHD)-Allele sind viel häufiger unter Afrikanern als unter 

Europäern zu finden. Eine zusammenfassende Übersicht der Variabilität von 

RHD-Allelen unter D positiven Europäern fehlte allerdings auf der molekularen 

Ebene. Auch wurde bisher kein RHD-Exon systematisch unter zufällig 

ausgewählten Blutspendern sequenziert. Wir führten eine Studie unter zufällig 

ausgewählten Blutspendern in Südwest-Deutschland bei 500 Proben der 

Rhesusformel ccD.ee, 250 CcD.ee und 250 ccD.Ee durch. Alle Blutproben 

wurden getestet mit einer PCR-SSP für bestimmte Nukleotid-Abweichungen, die 
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kodierten für S3C (hinweisend auf weak D Typ 3), L110P (DVII), A149D (weak D 

Typ 5), N152T, T201R und F223V (weak D Typ 4), V270G (weak D Typ 1), T283I 

(DHMi), M295I (weak D Typ 11), G355S (DNB), T379M (DAU-0) und G385A 

(weak D Typ 2). Alle PCR-SSP positiven Blutproben wurden bestätigt durch die 

Nukleotid-Sequenzierung der 10 RHD Exone ausgehend von genomischer DNA. 

Die Nukleotid-Sequenz des RHD Exon 5 wurde in allen 1.000 Blutproben 

getestet. 

 

Im ccD.ee-Phänotyp waren 5 Blutproben positiv für weak D Typ 4.0, 3 Proben für 

weak D Typ 4.1, 5 Proben für DAU-0 und je 1 Probe für weak D Typ 11 und DV 

Typ 1 + DAU; die molekulare Basis der letzteren Blutprobe wurde bestimmt als 

RHD(F223V, E233Q, T379M) und von uns als DAU-5 bezeichnet. Wir haben zwei 

DNB unter den CcD.ee Blutproben gefunden. Kein abweichendes RHD-Allel fand 

sich unter den ccD.Ee Proben. Wir bestimmten die Frequenz der 

nachgewiesenen Allele in der untersuchten Bevölkerung. Die 

Nukleotid-Sequenzierung des RHD Exon 5 ergab 3 neue Allele: RHD(G212G), 

RHD(R234W) und RHD(V245L). 

 

In der RHD-Phylogenie sind 4 Gruppen von RHD Allelen („D cluster“) bekannt: 

DIVa-Gruppe, weak D Typ 4-Gruppe, DAU-Gruppe und eurasische D-Gruppe. 

Innerhalb dieser Phylogenie wurden bisher zwei Rekombinations-Ereignisse 

zwischen Allelen unterschiedlicher D-Gruppen beschrieben. Die Rekombination 

zwischen Allelen der DIVa- und weak D Typ 4-Gruppen wird repräsentiert durch 

DIII Typ 5, die Rekombination zwischen den DIVa- und eurasischen D-Gruppen 

durch DIII Typ 4. In dieser Studie haben wir das DAU-5 Allel nachgewiesen, das 

ein weiteres Beispiel für ein Allel darstellt, welches durch ein 

Rekombinations-Ereignis gebildet wurde. Im Fall von DAU-5 repräsentiert es ein 

Rekombinations-Ereignis zwischen den DAU- und eurasischen D-Gruppen. Das 

spezifische Allel der eurasischen D-Gruppe, das an diesem 

Rekombinations-Ereignis beteiligt war, ist DV Typ 1. 
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Zusammenfassend kann festgestellt werden, dass wir 17 abweichende RHD 

Allele durch unsere PCR-SSP Reihenuntersuchung gefunden haben, was 

weitgehend der Erwartung aus früheren Berichten entsprach. Das neue Allel 

RHD(F223V, E233Q, T379M) bezeichneten wir als DAU-5 und es repräsentiert 

eine Rekombination zwischen zwei bekannten Allelen der DAU- und eurasischen 

D-Gruppen. Durch die Sequenzierung des RHD Exon 5 haben wir zusätzlich drei 

neue Allele gefunden. Insgesamt charakterisierten wir 4 neue RHD Allele im 

Rahmen dieser begrenzten Reihenuntersuchung: DAU-5, RHD(G212G), 

RHD(R234W) und RHD(V245L). DAU-5 hat dabei zum Verständnis der 

RHD-Phylogenie beigetragen. Unser Ansatz zeigte, dass – selbst innerhalb der 

europäischen Bevölkerung – die Variabilität unter RHD Allelen viel größer sein 

kann als man bisher angenommen hat. Durch eine solche systematische Studie 

wurden biologisch relevante Informationen gewonnen. 
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