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Abstract
Background  Accurate typing of the D antigen is critical to provide guidance for blood transfusion and safe 
management of Rh-incompatible pregnancies. RHD genotyping assays have been widely adopted to improve D 
variant detection, especially for common RHD alleles with missense variants and RHD-CE-D hybrids. Few structural 
variants of the RHD gene are known to involve large fragments of non-RH sequences, despite causing phenotype-
genotype discrepancies.

Methods  We had previously detected reduced copy numbers of RHD exon 10 in Chinese Han. Their RHD genes 
were further analyzed using long-read sequencing of RHD and whole-genome long-read sequencing using PacBio 
platform. The population frequency and practical relevance were evaluated, such as effects on D antigen expression 
and accuracy of routine RHD genotyping assays.

Results  A novel structural variant of the RHD gene, dubbed RHD-CE-TMEM50A-D, had distinct features: a short 
deletion of the non-coding region of RHD exon 10 (688 bp del), a large insertion (21.8 kb ins) involving the inversion 
of non-coding region of RHCE exon 10 (174 bp) and exon 7 to intron 2 of TMEM50A gene (21,648 bp), and several 
single nucleotide substitutions. The large delins fragment was firstly found in 9 individuals, further representing 4.1% 
of random D+ donors (40/982), 2.9% of D−C+/E+ individuals who carry the non-functional RHD*01N.04 (6/205), and 
3.4% of weak/partial D individuals (7/207) who carry RHD*DFR2 and RHD*DVI.3, but 0% in a different cohort of Asian-
type DEL individuals (0/205). The large delins fragment located in non-coding region of RHD exon 10 of four different 
alleles did not significantly change the D antigen expression but caused inconclusive results in several routine RHD 
genotyping assays.
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Introduction
The Rh blood group system (ISBT 004) is one of the most 
complex and clinically significant blood group systems. 
So far, a total of 56 antigens have been identified in the 
Rh system, which are encoded by the RHD and RHCE 
genes, 2 highly homologous and closely linked genes 
encompassing 10 exons, respectively [1]. The 3’ ends of 
the RHD and RHCE genes face each other on the short 
arm of chromosome 1 and are separated by an approxi-
mately 30 kb DNA segment containing the TMEM50A 
gene of 7 exons (formerly referred to as SMP1) [2]. The 
open reading frames (ORF) of the RHD and TMEM50A 
genes share identical orientation, while the ORF of the 
RHCE gene has the opposite direction. The RHD gene, 
approximately 62.3 kb long, is flanked by 2 highly homol-
ogous DNA segments of approximately 9 kb, known as 
Rhesus boxes, upstream and downstream of the RHD 
gene [2].

The D antigen (RH1) of the Rh blood group system is 
highly immunogenic, and alloimmunization against D 
antigen may cause hemolytic transfusion reaction (HTR) 
and severe hemolytic disease of the fetus and newborn 
(HDFN). Therefore, it is clinically relevant to correctly 
type blood donors, blood recipients, pregnant women, 
and fetus to prevent any adverse reaction caused by anti-
D immunization.

The routine D typing is performed using serologic 
hemagglutination tests. In addition to the common RhD 
positive (D+) and RhD negative (D–) phenotypes, other 
D variant phenotypes have been described, including 
D-elute (DEL), weak D and partial D. To date, more than 
400 RHD gene variants (alleles) have been documented 
[3] accounting for weak D, partial D, DEL, and D – phe-
notypes. Serologic D typing can only preliminarily detect 
a D – or variant phenotype; for most alleles, red cell 
genotyping assays are required to determine the exact 
types, if clinically needed.

Based on the definitive RHD genotype and previous 
clinical evidence, appropriate guidance can be provided 
about clinical transfusion or management of Rh-incom-
patible pregnancies. For instance, in the US White popu-
lation, RHD genotyping is recommended for the patients 
with a serologic weak D phenotype [4]. For the patients 
identified as weak D type 1, 2, and 3 genotypes, D+ red 
cells transfusion is recommended, and for the preg-
nant women of these genotypes, Rh immune globulin 

prophylaxis (RhIG) is unnecessary. In the East Asian 
population, routine RHD genotyping is performed to 
identify Asian-type DEL in serologically D – patients; 
patients with Asian-type DEL could safely be transfused 
with D+ red cells, and pregnant women with Asian-type 
DEL do not require RhIG [5].

Many molecular techniques based on the polymerase 
chain reaction (PCR) with hybridization or sequencing, 
such as quantitative real-time PCR, droplet digital PCR, 
DNA microarray [6], multiplex ligation-dependent probe 
amplification (MLPA) [7], and next-generation sequenc-
ing [8] have been widely applied for RHD genotyping in 
transfusion as well as noninvasive fetal RHD genotyping 
in perinatal medicine. The primers or probes used in all 
these assays are designed based on the nucleotide differ-
ences between the 2 highly homologous RHD and RHCE 
genes. However, there are only 39 to 44 differences in the 
coding sequences (1,254 bp) of the 10 exons between the 
2 genes. Besides, the non-coding regions of RHD exon 
10 (1,521 bp) and RHCE exon 10 (278 bp) are identical 
for the initial 104 bp; but their sequences further down-
stream differ at all and, hence, are used to design primers 
and probes.

Deletion-Insertion (delins) are defined as a sequence 
change when nucleotides are replaced by other nucleo-
tides, not representing a single nucleotide substitution 
or an inversion, compared to a reference sequence [9]. By 
applying long-read sequencing, a few complex RH struc-
tural variants have been identified, involving large dele-
tions [10, 11] and a large inversion [12]. These RH alleles 
are usually missed by conventional assays for red cell 
genotyping in routine clinical applications, causing allele 
dropout and inaccurate RH genotyping results. Fortu-
nately, these alleles seem to be rare in populations.

In this study, we applied long-read sequencing meth-
ods and analyzed the individuals, previously found to 
lack a signal for RHD exon 10 [13, 14]. A novel RHD 
allele, dubbed RHD-CE-TMEM50A-D, was identified 
being prevalent in the southern Chinese Han popula-
tion. This common RHD allele involved a deletion and 
long insertion of non-RH sequences (delins) located 
in the non-coding region of RHD exon 10. Three novel 
alleles RHD*01N.04-CE-TMEM50A-D, RHD*DFR2-CE-
TMEM50A-D, and RHD*DVI.3-CE-TMEM50A-D also 
involved the same delins fragment but were rare even in 
East Asia.

Conclusions  The novel RHD-CE-TMEM50A-D allele represented approximately 1 in 49 chromosomes among the 
southern Chinese Han population. The variations of these RHD alleles involve the replacement of some RHD-specific 
sequences by the corresponding RHCE-specific sequences in the non-coding region of RHD exon 10, commonly used 
for RHD-specific primers design in genotyping assay. Hence, red cell genotyping assays, if applied to individuals of East 
Asian heritage, should recognize this relatively common allele to avoid RHD allele dropout.

Keywords  Deletion-insertion (delins) variation, Red cell genotyping, Immunohematology, Anti-D
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Materials and methods
Study participants
A total of 12 samples with reduced copy number of 
RHD exon 10, including 10 D+ samples with a deduced 
RHD*D(1–9)/01 genotype and 2 partial D (DFR) samples 
with a deduced RHD*D-CE(4)-D(5–9)/01N.01 genotype, 
were identified in our previous studies by MLPA analy-
sis [13, 14] in the reference laboratory of the Guangzhou 
Blood Center, Southern region of China. At that time, 
we predicted that all or part of RHD exon 10 might be 
deleted or be replaced by the equivalent sequences from 
the RHCE gene [13, 14]. DNA samples from 7 D+ indi-
viduals and 2 DFR individuals were available to be re-
analyzed in this study.

The study was approved by the Ethics Committee of the 
Guangzhou Blood Center (approval numbers 2020–057 
and 2023–011). Written informed consent was obtained 
from each participant.

Long-read PacBio sequencing of RHD gene and data 
analysis
DNA samples of D+ (n = 7) and DFR individuals (n = 2) 
available were commissioned for long-read sequencing 
of the RHD gene using PacBio Sequel II platform (Pacific 
Biosciences; Menlo Park, CA, USA) first based on Sin-
gle Molecule Real Time (SMRT) sequencing technology 
(Haorui Genomics; Xi’an, China).

In brief, 7 pairs of primers for long-range PCR were 
designed to cover the entire region of the RHD gene to 
detect the common RHD variants including the single 
nucleotide variants (SNVs) and in-frame insertions/
deletions, and some RHD-CE-D hybrid alleles. The 
length of the amplicons was approximately 11.5 to 13.7 
kb (Fig. 1A), in which more than 1 kb fragment over-
lapped between adjacent amplicons to facilitate assembly 
of long-range PCR fragments and obtain the complete 
sequence of 2 RHD alleles. RHD-specific primers were 
designed based on the nucleotide differences between the 
2 highly homologous RHD and RHCE genes. Because the 
D – phenotype in all populations commonly results from 
the complete deletion of the RHD gene (RHD*01N.01 
allele) [7, 13], a special pair of primers was designed to 
detect RHD*01N.01(Fig. 1B). In addition, 3 primer pairs 
for long-range PCR were designed to cover the com-
plete TMEM50A gene sequence (Fig. 1C). Multiplex 
long-range PCR, long-read PacBio sequencing and data 
analysis were conducted according to the manufacturer’s 
instructions (Method S1 in the Supplementary Material).

Whole-genome long-read sequencing and data analysis
Among the 9 samples, 1 D+ and 1 DFR individual with 
the samples of adequate DNA quality were chosen for 
whole-genome long-read sequencing (PacBio Sequel II 
System based on SMRT technology; Haorui Genomics). 
The SMRTbell libraries were prepared from genomic 

Fig. 1  The long-range amplification of the RHD and TMEM50A genes. (A) The coding sequence (CDS) and upstream and downstream Rhesus Boxes of RHD 
gene, position and length of seven long-range PCRs (LR1 to LR7) as well as the overlap between the adjacent amplicons, were showed. (B) The position 
and length of the eighth LR PCRs (LR8) of the RHD gene to detect the RHD*01N.01 allele (RHD gene deletion). (C) The CDS of the TMEM50A gene, position 
and length of three LR PCRs (LR1 to LR3), as well as the overlap between the adjacent amplicons, were showed
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DNA (Procedure and Checklist − 20 kb Template Prepa-
ration Using BluePippin Size-Selection System; PacBio) 
[15].

Briefly, a total amount of 15 μg genomic DNA was 
sheared by g-TUBEs (Covaris, Massachusetts, USA). 
Genomic DNA fragments were purified and concen-
trated (0.45 × AMPure PB magnetic beads; PacBio), 
and subsequently damage-repaired with ExoVII, end-
repaired with End Repair Mix, and ligated with a blunt 
adaptor. After removing failed ligation fragments with 
exonuclease (ExoIII and ExoVII), the ligation products 
were purified (0.45 × AMPure PB magnetic beads), and 
size-selected (BluePippin Size-Selection System; Sage 
Science, Beverly, USA). Genomic DNA fragments were 
further damage-repaired, bead-purified, measured (Agi-
lent 2100 Bioanalyzer; Agilent Technologies, Santa Clara, 
USA), and used as SMRTbell templates. These SMRTbell 
templates were annealed with the primers and bound to 
DNA polymerase (DNA/Polymerase kit; PacBio Biosci-
ences) and magnetic beads, and sequenced (Sequel II 
platform, PacBio, a licensed medical device approved by 
the National Medical Products Administration (NMPA) 
of China, Registration No. 20,233,456,789) with a run 
time of 30 hours.

Raw sequencing data generated by the Pacific Sequel 
II platform were processed using the SMRTlink v10.1.0 
software following the quality control protocol, by 
removing low-quality reads and adapters to generate 
subreads. Regions with coverage below 10x were masked 
prior to assembly. The subreads were then processed 
to produce high quality circular consensus sequenc-
ing (CCS) using the CCS software. The CCS reads were 
aligned to the human genome reference version GRCh38 
with pbmm2 alignments [16]. Genome-wide coverage 
was analyzed by Integrative Genomics Viewer [17]. Hap-
lotype-resolved assembly was performed by hifiasm and 
overlap base pairs between the CCS reads.

Confirmation of 2 breakpoints of the RHD-CE-TMEM50A-D 
allele by Sanger sequencing
To confirm the breakpoints identified by whole-genome 
long-read sequencing, the 5’ and 3’ breakpoint regions 
were amplified and subjected to Sanger sequencing. To 
confirm the 5’ breakpoint, 2 pairs of primers were syn-
thesized in a nested 2-step PCR: 1F/RHD-LR6F-intron 
8F: 5’-​A​T​A​C​A​T​T​C​C​A​T​C​C​A​G​A​A​C​T​G​T​T​C​A​C​C-3’; 
1 R/TMEM50A-intron 6F: 5’-​C​C​C​G​C​T​A​G​G​T​C​T​T​G​T​
T​C​C​T​A​C-3’; 2F/RHD-exon 10-FL: 5’-​G​T​T​G​G​A​T​T​T​T​A​
A​G​C​A​A​A​A​G​C​A​T​C​C​A​A​G​A​A-3’; and 2 R/TMEM50A-
exon 7F-SP: 5’-​A​T​A​T​T​C​C​G​T​G​G​T​C​A​A​A​A​T​T​C​T​T​C​
C​T​C​A​C​T​A​T-3’. To confirm the 3’-breakpoint, a pair of 
primers was synthesized: 3F/TMEM50A-sr45-exon 3 R 
[2]: 5’-​C​A​G​C​T​G​C​A​T​C​T​A​T​G​A​T​A​A​T​C​C​A​C​C-3’; and 
3 R/RHD-3′ UTR2 [18]: 5’-​C​A​A​A​G​A​A​A​A​T​T​G​G​C​A​A​

A​A​C​A​A​G​A​T​T​T-3’. The PCR conditions were detailed 
(Method S2 in the Supplementary Material).

Bioinformatics analysis of the sequences of two breakpoint 
regions
To explore the potential formation mechanism of the 
novel variation (RHD-CE-TMEM50A-D) in the RHD 
gene, the nucleotide sequences of 300 bp upstream and 
downstream from the 5’ breakpoint and 3’ breakpoint 
were analyzed for repetitive elements using an online 
bioinformatics tool (RepeatMasker) [19].

Screening of the novel RHD-CE-TMEM50A-D allele in 
southern Chinese Han
Given that the D+ blood type (99.6%) is predominant in 
the Chinese Han population, while D– (0.3%) [20] and 
weak/partial D (0.014%) [14], and DEL (0.07%) are rela-
tively rare, we randomly collected D+ samples to screen 
for the novel RHD-CE-TMEM50A-D allele. For the D–, 
weak/partial D, and DEL types, which are extremely rare 
in random samples, we used the samples collected from 
previous studies to explore their distribution. The cohort 
selection criteria were as follows:

For D+ population, peripheral blood samples of 982 
randomly selected D+ Chinese Han blood donors were 
collected at the Guangzhou Blood Center.

For D – population, in Chinese Han, the dominant 
genetic basis of the “true” D – phenotype is the deletion of 
the entire RHD gene (RHD*01N.01/01N.01, approximate 
70% of D – and 0.21% in common Chinese Han popula-
tion) associated with RHCE*ce.01 [13], so, these D–c–e 
– individuals with deletion of RHD gene are unlikely to 
carry this RHD-CE-TMEM50A-D allele. In difference, 
many non-functional RHD alleles including the common 
RHD*01N.03, RHD*01N.04 and RHD*01N.16 are asso-
ciated with C+/E+ phenotypes (approximate 30% of D 
– and 0.09% in common Chinese Han population) [13]. 
Hence, for D – samples, 205 D–C+/E+ pregnant women, 
but excluding Asian-type DEL, were collected in the ref-
erence lab of Guangzhou Blood Center.

For weak/partial D samples, 207 Chinese Han speci-
mens, having the serologic typing and RHD genotyp-
ing results in previous study [21], were collected for 
screening.

For Chinese DEL samples, majority of them (99.6%, 
539/541) were Asian-type DEL [5]. Therefore, 205 Chi-
nese pregnant women with DEL phenotype and known 
Asian-type DEL genotype were collected in the reference 
lab of Guangzhou Blood Center for screening.

Genomic DNAs were extracted from peripheral 
blood samples (QuickGene DNA whole blood kit S with 
QuickGene-Mini80 equipment; Fujifilm, Tokyo, Japan). 
The pair of sequence-specific primers, 3F/TMEM50A-
sr45-exon 3 R [2] and 3 R/RHD-3′ UTR2 [18] (Method 
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S2 and Figure S1 in the Supplementary Material), previ-
ously established to confirm the 3’ breakpoint region, 
was used to screen the carriers for the novel variation. A 
20 μL PCR mixture consisted of 30 ng of genomic DNA, 
10 μL 2×GoTaq Colorless Master Mix (Promega, Madi-
son, USA), and 0.3 μM forward and reverse primers. The 
PCR conditions were: 5 minutes at 94 °C; 35 cycles of 
30 seconds at 94 °C, 30 seconds at 52 °C, 3 minutes at 72 
°C; final extension at 72 °C for 5 minutes. Carriers of the 
RHD-CE-TMEM50A-D allele would produce an ampli-
con of 3,053 bp length, while other individual cannot 
produce any amplicon because the primers are oriented 
in the same direction.

Evaluation of the impact of the novel RHD-CE-TMEM50A-D 
alleles on genotyping results of several commonly used 
RHD assays
We evaluated the performance of several brands of RHD 
genotyping analysis that were routinely used in China, 
including Sanger-sequencing [7], RH-MLPA (MRC-Hol-
land; Amsterdam, the Netherlands) [13], and PCR-SSP 
assay (RBC-Ready Gene CDE; inno-train Diagnostik, 
Kronberg, Germany), that are the assays not licensed. 
Five samples known to carry the RHD-CE-TMEM50A-
D were used for evaluation of the impact for accuracy of 
these assays.

Results
Complex structural variation recognized by long-read 
sequencing
To determine the exact molecular basis of 7 D+ and the 2 
DFR samples lacking 1 expected RHD exon 10 signal by 
MLPA previously [13, 14], long-read sequencing of the 
RHD gene was performed using 7 pairs of primers for 
long-range PCR covering the entire RHD gene (Fig. 1A). 

Amplification of 6 RHD fragments was successful but 
failed for the last 7th fragment that was straddling exons 
8 to 10 of the RHD gene. Long-range PCR and PacBio 
sequencing for 3 amplicons covering the TMEM50A 
gene (Fig. 1C) revealed the expected 2 copies of the 1st 
TMEM50A amplicon but showed unexpected 3 copies of 
the 2nd and 3rd TMEM50A amplicons. Such results were 
incompatible with any known structure at the RHD gene 
locus.

Identification of a short deletion and large insertion in the 
non-coding region of the RHD exon 10 by whole-genome 
long-read sequencing
We further characterized 1 D+ (#304) and 1 DFR 
(Du104) sample by whole-genome long-read sequencing 
(PacBio Sequel II system). The average sequencing depths 
of the D+ and DFR sample across the whole genome were 
14.12x and 15.20x, respectively. For the target regions 
(including RHD, TMEM50A, and RHCE genes), the 
D+ and DFR sample achieved coverage of 99.05% and 
96.2% at average depths of ≥30.2x and ≥12.8x, respec-
tively. The CCS read coverage revealed the 3 copies of the 
TMEM50A intron 2 to exon 7 in both samples (Fig. 2). 
Within the non-coding region of RHD exon 10, two seg-
ments showed copy number variation (CNV) in sequenc-
ing coverage. The reads spanning the breakpoint of these 
depth changes were randomly selected. Then, Using the 
“Supplementary Reads Diagram” function in Integrative 
Genomics Viewer (IGV), it was demonstrated that the 5’ 
and 3’ ends of these reads aligned separately to two dis-
tinct genomic regions, with opposing orientations, con-
sistent with a duplication and inversion event (Fig. 3).

Finally, the assembled whole-genome sequence con-
firmed a complex insertion-deletion (delins) event that 
occurred in the non-coding region of RHD exon 10. For 

Fig. 2  Circular consensus sequencing read coverage identified in the individuals carrying the novel RHD-CE-TMEM50A-D allele. The 10 exons of RHD 
gene, 10 exons of RHCE gene, and 7 exons of TMEM50A gene were shown as red, blue, and green bars, respectively. The analysis of circular consensus 
sequencing read coverage revealed three copy numbers of part of the TMEM50A gene (intron 2 to exon 7). Two copies and three copies were indicated 
as X 2 and X 3, respectively
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the D+ and DFR individuals, the reference wildtype RHD 
and mutant DFR (RHD-CE(4)-D) sequences up to the 
coding region of exon 10 were identified. But in the non-
coding region of RHD exon 10 of both allele, a same short 
688 bp deletion accompanied with a large 21.8 kb frag-
ment insertion involving the inversion sequences of part 
of the non-coding region of RHCE exon 10 (174 bp) and 
TMEM50A gene (21,648 bp, from intron 2 to exon 7), 
and several SNVs in the non-coding region of RHD exon 
10 were detected.

The formal allele designation was NC_000001.1
1:g.25329029_25329715delins25340601_25362422 
inv;25329723 G > A;25329728A > G;25329730T > C;25329
756_25329757delinsTG (Figure S1 in the Supplementary 
Material). The 22,912 bp nucleotide sequence coving the 
delins 21.8 kb fragment has been deposited to GenBank 
(accession number OR661235).

Confirmation of the 2 breakpoint regions of RHD-CE-
TMEM50A-D allele
The nucleotide sequences of 2 breakpoints obtained by 
the whole-genome long-read sequencing were further 
confirmed through amplification using the developed 
PCR assay and subsequent Sanger sequencing in all 7 
D+ and 2 DFR individuals carrying the novel RHD-CE-
TMEM50A-D allele (Figs. 4F and 4G).

Bioinformatics analysis of repetitive elements in the 
breakpoint regions
An online bioinformatics tool (RepeatMasker) revealed 
that the 3’ breakpoint junction was located within an 
AluSx sequence in the non-coding region of RHD exon 
10 (Figure S1 in the Supplementary Material). No such 
structural element was found at 5’ breakpoint junction 
(not shown).

Prevalence of RHD-CE-TMEM50A-D in the southern Chinese 
Han population
We utilized our PCR that had been developed to con-
firm the 3’ breakpoint region to explore the RHD-CE-
TMEM50A-D allele prevalence in several group of people 
with different D phenotypes. As a result, the same delins 
fragment involving CE-TMEM50A was heterozygously 
identified in 4.1% (40/982) of random D+ donors, 2.9% 
(6/205) of D–C+/E+ pregnant women who carried the 
non-functional RHD*01N.04 allele, 3.4% (7/207) of weak 
D and partial D individuals, but 0% (0/205) among a dif-
ferent cohort of pregnant women with Asian-type DEL. 
Hence, 4 different RHD alleles carrying the same delins 
fragment were identified (Fig. 4). And the RHD*01-CE-
TMEM50A-D allele frequency was 2.0% (95% confidence 
interval (CI) of 1.4%-2.7%) among D+; the RHD*01N.04-
CE-TMEM50A-D allele was 1.5% (95% CI 0.3%-2.6%) 
among D–C+E+; RHD*DFR2-CE-TMEM50A-D and 

Fig. 3  Duplication and inversion visualized via PacBio whole-genome sequencing in IGV located in RHD exon 10. Within the non-coding region of RHD 
exon10, two segments showed copy number variation (CNV) in sequencing coverage. A read spanning the breakpoint of these depth changes was ran-
domly selected, which was shown in red. Using the “Supplementary reads diagram” function in Integrative Genomics viewer (IGV), it was demonstrated 
that the 5’ and 3’ ends of this read aligned separately to two distinct genomic regions, with opposing orientations, consistent with a duplication and 
inversion event
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Fig. 4  Genomic structures of the wild-type and four mutant RH genes carrying the novel delins fragment, (A) Wild-type RH genes (shown above) allele. 
(B, C, D, and E) four different types of mutant RH genes carrying the novel delins fragment in the non-coding region of RHD exon 10 (shown below): 
a short deletion of non-coding region of RHD exon 10 (688 bp) accompanied with a large fragment insertion (21.8 kb) involving the inversion of non-
coding region of RHCE exon 10 (174 bp) and the exon 7 to intron 2 of TMEM50A gene (21,648 bp), and several additional single nucleotide variants. The 
novel RHD-CE-TMEM50A-D alleles resulted in the complete replacement of RHD specific non-coding sequence of exon 10 (1,417 bp) by the corresponding 
RHCE specific sequence (174 bp). (F and G) Sanger sequencing results of 5’ and 3’ breakpoints regions

 



Page 8 of 11Wen et al. Journal of Translational Medicine          (2026) 24:675 

RHD*DVI.3-CE-TMEM50A-D alleles were 1.7% (95% CI 
0.4%-2.9%) among weak D and partial D, and 0% (95% CI 
0%-0.8%) was in Asian-type DEL cohorts.

Based on the observed carrier frequencies in each 
cohort and their population proportions in Chinese Han 
(D + 99.6%; D−C+/E+ 0.09% [20]; weak/partial D 0.014% 
[14]; and Asian-type DEL 0.07% [22]), the corrected 
and estimated allele frequency of the novel RHD-CE-
TMEM50A-D allele approximates 2.03%, corresponding 
to 1 in 49 chromosomes in the southern Chinese Han 
individuals.

The delins large fragment in the non-coding region of 
RHD exon 10 showed no marked impact on the original D 
antigen expression
From the screened samples, we selected 20 samples for 
further genetic and D phenotypic analysis to investi-
gate whether the genetic large delins fragment located 
in the non-coding region of RHD exon 10 have some 
impact on the expression of the D antigen (Table 1). 
Four different haplotypes with RHD*01, RHD*01N.04, 
RHD*DFR2, and RHD*DVI.3, up to RHD exon 10 fol-
lowed by the novel short deletion and 21.8 kb insertion 
with CE-TMEM50A sequences within the non-coding 
region of RHD exon 10 were identified. In the carriers 
with the RHD*01N.04-CE-TMEM50A-D/RHD*01N.01 
(n = 6), RHD*DFR2-CE-TMEM50A-D/RHD*01N.01 (n = 
 5), and RHD*DVI.3-CE-TMEM50A-D/RHD*01N.01 (n =  
1) genotypes, the similar true D-negative and partial D (DF 
R and DVI) phenotypes were observed respectively, com- 
pared with the D-negative, DFR (n = 3), DVI (n = 2) 
controls carried RHD gene lacking of the novel 
delins fragment (Additional file: Table S1). The com-
plete sequences of RHD*DFR2-CE-TMEM50A-D and 

RHD*DVI.3-CE-TMEM50A-D alleles have also been sub-
mitted to GenBank with accession numbers PX401959 
and PX401958, respectively.

RHD-CE-TMEM50A-D and the accuracy of RHD genotyping
We evaluated the effect of RHD-CE-TMEM50A-D on 
the accuracy of RHD genotyping through tested several 
methods and assays commonly used by laboratories in 
China, including RHD Sanger sequencing, RH-MLPA, 
and PCR-SSP assays. For RHD Sanger sequencing and 
PCR-SSP assays, the amplification and detection of the 
RHD exon 10 failed (Figure S2 in the Supplementary 
Material). For RH-MLPA assays, the signal of 1 copy of 
RHD exon 10 was missing in RHD-CE-TMEM50A-D 
carriers (Table S2 in the Supplementary Material) as 
described previously [7, 13].

Discussion
Complex structural variant alleles of the RHD gene have 
rarely been reported [10, 11, 18, 23, 24] compared with 
common missense variants, a few nucleotides inser-
tion or deletions of the RHD gene, or RHD-CE-D hybrid 
alleles. Only a few alleles with a large insertion of dupli-
cated RHD sequence [24] and several large deletions of 
RHD sequence [10, 11, 18, 23] have been documented. 
Here we describe a short deletion and large fragment 
insertion event to form a variant RH haplotype, dubbed 
RHD-CE-TMEM50A-D.

In this study, we applied whole-genome long-read 
sequencing to resolve the ambiguous RHD genotyping 
results found previously [13, 14]. All individuals car-
ried a variant RH haplotype caused by complex delins 
events. The chromosomal structure of the novel RHD-
CE-TMEM50A-D allele comprised a short deletion of 

Table 1  Rh antigens serologic typing and RHD genotyping results in 22 Chinese Han individuals carrying the four different types of 
novel RHD-CE-TMEM50A-D alleles
Sample number Molecular description Serologic 

phenotype
Total
(n = 22)

GenBank

RHD_ allele 1 * RHD_allele 2 RhD RhCE Accession No
#304†, MLPA-4, 21, 39,
43, 52, 53, 139

RHD*01 with the novel delins
RHD(1–10)-CE(NCR)-TMEM50A(7–3)-D(NCR)

RHD*01 D+ CCee 8 OR661235

G10535, 10,708, 10,794,
10865, 11,208, 11,574

RHD*01N.04 with the novel delins
RHD(1–2)-CE(3–9)-D(10)-CE(NCR)-TMEM50A(7–3)-D(NCR)

RHD*01N.01 D− Ccee (5)
CCee (1)

6 Not available‡

Du-104†, 570, 604,
666, 890

RHD*DFR2 with the novel delins
RHD(1–3)-CE(4)-D(5–10)-CE(NCR)-TMEM50A(7–3)-D(NCR)

RHD*01N.01 D variant Ccee 5 PX401959

Du-794, 892 RHD*DFR2 with the novel delins
RHD(1–3)-CE(4)-D(5–10)-CE(NCR)-TMEM50A(7–3)-D(NCR)

RHD*DEL1 D variant CCee 2

Du-821 RHD*DVI.3 with the novel delins
RHD(1–2)-CE(3–6)-D(7–10)-CE(NCR)-TMEM50A(7–3)-D(NCR)

RHD*01N.01 D variant Ccee 1 PX401958

* The nucleotide sequence of this novel delins fragment (22,912 bp) in the non-coding region of RHD exon 10 has been deposited in GenBank (accession number 
OR661235). The complete nucleotide sequences of RHD*DFR2 and RHD*DVI.3 involved the novel delins fragment have been deposited in GenBank (accession 
number PX401959 and PX401958), respectively

† #304 and Du-104 were analyzed by whole-genome long-read sequencing

‡ The complete nucleotide sequence of RHD gene including RHD*01N.04 with the novel delins fragment was not available

NCR - non-coding region
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the non-coding region of RHD exon 10 (688 bp) accom-
panied by a large fragment insertion (21.8 kb, involving 
the inversion of non-coding region of RHCE exon 10 (174 
bp) and intron 2 to exon 7 of TMEM50A gene (21,648 
bp) with several additional SNVs.

Complex structural variants are difficult to iden-
tify and characterize by traditional genotyping meth-
ods. Our previous MLPA analysis with ability for gene 
copy number analysis revealed several samples lack-
ing 1 copy of the expected signals for RHD exon 10 [13, 
14]. Long-read sequencing of the RHD and TMEM50A 
genes suggested a novel complex RHD structure, while 
the exact molecular basis still remained elusive. Only 
whole-genome long-read sequencing was able to clarify 
the sequence of this complex RHD structure. Whole-
genome long-read sequencing, although still expen-
sive, is capable of sequencing the single-molecule DNA 
with an average read length of more than 10 kb, fully 
enabling the coverage of large structural and/or repetitive 
sequences, providing a novel approach to solve the geno-
typing discrepancy in complex cases [25, 26]. Recently, 
a complex structural variation located among the RH 
genes (RHCE*Ce(1–2)-D(3–10)-TMEM50A-Ce(10–
8)-Ce(3–10)) associated with the rare D – phenotype has 
also been resolved by whole-genome long-read sequenc-
ing [12].

The novel RHD-CE-TMEM50A-D allele was detected 
in D+, D−C+/E+, and weak/partial D individuals. After 
adjusting for the population frequencies of D+ (99.6%), 
D−C+/E+ (0.09%), and D variants (0.014%), the allele’s 
estimated frequency was ascertained as 2.03% in the 
southern Chinese Han population investigated. In com-
parison, our retrospective analysis of MLPA data from 
3,108 Dutch individuals with an ambiguous D phe-
notype identified only 1 case (1/3,108) with abnormal 
reduced copy number of RHD exon 10 (unpublished 
data). Further investigation may reveal its molecular 
basis. However, preliminary data indicates that RHD-CE-
TMEM50A-D is rare in the White population from the 
Netherlands compared with Chinese Han from Guang-
zhou, Southern China. To determine the frequency of 
RHD-CE-TMEM50A-D in the general Chinese Han pop-
ulation, further studies with larger sample sizes in other 
regions of China are needed in the future.

Further serologic and genotyping analysis were per-
formed in the novel RHD-CE-TMEM50A-D carriers with 
different D phenotypes, and the results showed that this 
large delins fragment located in the non-coding region 
(NCR) of RHD exon 10 did not have marked effect on the 
original D antigen expression. Firstly, in the D+ donors 
screening, unfortunately, no homozygous carriers of this 
novel RHD-CE-TMEM50A-D were detected (0/982). 
However, secondly, in the carriers with true D− phenotype 
and RHD(1–2)-CE(3–9)-D(10)-CE(NCR)-TMEM50A(7–

3)-D(NCR)/01N.01 (n = 6) genotype, the same true 
D− phenotype was detected (Table 1 and Table S1 of Addi-
tional file). Thirdly, in the DFR and DVI.3 carriers, RHD(1–
3)-CE(4)-D(5–10)-CE(NCR)-TMEM50A(7–3)-D(NCR)/
RHD*01N.01 (n = 5), RHD(1–2)-CE(3–6)-D(7–10)-CE 
(NCR)-TMEM50A(7–3)-D(NCR)/RHD*01N.01 (n = 1) ge- 
notypes were obtained. Similar D epitope serologic typ-
ing results (using D-Screen) were identified in these car-
riers compared with the DFR and DVI.3 controls lacking 
of the novel delins fragment (Additional file: Table S1) 
[14]. Although the RHD-CE-TMEM50A-D allele was not 
shown to significantly alter D antigen expression, it should 
result in the replacement of the RHD 3’-UTR with the 
RHCE 3’-UTR at the mRNA level. Consequently, this allele 
may exert subtle regulatory effects on D antigen expres-
sion, potentially through miRNA-mediated post-tran-
scriptional regulation.

Bioinformatics analysis for repetitive elements iden-
tified an AluSx sequence located in the 3’ breakpoint 
junction of RHD-CE-TMEM50A-D. Interestingly, the 
breakpoints of 3 reported large RHD deletions [10], 
as well as hybrid RHD-CE-D alleles [27–29] including 
RHD*DVI.3 (RHD-CE(3–6)-D) and RHD*DFR (RHD-
CE(4)-D) described before, were also located within 
or very close to Alu repeats, which are located in sev-
eral introns of RHD and non-coding region of the exon 
10. They may be a hotspot for genomic rearrangements 
within the RH genes.

Based on our assessment of the impact of the novel 
RHD-CE-TMEM50A-D allele on the accuracy of sev-
eral RHD genotyping assays, we propose that any RHD 
genotyping assay employing RHD-specific primers or 
probes targeting the non-coding region of RHD exon 10 
may yield biased results due to the failure of primers and 
probes to bind to the RHD gene. This region is frequently 
targeted for the design of specific primers and probes 
in RHD and RHCE genotyping assays due to existence 
of large different sequences between two homologous 
genes. RHD-CE-TMEM50A-D has a complete replace-
ment of RHD specific non-coding sequence of exon 10 by 
the corresponding RHCE specific non-coding sequence, 
thereby hampering the annealing of these RHD-specific 
probes or primers and causing routine assays to fail. This 
explains the dropout of the RHD exon 10 signal in MLPA 
and PCR-SSP assays and the failure to amplify RHD exon 
10 in both Sanger and long-range sequencing. Therefore, 
as genotyping assays continue to develop and be widely 
applied in transfusion medicine, it is critical to compre-
hensively consider the genetic diversity across different 
ethnic populations, including this common RHD struc-
tural variation distributed in the Southern Chinese pop-
ulation, to avoid allele dropout and improve genotyping 
accuracy.
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Conclusions
The novel RHD-CE-TMEM50A-D allele was character-
ized by a short deletion and a large fragment insertion 
(delins), which replaced the RHD-specific non-coding 
sequence of exon 10 (1,417 bp) by the corresponding 
RHCE specific non-coding sequence (174 bp). This non-
coding exon 10 sequence is often used in RHD genotyp-
ing. The delins replacement prevents the annealing of 
RHD-specific primers and probes causing allele dropout 
in many routine clinical assays for red cell genotyping. 
Importantly, RHD-CE-TMEM50A-D is relatively com-
mon in the Southern Chinese Han population with an 
allele frequency of 2.03%. Hence, this novel allele should 
be considered in the design of red cell genotyping assays 
to avoid clinically relevant RHD genotyping errors if 
applied to individuals of East Asian background.
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