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Comprehensive Annotation of Complete ABO Alleles 
and Resolution of ABO Variants by an Improved 

Full-Length ABO Haplotype Sequencing
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and Faming Zhua,*

BACKGROUND: Full-length ABO haplotype sequencing 
is crucial for accurate genotyping, reference gene annota
tion, and molecular mechanism analysis of its variants. 
However, there is currently a deficiency of comprehensive 
annotation for full-length ABO haplotypes, spanning 
from the 5′ untranslated region (UTR) to the 3′ UTR.

METHODS: Two sets of specimens (79 random blood do
nors and 47 ABO variants) were tested. The full-length 
ABO gene spanning the 5′ UTR to the 3′ UTR was amp
lified using an improved one-step ultra-long-range PCR 
with a pair of PCR suppression primers. A single-mol
ecule real-time library was constructed, and ABO haplo
type sequencing was performed. Data analysis including 
basecalling, aligning, variant calling, clustering, and vari
ant annotation were performed.

RESULTS: The amplicon measured 26.1 kb without spli
cing, representing the most complete ABO gene reported 
to date. The complete ABO haplotype sequence was ob
tained via long-read sequencing. The comprehensive 
ABO reference alleles were obtained and the ABO sequence 
patterns within each allele in a Chinese population were 
further classified. The full-length ABO gene haplotype ana
lysis technique effectively resolved ABO variants with struc
tural variations (SVs), including large fragment deletions, 
inversions, recombination, and chimeras.

CONCLUSIONS: Full-length ABO haplotype sequencing 
filled a gap that was missing with respect to the 3′ 
UTR sequences of ABO alleles and can advance blood 
group genomic analysis, aiding in ABO gene function 
analysis, evolutionary studies, and the resolution of 
ABO variants.
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Introduction

High-throughput sequencing has significantly advanced 
blood group genomics (1–4). While earlier studies pri
marily focused on analyzing exonic sequences of genes, 
the recent trend involves exploring introns and regulatory 
regions to gain a more comprehensive understanding of 
gene sequences (4–6). However, comprehensive full- 
length haplotype data for blood group genes is limited. 
Full annotation of blood group genes is important for im
proving the accuracy of blood group variant typing.

The ABO blood group system is of great clinical sig
nificance, and there are intensified research efforts in this 
area (7–10). ABO genetic events [such as the coding 
DNA sequence (CDS) variants, intronic variants, inser
tions, deletions, and recombination] may affect the ac
tivity of A or B glycosyltransferase, altering ABO 
phenotypes (11). However, apart from the CDS, data 
on intronic sequences, 5′ untranslated region (UTR), 
and 3′ UTR are limited, particularly for full-length 
ABO haplotypes. This limitation in sequence recogni
tion hinders the understanding of glycosyltransferase 
coding, and inactivating variants of glycosyltransferases 
are of particular concern. Notably, the 5′ and 3′ 
UTRs may contain particularly significant regulatory 
elements affecting translational or posttranscriptional 
processes, resulting in numerous ABO variants (12– 
14). However, it is technically challenging to obtain 
the full-length haplotype sequence, including the 
UTRs associated with their respective alleles, due to 
the distance between the 5′ UTR and exonic single nu
cleotide variants (SNVs) in exons 6 and 7, and the vari
able number of short repeats in the 3′ UTR (12, 13).

Previous studies relied on PCR and Sanger sequen
cing of specimens that were homozygous for 5′ UTR se
quences, which could not be definitively associated with 
different ABO haplotypes (13). The 3′ UTR sequence of 
the human ABO gene is even less well understood, and 
the little-known sequence information for the 3′ UTR 
may contain errors (12). Although Morgan et al. pro
vided the reference sequences for 6 major ABO alleles, 
the study lacked data from the 5′ and 3′ UTRs (15). 
Consequently, there is currently no comprehensive an
notation for the full-length ABO haplotype sequence 
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spanning from the 5′ to the 3′ UTR. Filling this gap is 
important both for blood transfusion medicine and re
solving genetic variants (16, 17).

The third-generation single-molecule sequencing 
technology offers the potential to sequence the full ABO 
gene. Several studies on various blood group genes have uti
lized this advanced sequencing technique (1, 4–6). 
However, a challenge lies in achieving longer-length frag
ments of genes for library construction. Conventional long- 
range PCR (LR-PCR) struggles with DNA fragments 
>10 kb (18). A previous study had obtained the haplotype 
sequence of ABO using segment overlap amplification 
combined with subsequent biological information assem
bly, but this approach had not covered the UTR regions 
and the length of amplicons was slightly short (15). 
Various factors can influence the PCR amplification length 
(19–21). For instance, inverted terminal repeats with high
er melting temperature (Tm) can cause the complementary 
ends of single-stranded DNA to anneal during PCR, form
ing duplex stems or panhandle-like structures. This blocks 
primer binding and leads to PCR suppression (PS), while 
amplification inhibition of short fragments favors amplifi
cation of long fragments (18, 22). In this study, 
ultra-long-range ABO fragments that were 26.1 kb in 
length were successfully amplified using a single pair of 
ABO-PS-specific primers in a conventional PCR system 
based on the effect of PCR suppression. Combined with 
long-read sequencing, this approach enabled a comprehen
sive annotation of the ABO gene and enhanced the capacity 
to detect ABO variants.

Materials and Methods

STUDY SPECIMENS

The study included 2 specimen sets: 79 randomly 
healthy blood donors from the Blood Center of 
Zhejiang Province and 47 ABO variants from the same 
center and the hospitals of Hangzhou, Zhejiang 
Province, China. Ethical approval for this study was 
granted by the ethics committee of the Blood Center 
of Zhejiang Province (Zhejiang Blood Center Ethical 
Review 2023 Study No. 022). All blood donors and pa
tients provided informed consent.

SEROLOGIC TESTING

The ABO phenotypes of the donors were determined 
using an automated blood group analyzer (PK7300, 
Olympus). In cases with typing discrepancies, further 
identification was performed by tube tests with various 
antibody reagents and reverse-typed cells according to 
our previous report (23). All operational procedures 
and serologic diagnostic classification adhered to standard 
methods outlined in the Association for Advancement of 
Blood & Biotherapies technical manual (24).

PCR SEQUENCE-BASED TYPING FOR THE FULL CODING 

REGION OF THE ABO GENE

The full coding regions of ABO, including exons 1 to 7 
were amplified with 3 pairs of primers and sequencing 
using PCR sequence-based typing (PCR-SBT) accord
ing to a previous report (9).

ONE-STEP SUPPRESSION ULR-PCR OF THE FULL-LENGTH ABO 

GENE

A one-step LR-PCR method was improved to amplify 
the entire ABO gene, spanning from the complete 5′ 
UTR (c.−5001) to the 3′ UTR (c.+1600) flanking re
gion (approximately 26.1 kb) (Fig. 1). A pair of PS pri
mers was designed with a 25-nt arbitrary GC-rich 
sequence added to the 5′ end of the specific primers. 
The ultra-long-range PCR (uLR-PCR) system was opti
mized and performed in 20 μL per reaction containing 
1× buffer, 0.5 mM dNTPs, 0.15 μmol/L each primer, 
0.5 U KOD FX Neo DNA polymerase, and about 
50 ng DNA template. The sequences of PS primers 
and the PCR cycling details for the PS primer are avail
able in the Supplemental Materials.

LIBRARY PREPARATION AND SMRT SEQUENCING

Single-molecule real-time (SMRT) libraries was con
structed according to the manufacturer’s guidelines. 
Briefly, a one-step assay combining DNA damage repair, 
end-repair, and adapter ligation was employed to gener
ate the presequencing libraries with unique barcode 
adapters. After purification of the ligation products 
using 0.6× Ampure PB beads (Beckman Coulter), the 
uniquely barcoded prelibraries were pooled in equal 
masses. The final library was prepared using the Sequel 
Binding Kit 2.2 (Pacific Biosciences) and Internal 
Control Kit 1.0 (Pacific Biosciences), followed by se
quencing on the Sequel II platform (Pacific Biosciences).

BIOINFORMATICS ANALYSIS

Primary analysis utilized SMRTLink software (v.10.1.0, 
Pacific Biosciences). The reads were initially demulti
plexed, with barcode sequences automatically assigned 
at the end of the runs. Subsequently, subreads were 
then processed to generate circular consensus sequencing 
(CCS) reads using the CCS software (Pacific Biosciences). 
Filtered CCS reads were aligned to the ABO reference 
(NG_006669.2) using pbmm2 (https://github.com/ 
PacificBiosciences/pbmm2, v.1.2.1) (25). SNVs and 
small indels were identified and called using deepvariant 
(https://github.com/google/deepvariant/blob/r1.2/docs/ 
deepvariant-quick-start.md, v.1.2.0) (26). The threshold 
for variation site quality was set to QUAL >30. The 
large indels and allelic differences were analyzed and 
manually reviewed using the SnapGene software 
(v.6.2.2) (27). Alleles were named according to the 
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guidelines of the International Society of Blood 
Transfusion working group for allele nomenclature 
(https://www.isbtweb.org/isbt-working-parties/rcibgt. 
html).

Results

ONE-STEP AMPLIFICATION AND PACBIO SMRT SEQUENCING 

FOR THE FULL-LENGTH ABO GENE

The full-length ABO amplicon was approximately 
26.1 kb in length without splicing, representing the 
longest ABO amplicon achieved to date (Fig. 1 and 
Supplemental Fig. 1). Mapping the filtered reads to 
the ABO reference sequence demonstrated complete 
coverage of the entire ABO gene (spanning 5′ to 3′ 
UTR). Quality control details for sequencing data and 
reads mapping are provided in Supplemental Table 1.

HAPLOTYPE SEQUENCE OF BLOOD DONORS

Based on the specific exonic variations, 158 ABO haplo
types from 79 blood donor specimens were attributed to 
the dominant International Society of Blood Transfusion 
alleles, including ABO*A1.01, ABO*A1.02, ABO*B.01, 
ABO*O.01.01, and ABO*O.01.02. Two low frequency 
alleles ABO*A2.05 and ABO*O.01.71 were detected 
among the blood donors. Detailed information on each 
specimen and corresponding haplotyping results are pro
vided in Supplemental Table 2. The inferred phenotype 
of these samples from blood donors based on the se
quences in the exon regions by this method were consist
ent with the phenotype by serology method.

DIFFERENT HAPLOIDS OF MAJOR ALLELES FORM A SPECIFIC 

SEQUENCE PATTERN

The 5 predominant ABO alleles in the Chinese popula
tion were further subdivided into various subtypes based 
on intron and regulatory region variations. Figure 2
illustrates the overall sequence pattern of these major 
alleles. The 2 ABO*A1.02 subtypes differed mainly by 

2 linked variants: c.374+163C>T and c.374+179T>C 
in intron 6. The ABO*B.01 allele was similarly categor
ized based on the variant c.−2287A>G in the 5′ UTR. 
ABO*O.01.01 exhibited 2 distinct patterns with add
itional subtypes distinguished by significant numerous 
SNVs across a 3.0 kb region from the 5′ UTR to intron 
1. ABO*O.01.02 was classified into 2 subtypes based on 
the variant c.29−75A>G. Detailed variations of these 
alleles, including variations in exons, introns, the 5′ 
UTR, and the 3′ UTR, are listed in Supplemental 
Table 3. Interestingly, 4 recombinant alleles were dis
covered in donor specimens. Their structural diagrams 
of recombination events are shown in Supplemental 
Fig. 3, and the detailed variations associated with these 
alleles are provided in Supplemental Table 4.

MAIN STRUCTURAL DIFFERENCES IN THE INTRON 1 SEQUENCE 

AMONG DIFFERENT ALLELIC HAPLOTYPES

Significant structural variations (SVs), particularly in
volving repetitions and insertion-deletion sequences, 
were observed in the proximal region of erythroid cell- 
specific transcription regulatory element within intron 
1 (Fig. 3A). Notably, a (TA)n variable number of tan
dem repeats (VNTR) was observed in the proximal up
stream region around +5.8 kb region, where “n” ranges 
from 11 to 26. Alleles ABO*A1.02 and ABO*B1.01 ex
hibit a higher number of TA repeats compared to 
ABO*O alleles. The median number of TA repeats 
for A1.02 and B1.01 alleles was 21, whereas for 
ABO*O alleles, the median number was 13 (Fig. 3B). 
Remarkably, the terminating sequence of TA repeats 
varied among alleles, with ABO*A, B, and O.01.01 
pattern 1 alleles ending with CACA, a feature absent 
in other alleles. Figure 3C illustrates the specific 
characteristics of the (TA)n VNTR sequences, along 
with insertion and deletion sequences. The detailed 
variations associated with these alleles are provided in 
Supplemental Table 3.

Fig. 1. Genetic structure of ABO and the amplification of full-length ABO through uLR-PS-PCR. A single 
pair of PS primers, designed to cover the 5′ to the 3′ UTR (26.1 kb in length), was employed for 
uLR-PS-PCR (highlighted in blue line). The black double line represents the ABO reference sequence 
NG_006669.2, and the number below the double line represents the base position of the sequence. 
Exons 1 to 7 are illustrated in gray and the CDS is in dark red. Color figure available at https:// 
academic.oup.com/clinchem.
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SEQUENCE CHARACTERISTICS OF THE 5′ AND 3′ UTR IN 

DIFFERENT ALLELIC HAPLOTYPES

The characteristic motifs within the 5′ and 3′ UTR were 
comprehensively delineated across the main alleles. The 
variations, including various SNVs, 6- and 8-bp repeti
tions, CBF/NF-Y-binding minisatellite region (43-bp re
peat unit), and a 36-bp insertion within different alleles 
are described in detail (Fig. 4 and Supplemental 
Table 3). Interestingly, the ABO*A allele featured a single 
43-bp repeating motif, while other alleles had 4 repeats of 
this motif. Additionally, distinct NTT endings in motif 
sequences varied by allelic subtypes. ABO*O.01. 
01-type1 ends in GTT and ABO*O.01.01-type2 ends 
in CTT. Apart from the primary 5′ UTR pattern, some 
variants exhibited diverse forms of motif sequence charac
teristics, as illustrated in Fig. 4.

The 3′ UTR sequences (roughly 1.6 kb in length) of 
different alleles were successfully obtained. The 3′ UTR 
of ABO gene exhibited highly repetitive sequences, not
ably characterized by numerous (CA)n short repeats. 
Based on the research by Rie Sano et al., each motif 

and its subsequent sequence was considered as a distinct
ive alignment or unit (12). We further categorized the 
highly repetitive sequence units in the 3′ UTR across dif
ferent alleles into units 1–14 (Fig. 5). These units are rela
tively conserved among subtypes of the same allele, with 
minor variations that may exist among different alleles. 
Notably, the current ABO reference sequence 
NG_006669.2 has the minimum number of duplicate 
units in the 3′ UTR, lacking units 11, 12, and 13 
compared to the sequence derived from the Chinese 
population. Among these major alleles, ABO*O.01.02 
displayed the most significant sequence differences, miss
ing units 1, 6, 8, 11, 12, and 13, and adding other unit 
changes. Three common intervening sequences were 
identified, characterized by 10 bp (GAAAGAC ACA), 8 
bp (CACAGACA), and 7 bp (AATCACA) (Fig. 5).

VARIANTS TYPING SOLUTION

Coding Region Variation Analysis. The full-length ABO 
gene sequencing method developed in this study enabled 

Fig. 2. Alignment of haplotype sequences highlighting distinct sequence patterns of the 5 main ABO 
alleles in the Chinese population. The ABO gene structure is depicted at the top of the graph for orien
tation purposes. There is only one haplotype sequence of ABO*A1.01. The remaining alleles are classified 
into different subtypes based on specific variants, and 3 haplotype sequences were randomly selected for 
each subtype. The top black double line represents the reference sequence (NG_006669.2), and the num
ber below the double line represents the base position of the sequence. An arrow pointing to the right 
signifies that the sequence aligns with the ABO reference sequence NG_006669.2, while an arrow point
ing to the left indicates that the sequence aligns with the complementary strand of the reference se
quence. Small yellow vertical bars on the haplotype sequences highlight positions that differ from the 
ABO reference sequence, including SNVs and deletions. Different subtypes of the same allele are sepa
rated by dark red and blue, while small black boxes indicate specific distinguishing variants. Color figure 
available at https://academic.oup.com/clinchem.
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direct acquisition of the variant allele haplotype se
quences. Among 47 ABO variants, 11 specimens revealed 
distinct CDS variants (Supplemental Table 5). Three no
vel variants were identified, including the typical 
ABO*A1.02 associated with c.563G>A (specimen ID 
R23028), c.203G>T (specimen ID R23039), and the 
ABO*B1.01 allele added c.255C>T (specimen ID 
R22056). Additionally, ABO*B1.01−c.203G>T is linked 
to c.−119C>T in the remote promoter. Comparing with 
the sequences in the exon regions, the results of this meth
od were consistent with those of PCR-SBT. However, the 
PCR-SBT method did not provide complete allele se
quence information, therefore other variations in the 
UTRs or intronic regions found in this method were 
not able to be compared with the PCR-SBT.

Intron and Promoter SNVs Analysis of Haploids. 
Thirty-two ABO variants were intronic and promoter- 
region SNVs, including 8 variants at intronic splice sites, 
9 within +5.8 kb of the core region of intron 1, 2 within 
the promoter, and the remaining 13 within other introns 
(Supplemental Table 5). An interesting finding was the 
linkage of c.155+5G>A with the c.−2287A>G variant 
in the distal 5′ UTR, as revealed by full-length haplotype 
sequencing of ABO*B3.03 alleles (Fig. 6A). In the 
+5.8 kb region of intron 1, c.28+5858T>G was identi
fied in an ABO*A2.05 allele, resulting in the Ael pheno
type. Besides specimen R21112, a novel variant c.1 
−67C>T with ABO*A1.02 was identified in the 

promoter. Other variants were scattered across introns, 
but their connection to antigen alterations remains 
unclear.

Identification of a Large Deletion in the Erythroid Cell- 
Specific Transcription Enhancer. A substantial 7337 bp 
deletion was identified in specimen R22124, associated 
with the Bel phenotype characterized by extremely 
weak B antigen expression and serology typing discrep
ancy. The genotype was determined as ABO*Bel-new/ 
ABO*O.01.01. The breakpoints were located at c.28 
+501A and c.28+7837G, spanning the entire region of 
the erythroid cell-specific transcription enhancer 
(Fig. 6B).

Discovery of the Allelic Recombination Structure. 
Recombination events and hotspots were identified in 
3 variants with the ABw phenotype. For instance, speci
men R21070 had a recombination between the haplo
types of ABO*O.01.01 type1.1 and ABO*B.01, with 
the hotspot occurring between variant c.204−9T to 
c.240−219G (Fig. 6C). The details of all recombination 
alleles are listed in Supplemental Table 5.

Detection of Chimeras with Multiple Allelic Haplotype 
Mixing. A case (specimen R18033) with a serological 
discrepancy due to chimerism was identified (Fig. 6D). 
The serology results indicated a mixed field (mf) of 
the A antigen on red blood cells, with complete 

Fig. 3. The main characteristic structural differences of intron 1 sequence between different allelic hap
lotypes. (A), Major repetitions, insertions, deletions, and structural differences are highlighted in black 
frames. The red within the black box signifies sequence variations. The different endings of (TA)n are 
shown in blue boxes. ABO*A, B, and O.01.01 type 1 alleles end with CACA, a feature absent in other allele 
types; (B), TA repeat number discrepancies between different alleles; (C), Sequence diagrams of TA re
peat variations in some samples, with differences between alleles visible in the light red box. Color figure 
available at https://academic.oup.com/clinchem.
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Fig. 4. The characteristic motifs of the haplotype sequences in the 5′ UTR, including the CBF/NF-Y-binding 
minisatellite region (43-bp repeat unit), 6-bp repetitions, 8-bp repetitions, and a 36-bp insertion. Each motif 
is represented by a specific shape graph, as indicated in the figure. The color of the cylinders represents 
different endings of the CBF/NF-Y-binding minisatellite sequence. The number of shapes represents the 
number of motif sequence repetitions. Color figure available at https://academic.oup.com/clinchem.

Fig. 5. The characteristic motifs of the 3′ UTR haplotype sequence of the human ABO gene. The haplo
type sequences of the 3′ UTR of the human ABO gene were categorized into distinctive alignments or 
units, labeled as 1–14, displayed in fusiform shapes with different colors. Variability in unit composition 
among different alleles is noted, highlighted by a light red box indicating the variant units. Nucleotides 
distinct from the consensus sequence of the repetitive motifs are indicated on a green background. A re
petitive motif consisting of a 40-bp sequence is marked with gray background. The intervening sequences 
are recognized by a 10-bp sequence (black underlined), an 8-bp sequence (red dotted line), or a 7-bp se
quence (double blue underlined). The small dash represents a base deletion. Color figure available at 
https://academic.oup.com/clinchem.
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agglutination of a minority of cells (Supplemental 
Table 5). Three distinct allelic haplotypes, ABO*B.01, 
ABO*O.01.02, and ABO*A1.02, were isolated by 

clustering of full-length haplotype sequences with fre
quencies of approximately 30%, 40%, and 12%, 
respectively.

Fig. 6. Haplotype sequence analysis of variants. Small yellow vertical bars on the haplotype sequences 
highlight positions that are different from the ABO reference sequence (NG_006669.2). The black double 
line represents the reference sequence, and the numbers below the double line represent the base pos
ition of the sequence. (A) c.155+5G>A is linked with the c.−2287A>G variant located in the distal 5′ UTR 
based on the full-length haplotype sequence of the ABO*B3.03 alleles. The red haplotype sequences re
present 2 subtypes of the B.01 allele, and the blue sequences are the ABO*B3.03 alleles. The red boxes 
with arrows pointing at them indicate each variant location. (B) Identification of a large deletion in the 
erythroid cell-specific transcription enhancer. The light blue bar represents the deleted region, and light 
red bar highlights the deleted sequences. The deletion breakpoints are located at c.28+501A and c.28 
+7837G. (C) Identification of an ABO recombination event of the haplotype. In sample R21070, the re
combination event occurred near to exon 5. The top 2 red alleles are the normal ABO*O.01.01-type1 
and ABO*B.01 alleles. The black box part of the sequences was recombined to form a recombinant allele 
R21070-haplotype1 (allele highlighted in blue). The sequence with a light blue background is the region 
where recombination occurred, and the small red box is the hotspot base of recombination. (D) Detection 
of chimeras with multiple haplotype sequences. The specificity variants in CDS for each allele are listed in 
the box and underlined in red. A black oval box indicates allele names, and color of the small arrow point
ing to the CDS position corresponds to the color of the full-length haplotype sequences above. Color fig
ure available at https://academic.oup.com/clinchem.
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Discussion

In this study, an innovative uLR-PCR technique for cap
turing the full-length ABO gene was developed. The ABO 
haplotype sequence spanning from the 5′ to 3′ UTR 
without splicing were successfully analyzed. The long- 
read length not only resolved haplotype phasing ambigu
ity but also enabled accurate alignment within tandem re
peats and homologous genes. This capability enabled the 
reliable detection of SVs, including large fragment dele
tions, inversions, recombination, and so on. However, 
this method also has certain limitations, notably the re
quirement for high-quality DNA to amplify ultra-long 
fragments, which can be challenging for aged specimens 
or degraded DNA. In additional, only variants identified 
via long-range sequencing in the exons and splice sites 
were able to be compared with PCR-SBT. The variants 
found in UTRs and most intronic sequences could not 
be verified by a secondary method.

While previous reports on ABO gene amplification 
may have certain limitations, our study provides a global 
overview of the ABO gene structure, significantly advancing 
the understanding of its genetic architecture. The complete 
sequences for the predominant ABO alleles in the Chinese 
population, including the common ABO*A1.02 allele, ex
panded on the sequence patterns described by Gueuning 
et al. (15). Moreover, an in-depth analysis of sequence pat
terns based on the most extensive dataset of ABO sequences 
was conducted. Previously, our laboratory identified specif
ic SNVs in the intron region of different ABO alleles using 
next-generation sequencing (NGS) technology (28); how
ever, assigning SNVs to specific allele patterns proved chal
lenging. Gueuning et al. elucidated the pattern differences 
in ABO alleles using segmented amplification of the ABO 
gene combined with Oxford Nanopore Technologies 
(ONT), but did not provide detailed annotations for specif
ic intron SNVs (15). In this study, we further identified the 
specific distinguished SNVs and subdivided the sequence 
patterns within each allele. For instance, within the 
ABO*A1.02 pattern, the c.374+163C>T and c.374 
+179T>C intron 6 variants were detected in numerous in
dividuals and consistently linked, suggesting a nonrandom 
occurrence or structured pattern. Similarly, fixed 
SNVs were regularly found within the ABO*B.01, 
ABO*O.01.01, and AB0*O.01.02 alleles, thereby serving 
as distinguishing markers for their respective subgroups.

The SNV correlations observed in this study may en
hance our understanding of ABO molecular diagnostics in 
transfusion and transplantation medicine (29–32). For in
stance, a link was found in the ABO*B.03 allele sequence 
between c.155+5G>A and c.−2287A>G in the distal 5′ 
UTR. The c.−2287A>G variant served as a distinguishing 
SNV for the ABO*B.01 sequence pattern subgroup, indi
cating the potential specificity of the B.03 subgroup derived 
from the ABO*B.01-type2 pattern.

Numerous studies have highlighted the association 
of the ABO gene with human disease susceptibility, 
underscoring its pivotal role in transfusion medicine 
and transplantation (29–32). Previous research primarily 
focused on exon sequences and often analyzed the correl
ation between single SNP loci and diseases (32). The 
complete sequencing of the ABO gene and the construc
tion of its sequence patterns open the way for new insights 
into the ABO blood group’s association with diseases. It is 
also noteworthy that identifying specific distinguishing 
SNVs could refine the nomenclature of ABO alleles, 
drawing inspiration from the multilevel naming system 
of HLA alleles for more informative naming (33).

Additionally, obtaining the sequence of the 3′ UTR 
region filled a gap in the downstream regulatory sequence 
pattern of the human ABO gene. The challenge of acquir
ing a complete 3′ UTR sequence has left a void in extensive 
human ABO gene data, which was primarily derived from 
cell lines and a limited number of homozygote individuals. 
Our analysis revealed the relative conservation of the 3′ 
UTR sequence within the same allele despite its high repeti
tiveness. Adjusting the unit structure classification and 
common intervening sequences reported by Rie Sano 
et al., we generated a 3′ UTR structure map corresponding 
to different alleles in the Chinese population. Previous in
vestigations have indicated that the suppressor region 
downstream of the ABO gene may negatively affect pro
moter transcription. The stability of ABO transcripts may 
depend on a concise stem ring structure (34). Therefore, 
a comprehensive investigation of ABO 3′ UTR terminus 
properties is essential for understanding mRNA stability 
regulation. The information collected in this study serves 
as a vital resource for exploring the role of the 3′ UTR in 
ABO transcription.

An interesting VNTR composed of (TA)n in intron 
1 exhibited noteworthy differences in both the number 
of repeats and their ending sequence among alleles. A 
distinct pattern of TA repeats was observed, distinguish
ing the Chinese population’s sequences from those re
ported by Gueuning et al. (15), notably lacking the 
CACA ending. TA VNTR, a common feature in the hu
man genome, is associated with genomic rearrangements 
in evolution and is enriched near breakpoints involved 
in cancer translocation and deletion (35).

Significantly, haplotype sequencing with complete 
genes effectively resolved the ABO variants, particularly in 
identifying novel alleles arising from distant variants outside 
exons 6 and 7, as well as detecting complex SVs. This tech
nique offers significant advantages over PCR-SBT and 
NGS (28, 36). Moreover, it resolved challenging cases 
that existing technologies could not. In one case, a 
7337 bp deletion in the erythroid cell-specific transcription 
enhancer was identified, marking it the largest reported 
fragment deletion to date (37). Conventional segmented 
PCR amplification may fail to detect large fragment 
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deletions in heterozygotes. In cases of phenotype–genotype 
discrepancy, a microchimera was detected. Despite being 
defined as an AwB phenotype, only an ABO*B.01/ 
ABO*O.01.02 heterozygote was initially detected via 
PCR-SBT. Notably, approximately 12% of the 
ABO*A1.02 allele was eventually identified, confirming a 
small population of A cells chimerism with B cells. 
Distinguishing chimeras causing ABO discrepancy from 
A3 or B3 variants is challenging due to mixed-field aggluti
nations (38), but our method effectively resolved this issue.

The method also proved effective in exploring the 
recombinant hot spots in specimens carrying recombin
ant alleles. This versatility extends beyond ABO, proving 
valuable for detecting recombination events in the Rh 
and MNS blood group system (39, 40). Obtaining all 
alleles for ABO ambiguities holds significant implica
tions, especially for monitoring the prognosis of patients 
undergoing ABO-incompatible hematopoietic stem cell 
transplantations and for optimizing transfusion strat
egies in clinical settings (29–32).

In conclusion, we have developed an effective haplo
type sequencing method for the full-length ABO gene 
using a single pair of ABO PS primers with long-read se
quencing. The approach has enhanced our understand
ing of the ABO gene sequence and effectively addresses 
ABO variant challenges, benefiting clinical transfusions 
and transplants. As we navigate the present era and fore
seeable future, the integration of “blood transfusion 
omics” and “multi-omics” is imminent, with genomics 
emerging as the cornerstone. Our research will promote 
the study on the regulatory mechanisms governing blood 
group systems within the field of transfusion medicine.

Data Availability

DNA sequencing data have been submitted to public 
repository SRA. The project accession number: 
PRJNA1164930.
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Supplemental material is available at Clinical Chemistry 
online.
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