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Key Points

• The first
comprehensive
collection of full-length
haplotype sequences
for all 6 main ABO
allele groups will
support ABO genetic
analyses.

• ABO genetic diversity
patterns revealed
putatively ABO*A1-
diagnostic variants,
which could finally
enable direct genetic
typing of A1.
In the era of blood group genomics, reference collections of complete and fully resolved

blood group gene alleles have gained high importance. For most blood groups, however,

such collections are currently lacking, as resolving full-length gene sequences as haplotypes

(ie, separated maternal/paternal origin) remains exceedingly difficult with both Sanger and

short-read next-generation sequencing. Using the latest third-generation long-read

sequencing, we generated a collection of fully resolved sequences for all 6 main ABO allele

groups: ABO*A1/A2/B/O.01.01/O.01.02/O.02. We selected 77 samples from an ABO genotype

data set (n = 25 200) of serologically typed Swiss blood donors. The entire ABO gene was

amplified in 2 overlapping long-range polymerase chain reactions (covering ~23.6 kb) and

sequenced by long-read Oxford Nanopore sequencing. For quality validation, 2 samples per

ABO group were resequenced using Illumina and Pacific Biosciences technology. All 154

full-length ABO sequences were resolved as haplotypes. We observed novel, distinct

sequence patterns for each ABO group. Most genetic diversity was found between, not

within, ABO groups. Phylogenetic tree and haplotype network analyses highlighted distinct

clades of each ABO group. Strikingly, our data uncovered 4 genetic variants putatively

specific for ABO*A1, for which direct diagnostic targets are currently lacking. We validated

A1-diagnostic potential using whole-genome data (n = 4872) of a multiethnic cohort. Overall,

our sequencing strategy proved powerful for producing high-quality ABO haplotypes and

holds promise for generating similar collections for other blood groups. The publicly

available collection of 154 haplotypes will serve as a valuable resource for molecular

analyses of ABO, as well as studies about the function and evolutionary history of ABO.
eptember 2022; prepublished online on
ember 2022. https://doi.org/10.1182/

study.

deposited in the National Center for
ence database (accession numbers
equence accession numbers is provided

Sequence alignments are available from the Dryad Digital Repository, https://doi.org/1
0.5061/dryad.q573n5tkj.

Data are available on request from the corresponding author, Maja P. Mattle-
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© 2023 by The American Society of Hematology. Licensed under Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0),
permitting only noncommercial, nonderivative use with attribution. All other rights
reserved.

28 MARCH 2023 • VOLUME 7, NUMBER 6

Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
https://doi.org/10.1182/bloodadvances.2022007133
https://doi.org/10.1182/bloodadvances.2022007133
https://doi.org/10.5061/dryad.q573n5tkj
https://doi.org/10.5061/dryad.q573n5tkj
mailto:m.mattle@zhbsd.ch
https://creativecommons.org/licenses/by-nc-nd/4.0/legalcode
https://creativecommons.org/licenses/by-nc-nd/4.0/legalcode


Introduction

Generating reference sequence collections of bloodgroupgene alleles
has gained importance, especially as genomic technologies are being
more widely used in molecular diagnostics of blood groups.1-7 Such
comprehensive collections are, for instance, essential for designing and
validating blood group genotyping assays to reduce risks of unnoticed
allelic dropout,8,9 for imputing genotype data in microarray analyses,10

as references for analyzing next-generation sequencing data to
increase diagnostic reliability, for resolving complex genotype-
phenotype discrepancies in routine diagnostics, and for disentangling
the evolutionary history of the respective gene.11-13

Importantly, reference sequences for blood group gene alleles
should (1) span the complete gene region, including introns and
appropriate parts of the adjacent flanking regions; (2) have a fully
resolved haplotype; (3) offer confirmed serology; and (4) be well
accessible in a public sequence database.14 Generating such
sequences, however, is technically difficult. Particularly challenging
is resolving the haplotype, that is, determining which variants were
inherited together from the mother or father, and thus, lie on the
same haplotype.

Classical Sanger sequencing is not useful to resolve haplotypes for
technical reasons. It can only be used in combination with laborious
allele-specific polymerase chain reactions (PCRs), as shown for
short or highly conserved blood group genes with little varia-
tion.15,16 Haplotype reconstruction with short-read next-generation
sequencing is restricted by read length. It must, therefore, mainly
rely on statistical methods, which are predictive and dependent on
well-suited population-based data.17 Owing to these technical
challenges, full-length gene haplotype sequences remain rare for
most of the 43 described blood group systems,18 even for the ones
deemed clinically most relevant. This, even though hundreds of
thousands of genomes have already been sequenced by now.19,20

Latest third-generation long-read sequencing finally opened new
avenues for the haplotype reconstruction issue. The key advantage
over short-read sequencing is the power to sequence very long
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DNA fragments as haplotype. Pacific Biosciences’ (PacBio) HiFi
technology, in which fragments are circularly sequenced several
times to directly obtain high-quality consensus sequences, pro-
vides reads of 10 to 25 kb.21 Nanopore sequencing by Oxford
Nanopore Technologies (ONT), using changes in ionic currents
when molecules pass through nanopores, can even sequence
much longer fragments.22 One of the main advantages of ONT,
however, is its scalability, which also allows cost-effectiveness in
low-throughput settings. Long-read sequencing has great potential
in the quest for comprehensive haplotype sequence collections of
blood group gene alleles. Currently, reports of its application are
still limited to the very short ACKR1 gene encoding the Duffy blood
group.1,23

Even for ABO, the first discovered,24 and clinically most important
blood group system,25 haplotype sequence collections are still
lacking. The most comprehensive collection of ABO sequences by
short-read sequencing only covers a small exonic part of the
gene.14 A recent approach to tackling the entire gene was hin-
dered by the high degree of repetitive elements in introns, which
were finally omitted. This resulted in published sequences with
incomplete haplotype information.26 Consequently, only 7 com-
plete human ABO gene sequences have been deposited in the
National Center for Biotechnology Information (NCBI) nucleotide
database to date (accessed 15 July 2022).

The human ABO gene is ~19.5 kb long and located on chromo-
some 9 on the reverse strand (Figure 1). The reference transcript
for the ABO blood group (NM_020469.3) contains 7 exons. Indi-
viduals with codominant ABO*A or B alleles, defined by single-
nucleotide variants (SNVs) in exons 6 and 7, express glycosyl-
transferase activities that convert the H antigen present on the red
blood cells into the A or B antigen. The recessive O alleles
(phenotypic ABO-null alleles) are mainly caused by either a
frameshift (c.261delG) in exon 6, leading to a premature stop
codon (ABO*O.01), or a SNV (c.802G>A) in exon 7 that causes
inactivation of glycosyltransferase activity (ABO*O.02).

ABO is highly polymorphic, which is apparent in over 200 different
alleles, covering predominantly exonic variation listed by the
LR2 (13.2 kb)
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Table 1. Overview number of haplotype sequences per ABO group

ABO group

No. of

haplotypes

Estimated allele frequencies in the

Zurich region of Switzerland† (%)

ABO*A1 39 17.41

ABO*A2 21 9.16

ABO*B 20 7.64

ABO*O.01.01 27 40.95

ABO*O.01.02 31 22.65

ABO*O.02 16 2.11

Total 154 99.92

A complete list of study samples (n = 77) is given in supplemental Table 1. Details on
sequenced ABO haplotypes (n = 154) including GenBank accession numbers are provided
in supplemental Table 2.
†EstimatedABO allele frequencies in the region of Zurich in Switzerland based onMALDI-

TOF mass spectrometry genotyping data (see supplemental Information Section 1.3).
International Society of Blood Transfusion (ISBT).27 Genetic vari-
ation at ABO can be divided into 6 main allele groups: ABO*A1,
ABO*A2, ABO*B, ABO*O.01.01, ABO*O.01.02, and ABO*O.02,
which make up over 99.9% of the genetic diversity at ABO
(Table 1).

Here, we aimed to generate a collection of high-quality reference
sequences for the 6 main ABO allele groups, taking advantage of
long-read nanopore sequencing for resolving haplotypes. We
ensured sequence accuracy by validation with complementing
sequencing technologies (ie, Sanger, Illumina, and PacBio
sequencing). The simple and reliable protocol established in this
study can be adapted to any other blood group system or essen-
tially any gene, and, therefore, holds the promise of generating
analogous collections to the one presented here.

Methods

Sample selection and ABO allele groups

Details on the sample set and the selection process are provided in
the supplemental Information Section 1. Briefly, we selected 77
samples (supplemental Tables 1 and 2) from a large, well-
characterized ABO genotype data set (n = 25 200) of serologi-
cally typed blood donors from the Zurich region in Switzerland.
These data had been generated previously using MALDI-TOF mass
spectrometry.28 We aimed to sequence at least 15 haplotypes for
each of the 6 main ABO allele groups, that is, ABO*A1, A2, B,
O.01.01, O.01.02, and O.02 (Table 1). The 2 O.01 subgroups,
ABO*O.01.01 and ABO*O.01.02 (formally known as O1v),29 were
considered as 2 separate groups in this study because, apart from
sharing the c.261delG causative O-phenotype variant, they are not
closely related in evolutionary terms.13,30

Based on pretyped variants (supplemental Table 3), we selected a
mix of (1) ABO homozygous samples (ie, same base inherited from
the mother and father; n = 43) and (2) ABO group heterozygous
samples (ie, 2 different bases inherited; n = 34). The putatively
ABO gene homozygous individuals were included to support
haplotype resolving after sequencing. Estimates of genotype fre-
quencies for the whole population are given in supplemental
Table 4. All donors gave their written informed consent for
molecular blood group analyses. According to the cantonal and
880 GUEUNING et al
national Swiss legislation, molecular blood group analyses are not
subject to ethical authorization.

LR-PCRs of ABO and nanopore sequencing

We established generic LR-PCRs amplifying the entire ABO gene,
including flanking regulatory regions (~23.6 kb; exact length
dependent on haplotype) in 2 overlapping fragments (Figure 1).
Fragment LR1 (16.9 kb) covered the enhancer region (~4.1 kb
upstream of exon 1) up to the end of intron 1. Fragment LR2 (13.2
kb) amplified half of intron 1 up to ~100 bp after the stop codon in
exon 7. Both fragments overlapped by ~6.5 kb. Details on LR-
PCRs are provided in the supplemental Information Section 2.1.

Nanopore sequencing libraries were prepared following ONT’s
protocol for native (ie, PCR-free) barcoding of amplicons (see
supplemental Information Section 2.2). The final library was
sequenced for 72 hours on 2 MinION Mk1B (R9.4.1) flow cells.

Bioinformatic analysis of nanopore sequencing data

Our workflow for processing nanopore sequencing data is depic-
ted in supplemental Figure 1 and described in detail in
supplemental Information Section 3. In short, raw reads were
demultiplexed and base-called using ONT’s Guppy (version 4.4.1)
based on a high-accuracy model. The quality-filtered raw reads
were then size-selected based on the expected length of the 2 LR-
PCR fragments and the observed read length distribution. To
reduce computational time for downstream analysis, we set a
cutoff at 1000 reads per amplicon by random downsampling with
seqtk (version 1.3).

To circumvent potential biases of allelic dropout in classical single-
reference–based read mapping,31,32 we assembled for each
sample its own consensus sequence from both PCR amplicons de
novo (ie, reference-free). We then used the tool medaka_variant of
ONT’s Medaka (version 1.2.2) for variant calling and phasing (ie,
resolving haplotypes) of called variants in a multistep procedure.
Finally, we used BCFtools (version 1.11)33 to generate haplotype
FASTA sequences for all study samples. To achieve the best
accuracy of generated sequences, we validated several sites in
repetitive regions by Sanger sequencing.

For downstream analyses, we created an alignment of all 154
haplotype sequences, hereafter referred to as the “analysis
sequence alignment.” According to standard procedure, we
masked out repetitive sequence motives as they have a different
underlying evolutionary model with much higher mutation rates than
SNVs, which would lead to an overestimation of genetic diversity.
Furthermore, sequence quality in such regions, in particular when
containing long homopolymers (ie, repetitive stretches of the same
nucleotide), is reduced as they still pose a challenge for long-read
sequencing technologies,21 in particular for ONT.34 The alignment
was trimmed to the CDS start and end of the ABO blood group
reference transcript NM_020469.3.

Illumina and PacBio HiFi sequencing

For quality validation of obtained ONT sequences, a subset of 12
samples (n = 2 for each ABO group; supplemental Table 5), which
were ABO homozygous at pretyped variants, was additionally
sequenced using both long-read PacBio HiFi sequencing (Sequel
II system) and short-read Illumina sequencing (MiSeq instrument).
Reads from both platforms were mapped against the ABO
28 MARCH 2023 • VOLUME 7, NUMBER 6



reference sequence NG_006669.2, followed by a combined
variant calling step using the Genome Analysis Toolkit (version
4.1.4.1).35 Further details on sequencing library preparation and
bioinformatics are provided in supplemental Information Section 4.
Hereafter, we will refer to this approach as “Illumina/PacBio hybrid
approach.”

Genetic diversity analyses

To investigate genetic diversity patterns within and between the 6
ABO groups, we calculated several diversity statistics based on the
analysis sequence alignment using DNAsp (version 6).36 Detailed
information is provided in supplemental Information Section 5.

Phylogenetic analyses

We built a median-joining haplotype network based on the analysis
sequence alignment of all 154 ABO sequences using PopART
(version 1.7).37 The network was redrawn using 999 iterations. We
further constructed a maximum-likelihood phylogenetic tree using
IQ-TREE (version 2.1.2)38 in 2 consecutive steps. We first deter-
mined the most suitable nucleotide substitution model with Mod-
elFinder implemented in IQ-TREE, using the –mtree option and –m
set to ModelFinder (MF). Model selection was computed 10 times
independently using the –run option. The best-fit substitution
model according to the Bayesian information criterion was K2P +
R2. We then built a maximum-likelihood tree with 1000 standard
nonparametric bootstraps and 10 independent runs using IQ-
TREE. Following best practice, the tree was rooted with a
sequence of the human’s closest living relative species, that is, with
the central chimpanzee NCBI reference sequence (NC_036888.1;
gene ID: 450164), which corresponds to an A-like allele.

To detect potential recombination events between ABO allele
groups, we ran the recombination detection program RDP4.39

Using 7 different methods implemented in RDP4, we tested for
the presence of overall recombination signals in the data set, and
investigated where on the gene (ie, breakpoints) and between
which haplotypes recombination events might have occurred
(details see supplemental Information Section 6). Only events
depicted by at least 5 different methods were considered reliable.
To investigate the influence of the recombination events on the
topology of the phylogenetic tree, we additionally reconstructed a
tree excluding the recombination sites found by RDP4 from the
sequences. The tree was built using the same approach as outlined
above.

Validation of putative ABO*A1-diagnostic variants in

a multiethnic cohort

To study the diagnostic accuracy of our discovered putatively
ABO*A1-specific variants in a larger and ethnically more diverse
cohort, we used whole-genome sequencing data of 4872 individ-
uals participating in the MESA project (Multi-Ethnic Study of
Atherosclerosis).40-42 Because of missing serological information,
ABO*A1 alleles were predicted by the absence of diagnostic vari-
ants of complimentary alleles. Hence, we extracted the allele-
defining variants for ABO*A2 (c.1061delC), B (c.803G>C), O.01
(c.261delG), and O.02 (c.802G>A) as well as the 4 ABO*A1
candidate variants from the whole-genome sequencing data, and
deduced estimates for ABO*A1 sensitivity and specificity. Further
details are provided in supplemental Information Section 7.
28 MARCH 2023 • VOLUME 7, NUMBER 6
Results

ABO haplotypes and ONT sequencing

We successfully resolved both the maternal and paternal full-length
(~23.6 kb) ABO haplotype sequences for all 77 samples. A
detailed list of sequenced ABO haplotypes including NCBI Gen-
Bank accession numbers (OM283861–OM284014) is provided in
supplemental Table 2. Sequence alignments of all 154 haplotypes
are available from the Dryad Digital Repository (https://doi.org/10.5
061/dryad.q573n5tkj).

The median depth of nanopore sequencing was 1454x per LR-
PCR amplicon. Detailed sequencing depth per sample and ampli-
con is provided in supplemental Table 1. Nanopore sequence data
proved highly accurate with 100% agreement to the Illumina/
PacBio hybrid approach data based on the analysis sequence
alignment.

Exonic variation in ABO sequences

An overview of genetic variation in ABO exons among haplotypes
is given in Table 2. Details for each sequence are provided in
supplemental Table 2. According to their exonic variation, most
sequences (n = 135) corresponded to main ISBT alleles,27 that is
ABO*A1.01, A2.01, B.01,O.01.01, O.01.02, andO.02.01. Intronic
variation is currently largely ignored in ISBT nomenclature.27 We
also observed less common alleles within ABO groups, that is,
ABO*O.01.26 (n = 2), ABO*O.01.67 (n = 4), ABO*O.01.68 (n =
1), ABO*O.01.75 (n = 2), ABO*O.02.02 (n = 4), ABO*O.02.03
(n = 1), and ABO*O.02.04 (n = 1). These alleles differed by only 1
or 2 exonic SNVs from their ABO group background allele
(Table 2). Because they still belong to one of the 6 ABO groups
defined in this study, alleles were kept in the sample set for genetic
diversity and phylogenetic analyses.

Four sequenced haplotypes were not yet listed in the official ABO
(ISBT 001) blood group allele table (version 1.1 171023).27 Three
of them had silent mutations that did not alter the protein. The
fourth one represented a novel ABO*B.01 allele (sample s07_h2)
with an additional SNV c.122G>A in exon 3, replacing serine by
asparagine. All SNVs were verified by Sanger sequencing.

Genetic diversity patterns among and within ABO
groups

An alignment of all ABO haplotype sequences revealed yet unde-
scribed distinct sequence patterns of each ABO allele group
across the entire gene locus. Figure 2 shows this pattern for a
random subset of 6 haplotype sequences per ABO group. Specific
sequence patterns were found in both exonic and intronic regions.

In total, we found 230 SNVs and 16 sites with insertions/deletions
(indels) among all the sequences (Table 3; supplemental Table 6).
The 154 haplotype sequences represented 47 unique haplotypes,
with on average 66.4 nucleotide differences between 2 haplotypes.
Genetic diversity was much higher between ABO groups than
within groups (Tables 3 and 4). Within ABO groups (Table 3;
supplemental Table 6), genetic diversity was particularly low for
ABO*A1 and B. The group of ABO*O.01.01 showed the highest
within-group diversity. This appeared to be linked to deep within-
group substructure into 2 phylogenetic entities (Figures 3 and 4),
which is inflating diversity measurements. This effect is also present
ABO HAPLOTYPE SEQUENCES BY LONG-READ SEQUENCING 881
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Table 2. List of genetic variation in ABO exons among the 154 haplotype sequences

Phenotype Allele name

Nucleotide

change† Exon

Predicted amino

acid change No. of sequences Comments

A1 ABO*A1.01 39 ISBT reference allele

A2 ABO*A2.01 c.467C>T; 7 p.Pro156Leu; 20

c.1061delC 7 p.Pro354Argfs*23

B ABO*B.01 c.297A>G; 6 19

c.526C>G; 7 p.Arg176Gly;

c.657C>T; 7

c.703G>A; 7 p.Gly235Ser;

c.796C>A; 7 p.Leu266Met;

c.803G>C; 7 p.Gly268Ala

c.930G>A 7

O ABO*O.01.01 c.261delG 6 p.Thr88Profs*31 25

O ABO*O.01.26 c.261delG 6 p.Thr88Profs*31 2 ABO*O.01.01 background with additional
c.768C>A

c.768C>A 7

O ABO*O.01.02 c.106G>T; 3 p.Val36Phe; 22

c.188G>A; 4 p.Arg63His;

c.189C>T; 4

c.220C>T; 5 p.Pro74Ser;

c.261delG; 6 p.Thr88Profs*31

c.297A>G; 6

c.646T>A; 7

c.681G>A; 7

c.771C>T; 7

c.829G>A 7

O ABO*O.01.67 c.103G>A; 3 p.Gly35Arg; 4 ABO*O.01.02 background with additional
c.103G>A

c.106G>T; 3 p.Val36Phe;

c.188G>A; 4 p.Arg63His;

c.189C>T; 4

c.220C>T; 5 p.Pro74Ser;

c.261delG; 6 p.Thr88Profs*31

c.297A>G; 6

c.646T>A; 7

c.681G>A; 7

c.771C>T; 7

c.829G>A 7

O ABO*O.01.68 c.106G>T; 3 p.Val36Phe; 1 ABO*O.01.02 background without c.220C>T

c.188G>A; 4 p.Arg63His;

c.189C>T; 4

c.261delG; 6 p.Thr88Profs*31

c.297A>G; 6

c.646T>A; 7

c.681G>A; 7

c.771C>T; 7

c.829G>A 7

Details on all sequences are provided in supplemental Table 2. Four observed alleles are not yet listed in the official ABO (ISBT 001) blood group allele table (version 1.1 171023).
27

The
corresponding novel nucleotide changes are highlighted in bold.
†Positions of nucleotide changes relate to reference transcript NM_020469.3.
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Table 2 (continued)

Phenotype Allele name

Nucleotide

change† Exon

Predicted amino

acid change No. of sequences Comments

O ABO*O.01.75 c.106G>T; 3 p.Val36Phe; 2 ABO*O.01.02 background with additional
c.542G>A

c.188G>A; 4 p.Arg63His;

c.189C>T; 4

c.220C>T; 5 p.Pro74Ser;

c.261delG; 6 p.Thr88Profs*31

c.297A>G; 6

c.542G>A; 7

c.646T>A; 7

c.681G>A; 7

c.771C>T; 7

c.829G>A 7

O ABO*O.02.01 c.53G>T; 2 p.Arg18Leu; 10

c.220C>T; 5 p.Pro74Ser;

c.297A>G; 6

c.526C>G; 7 p.Arg176Gly;

c.802G>A 7 p.Gly268Arg

O ABO*O.02.02 c.53G>T; 2 p.Arg18Leu; 4 ABO*O.02 background with additional c.649C>T
and c.689G>A

c.220C>T; 5 p.Pro74Ser;

c.297A>G; 6

c.526C>G; 7 p.Arg176Gly;

c.649C>T; 7 p.Arg217Cys;

c.689G>A; 7 p.Gly230Asp;

c.802G>A 7 p.Gly268Arg

O ABO*O.02.03 c.53G>T; 2 p.Arg18Leu; 1 ABO*O.02 background with additional c.689G>A

c.220C>T; 5 p.Pro74Ser;

c.297A>G; 6

c.526C>G; 7 p.Arg176Gly;

c.689G>A; 7 p.Gly230Asp;

c.802G>A 7 p.Gly268Arg

O ABO*O.02.04 c.53G>T; 2 p.Arg18Leu; 1 ABO*O.02 background with additional c.488C>T

c.220C>T; 5 p.Pro74Ser;

c.297A>G; 6

c.488C>T; 7 p.Thr163Met;

c.526C>G; 7 p.Arg176Gly;

c.802G>A 7 p.Gly268Arg

New alleles not listed in the ABO (ISBT 001) blood group allele table (version 1.1 171023)

A2 ABO*A2.01(c.1032G>A) c.467C>T; 7 p.Pro156Leu; 1 ABO*A2.01 background with additional c.1032G>A

c.1032G>A; 7

c.1061delC; 7 p.Pro354Argfs*23

B ABO*B.01(c.122G>A) c.122G>A; 3 p.Ser41Asn 1 ABO*B.01 background with additional c.122G>A

c.297A>G; 6

c.526C>G; 7 p.Arg176Gly;

c.657C>T; 7

c.703G>A; 7 p.Gly235Ser;

c.796C>A; 7 p.Leu266Met;

Details on all sequences are provided in supplemental Table 2. Four observed alleles are not yet listed in the official ABO (ISBT 001) blood group allele table (version 1.1 171023).
27

The
corresponding novel nucleotide changes are highlighted in bold.
†Positions of nucleotide changes relate to reference transcript NM_020469.3.
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Table 2 (continued)

Phenotype Allele name

Nucleotide

change† Exon

Predicted amino

acid change No. of sequences Comments

c.803G>C; 7 p.Gly268Ala

c.930G>A 7

O ABO*O.01.02(c.6C>T) c.6C>T; 1 1 ABO*O.01.02 background with additional c.6C>T

c.106G>T; 3 p.Val36Phe;

c.188G>A; 4 p.Arg63His;

c.189C>T; 4

c.220C>T; 5 p.Pro74Ser;

c.261delG; 6 p.Thr88Profs*31

c.297A>G; 6

c.646T>A; 7

c.681G>A; 7

c.771C>T; 7

c.829G>A 7

O ABO*O.01.68(c.595C>T) c.106G>T; 3 p.Val36Phe; 1 ABO*O.01.68 background with additional
c.595C>T

c.188G>A; 4 p.Arg63His;

c.189C>T; 4

c.261delG; 6 p.Thr88Profs*31

c.297A>G; 6

c.595C>T; 7

c.646T>A; 7

c.681G>A; 7

c.771C>T; 7

c.829G>A 7

Details on all sequences are provided in supplemental Table 2. Four observed alleles are not yet listed in the official ABO (ISBT 001) blood group allele table (version 1.1 171023).27 The
corresponding novel nucleotide changes are highlighted in bold.
†Positions of nucleotide changes relate to reference transcript NM_020469.3.
when looking at all ABO*O.01 haplotypes combined without
separating the 2 subgroups, ABO*O.01.01 and ABO*O.01.02, as
we have done in this study (Table 3).

Most of the nucleotide differences found between ABO groups
were fixed, that is, SNVs for which 1 group has 1 allele and the
other group the other allele (Table 4). The 2 ABO*O.01 subgroups
(ie, ABO*O.01.01 and ABO*O.01.02) had on average 84 nucle-
otide differences between 2 random sequences, of which 73 were
fixed between ABO*O.01 subgroups. This was in the same order
as, for example, comparing ABO*O.01.01 and ABO*B, highlighting
the deep divergence of the 2 ABO*O.01 subgroups.

We also observed 4 fixed SNVs, one 1-bp and one 12-bp indel in
all ABO*A1.01 haplotypes sequenced in this study compared with
the ISBT reference sequence NG_006669.2 (LRG_792) for the
ABOblood group, also anABO*A1.01 allele. This reference sequence
is an artificially assembled ABO*A1.01 allele on an ABO*O.01 back-
ground. Hence, it may be possible that the observed differences are
relicts to be corrected of the old ABO*O.01 background sequence in
the current ISBT reference sequence.

Phylogenetic analyses

In line with the observed genetic diversity patterns, phylogenetic
analyses revealed distinct clades (ie, phylogenetic groups sharing a
884 GUEUNING et al
common ancestor) for all ABO groups. The rooted phylogenetic
tree constructed using the full-length ABO sequences showed
well-supported monophyletic lineages (defined groups containing
all descendants of the respective ancestor) for ABO*A1, A2, B,
O.01.02, and O.02 (Figure 3). The ABO*O.01.01 haplotypes were
paraphyletic (originated from the same ancestor but not all
descendants from this ancestor were contained in 1 group) and
split into 2 subgroups (g1 and g2), which was also observed in the
haplotype network (Figure 4). All SNVs separating the 2 subgroups
were located in intronic regions.

The 2 major O-phenotype groups (ie, ABO*O.01 and ABO*O.02)
were paraphyletic to each other with deep (ie, ancient) splits,
showing that these groups are not closely related in evolutionary
terms, despite sharing a null phenotype. The ABO*O.02 lineage
split off first from all other human ABO haplotypes. The group
ABO*O.01.01 appeared evolutionary closer to the cluster of
ABO*A1, A2, and B than ABO*O.01.02.

The haplotype network inferred from all 154 ABO sequences
(Figure 4), which is a different way to investigate evolutionary
relationships among sequences, was in congruence with the
phylogenetic tree.

Our analysis for detecting overall patterns of recombination among
ABO haplotypes did find strong evidence for recombination events
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Figure 2. Alignment of a random subset of haplotype sequences highlighting distinct sequence patterns of ABO groups. For each ABO group, 6 haplotype

sequences were randomly picked. For the subgroup ABO*O.01.01, we show 6 sequences for both subgroups (g1 and g2) observed in the phylogenetic tree (Figure 3) and

haplotype network (Figure 4). Black bars on the haplotype sequences highlight positions that are different to the ABO reference sequence (NG_006669.2). The identity graph

(Identity) above the sequences indicates the mean pairwise identity over all sequence pairs by gene position; green represents 100% identity, orange identity between 30% and

99%, and red identity <30%. The ABO gene structure is provided at the top of the graph for orientation purpose.
(P < 10−5). Five recombination events (supplemental Information
Section 6; supplemental Figure 2) were identified by at least 5
different methods and, therefore, wereregarded as credible. One
event was detected by only 2 methods and, therefore, was
Table 3. Overview of genetic diversity among the 154 ABO haplotype se

All samples ABO*A1 ABO

No. of sequences 154 39 2

No. of SNVs 230 7 7

No. of indels 16 0 0

No. of unique haplotypes 47 5 5

Average no. of differences between

haplotypes†

66.4 0.4 1.

For comparison, statistics are also provided for ABO*O.01 without separating the 2 subgroups A
is provided in the supplemental Information (supplemental Table 6).
†Average number of nucleotide differences between 2 sequences within the ABO group.43
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discarded from the analysis. Among the 5 retained events, 1
involved recombination between ancestral sequences of the
contemporary ABO*A2 and ABO*O.02 alleles. The 4 other
recombination events all resulted in null alleles.
quences

Within ABO groups

*A2 ABO*B ABO*O.01 ABO*O.01.01 ABO*O.01.02 ABO*O.02

1 20 58 27 31 16

6 110 23 14 18

0 2 0 0 1

6 25 14 11 6

1 0.8 44.8 8.5 1.9 1.8

BO*O.01.01 and ABO*O.01.02. An extended version of the table with more detailed statistics
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Table 4. High degree of fixed differences between ABO groups

ABO*A2 ABO*B ABO*O.01.01 ABO*O.01.02 ABO*O.02

ABO*A1 8 (6) 33 (32) 60 (52) 112 (107) 114 (109)

ABO*A2 30 (28) 60 (51) 111 (107) 114 (108)

ABO*B 83 (75) 122 (118) 109 (104)

ABO*O.01.01 84 (73) 94 (82)

ABO*O.01.02 114 (110)

Listed are average number of actual nucleotide differences of 2 sequences between ABO groups. The number in parentheses shows the number of nucleotide differences that were fixed
between groups (ie, sites for which one group has one allele and the other group the other allele).
The inferred phylogenetic tree excluding the identified recombina-
tion regions from the sequences (supplemental Figure 3) showed a
very similar topology to the tree constructed using the full-length
haplotype sequences (Figure 3). The only difference between
both trees was in the relationship between the 2 ABO*O1 sub-
groups, ABO*O.01.01 and ABO*O.01.02. Although these 2 sub-
groups were paraphyletic in the tree constructed on the entire
alignment, they were monophyletic in the tree constructed
excluding recombinant regions.

Putative ABO*A1-diagnostic variants and their

validation in a multiethnic cohort

Strikingly, among all the variants that were fixed between ABO
groups, we identified 4 variants in intron 1 that were exclusively
present in all ABO*A1 haplotypes. These 4 variants (Figure 1) were
composed of the SNVs rs532436 (NG_006669.2:g.5801T>C),
rs507666 (g.6232T>C), and rs2519093 (g.13759A>G), as well
as of the dinucleotide variant rs1554760445, which merges the
SNV rs115478735 (g.5920T>A) with the adjacent indel
rs8176643 (g.5921delG).

As the major limitation of our haplotype collection is its sole rep-
resentation of European ancestry, we validated the diagnostic
potential of the 4 variants in the multiethnic MESA cohort.40-42

Detailed results are provided in supplemental Information Section
7 and supplemental Table 7. In short, ABO*A1-specificities for
the 3 SNV-based variants were 99.41% (rs532436), 99.44%
(rs507666), and 99.60% (rs2519093), whereas sensitivity was
estimated between 97.55% (rs507666) and 97.99% (rs2519093).
These 3 variants showed very high linkage disequilibrium (pairwise
r2 > 0.97). Consequently, combining them did not increase spec-
ificity and only marginally increased sensitivity (to 98.43%). Spec-
ificity for the dinucleotide variant rs1554760445 was high
(99.72%), but this variant was much rarer in the cohort (found in
21.7% of individuals) than the 3 SNVs (29.5% to 29.7%).
Accordingly, the sensitivity was substantially reduced (71.93%).
Limiting the analysis to samples of European ancestry, sensitivity
increased to the scale of the other variants (97.10%), implying that
rs1554760445 may specifically tag ABO*A1.01, the predominant
ABO*A1 allele subgroup in Europe. Although the variant was
indeed completely absent in ABO*A1.02 predicted alleles
(n = 319), ABO*A1.01-sensitivity across the whole cohort reached
only 90.0% owing to the absence of the variant in ~100 individuals
of African descent with predicted ABO*A1.01 alleles.
886 GUEUNING et al
Discussion

Taking advantage of third-generation sequencing, we have gener-
ated a comprehensive collection of full-length haplotype
sequences (n = 154) for all 6 main ABO allele groups (ABO*A1,
A2, B, O.01.01, O.01.02, and O.02). Together, these groups cover
99.9% of the genetic diversity of ABO in Switzerland.

Characteristic sequence patterns among ABO groups

Our haplotype collection uncovered hitherto unknown distinct
sequence patterns among ABO groups, which had not yet been
unveiled because of the very few complete human ABO gene
sequences available so far. As for almost all blood group genes,
sequencing efforts of ABO have largely been limited to exons. In
particular, the large intron 1 (~13.0 kb) has rarely been success-
fully sequenced owing to technical difficulties,26 although it is
known to harbor major genetic variation of interest.44,45 Our
established generic LR-PCRs of the ABO gene will facilitate
haplotype-based sequencing of ABO in molecular diagnostics in
transfusion and transplantation medicine. The distinct sequence
patterns of each ABO group allow unambiguous assignment of
sequences to a particular ABO group. This will, for instance, greatly
support identification and exact breakpoint determination of ABO
hybrid alleles and other structural variation in routine diagnostics;
information that ultimately helps resolving serotype-genotype
discrepancies.

Phylogenetic analyses and genetic diversity

In agreement with the distinct sequence patterns, all ABO groups
formed separate evolutionary clades, as revealed congruently by
the phylogenetic tree and haplotype network. Our data showed
that ABO*O groups are not closely related in evolutionary terms,
even though they share the null phenotype. Despite the presence
of several recombination events between null alleles, we observed
in the phylogenetic tree deep splits separating the ABO*O clades.
The split between ABO*O.02 and ABO*O.01 alleles was even
more pronounced in the phylogeny excluding the identified
recombinant regions (supplemental Figure 3). Contrary to the
ancestral ABO*A and ABO*B alleles, which originated early in the
evolution of animals (ie, after speciation between fish and
amphibian lineages), null alleles are most often species-spe-
cific.46,47 For ABO*O.01 and ABO*O.02, it has recently been
hypothesized that they originated from independent Neanderthal to
modern human introgression events.48
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Figure 3. Maximum-likelihood phylogenetic tree

based on the entire ABO gene locus. All ABO groups

form distinct evolutionary clades with an additional split of

ABO*O.01.01 into 2 subgroups (g1 and g2). Bootstrap

support is provided for main branching points. The tree

was rooted with central chimpanzee sequence (not

shown).
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Figure 4. Median-joining haplotype network inferred from all 154 ABO sequences. Phylogenetic network showing the evolutionary relationships among ABO

haplotypes. Each circle represents a unique haplotype with the size being proportional to the number of sequences represented. Haplotype circles are colored according to

the ABO allele groups; black dots represent missing intermediate haplotypes (ie, unsampled, likely ancient haplotypes). Mutational steps between haplotypes are displayed

as hatch marks along the connection lines. The length of the connection lines is not scaled by phylogenetic distance.
The early splits of the ABO*O lineages in the rooted phylogenetic
tree, with ABO*O.02 splitting off first from all other human ABO
haplotypes, seems surprising considering that usually loss-of-
function rather than gain-of-function changes are observed along
evolutionary lineages. Kitano et al12 raised the hypothesis that the
supposedly ancestral A-like allele13,49 once became extinct in the
human lineage, and that the present-day A1 allele was resurrected
by a recombination event between B and O.01 alleles around
260 000 years ago. They hypothesized a breakpoint region around
the ABO*O.01-specific deletion, c.261delG. While testing for
recombination events, we found evidence of recombination in the
same gene region as described by Kitano et al.12 Our analysis,
however, identified ABO*B as being the resulting allele from the
recombination between ancestral alleles of ABO*A2 and
ABO*O.O2. Disentangling the parental from recombinant
sequences is very challenging, particularly as analyses are based
on present-day alleles and lost ancestral alleles can only be infer-
red. Also, outcomes from such analyses are highly dependent on
the alleles contained in the data set. Therefore, we advocate that
our results are not antagonistic to Kitano et al12 findings, but rather
provide supplementary evidence that recombination has happened
in this gene region between ABO*A, ABO*B, and ABO*O
ancestral alleles.

The complex evolutionary history of ABO is also highlighted by the
high genetic diversity found across ABO groups. The unusually
high diversity at ABO is likely maintained by balancing selection,11

a form of adaptation that maintains diversity in a species in the face
of random genetic drift.50 ABO genetic variation has been
888 GUEUNING et al
associated with predispositions to a large number of diseases
(reviewed in Liumbruno et al),51 including infectious
diseases,11,25,52,53 gastric54 and pancreatic cancers,55 and car-
diovascular diseases.56 The phenotypes under natural selection, to
which the observed genetic diversity contributes, however, remain
less clear.57 Overall, although there has been considerable
research on the complex evolutionary history of ABO,11-13,25,46,58-60

many aspects remain obscure and need further in-depth studies,
which will hopefully be supported by our novel ABO haplotype
collection and workflow.

Our results of high, distinct genetic diversity among ABO groups
exemplifies the importance of having comprehensive haplotype
sequence collections for designing primers for genotyping assays
and sequencing in diagnostics. Ignored genetic variation at primer-
binding sites may lead to unnoticed allelic dropout (ie, only 1 of the
2 alleles is detected), and thus, spurious homozygosity.61 This may,
for instance, have severe clinical consequences in transfusion
medicine owing to potentially lethal incompatible transfusions and
alloimmunization reactions, in particular, in cases where serological
confirmation is not possible. Therefore, we deem it important to
establish similar collections as the one presented in this study for
other highly diverse blood group systems (eg, RhD/RhCE and
MNS).

Nanopore sequencing

Our collection of ABO haplotypes could be generated thanks to
the technical advances of long-read sequencing technologies.
ONT produced consensus sequences equivalent in accuracy to
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the consensus sequences obtained from the combination of Illu-
mina and PacBio HiFi sequencing, except in highly repetitive
sequence motifs, which we finally adopted from the Illumina/
PacBio hybrid approach data. This is attributed to the major recent
developments of ONT’s sequencing technology and machine-
learning algorithms.62-64

Putative diagnostic ABO*A1 variants

Thanks to our full-length ABO haplotype data encompassing all
main ABO groups, 4 variants in intron 1 could be uncovered with
putative diagnostic specificity for ABO*A1. Such diagnostic
markers are currently lacking, although ABO*A1 is the official ISBT
reference allele for the ABO blood group. In molecular diagnostics,
ABO*A1 can only be inferred indirectly by the method of exclusion,
that is, by targeting causative variants defining ABO*A2, B, O.01,
and O.02.65 The A1 antigen can be solely determined serologically
using an anti-A1 lectin, which is rarely done routinely.

ABO*A1-candidate variants have been reported as lead SNVs in
large genetic association studies on cardiovascular diseases66,67

and inflammatory markers.68 Although these phenotypes are well
known to be influenced by ABO blood group,51 rigorous analyses
linking the lead SNVs to ABO allele groups have so far not been
undertaken.

In a validation approach based on whole-genome data of 4872
individuals of a multiethnic cohort, we observed high diagnostic
potential for 3 of the 4 ABO*A1-candidate variants across eth-
nicities. Hence, our haplotype analyses provided support for pre-
vious hypotheses raised in the context of genetic association and
risk score studies of rs50766668 and rs251909369 being surro-
gates for ABO*A1. Furthermore, we found evidence that the
compound ABO*A1-candidate variant rs1554760445 specifically
tags the ABO*A1.01 allele (instead of generically also
ABO*A1.02), unless in populations of African descent.

Importantly, sensitivity and specificity values computed in this study
are overall very conservative as estimated solely at the allele level.
Phenotype prediction from genetic data in a diagnostic setting
would, however, first focus on identifying the number of ABO*O
alleles (as they impair the allele’s function) and only subsequently
incorporate variants linked to non-ABO*O alleles.4,70 Such a pro-
cedure would significantly increase specificity to over 99.89%, as
our candidate variants coincided most frequently with ABO*O
alleles and as few as only 3 times with ABO*A2 or ABO*B alleles
(in case of rs2519093). Notably, accuracy estimates may generally
be an underestimation, given that some of the incongruences may
be attributed to unrecognized hybrid alleles, lack of structural
variation information, improper statistical phasing, or sequencing
errors in the MESA data.

In summary, the dinucleotide candidate variant rs1554760445
showed promising diagnostic potential to specifically tag the
ABO*A1.01 allele outside Africa, whereas the 3 SNV-based
ABO*A1-candidates performed very well in generally tagging
ABO*A1 alleles across ethnicities. We are currently validating
diagnostic ABO*A1 specificity and sensitivity of the 4 variants in
more detail by using a large sample set of blood donor pop-
ulations with available serological data around the world. If the
variants are confirmed to be diagnostically accurate, they will
28 MARCH 2023 • VOLUME 7, NUMBER 6
finally allow for direct genetic typing of ABO*A1 in routine
molecular diagnostics.

Conclusions

The discovery of intronic markers that accurately represent a main
allele (ABO*A1) in the most relevant blood group exemplifies the
importance of including non-exonic regions in the definition of
reference sequences. Alternative haplotype-resolving technologies,
such as sequencing of complementary DNA or direct RNA
sequencing are incomprehensive, and, therefore, inappropriate
strategies for collecting reference haplotype sequences.

Overall, our long-read sequencing strategy proved powerful for
generating a comprehensive haplotype collection for the clinically
most important blood group system, ABO. As a proof of principle,
our strategy holds promise for generating similar collections for
other blood group systems. Our publicly available haplotype
collection revealed new insights into genetic diversity patterns at
ABO, including uncovering putatively ABO*A1-diagnostic variants,
and will serve as a valuable reference resource for molecular diag-
nostic analyses of ABO and future studies of evolutionary history.
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